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SUMMARY

Membrane technology is an attractive alternativeeriergyintensive traditional
thermallydriven gas separatiorprocesses with lower energy requiremeRblymer
membranes are attractigeparation materialsecause of economicptocessabilityinto
hollow fiber modules withdesirable mgshology andhigh suface area per unit volume
Despite many advantagesolution processable polymer membranes facefianp p e r
boundo | involving ant inverse ,relationship betweseparation factor for gas
pairsand permeabity of the more permeable ga®n the othehandCarbon Molecular
Sieve CMS) membranesformed by careful selectivethermal decomposition of a
precursor polymerare known to have outstanding separation performance and surpass
the upper bound limit

The goal of this work is to develop a framewdrk understand the material
science options to fabricate novel, high performing separation CMS membidmees.
transport and sorption properties@S membranes formed by pyrolysis under argon at
550 °C for four novel polyimide precursors referred to & FDA/DETDA,
6FDA:BPDA(1:1)/DETDA, 6FDA/DETDA:DABA(3:2) and 6FDA/1,5ND:ODA(1:1)
were reportechnd compared Considering the separation performance, 6FDA/DETDA:
DABA(3:2) and 6FDA/1,5ND:ODA(1:1) CMS membranes showethe greaest
potential for further optimiation study. The smallest Ty of 6FDA/DETDA:
DABA(3:2) male it favorable in the formation of hollow fibemembranes. Thus,

6FDA/DETDA: DABA(3:2) CMSmembranas choserfor laterstudies.
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The effects of pyrolysis conditions)cluding pyrolysis temperata; O, doping;
and precrosslinkingon the separation performance 6FDA/DETDA:DABA(3:2)
derived CMS membraneswvere reported It was revealedthat increased pyrolysis
temperatures tend to give lower permeable but higher selat@mbranes. Oxygen
doping povides a fine tuning method for altering theparatiorperformance of CMS
membranes by increasing the selectiwithouta significant loss in permeability. Finally,
CMS membranes derived from a novel method proposed in this study, referred to as
precreslinking, was proven to be very attractive with significantly improved gas
permeability and slightly drop in selectivity. The results reported instodyserves as a
guide for future optimization study on CM8embranesthe combination of different
tuning methods might be attractive for some specific applications.

Temperature dependences of gas transport and sorption properti€s1sn
membranesvere also examined over the temperature range from’G%o 50°C. The
permeability, sorption and diffusivitpf CMS membranegsre reported, and activation
energies of permeation and diffusion as well as heats of sorption for gageSH; 0,
and N are comparedlhe temperature dependenstudy ofthe four similar yetiverse
CMS materialsderived from 6FDA-based precursor polyimides provides a tool to
identify structural characteristics that affect permeability and select®itythe other
hand, the study on the three CMS membratessredfrom 6FDA/DETDA:DABA(3:2)
under different pyrolysis protocolgrovides fundamental insights into the reason for
CMS membranes to outperform polymeric membranes.

The viability of extending the promising separation performance obtained from

550 °C and inert argon pyrolyzed 6FDA/DETDA:DABA(3:2) CMS dense film into
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hollow fiber morphologywas also explored in this warkhe 6FDA/DETDA:DABA(3:2)
polymeric hollow fiber membranes were successfully spun and pure gas permeation tests
showed defeefree polymeric fibers were achieved. Through pyrolysis ofdiéfectfree

polymeric hollow fibers, goodperformanceCMS hollow fibers were also obtained.

XXXVili



CHAPTER 1

INTRODUCTION

1.1 Natural gas processing

Natural gas is the fastegtowing fossil fuel throughout the world, with
consumption rising about 0.8% each year from 2012 to 2040. Figlirehows the
primary energy use by fuel from 1980 to 24D Raw natural gas varies in composition
from source to source, containing timene with significanamountof impuritiessuch as
hydrocarbons, wateracbon dioxide nitrogen, and hydrogen sulfid&]. In order to be
delivered to commercial pipeline gi$, raw natural gas needs to be treatégpical U.S.

natural gas pipeline specifications are shown in Table 1.1.

120 History 2012 Projections
Renewables
excluding biofuels
Other fuels 02% s L0.3%
100 A =
30%
80 . i :
a0 auid plotue 10%
BaNLY: 2%
60 S5 8%
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20 Petrole and other liquid 6% 31%
0 —— -
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Figure 11: Primary energy use by fuel, 192040 (quadrillion Btu]1].



Table 1.1: Composition specifications fornatural gas delivery to the U.S.national

pipelinegrids[2].

Component Specification
CO <2%
Total water <120ppm
H2S <4ppm
Total 950-1050Btu/scf; dew
Cs: conten point<-20°C
Total inert gases (AHe) <4%

Among the variousmpurities CGQ; is usually the most abundarcontaminant,
present tlevels > 50mol% in some casekhe presence of GOmay causepipeline
corrosion Wh astmore as aonfuel gas,CO, decreases the heating value of natural gas,
hence increasing the compression cost required for gas transporttteyefore
CQO,/CH, separation is high priority topid3].

Currently the standard technique for O®moval is amine absorptigd]. Amine
absorption can almost completely remove,C@oreover, the lower hydrocarbon losses,
in the range of 2%%, is hardly beatable by other techniqudaving said this, the
absorber tower is an expensive, large and heasgel which associates wit high
capital andnaintenanceost. Also, considerinthe large amount o€0O, that needs to be
removed hugeamount ofabsorbentluid must beused. Additional costs are anticipated
associated with the regeneration and disposal of solvents.

The highCO, contentin raw natural ggswhich is adverse for amirebsorption
technique on theother hand provides membranes an opportunitiie first membrane

systems for natural gas treatment were introduced in 1980s usimiy@piis cellulose



acetate membrane. buog the last two decades newer types of membranes, derived from

polyimide and perfluoropolymer also emerged into the maBe&.

1.2Membrane-based gas separation

A membrane is a selective barrier. It separates a(feedure) into two streams
by preferably allowing one stream (permeate) to pass through while retaining the other
(retentate).The faster permeatingomponentis enriched in thepermeateside and the
slowercomponents gathered in the retentate sidembrane technology is an attractive
alternative to energintensive traditional thermalgriven processewith lower energy
requirement due to the economical driving force: tiaesnbrane pressure differencde
8]. It can also offer some key advantages includamyironmentafriendliness, smaller
installation footprint, lower capital andhaintenance cosadaptabilityand flexibility.

SincePermedaunchedthe hydrogerseparating Prism membrane, the first large
industrial application of gas separation membranes, membesesl gas separation has
grown dramatically{7-10]. The membrane market for gas separation is envisioned to
steadily increase each year at an average rateBef, 7and it is expected t@ach $760
million by year 2@0. Table 12 below shows the predicted membrane masketrefor

gas separatioin 2@0.



Table 12: Projected future membrane market share in 2020 for gas sepdvation

Separation Membrane market share ($ million, 2000 dollai
Nitrogen from air 125
Oxygen from air 30
Hydrogen 100
Natural gas 220
Vapor/nitrogen 60
Vapor/vapor 125
Other 100
total 760

Polymer membranes are attractiseparation materialbecause ofconomical
processabilitynto hollow fibermodules withdesirable mgyhology andhigh surface area
per unit volume [11]. Despite many advantagesolution processable polymer
membranes face @hu p p er b o u nidvolving anrmversaelationship between
separation factor for gas pamsdpermeabity of the more permeable gas shown in
Figure 1.2[12]. On the other han@MS materialsformed bycareful selectiveahermal
decomposition of aprecursor polymerare known to have outstanding separation
performance and surpass the upper bound [ib3it14]. Moreover, due to high chemical
and thermal stability, CMS membranes maintain their performance in adverse
environmentsvith aggressivenigh pressure feeds of highO, concentations that would

undermine polymer membranes performajrice 16].
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Figure 12: Robesos upper bound for C£ICH, separatiorj12].

Nevertheless, despite many advantages, the biggest hurdle to CMS membrane
production and implementatianay currently be economic feasibility. The cost of CMS
membranes is estimated to be betweénXthat of polymeric membranes, as compared
to estimatedb0-100 X higher for standard zeolite and ceramic membrgliéd 8]. This
research aims taevelop a framework to understand the material science options to

fabricate novel, high performing separation CMS membranes.

1.3Challenges of membrane technology

In order to directly competevith conventional techniques like cryogenic
distillation and amine absorptiofgur practical requirements must be met before the
introduction of a new type of membrane prodd$: 1) development of high efficiency

modules withdesirable mgshologies and high surface area per unit voluB)ecreation



of advanced materials capabof separating molecularly similar components; 3)
development of morphology control at multiple levels along the membrane cross section;
and 4) development of high speed manufacturing methods which integrate the above

three elements into economidadludrial largescale membrane systems.

1.3.1 High efficiency modules

Different membrane module configuratiohave been investigated including:
plate and frame, spiral wound, tubular and hollow fiber modules. Nowadays most of the
gas separation membranes are fornmd hollow fiber modulesThe schematic of
hollow fiber moduls and some parametec®ntrolling which type ispreferredfor a

specific application are shown in Figure 1.3.

High-Pressure, Shell-Side Feed Hollow Fibers

Features

Vessel Resin
¢ (oyer Owring - Cross-flow
Feod mp N End plate - Feed gas needs very gogd pretreatment
Foskdue <o 25 perments - Good feed flow distribution
—— - Used by Medal, Cynara, others

End plate

Hollow fiber Typical applications:

0-ring layer

- Hz recovery in refineries
- CO2 removal from natural gas

Low-Pressure, Bore-Side Feed Hollow Fibers
Permeale
Features
- Counter-flow
- Fouling not usually a problem
Residue - Used by Medal, Air Products, others

Typical applications:

Hollow
fibers

- Nitrogen from air
- Dehydration of air

Figure 13: Gas separationdiiow fiber membranenodule configurationf7].

There are several reasons why hollow fiber membrane configuration is
industrially preferred for largecale gas separation. First, widmall diameter and

cylindrical morphology, hollow fibrs provide significantly higurface area to volume



ratio and packing densitieslollow fibers can also provide high fluxes, which results
from the asymmetric geometrgonsisting of thin separating layer supported on a
microporous layef20]. Moreover, low production cost is another major advantage of
hollow fiber modulesince mass production can kmled up easilyTypical hollow fiber
spinningcan be operated on an arotthd-clock basis;production of hollow fiberss in

therange of $25/m?, which is 5Xi 20X lower than spiralvound module§7].

1.3.2 Advanced materials

As mentioned in the above section, polymer rhesmes face the issues of upper
bound limit. As a result, investigating advanced membrane materials with tunable
cgpabilities becomes a key factor.

Facilitated transport membranes have been widely studied féin/psraffin
separationandshowed exceptionalelectivitiesdue to theons which selectively binding
with olefin, favoring its transport across the membrahevertheless, the intrinsic
instability of these membranes hind#rsir practical applicationf21-23].

Molecular sieving inorganic materials including zeolites and carbon molecular
sieve (CMS) membraneshave attracted extensive attention due to their atyilito
overcome the polymeric upper bound. The underlying reason is because they have rigid
and tailorablepore structures, whichnablesubtle size and shape discriminasqg4].

On the other handn the case of zeolite membrandle difficulty in fabricating a
sufficiently coherent and robust membrdinats their practical applicationin this study,

| focusedon thestudy of CMS membras. h many studies, carbon molecular sieve
(CMS) membranes have shown attractive gas separation performance for challenging gas

pairs, including CQCHy, O,/N,, C;H4/CoHe, and GHe/C3Hg[9, 25].



1.3.3 Morphology control

The intrinsic pore structure of CMS membranes must be effectively tuned for a
specific application. Several tuning parameters have been extensively shallieiihg
the starting polymer precursor, the pretreatment on the polymer, the pyrolysis conditions,
and the postreatment on the CMS membrag.

After translating to hollow fiber form, it is also crucial to engineer the asymmetric
morphology in hollow fiber CMS membraness shown in Figure 1.4, the microporous
support structte is meant for supporting without exerting noticeable resistance to the
penetrants. Howeveahe densification of micrpore supportlayer during excessive heat
treatment which thickens the ultrthin dense separation layetrastically reduceshe
flux. Lower flux is a major concern from a practical stand point since it requires more
membrane surface area and thus higher cost. Heffeetive methodsto suppresghis
substructurecollapse are critical for practical application of hollow fiber CMS

membrans.

Asymmetric hollow fiber
morphology

——>  Microporous
support

—>  Thin dense
separation layer

Figure 14: Asymmetric hollow fiber morphologj26].



1.3.4 High speed manufacturing

The biggest hurdle to CMS membrane produttiand implementation may
currently be economic feasibilitf’hus, scaleip and high speed manufacturing become

crucial for membrane technology to t@mpetitivewith conventional techniques.

In this work, the four key elements described abaneeaddresd for production
of attractive CMS membranes. Advanced material, CMS membranes, and the tuning of
their pore structures were developed based on fundamental studies with homogeneous
dense film morphology. This fundamental study provides insights intastetproperty
relationshipsTo further address the issues of module efficiency and commercial viability,
this study was advanced by applying the method for dense films to asymmetric hollow
fiber morphology. The following section shows the main researgbcibes in this

dissertation

1.4Research objectives

The overarching goal of this work is to develop a framework to understand the
material science options to fabricate novel, high performing separation CMS membranes.

In order to achieve this goal, we haverked on the following objectives:

Research objective 1: Analysis of different polymers as precursors to CMS dense
film membranes for pure gas CQ/CH,4 and O,/N, separation(Chapters 4)

Former studies have shown ththe specificpolymer precursor has sigicant
effects on the separation performance of the resulting CMS memlpgar29]. Here, we
report transport and sorption properties of CMS membranes fabricatadahovel set

of polymer precursors6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA, 6FDA/DETDA:



DABA(3:2) and 6FDA/1,5ND:ODA(1:1), under a welicontrolled pyrolysis protocol.
Separation performance of polymer precursor films formed from these polymers was
examined ging pure gases GOCH,;, O, and N. The pyrolyzed polymer precursor films

to create dense CMS membranes produced separation performance that significantly
exceeded the polymer precursor performance in all cases. Separation performance of the
CMS membranewas studied as a function of time, with storage under vacuum between
tests to assess physical agiige 6FDA/DETDA:DABA(3:2) derived CMS membranes
showed the highegiermeabilityand offered the greatest practical potential among the

various precursors.

Research objective 2:Investigation of pyrolysis conditions on gas separation
properties of 6FDA/DETDA:DABA(3:2) derived carbon molecular sieve

membranesfor both pure and mixed gaseg¢Chapter 5).

Several parameters have been studied to tailor the pnretuses of CMS
membranes including the pyrolysis temperature, pyrolysis atmosphere and heating
protocol. 6FDA/DETDA:DABA(3:2) polyimide was pyrolyzed under different protocols
to produce carbon molecular sieve (CMS) dense film membranes for separation of
important gas pairs including pure gasesf0Bl;, O.J/N, and mixture gases 50%
CO,/50% CH, and 50% GH¢50% GHs. The effects of pyrolysis temperature and
atmosphere on CMS separation performance are reported. The de¥&e film
pyrolyzed with a novel nthod, i.e., 800°C with precrosslinking, shows very attractive
separation performance with @@nd Q permeability of 4678 Barrer and 683 Barrer,

CO,/CH,, OJ/N; selectivity of 71.5 and 8.0 from pure gas measurements.
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Research objective3: Temperature depaendence of gas transport and sorption in
carbon molecular sieve membranes derived from four 6FDA based polyimides:

entropic selectivity evaluation(Chapter 6).

Temperature dependences of gas transport and sorption properties on carbon
molecular sieve (CMSinembranesvere examined over the temperature range from 35
°C to 50°C. The permeability, sorption and diffusivity of these materials are reported,
and activation energies of permeation and diffusion as well as heats of sorption for gases
CO,, CHs, Oy, ard N, of these materials are compared. Permselectivity of these materials
at 35°C was probed for three gas pairs: LLLH,, Oo/N,, and N/CHjg, and results show
that diffusion selectivity is the dominant factor in providing permselectivity. Diffusion
selectvity can be factored further into an energetic selectivity and an entropic selectivity.
The temperature dependence of both energetic and entropic selectivity and their
contributions to overall diffusion selectivity are discussed in detail in this SMIDEMS
membranes showed larger than unity entropic selectifattors. Analysis of the
selectivity factors provides insights into the effects of polymer precursor backbone

structures on key transport and sorption properties in CMS materials.

Research objetive 4. Create fifirst generationo asymmetric hollow fiber CMS

membrane with 6FDA/DETDA:DABA(3:2) (Chapter 7).

As noted earlierasymmetrichollow fiber membranes are industrial favored
membrane morphology considering the high surface area to volumethmatiocan

provide. This part of study serves as a guide for future study by showing the viability of

11



spinningthe first generation of 6FDA/DETDA:DABA(3:2) hollow fibenembranes and

efficacy in achieving defedtee CMS hollow fiber membranes.

1.5Dissertation overview

Including this introductory chapter, this dissertation cont@imbiapters. Chapter
2 presents background and theoryaalitate understanding of this dissertation. Chapter
3 describeshe material development, experimargetup and charactesation techniques
used in this work. Chapters 4 #are the main body part, covering the four research
objectives discussed in the previous section. Ch&xammarizes the key results of this
work and recommendations for further study. Finally, seveggbendices provide

supplemental information.
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CHAPTER 2

BACKGROUND AND THEOR Y

2.10verview

This chapter provides backgroyntheory and terminologyrelevant to this
dissertationSectin 2.2 provides background on the structures of carbon molecular sieve
(CMS) membranes. The formation of CMS membrane and factors affecting its transport
properties are outlined in section 2.3. Finally, section 2.4 outlines fundamental gas
transport and setion theory in both polymeric and CMS membranes including

permeation, sorption and diffusion.

2.2 Structure of CMS membranes

CMS materials are formed by thermal decomposition of a precursor polymer to
produce a carbon rich mater{d!, 2]. Being heated in an inert atmosphere, polymers go
through carbonization and residual materials of coke or char tend to be ffBmgd
During carbonization, if the precursor goes through a liquicds@hthe polymer chains
tend to form aromatic lamellae resulting in crystalline anisotropic coke; otherwise,
isotropic char is formed. Two dimensional drawings represent anisotropic vs. isotropic

carbons are shown in Figure 2.1.
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Figure 2.1: Carbonlamellae drawings representative of structure: (i) anisotropic; (ii)

isotropic[5].

Coke can be further heated to form graphite at temperatures betweetC2atd
3000°C, resulting m a layer of graphene sheets stacked in a hexagonalséBéenceas
depicted in Figure 2.24]. Within the layers, the € bond, which forms a two
dimensional extended electronic structure, fshsjiorid sigmabonds with delocalized pi
bonds within the layef6]. Betweenthe layersthe graphene layers are connected with
van der Waals force without any chemical bond. The graphitetdéssi2.25 g/crat

300K with the interlayer distance as 0.335 nm ard distance as 0.142 nj¥.
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Figure2.2: The structure of graphite with ABA stacking of graphene shdégts
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Unlike coke which can form crystalline graphite structure, char remains in an
amorphous form[3, 4]. Most CMS membranes used for gas separation show a
turbostratic nature with little longange order and can be viewed as amorphous and
isotropic.Over the long rangethis amorphous form contains lamellae aged randomly,
bent and twisted Over the short range, the?dpybridized carbon sheets can align

parallel to each other and form somewhat ordered structure, as shown in Figure 2.3.

Figure2.3: Structure of CMS membraneser a short rangéhe sp-hybridized carbon

sheetg3, 4].

An idealized pore structure, as shown in Fig@ré can be describe
Il i keo, and can be represented by a bimodal
(~ 7-20 A) connected by smaller ultramicropores (< 7[&)8-10]. Micropores provide
sorption sites, while ultramicropores enable molecular sieving, thereby making CMS
materials both highly permeable and highly selective, with properties lying above the

upperbound limit of polymes|[8, 11].
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ultramicropores

micropores

Number of pores

Pore sizeA)
Figure 2.4: i) A simplified idealized sldlike pore structures in CMS membranes. (a):
micropores with sizes of-20 A; (b): ultramicropores with sizes Z A; ii) bimodal

distribution of pores.

2.3Formation of CMS membranes

CMS membranes are formed from the pyrolysis of polymer precursors under
controlled conditions. During the complicated pyrolysis process, vari@agiogns can
occur at the same time including cleavage, dehydrogenation, condensatidr2,i8].
In the early steps of the pyrolysis, bonds cleavage takes place and results in free radicals.
The free radicals can further gbrough intramolecularcoupling and intermolecular
crosslinking, resulting i loose structure network. At the same tigraallmolecules as
volatile materials in the form of water, methane, carbon dioxide, carbon monoxide, etc.
are eliminatedand microporosity within the rigid macromolecular system is generated.
When temperatureeaches around 551, almost all aliphatic carbon is converted to
aromatic GH, resultingin rich carbon structurgb].

The pore size distribution of CMS membranes, which determinesptsration
performance, can be influenced by several key parameters including precursor selection,

polymer pretreatment, pyrolysis conditions, post treatment, and module constfidlion
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In this section, these parameters are reviewed and presented below following the

sequence of CMS membrane fabrication process as shown in Figure 2.5.

Step 3:
Pyrolysis

Step 2:
Pretreatment

Step 4:

Posttreatment

Step 1.
Precursor
selection

Step 5:
Module
construction

Figure2.5: CMSmembrandabrication procesgl4].

2.3.1 Precursor selection

Precursor selection is the first important factor, since different precursor polymers
may bring about different kinds of CMS membran8gice the pioneering work on
cellulose CMS hollow fibers introduced by Koresh and Sdft&f, numerous synthetic
polymers have been used for CMS membrane study. Most often studied polymers include
polyacrylonitrile [16, 17], phenolic resing18-20], polyfurfuryl alcohol[21, 22], poly
(vinylidene}based polymer$23], and polyimideq24-26]. Polyimides are among the
most stable classes of polymers. They tend to decompose near their softening points, so

they do not lose shape during the intense heat. Moreover, polyimides exhibit high glass
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transitional temperature, gdgorocessability and good mechanical strength. Based on
these features, polyimides have been the preferred precursor.

Former studies have shown thhe polymer precursor has significant effects on
the separation performance of the resulting CMS membrf2ig29]. The intrinsic
properties including fractional free volume (FFV), chatnuctureand chain mobility
may be somewhat preserved in the resulting CMS membranes.

Park et al. studied CMS membranes derived from various polyimides containing
different numbers of methyl substituent groups, and results inditzdéthe increase of
FFV in the polyimides by methyl substituents led to higher permeability in the ngsulti
CMS membraneR28].

Kiyono studied the separation performance of CMS membranes derived from two
different polymers: Matrimil vs. 6FDA/BPDADAM [29]. Results showed
6FDA/BPDA-DAM derived CMS membranes exhibit highpermeability but lower
selectivity than Matrimifl derived onesApart from a higher FFV, 6FDA/BPDSAM
also contains two GFgroups. The bulky Cfgroup tends to hinder chain packing and
promotes higher free volume by inhibiting segmental packing. @&habre, the
evolution of larger fluorinated compounds such as CHkther provides higher
microporosity in the resulting CM&embrane

These studies indicate the importance of choosing the right precursor polymer to
fabricate CMS membranes for a specif@sgseparation. In this study, tkeparation
performance o€EMS membranes formed by pyrolyss$ four novel polyimide precursors
referred to as 6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA, 6FDA/DETDA:DA3:2)
and 6FDA/1,5ND:ODA(1:1) are considered andlill be disaussed in detail in Chapter 5.

2.3.2 Polymer pretreatment

To ensure the stability of the polymeric precursor and the preservation of its

structure during pyrolysis, polymeric membranes are often subject to pretreatment before
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pyrolysis. Pretreatment has also beeoven to be able to change chain packing and alter
chain segmental mobility.

Thermal stabilization is a commonbpplied method to enhance the structure
stability and uniformity of pore formatioduring pyrolysis. David showed in his study
that oxidativethermastabilization atmosphere produced more stable CMS membranes
and longer soaking time brought about more selective while less permeable membranes
[30]. Similarly, Kusuki et al. prevented softening and collapse and maintained the
asymmetric morphology of the fibers duripgrolysis by heating the polymer in air at
400°C for 30 minutes prior to pyrolysi81].

Some researchers used a 4soivent or chemical agent to modify the precursor
before pyrolysis. Tin et al. investigated the effects of-salwent pretreatmern82]. The
precursor films were soaked in methanol, ethanolpammol and butanol for one day. It
was claimedthat by doing so, the intermolecular interactions were weakened and the
structure reorganization wasomoted Results proved that this method reduced the pore
size and increased gas selectivity of CMS memlstane

For the purpose of this study, a pretreatment method referred to as pre
crosslinking was probed. 6FDA/DETDA:DABA(3:2) dense films were thermally treated
at 370°C under pure argon purge for 90 miBs. doing so, the DABA moiety tends to

thermally crosshk and opensip the resulting CMS structure

2.3.3 Pyrolysis

Pyrolysis or carbonization is a process in which a precursor is heated in a
controlled inert atmosphere to a final pyrolyzing temperature at a specific heating rate
and soaked at the final temperattowe a sufficiently long time. The pyrolysis process is
conventionally meant for thg@roduction of porous material with microporosity of
moleculardimensions that isesponsibldor molecular sievingg33]. The pore structure of

CMS membranes are envisioned to be comprised of micropores connected with
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ultramicroporesThe pore distribution can be tuned by adjusting some key parameter

pyrolysis temperaturg@yrolysisatmosphere, ramp rate and thermal soak time.

a) Pyrolysis temperature

Pyrolysis temperature is the highest temperature to which the precursor is heated.
It is usually chosen to lie in between tthecompositiortemperaturef the precursorand
its graphitization temperaturgl, 34]. Pyrolysis temperature is closely related to the
membrane structure and separa@nrformance Generally speaking, a higher pyrolysis
temperature leads to carbon membranes with more compact structure, more turbostratic
structure, higher crystaflity and density35].

Rungta et al. reported pyrolysis of Matriffiidense films at several temperatures
between 500C and 80FC andtested them for pure gash; and GHg at 35°C and 50
psia[36]. The results are shown in Figure 2.6. In going from 8DQo 800°C, the
membrane permeability drops with a corresponding increase in selectivity. The authors
also characterized the differetgmperaturgyrolyzed CMS membranes with XRD and
CQO, sorption measurements. They found the XRD peak was more pronounced for higher
temperature pyrolyzed membranes, indicating an increase in structure ordering with an
increa® in pyrolysis temperature. From g8brption measurements, they found the pore
size distribution showed an overall shift towards the smaller end. These findings
explained the loss of permeability and the gain of selectivity as pyrolysis temperature

increases.
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Figure 2.6. Pure gas ¢H4/C;Hg separation performance (86, 50 psia) of CMS dense

films derived fromMatrimid® at different pyrolysis temperaturg36].

Steel and Korod37] studied CMS membranes derived from Matrithidnd
6FDA/BPDA-DAM by pyrolysis at two temperatures: 5%0 and 806°C. The results for
CO,/CH,4 and Q/N; separation are shown in Figure 2.7. A decrease in bptn® CQ
permeability abng with an increase in G{ZH, and Q/N, selectivity due tancreasing

the pyrolyzing temperature can be observed in both CMS membranes.
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Figure 2.7: Effects of final pyrolysis temperature on: (i) @OHy; (ii) O2/N, separation
of CMS membranes derived from Matrifflidnd 6FDA/BPDADAM [37].

b) Pyrolysis atmosphere

In order to prevent undesired burn off and chemical damage ahé&mebrane
precursor during pyrolysis, a vacuum or inert pyrolysis atmosphere needs to be controlled.

Geiszler and Korostgdied the separation performance of 6FDA/BRDAM
asymmetric hollow fiber CMS membranes pyrolyzed at different atmosphere: under
vacuum (0.040.03 mtorr) under inert atmosphere of helium, argon, and carbon dioxide
with gas flow rates of 20 and 200 sc¢88, 39]. They found CMS membranes produced
by vacuum pyrolysis shower higher gas selectivity than those produced in inert
atmosphere. On the other hand, considering the uncgrtditite experimental data, little
difference was observed among the membranes pyrolyzed under the three different inert

purge gasedielium, argon, and carbon dioxide
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Kiyono et al.[40] investigated a method referred to as oxygen dopiith w
6FDA/BPDA-DAM derived CMS membranes arfdund a strong relationship exists
between the amount of oxygen and the transport properties of the membkanes.
elevated temperature, the oxygen present in the inert gas selectively chemisorb at the
ultramicropres, thus allowing subtlining of the membrane separation performance.
Figure 2.8 below illustrates this oxygen doping hypothp&l$. Results, as shown in
Figure 2.9, demonstratetiat CMS membranes pyrolyzed undep @Qoped inert gases
perform as attractively as those obtained from vacuum ygirg). Hence, the need for
highly-cost vacuum pyrolyzing to achieve high selectivities can be avoided by utilizing

O, doping.

—~

> “Intrinsic” CMS

=

"\
“Doped & stabilized”
I I > CMS following exposure

at pyrolysis temperature

w

© chemisorbed oxygen or oxidation at active ultramicropore sites

Figure2.8 Schematic of oxygen doping proc¢4§].
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Figure 2.9 Oxygen dopig effect on CQCH, separation performance for CMS dense
films derived from 6FDA/BPDADAM [40Q].

Nevertheless, there is a enff point in the benefit of Q doping method. As can
be seen in Figure 2.9, 50 ppm @ped CMS membrane showed blatver permeability
and lowerselectivity It is believed that the excessive amount ghtay have filled most
of thefiactived ultramicropore sites. Essentially, @oping method is useful ituningthe

separation performance for membranes with intrinljicgden morphology42].

C) Ramprate
Ramp rate or heating rate determines the evolution rate of volatile components
from the polymer matrix. Lower heating rate is typically preferred since it allows the

production of smaller pores and consequently higher selecfidty43]. Excessively
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high heating rate might result in pinholes, microscopic crack, blisters and distortion. In
Suda and Haraya work[24], the ramp rate during pyrolysis was varied from 1.33 K/min
to 13.3 K/min. Results showed GVimembranes fabricated under a higher ramp rate

exhibit higher permeability for several gases.

d) Soak time

Different soaking time would be preferredrrespondingo different pyrolysis
temperaturg33]. Numerous studies have shown that a prolonged soaking time would
increase selectivity since longer baking time promotes pore sinfedng7, 40, 44]. As
shown in Figure 2.10, 8l demonstrated that soaking time has a larger effect on
permeability compared with selectivity. Moreover, as the pyrolysis temperature increases

from 550°C to 800°C, the effect of soaking time is less pronounced.

1000 F
: Carbon Film
°C. 2
fOO il Carbon Film
£ 100F Carbon Filma 550 °C, 8hr
£ - 800 °C, 8t A
£ hr -,
E Carbon Film
- 550 °C, 2hr
=
3
o 6FDA/BPDA-DAM |
< 10
Robeson's Upper Bound |
0.1 1 10 100 1000 10°* 10°

CO2 Permeability (Barrer)

Figure 2.10 Effects of hermal soaking time on CMS dense films derived from

6FDA/BPDA-DAM [37].
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2.3.4 Posttreatment

After pyrolyzing, polymeric membranes are transformed into carbon membranes.
Afterward, various posireatment methods have been applied to finely adjust the
membraneporosity or even fix defects and cracks. Commonly used-tpesiment
methods are postxidation, chemical vapordeposition (CVD), postpyrolysis and
coating[14, 45].

A successful example of peseatment is referred to aual Temperature
Secondary Oxygen Doping (DTSGjeveloped by Singh and Korp46]. In this post
treatment, the 6FDA/BPDMAAM derived CMS membrane was exposed to trace amount
of O, by briefly taking it to a temperature higher thdre final pyrolysis temperature.

This treatment is believed to allow selective doping at the ultramicropore edges and as

can be seen from Figure 2.11, it dramatically increases the membrane selectivity.

100 - A DTSOD

9.0 4 '
8.0 4 550 °C/UHPAr &
UHP Ar

7.0 9 Dual Temp.
6.0
5.0 9
4.0 4
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0,/N,Selectivity

0, doping during 500 C pyrolysis

1.0 +
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Figure 2.11 Effects of DTSOD postreatment on CMS dense films derived from
6FDA/BPDA-DAM [46].
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2.3.5 Module constiction

As mentioned in previous section, asymmetric structure or hollow fiber
configuration is preferred farommercialapplication in order to achieve high permeation
rates of the products. A suitable module is critical to ensure the successful appbéatio
the membranep47]. The general and basic requirement for a module tpréeticalis
that it iscapableof achieving high productivity and efficiencyhile keeping operational

and maintenance cost low. Two selected examples of modules are shown in Figure 2.12.

a)
3rg4" Stainless
Steel Housing
Aluminum
Cap FEED Sfg" Stainless Valve
Carbon Hollow Steel Tube
Fiber Mem brane
Female
MPT thread
) (]
B
PERMEATE
RETENTATE
b)
) Stycast Epoxy ®
Carbon Hollow Fiber extrude s out through turning
Membrane | | of male NPT l

Tygon ® Male Stycast®
Tubing NPT Epoxy

1
|

i

11

Figure2.12 Two selected modules fabricated by various researfh@is0].
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2.4 Gas transport and sorption in membranes

Membranes areselective barriers between two phas¢Sl]. They physically
separate a gas mixture into two streams by allowing one or more component to pass
through, forming a permeate streamhile retaining the remaining penetrants at the
retentate stream. Semal mechanisms can be associated to describe the transport of
penetrants through membranes: 1) Knudsen diffusion transport; 2) selective surface
adsorption with surface diffusion; 3) molecular sievitignsport and 4) sorption

diffusion transporf{52]. These mechanisms are shown in Figure 2.13.

]2 %
i ¢
¥
0 (i) (i) (iv)
Knudsen diffusion Selective surface Molecular sieving Sorption-diffusion
transport adsorption with transport transport

surface diffusion

Figure2.13 Four generamechanisms for selective membrafe3.
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Knudsen diffusion transport

When the pore radius is smaller than the mean free pathhe penetrants,
Knudsenflow occurs, and the selectivity between gas species can be related with their

molecular weights g$3]:

Uy =, |2 (2.1)

where UA,B is the Knudsenseledivity for gas penetrant A vs. BV, and M; are the

molecular weight of penetrant A and B. Since popular gas pairs such a€HzGD,/N,,
and GHg/C3Hg all have relatively similamolecularweight, Knudsen dectivity for these

gas pairs are fairly low.
Selective adsorption separation

When one gas penetrantgeeferablyadsorbed into the membrane over thieer;
Selective adsorption separation happens. The absorbenajesuleafterward surface

diffuseacros the membrane from one sorbed site to the fefjt
Molecular sieving transport

Molecular sieving transport is a selective mechanism bas#teasize and shape
difference betweerhe penetrantsSmaller gas species can diffuse faster than the bigger
ones, sdhe membraneallows the passage of the smaller molecule through resulting in

effectiveseparatiorj55|.
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Sorptiondiffusion transport

In this selective mechanism, both of the size and condensability of the penetrant
determine which species goes through the membrane faster. Gas transport through CMS
membranes is believed to follow sorptidiffusion mechanismMicropores provide
sorption sites, gases hop from one site to another due to the concentration gradient
between upstream and downstream side. Ultramicropores provide diffusion restrictions,
requring the penetrant to overcome repulsive interactions from the walls. This
combination of micropores and ultramicropores provide CMS membranes with both high
permeability and high selectivity. In fact, one can have molecular sieving and sorption

diffusiontogether in CMS materials.

The following sections will discuss about the detailed transport, including

permeation and diffusion, and sorption theory for membrane gas separation.

2.4.1 Permeation

Permeation through membranes follows sorptidfusion mechanism.Gas
molecules sorb into the high pressure upstream side of the membrane, and diffuse
through it due to the chemical potential gradient, and desorb at the low pressure
downstream sidgs6]. This membrane separation process mechanism is shown in Figure

2.14.
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Figure 2.14 Schematicrepresentatiorof CO,/CH, separation by a sorptieshffusion

process.

Two termsa,bifipdarym an dconmimodyused to describe the |, ar e
most important properties of membradgzoductivity and separation efficiency
respectively. PermeabilityP( is equalto the transmembrangressure and thickness
normalized flux

N, *I
ap

R= (2.2

where N, is the penetrant flux through the membrane of thicknek$ ¢nder a
transmembranegoartial pressuredifferencg gp, ). The most frequently used unit for

permeability Barrer, is defined as below:
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o CC(STP)*cm

1Barrer [F] 10°—
cm”*s*cmHg

(2.3

For homogeneous dense film membrane, the membrane thickhpsar( be
measured directly; however in the case of asymmetric hollow fibers, which will be
discussed later, the actual membrane thickness is not readily known. Thus the term of
permeance, which is simply the pressure normalized ifugpmmonly useé to describe

the productivityas defined below:

| ap,
and the unit for permeance is GPU and defined as :
16pPU [5] 10— CCTP) (2.5)
cm”*s*cmHg

The flux of gas molecules through membranes is governed bgsHak, and the
diffusion coefficient is assumed to be independent of the concentration. Thus, the one
dimensional diffusion is given by:

N =D 3G 2.6
dx

where D, and C, are the diffusion coefficient and the concentrationcomponenti

respectively, x is the coordinate in the direction of permeation.

Combining Egs. 2.2nd 2.6, one can get:

p=NT_ pdGL T 2.7
op, dx omn

The diffusion coefficient often depends on local concentration, and in this case, an

average diffusion coefficient can be obtained as:
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_ f'Di(C)dG
Di ="dc_— (28)
R (C)aG

where C , and C, represent the upstream and downstream gas concentrations

respectively.

Egs. 2.7 and 2.8 together gives:

— (C,-C
R:D ( i,u |,d) (29)
ap,
The average sorption coefficient is:
5" dC
S = Q,vd L (C.-Cyu) (2.10

ﬁlﬁ‘udFi’ ap,

Substituting Eg. 2.10 into Eq. 2.9, the permeability can be expressed as the
product of a kietic factor of average diffusion coefficient, and a thermodynamic factor

of average sorption coefficient:

P=D *S 2.19)

The separation factowhichchar acteri zes a tommepandier ane 0 S
different penetrants, is equal to the ratio of the upstream and downstream mole fraction of
two components. When the downstream pressure is negligible, as in this study, one can

write:

(2.12

2C
©

1
U |0

1
O Qo
il
'b@ &
r-o) o
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For mixed gas feeding, separation factor is a practical measoteof the
separation efficiency. Again, in the case where downstream pressure is negligible

compared to upstream, selectivity can calculated b H&

OIS
where xis the mole fraction of component i on the feed side amslthe mole fraction
on the permeate side.ix controlled by the spéi composition in the feed gas cylinder

and yis measured by gas chromotography (GC).

2.4.2 Sorption

The sorption coefficient describes the amount or concentration of gas taken up by

a membrane at a given pressure at equilibrium as expressed in HjGp.14

5= (2.14)

In glassy polymers, the dual mode sorption modeloften used since gas
penetrants may sorb into both dense polymer mainck themolecular scale holes or
microvoids. Those molecules sorbed into the dense polymer matrix by ordinary

dissolution process follow Henis/law:
Co =Ko ™R (2.15)

wherek,; is the Hem g aw constant. On the other hand, those molecules sorbed into the

limited number of microvoids in the polymer matrix follow Langmuir sorption

_Cuhnp
Cu=Tinp (2.1
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whereC,, is the Langmuir hole filling capacity arig is the Langmuir affinity constant.

Thus the total concentration of dissolved gas givan pressure and temperatimethe

polymer is given as the sum of€£4.15 and 2.16 as shown in Eq. 2.17 and Figure 2.15:

Concentration of dissolved penetrant

— —] * C'Hi h p
Ci _CDi + CHi _Kai R W (2-1D

Dual mode: C, = Cpa + Cya

»
>

Penetrant prsessure

Figure2.15 Typical sorption isotherm.

For molecular igving materialssuchas zeolites and CM8embrangethereis no

dilation of the rigid CMS structure with a finite number of sorptsites, the Langmuir

isotherm is typically used alone to describe the sorption process:

_~ _Cyhnp
C=Gy =T (2.18

In CMS materials, the majority of the penetrants are believed to be sorbed into

larger micropores since the repulsive interaction energy of these molecules is lower than
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those residing in the critical ultramagores. Figure 2.16 is a simplified cartoon showing

this idea.

u(d)

N
(3)

e Ul
. . N )

distance from wall (d)

(a) (b)

~

Figure 2.16 (a) ldealized equilibrium positions inside the pore structure; (b) potential

energy of penetrants sorbedd#terentlocations[41].

2.4.3 Diffusion

The diffusion coefficient measures the mobility of a gas penetrant throtingh
membrane. In polymeric and CMS membranes, gas molecules diffuse through the
membrane along the direction of the concentration gradient by making random jump

from one site to another. Quantitatively, diffusion coefficient can be expressed as below

2
Di:fin (2.19

wheref,is thefrequency of jumps the molecule i makes ands the average diffusion

jump length[57].
In polymer membranes, there are fluctuating gaps that are continuously created

and redistributed by thermaltimulatedpolymer chain segmental rions. Asufficient
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sized transient gap enables an adjacent sorbed gas molecule to execute a diffusive jump,
as shown in Figure 2.17. The molecules sitting in a sorption site are considered to be in
the normal state and thogeing through the transientgare considered in the activated
state.The diffusion discrimination of polymer membranes results from the difference in
the sizes and condensabilities between the penetrants.

CMS membranes, on the other hand, contain rigid micropore and ultramicropore
structures. The gas molecules need to make effective diffusive jumps from one sorption
site (micropore) to another through a narrow window (ultramicropore). This process is
also depicted in Figure 2.17. Gas molecules sitting in micropores are consideeeit to b
the normalstate while those going through the ultraropores are in the activated state.
When going through the ultramicropore window, gas molecules need to overcome the
repulsive interaction energy from the rigid carbon walHnergetic selectivity takes
place due to the difference in the activation energies required to make effective diffusive
jump between different penetrants. Moreover, the rigid ultramicropore windows can
effectively discriminate the shapes and sizes of different penetrangsrectefto as
fientropic selectivity. Detailed discussion of energetic selectivity and entropic selectivity
will be provided in the later chapters. Entropic selectivity is believed to be the reason for

CMS membranes toutperformpolymeric membranes.
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Figure 2.17. Conceptual depiction of a diffusion step in: pplymeric membranes; (ii)

CMS membranefs§].

The average diffusion coefficient has been widely used to characterize CMS
membranes in literatufb9-62]; however, it can be highly dependent on concentration.
In some cases, especially when highly adsorbing gases are considered, a

thermodynamically corrected diffusivityMaxwell-Stefan diffusivity is useful.

Unlike the conventional Fickiatransport diffusivityD, , the MaxwelStefan

diffusivity B accounts for the amount of gas taken up by the mgEBa64] in its

interpretation. The two coeffiams can be mathematically related as E80
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d InC(p)

b=D
" dinp

(2.20

where p is the single component gas phase equilibrium pressure and C(p) is the gas
sorbed by the media at equilibrium ese of p. In combination with a Langmuir

isotherm model shown in EQ.16 for gas i, one finds:
b, =Dy, (1'q) (2.21

whered, is the fractional site saturation factbefined as below:

b.p
d=— 2.23
' 1+bp (

The average diffusivity can be calculated by integrating the local Fickian
diffusivity between a given upstream and downstream (vacuum in thisy)stud

concentration in the membrane. Thus, from Bg&0-2.22 one finds:

0 9 b, dg
D_Q.Dfd'or;'(l'qi) I_Di né‘ 1 29
iTT 0 0 - ﬁ_ (2.23
Q,dc' qW ¢t 4

Eq.2.23provides a bridge to connect the average diffusivity, which can be easily

obtained from permeation and sorption meaments, to the Maxwe8tefan diffusivity.

2.4.4 Temperatur@lependencef permeationdiffusion, and sorption

Gas permeation and diffusion through membranes are typically activated
processes, and an Arrhenius relationship describes the temperature depefdgse

permeation and diffusiofb7, 65], viz.,

P =P exje—" (2.24)
cRT
&-E,

D, =Dy eXPge_2 (2.25
TERT

42



On the other hand, a vanodot Hoff express

a-H
S. =S, ex S 2.29
i Oi p&g RT (

whereR,, , D, and S, are preexponential factorsk, is the activation energy for
permeation E; is the activation energy for diffusion, amtl, is the heat of sorption. R is

the universal gas constant, and T is the absolute temperature.
Combination of Eqs2.11and?2.24-2.26 states that permeationta@ation energy
is the sum of diffusion activation energy and heat of sorption, so it is a more complex
parameter than either of the individual energetic factors.
E.=Ej +H, (2.27)
Moreover, the prexponential factors can be arranged to yield:

Fi=Do* Sy (2.28

2.4.5 Energeticand entropic factors in diffusion selectivity

According tothe Eyring theory of rate procesgés|:
D=0? KL g% Rty 7 (2.29
h

where & is the average diffusive jump length in the diffusion medi@p,s the

activation entropy of di ffusi on, ankithe s Bol

activation enthalpy of diffusiorH, , if assumingnegligible volume change in the

diffusion process, can be expressed as below:
H,=E,+PV° E, +RT (2.30)

Combiring Egs. 2.29 and 2.3@ne can get

D=ee? kFT e»Rgh KT (2.31)

43



For gas pairs concerned in this studynay ke considered equivalent since the
average distance between equilibrium micropores should be same. The diffusion

selectivity then becomes:

[[))_,;: ~ex (SDA %B ) e)§)( %A %B ) (233
\ )\ J
| |
Entropic Energetic
selectivity selecivity

Eq. 2.32 shows clearly that the diffusiorelgctivity can be factored into an
Aenergetic selectivityd and an fAentropic
difference in the diffusion activation energies of the two penetrants, while entropic
selectivity primarily reflects the differee in the diffusion activation entropies of the two
penetrants. Singh and Korf&7] have discussed the significance of entropic selectivity
in molecular sieving materials for the,/8, pair. They also showed that in polymeric
membranes, entropic selectivity is close to unity, while in CMS membranes, a much
higher entropic selectivity is observed. The high entropic selectivity in CMS memibrane
enabled by the rigid CMS pore structures, which polymer membriok. This
fundamental fact is the main reason for CMS and zeolite membranes to surpass the
polymeric upper bound. Entropic selectivity reflects differences in penetrant shape and
subtle configurational differences experienced by penetrants transversing the difusion
limiting ultramicropores. This entropic configurational control can be engineered by
controlling differences in rotational and internal vibrational degrees of freedom between

the diffusing components.
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CHAPTER 3

MATERIALS AND EXPERI MENTAL PROCEDURES

3.1 0verview

This chapter providea description of the materials and experimental methods
used in this study. Section 3.2 discusses the polymers and gases used for membrane
formationandtesting.The membrane fabrication methods for both polymeric and carbon
molecular sieve (CMS) membranestle morphologies of dense films as well as hollow
fibers are provided in section 3.3. Section 3.4 presents the various characterization

techniquesindequipment.

3.2 Materials

3.2.1 Polymers

In this study,two dianhydride monomers and four diamine monomers were
investigated to consider CMS precursors t
(hexafl uoroi sopropylidene) di pht hal ic
biphenyltetracarboxylic dianhydride (BPDA), 3jta mi nobenzoi ¢ a-<i d (D
oxydianiline (ODA), and 1/ &liaminonaphthalene (1:)8D) were purchased from Sigma
Aldrich. Diethyltoluenediamine (DETDA) was purchased from Albemarle Corporation
under the listing name d&thacure 100. All monomers were usedthout further
purification, and were stored in high vacuum prior to use in synthesis.

Table 3.1shows the structures of the four 6FiAsed polyimides used in this

study, all of which were synthesizedhouse.
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Table3.17 Chemical structures of the pohides discussed in this study

Polymer Chemical structure

6FDA/DETDA

o] FiC CF-J [8]

SRS,

o] o]
n

6FDA:BPDA(1:1)/DETDA

o] FaC C‘,F3 0 o o]
o} o 0 0
1

6FDA/DETDA:DABA(3:2)

o] FaC CF3 o] 0 FaC CFg o]
o] 0 0 o
3

HO o}

O e
6FDA/1,5ND:ODA(1;1) IhN:‘QOQ
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A great deal of prior work has been done by researchers on the synthesis of
polyimides. The most widely practiced procedure is a-dtep polyamic acid (PAA)
process. This process was pioneered by workers at Dupont iiGs18%@ remains the
primary route[1]. Another synthesis method is commonly referred téome step high
temperature solution polymerizatidas reported by McGrath et §2-4]. In this study,
the synthesis of all polyimiddsllows the twastep methodas Figure3.1 illustrates for
the 6FDA/DETDA:DABA(3:2) cas¢5]. The detailedsynthesis procedure is provided in
Appendix A. In the first step, stoichioatric amounts of dianhydride and diamine
monomers were dissolved in NMP -(Methyl-2-pyrrolidone), forming a 20 wt%
solution. Under M purging and stirring, a high molecular weight polyamic acid was
produced after 24 hours at low temperature®G} and inthe second step, the imide ring
was closed by releasing water molecules. In this study, chemical imidization was pursued
with the presence of beta picoline (9.69/0.1mol 6FB#&p catalysend acetic anhydride
(96g/0.1mol 6FDA) as a dehydrating agerat ambient temperature for 24 hours.
Polycondensation reactions are sensitive to water, so to ensure minimal moisture
exposure, all reactants and solvents were dried before synthesis. The resulting polyimide
was phase separated and washed in methanol, apdifimide powder was finally dried

at 210°C under vacuum for 24 hours.
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BFDA DETDA DABA

r polycondensation

0] o o]
FsC CF3 FyC CF3
L 1N NH T H
HO OH - HO
(9] O (8]

3L HO” ~o d2
BFDA/DETDA:DABA(3:2) polyamic acid

{* imidization

o] FiC CFg 0
i M O O N ~
=
0 o]
: J3 L HO” o2

BFDA/DETDA:DABA(3:2) polyimide

Figure 3.1 Reaction scheme for 6FDA/DETDA:DABA(3:2) synthefss$.

3.2.2 Solvents and nesolvents

For dense film formation, solvents of tetrahydrofuran (THF) Biablethyl-2-
pyrrolidone (NMP) were purchased fromigsna Aldrich. Forasymmetrichollow fiber
formation, chemicals of ethanol and lithium nitrate (Ld)l@ere purchased from Sigma

Aldrich. Solvent exchange agents of methanol and hexane were purchased from VWR.
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3.2.3 Gases

In this study, allpure gasecluding: CO,, CH,;, O,, and N for permeatiorand
sorption tests, and argon fpyrolysis were purchased frorAirgas with purity higher
than 99.97%. Mixture gas@scluding: 50% CQ/50% CH, and50% GHe/50% GHs for
permeation tests, arighpmo levels of Q (30ppmand 50 ppm) with balanced argosmre
purchased from NexAir.

The molecular size of penetrants usually represented by kinetic diameters,
which based on the minimum equilibrium cregstional diameters, dahe collision
diameterscalculated from Lennardones potentialFor light gases includingO,, CH,,

0., and N, kinetic diameters are more often used and are listed in Table 3.2; however,
for higher hydrocarbons lik€sHs and C3Hs, the kinetic diameter may no longer provide
a reasonable estimation, thihe Lennaredones diameter are used and listed in Table 3.2.

Thecritical temperatures of these gasesaseshown in Table3.2[6-8].

Table 3.2 Molecular sizeand critical temperatures of gases studied.

Gases Diameterf) Critical temperature (K)
CO, 3.30 304
CH, 3.80 191
O, 3.46 155
N2 3.64 126
CsHs 468 365
CsHsg 5.06 370

3.3Membrane formation

The formation of CMS membranes requires two stefysformaton of the

polymeric membranes; 2) pyrolyses the polymeric membranes formed from step 1.
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This section describes the procedurg@teparedensefilm and asymmetric hollow fiber

polymeric membranes as well as the corresponding resulting CMS membranes.

3.3.1 Fommation of polymeric membranes

3.3.1.1 Formation of homogeneous dense film membranes

Before dissolving in a specific casting solvent to forman8% polymer solution,
the polymer powder wafirst dried in a vacuum oven for at least 12 hours at €20
remove masture. The solutioncontained in a 40 ml ICHEM vial (Fisher Scientifia)as
then placed on a roller for about 6 hours to form a homogeneous solution. The choice of
solvents was based on the solubility of different polyimides, i.e. a relatively moréevolat
solvent, THF, is preferred for polyimides 6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA
and 6FDA/DETDA:DABA(3:2) in which they can be easily solubilized. Since 6FDA/1,5
ND:ODA (1:1) was not soluble in THF, NMP was chosen as the solvent for this polymer.
Our prelimnary work(as shown in Appendix B)onfirmed that precursditms cast from
different solventsgave CMS membraneswvith essentially equivalengas separation
performance, since essentially all solvent is removed during thefditmation and
subsequent pyhgsis processes.

The polymer precursor dense films were prepared from a homogeneous solution
in a Teflorf casting dish based on a previously reported me#isoshown in Figure 3.2
[9]. For polymer solutiomusing THF, the film casting was completed inside a glovebag
(Cole Parmerkept in a fume hood. Inside the glovebag there were: the polymer solution
contained in a vial, a leveled stage to ensure a flat and uniform surface, & Tisloto

serve as casting substrate, arBDsyringe with a MilleX-RH 0.45 micro PTFE filter
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(Millipore Corporation), acrystallizationdish (VWR), and two jarsontainingTHF. The
glovebag was then sealed and purged with nitrogen. After 3 hours of THF saturation time,
the polymersolutionwas tren transferred from the vial to the syringe and slowly pushed
through the filter onto the TeflSndisk. Afterwards, the Tefldhdisk was covered with
the crystallization dish to ensure &3lays slowevaporatiorrate.For polymer solutions
with NMP, a hotplate with moderate temperature of %D was used to accelerate the
evaporation process, while avoiding curling due to excessively fast evaporation rate.

The dense film was subsequently annealed at a temperature above the boiling
point of the solvent tdurther remove any residual solvent. The annealing temperatures
used for dense films cast from solvents THF and NMP were both set a& 2110

consistency.

ey

Figure 32: Schematic showing the soluti@masting method for dense film preparatj&h

3.3.1.2 Formation ofasymmetric hollow fiber membranes

a. Dope famulation

The polymer solution used for hollow fib&rmationis often referred to as a

fidoped. A dope typically consists of the polymer, solvents andsawvents. NMP was
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chosen as the nerolatile solvent because it dissolves many of the polyimidesisand
relatively environmentally friendly. THF was chosen as the volatile solvent to assist skin
layer formation. Ethanol was used as a-solvent to bringhe polymersolution close to

the two phase region on a ternary phase diagram, shown in Figure @t8irtote phase
separation. Moreover, the high volatility of ethanol can also assisoiimation of skin

layer within the air gap. Additives such as lithium nitrate (LyN®@ere sometimes used

to enhance viscosity, phase separation, and pore formaigume3.4 shows the ternary
phase diagram of polymer 6FDA/DETDA:DABA(3:2), one of the polymensitefestin

this study. Figure 3.4 is the base of our hollow fiber study, which will be discussed in
detail in Chapter 7.

A suitable dope composition has beproven to be crucial for the solution
spinning process[10-12]. High enough viscosity is the first important factor for a
successful spinning. Thus, a polynveth sufficiently high molecular weight or a dope
with sufficient high polymer concentratioshould be controlled. A suitable ratio of
solvents to norsolvents should also be adjusted. The binodal line was determined via a
cloud point techniqug¢l3]. At a fixed polymer concentration, a sriof dope samples
with increasing nossolvent to solvent ratio were prepared. Ateatainpoint, referred to
as ficloud poind, the dope becomes cloudy since as the concentration esahent
increases, the dope changes from-phase into twegphase. Qlud points under different
polymer concentratiortogether form the binodal line. A good dope composition should

be in the ongohase region but close enough to the binodal line as shown in Figure 3.3.
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Figure 3.4: Ternary phase diagrams of 6FDA/DETDA:DABA(3:2), solvents, and non

solvents.
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b. Asymmetric hollow fiber spinning

A dry-jet/wetquench spinning process was used to spin hollow fibers, and a
scheméc of this technique is depicted in Figure 31%]. The polymer powder walirst
dried in a vacuum oven for at least 12 hours at @2 remove moisturand residual
organics Thedope contained in a Qorpélglass bottle sealedith a Teflorf® cap, was
placed ortheroller for 224 weeks until homogeneous dope was obtaiA&drwards, the
dope was loaded into a 500 ml syringe pump (IS@Q Lincoln, NE) and degassed
overnight. Bore fluid was loaded into another 100 ml syringe pump. The dope and the
bore fluid were ceextruded through a spinneret with-line filtrations between the
pumps and the spinneret. The temperature of the spinmaenge line, and dope pump
were carefully controlled by thermocouples. Theegtruded dope, along with bore fluid,
passed through an air gamd was immersed into a water quench bath. The phase
separated fiber line was collected on a 0.32 m diametemngadlyethylene drum with a
Teflon® guide. After being collected, the fibers were rinsed in water baths at least three
times during 48 hours. The fibers were then solvent exchanged with three separate 20
min methanol baths followed by three separate 20 lneixane baths and finally dried

under vacuum at 7% for about 3 hours.
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Figure3.5: A dry-jet/wetquench spinning process for hollow fiber spinnih§, 16].

3.3.2 Formation of CMS membranes

3.3.2.1 Pyrolysis set up

CMS dense films were formed by pyrolyzing the corresponding precursor
polymer filmsin a pyrolysis setip updatedrbm a previous reported apparatus, as shown
in Figure 3.6[17]. Dried polymer films were cut into small discs, placed ocustom
madequartz plate (United Sda Products, Franklin, NJ, USAJith grooves to allow for
easy efflux of pyrolysidy-products.The quartz plate is depicted in Figure 3 e plate,
along with the films, was put into a quartz tube (National Scientific Company, GE Type
214 quartz tubing, Quakertown, PA) before being loaded into a pyrolysis furnace
(Thermocraft, Inc.model 2324-1ZH, WinstonSalem, NC, USA). The quartz tube was
sealed on each side with an assembly of metal flanges with silieong® (MTI
Corporation, Richmond, CAXAn oxygen analyzer (Cambridge Sensotec Ltd., Rapidox
2100 series, Cambridge, Englands integrated into the system to monitor the O

cencentration during pyrolysis
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Figure 35: Schematic representation of the pyrolysis system used for CMS dense film
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Figure 37: Schematic representation of a quartz plate used for CMS dense film
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61



On the other hand, CMS hollow fibers were pyrolyzed in a thome furnace
(Thermocraft, Inc., Model # XSB-0-24-3C, WinstonSalem, NC) 9] in order to achieve a
uniform temperature profile along the length of the hollow fibers. The setup is shown in
Figure 3.8. Also, instead of the quartz plate, a stainless steel wire mesh\Valistaster
Carr, Robbinsville, NJ)as shown in Figure 3.9nyas chosen for CMS hollow fdp
pyrolysis. Stainless steel wires were loosely threaded through openings in the wire mesh
plate at several axial positions. When fibers were being pyrolyzed, this design can ensure

that the fibers were separate from each other.

PR S Multi-zone
: Temperature Vent
by  Pressure S Controller

Pressure Read-out . T
Transducer Thermgcouples ™-.__
Quartz ’ ‘ ---l
Tube
f i

Vacuum
Pump

Three-zone Furnace
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i
(il
[

[L]]

Figure 3.8: Schenatic representation of the pyrolysis system used for @il®w fiber

membranes formatioj®].
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Figure 39: Schematic representation of mesh plate used for CMS hollow fiber

membranes formatiofig].

3.3.2.2 Pyrolysis protocols
Several different pyrolyzing protocdisat were used in this study are listed below.
a. Formation of different temperature pyrolyzed CMS dense films

Densefilms were pyrolyzed under UHP argquurge at three different final
pyrolysis temperatures of 55Q, 675°C, and 800C. The inert atmospherwas achieved
after purging the tube with UHP Argon for at least 12h, and the typical oxygen level was
measured to be below 1ppm as sensethépxygen analyzefThe oxygen analyzer was
typically calibrated with ppm levels of Qloped argon mixtures ananterval of 36
months.The UHPargon purge was maintained during pyrolysis at 200 scc/min to remove

pyrolysis byproducts using the heating protocol below
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Protocol 1: for 550C-pyrolyzed CMS membranes:

1)
2)
3)
4)

50-250 € at a ramp rate of 13.3 € /min.

250°C-535 € (Tmax-15) at a ramp rate of 3.85 /min.
535 €-550 € at a ramp rate of 0.26 /min.

Soak for 2 hours at 530.

Protocol 2: for 675C- and 80FC-pyrolyzed CMS membranes:

1)
2)
3)
4)
5)
6)

50-250 € at a ramp rate of 13.3 € /min.

250€C -535 € at a ramp ra of 3.85C /min.

535 €-550 € at a ramp rate of 0.26 /min.

550 €-(Tmax-15)C at a ramp rate of 3.86 /min.
(Tmax-15) € - TmaxC at a ramp rate of 0.268 /min.
Soak for 2 hours atfxC.

b. Formation of differentamounts of O,-doped CMS dese films

All O,-doped CMS membranes were pyrolyzed with a final temperature ¢f550

following the temperature protocol 1 listed above. Instead of using continuous pure argon

as a purge gas, mixtuwef argon and various amounts of oxygen in ppm levelewsed.

The whole system was purged with the mixture at a flow rate o52€nin for at least

12 hours before each pyrolysis experimanten this extended purge was not used,

scatter between samples was sometimes observedoxigen analyzer was usedd

monitor the oxygen concentration levels.
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c. Formation of precrosslinked CMS dense films

All precrosslinked CMS membranes were pyrolyzed with a final temperature of

800°C under UHP argon following a temperature protocol 3 listed below:
Protocol 3: for800°C-pyrolyzed and prerosslinked CMS membranes:

1) 50-250 € at a ramp rate of 13.3 € /min.

2) 250€C -370 € at a ramp rate of 3.85 /min.

3) Soak for 90 min at 370 €

4) 370 €-785 € (Tmax-15)C at a ramp rate of 3.86 /min.
5) 785 €-800€C at aramp ree of 0.25C /min.

6) Soak for 2 hours at 80D.

When a complete heating cycle was finished, the furnace was allowed to cool
down naturally while maintaining UH&gon purging. When temperature dropped below
100°C, typically after three hours, the CMS derfilms were unloaded from the furnace
and loaded into permeation or sorption syst¢t}. After each pyrolysis, the quartz
plate and quartz tube were rinsed with acetone and baked &€ 8G@h 500 scc/min air

flow to burn out residue which could inflnee subsequent runs.

3.4Membrane characterization
3.4.1 Permeation
3.4.1.1 Dense film masking

After fabrication, both polymeric and CMS dense films were mounted into a
permeation cell to rurpermeationmeasurements. Th&lms were first masked by

sandwiching between impeeable aluminum tapes with a known areadrt) exposed
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for permeation. Epoxy was then applied at the interface of the tape and membrane for
sealing integrity in the permeation cell. Five minute epoxy (3M1D®) worked well for
sealing the CMS film andape interface; however, this epoxy sometimes failed on
precursor films, so Duralco 4525 epoxy was used for mounting these films. The film,
together with the aluminum tape, waken mounted on a double -ng flange
permeation cell A typical assemblyof the film and the permeation cell is shown in

Figure 3.10

Epoxy

[

Tape C
(adhesive side facing down)

H~

B Tape B
(adhesive side facing down)

Marks to help /

2lignment \

<« Test film

. Tape A
(adhesive side facing up)

Filter paper

Sintered metal disc

O-ring

Bottom
permeation cell

Figure 310: Schematic representationmfsking a dense film on a permeation 24].
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3.4.1.2 Hollow fiber module formation

Figure 3.11 represents a typical 4atale membrane hollow fiber module for
permeation testf21]. Five minute epoxy (3M, DR00) was used to seal the ends of
modules.When testing polymeric hollow fibers, multiple fibers, usually 4 to 6, were
required to build up the fluxOn the other hand, due to their less flexible nature, single

fiber CMS fiber modules were often prepared forrteasuremerdf carbon fibers.

hollow fibers hollow fibers

Figure 311: Schematic representationafabscale hollow fiber modulg21].

3.4.1.3 Constant volume permeation measurement

After formation, the dense filmpermeationcell or the hollow fiber module was
conneckd into a constantolume permeation box to evaluate theembraneseparation
properties. Figure 3.12 shows a typical constaitime permeation box with a dense
film permeation cell inside. When testing hollow fiberginaodule treé shown on the

right wasused by replacing part #12.
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Figure 312 Schematic representation: ¢&) a constantvolume permeation box;

(b) a module tree consisting of 6 hollow fiber modules.

Both upstream and downstream cell chambers were typically eedctmt at
least six hours and the outgassing rate was less than 1% of the test gas permeate rate.
Then the upstream was pressuripedthe shell sidevith the test gas, and the pressure
rise in the downstream was recorded using LabView (National Instram&nstin, TX,

USA) until at least 10 times of time lag were reachéa different testing gas was to be
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applied, the whole system was evacuated again until the outgassing rate met the above
criteria Mixed gas permeation experiments were performed \witbinary mixture
containing 50 mol% C@and 50 mol% Chklor 50 mol% GHg and 50 mol% gHg. Stage

cut, referred to as the percentage of feed permeating through the membrane, was
controlled by a needle valve and set to be lower than 1% to avoid concentration
polarization. Permeate composition was analyzed using a gas chromatograph, as
described earlief19]. At least two replicate runs were made for eackasurement
Results reported in this study represent the average with variance within 10%.

Permeability ofdense films was calculated using the following equation:

177416 *(%P yov|
dt

3.1
T*A* qp ( )

where Pis the permeability with a unit of Barret,77*1¢ accounts for the conveasi of

units, %’is the downstream pressure changing rate recorded from the Labview with a

unit of torr/s;V is the downstream volume in &ni is the membrane thickness in units
of mils; Tin K is the absolute testing temperature inside the permeationAbigxthe
exposed area of the membrane irf,camd qp is the testing pressure in psia.

Permeance of hollow fibemembranesvas calculated based on the following

eqguation:

2.46+10 Py
dt

lF—’: (3.2)

T*OD*L*n* qp
wherel—P is the permeance with a unit of GPR.A6*10 considers the unit conversion

ODis the outer diameter of fibers; L is the active fiber length and n is the number of
fibers inside the modulé/ is the downstream volume in éniT in K is the absolute

testing terperature inside the permeation box; apulis the testing pressure in psia.
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3.4.2 Sorption

Sorption was studied using a pressure decay sorption syasteshown in Figure
3.13[22], with samples held in a porous stainless steel filter holder (0.5um, Swagelok).
The entire system was degassed overnight, and to start a run, the resdrwas dilled
with a known amount of sorption gas and equilibrated thermally for 10 to 15 minutes.
The valve between the reservoir and sample cell was then opened to charge the sample
cell with gas, and LabView recorded the pressure decay in both\t#lésnthe pressure
reached equilibriungtypically 10 times of the sorption time lag was waitegt® run was

stopped and the amount of sorbed gas was calculated based on a mole[BZlance
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Figure 313: Schematic representationtbe pressure decay sorption system.
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3.4.3 Other characterization techniques

3.4.3.1 FTIR

Fourier transform infrared spectroscoffyTIR) was done using a Bruker Tensor
27 FTIR spectrometer. For polymer powder, a Harrick MVP2 micro ATR with 512 scans

was used.
3.4.3.2 TGA

Thermal stability and polymer degradation during the heating were investigated
using a thermogravimetric analysis (TGAS@O0, TA Instrument) under Ninert

atmosphere at a heating rate oftlnin. The maximum temperature was 900C.
3.4.3.3 DSC

Differential scanning calorimetry (DSC) was applied to measure thergibksr
transition temperature of polymers. A TA Q200 instrumeas wised. The heating and
cooling rates were 1% /min. The sample was first heated to 420(a temperature
beyond its expected glass transition temperature but below its decomposition temperature
determined from TGA) and then cooled down306°C beforeanother heating cycle was
done. The double heating cycle eliminated the effects of heat history of the materials. The
transition temperature was taken to be the inflection point of the change in the heat flow

during the second heating cycle.
3.4.3.4 XRD

Wide-angke X-ray diffraction (WAXD) was applied to study the average d
spacing in both polymeric and CMS materials. A Phillips PanalyticatayX
di ffractometer with a CuKU radiation of wa

anglerangedfrom-50 degr e e . |Bsirgcpgldeappliéddere. d =
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3.4.3.5 SEM

A high resolution scanning electron microscope (Zeiss Ult5EM) was used
to examine the geometry and morphology of pristine and pyrolyzed fiber membranes.
Pristine fiber samples, soft in nature, were soaked in hexane and thenratieaed in
liquid nitrogen to help maintain the morphology in the cross section area. CMS fiber

samples, on the other harérd and brittle, were directly shear fractured.

3.4.3.6 Density column

Density is another important physical property of polymers. In shisly, a

density gradient column (Model D& Techne, New Jersey) was used to measure the
polymer density. The column was prepared with calcium nitrate (CggN6blution.
First of all, two solutions were prepared, one with a density 10% below the lowest
density required and the other one having a density 10% above the highest density
required. Then the two solutions were degased and filled into the density column.
Column filling is a critical step in order to get a linear gradient column. A density
gradent column filler (V2.9, H&D Fitzgerald Ltd.), which can accurately control the
flowrates of two inlet solutions, was applied to fill in the low density and high density
Ca(NG;), solutions. After the solutions being stabilized overnight, calibrated density
standards, in the form of glass floats, were introduced into the column and a graph of
position against density can be plotted. Finally, both polymer and CMS samples were
wetted and submerged into the column. The sample descended until reaching the level
where the density of the | iquid was equal
of height, the sample density can be read off from the graph. All measurements were
conducted at 2%C.

Appendix C shows the densities of the polymeric and CMS mentrane

investigated in this study. As for CMS samples, uncertainty may exist in the tested
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density since water vapor may sorb from the aqueous salt bath. To assess the potential
impact ofthis hypotheticaleffect, separate moisture vapor sorption studies wene,d
and uptake at the approximate moisture activity were assessed. For this study, corrections
due to this possible second order effect were estimated, but adjustments to apparent
densities were not attempted. This issue is udé#siledstudy by Grahanwenz and

Yu-han Chu and will be reported in their dissertations

3.4.3.7 CO, uptake measurement

The surfacearea angore distributions of CMS membranes were achieved based
on the CQ sorption uptakes analyzealith a Micromeritics ASAP 2020 Accelerated
Surface Areand Porosimetry Syster@ensity functional theory was used to analyze the
CO2 adsorption isotherms in order to characterize the micropore distribution of the CMS

materialg 23, 24]..
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CHAPTER 4

CHARACTERIZATION OF POLYMER PRECURSORS AND
ANALYSIS OF DIFFEREN T POLYMERS AS PRECURSORS FOR
CARBON MOLECULAR SIE VE (CMS) DENSE FILM

MEMBRANES

4.1 Overview

Ultimate CMS properties are strongly influenced loyymer precursoproperties.
This chapterfocuses on theobjective 1 of this thesis toconsiderthe separation
performance of CMSnembranes formed by pyrolysis undegon at 550°C for four
novel polyimide precursors referred to GSDA/DETDA, 6FDA:BPDA(1:1)/DETDA,
6FDA/DETDA:DABA(3:2) and 6FDA/1,5ND:ODA(1:1). Section 4.2 discusses the
characterization of these four polymer precursoepation performans®f polymeic
and CMS dense film membraniesmed from these polymergereexamined using pure
gases CQ CH,;, O, and Nin sections 4.3 and 4.4 respectively. Section 4.4 also assesses
the effects of physical aging on thepsaration performance of CMS membranasd

considers a practical method to suppress physical aging
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4.2 Polymer precursors for CMS membranes fabrication

4.2.1 Polymers

Table 3.1, shows here again facilitate discussionshows the structures of the
four 6FDA-based polyimides used in this study, all of which were synthesizieduise
following the procedurediscussedin section 3.2.1 The inhibited chain packing
introduced by the bulky 6F group provides high free volume and promotes increased
solubility to enable facile processing and high permeability in the precursor polymers and
resultant CMS materiald]. Extensive earlier work on 6FDBAM, 6FDA:BPDA/DAM,
and 6FDA/DAM:DABA CMS films[2-6] showed DAM tobe useful in forming high
performance CMS films; however DETDA, resulting from replacement of two methyl
groups in DAM by two ethyl groups, has not been studied previously for CMS
applications. Thus, including 6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA, and
6FDA/DETDA:DABA(3:2) in this work provides a systematic analogy between DAM
vs. DETDAbased membrands explore effects of the ethyl vs. methyl substituents
Also, 1,5ND, due to its rigid structure, has attracted attention in the area of polymer film
study forH,/CH,4 separatiori7, 8]; however, it also had not been explored previously in
CMS applications. A 15D copolymemembrane was expected to be highly permeable
due to the chain packing inhibition effect, thereby leading to highly permeable CMS
materials. Prior studies have shown that BPOBA derived CMS membranes
displayed attractive size distinguishing performanoce €0)/CH,;, CH4 /C,Hs and
CsHe/CsHg [9, 1Q]; therefore, including polymer 6FDA/1,5ND:ODA (1:1), which
contains the packing favoring ODA unit with the packing disruptheND unit, seemed

like a useful strategy to potentially provide both héglectivity and high permeability.
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Table3.17 Chemical structures of the polyimides discussed in this study

Polymer Chemical structure

6FDA/DETDA

o FiC. CF.
RV 2
(o] 8]
n

6FDA:BPDA(1:1)/DETDA

Q FiC CF3 o] o 0
0 (0]
1

6FDA/DETDA:DABA(3:2) | o  Fc ch o FsC

HO o}

d CF*
6FDA/1,5ND:ODA(1;1) ILNS@L«O
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4.2.2 Polymer characterizations

The four polyimide precursars6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA,
6FDA/DETDA:DABA(3:2) and 6FDA/1,5ND:ODA(1:1) were characterized using
various techniques including>el Permeation Chromatography (GPCh¢ GPC tests
were done byr. Park DoRYeon in Professor BeckhamGroup in Georgia Institute of
Technology), Fourier Transform Infrared Spectroscopy (FTIR)hermogravimetric
Analysis (TGA) Differential Scanning Calorimetry (DSCand Wideangle Xray

Diffraction (WAXD).

42.2.1 ATRIR

ATR-IR was used to confirm the imidization of polyamic acid and to determine
the chemical structures of the 4 polymers, as shown in RHglire

Amide groups in polyamic acids have characteristic peaks at 166@mth1550
cm* corresponding to the carbdr@CONH) and GNH groups. After the imidization step,
the peak at 1550 cidisappeared as-N group disappeared. In the meantime, the
absorption band at 1660 &ntransformed into two characteristic bands at 1787 anu
1730 cm'of the imide C=O stretéhg linkage. These peaks clearly indicated the

existence of imide groups and confirmed the success of imidization process.
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Figure 4.1:ATR-IR spectrum of polymersSFDA/DETDA, 6FDA:BPDA(1:1)/DETDA
6FDA/DETDA:DABA(3:2), and 6FDA/1,5ND:ODA(1:1).

Figure 4.2 shows the IR spectrum @&FDA/DETDA:DABA(3:2) and
6FDA/DETDA as well assFDA/DAM:DABA(3:2), which has been reported previously

[6], in the region of wave number between 2000"am 4000 crit. The broad weak

absorption peak at 3200 to 3506n*, which can only be obserd in

6FDA/DETDA:DABA(3:2) and 6FDA/DAM:DABA(3:2), is attributed to the vibration
band ofi OH in DABA moiety[6]. This peak proves the existencel @H group in the
6FDA/DETDA:DABA(3:2) polymer, which may provideotential crosslinking sites

during the pyrolysis step.
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Figure 4.2:ATR-IR spectrum ol6FDA/DETDA:DABA(3:2) and 6FDA/DETDA in the
region of wave number between 2000 tim 4000 crit.

4.2.2.2 TGA

The TGA termal decomposition behaviors and weight variations of the 4
polymers during heating are shown in Figur® 4he TGA resultshow that except for
polymer 6FDA/DETDA:DABA(3:2), from room temperature to about 2D0the other 3
polymers lost only 2% of their original weight, presumably mainly due to the removal of
small amounts of water vapor and/or residual solvefil]. For
6FDA/DETDA:DABA(3:2) polymer, a larger abrupt weight drop was observed at around
400°C. Qiu et al. have demonstrated a weight loss occurs fronf@3%6 500°C in a

related DABAcontaining polymer 6FDA/DAM:DABA(3:2]5, 12]. The weight drop is
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believed to be decarboxylation ©€COOH group in the DABA unit, which ultimately
leads to crosslinking. Above 490, polymer backborsebegin to degrade, with differing
amounts of weight losses for four polymers. The degradation temperatu(esfined

here for convenience to be the temperature where 5% of the original weight has lost) and
the final percent weight loss of the four polrs are listed in Tabk.1, along with other
physicalproperties that will be discussedtime following sections Inspection of Figure

4.3 shows that 6FDA/1;HD:0ODA(1:1) exhibited the highest thermal stability;£€520

°C) and 6FDA: BPDA(1:1)/DETDA theiphest residual weight percent (58%).

It is noted that there is an alternative waydtetermine the J of the polymer
6FDA/DETDA:DABA(3:2) as the temperature where 5% of the residue weight after
decarboxylation has logilevertheless, it is believed thaig T4 reflectsa new materials,
referred to as precrosslinké&FDA/DETDA:DABA(3:2), of which the Ty and T4 is not
of concernin the scope of this workor consistency, th&y reported in Table 4.1 is

basedon thefirst method defined in the previous pgrraph.

100

90

80 -

Mass (%)

70
—— 6FDA/DETDA
- - -6FDA:BPDA(1:1)/DETDA
- - - BFDA/DETDA:DABA(3:2)
60 . 6FDA/,5-ND:ODA(1:1)

200 400 600 800
Temperature (°C)

Figure 4.3:  Thermal degradation of polymers: 6FDA/DETDA,
6FDA:BPDA(1:1)/DETDA 6FDA/DETDA:DABA(3:2), and 6FDA/1,5ND:ODA(1:1).
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Table4.1: Physical properties of the polyimide polymers

Polymer Weight loss % T4 (°C) Ty(°C) D T, ¥,(°C)
6FDA/DETDA 45 495 378 117
6FDA:BPDA(1:1)/DETDA 42 505 401 104
6FDA/DETDA:DABA(3:2) 47 470 388 82
6FDA/1,5ND:ODA(1:1) 43 520 356 164
6FDA:BPDA/DAM - 492 424 68[13]
Polymer Mw PDI d-spacing Density FFV
(kDa) (R) (g/ent)
6FDA/DETDA ~77 2.5 6.6 1.3126 0.174
6FDA:BPDA(1:1)/DETDA ~93 2.1 6.9 1.2319 0.182
6FDA/DETDA:DABA(3:2) ~95 2.3 6.1 1.3764 0.169
6FDA/1,5ND:ODA(1:1) - - 5.8 1.4471 0.147
4.2.2.3 DSC

Differential Scanning calorimetry (DSC) was applied to measure the glass
transition temperature ¥ of polymers, which is related to polymer chain flekipj
polarity and packing. In general, higheg fEnds to indicate higher backbone rigidity.
Figure 44 shows the DSC thermograms of the four polyimided he Ty;s are listed in

Table4.1
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Figure 4.4:DSC thermogramsef polymers:6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA
6FDA/DETDA:DABA(3:2), and 6FDA/1,5ND:ODA(1:1).

Defectfree hollow fibers with high gas permeability and selectivity must
ultimately be spun for practical CMS membranes applications. Unfortunately, some
undesirable fiber substture collapse can occur betweegpanhd Ty, which can cause
increased separation layer thickness and decreased perm@dhc®©n this basis,
polymers with smalled in Table 4.1 defined as the difference betwegnand Ty, are
attractive as CMS precursors. For example, the -statllied hollow fiber precursor
6FDA:BPDA/DAM has aD=68°C [13]. From this perspeate, without considering the
intrinsic permeability and selectivity, 6FDA/DETDA: DABA(3:2) with=82°C is the

best choice for hollow fiber formation and 6FDA/ND:ODA(1:1) is the least favored
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among the polymers of this studyortunately, a8 will be shown later, when the intrinsic
properties of the CMS are considered, the 6FDA/DETDA:DABA(3:2) also emerges as

the mosfpromising of the four precursors, a fortunate coincidence.

4.2.2.4 XRD

Wide-angle Xray diffraction (WAXD) was used totwdy the average-gpacing
in both polymeric and CMS membranes. As noted earlier, thpading reflects the
average spacing between chain segment centers in the molecular matrix. The results
roughlyr ef I ect i nterchain s paeli2sing whefedistheed appl i
spacing,andl is the wavelength that has been applied in the XRD equip(hergfor
C u K1J544). Thebroad WAXD patterns irrigure 4.5 verify the amorphous nature of
the CMS.

Table 4.1 summarizes @pacing values of the precursor polymers films of
6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA, 6FDA/DETDA:DABA(3:2) and 6FDA/1,
5-ND: ODA(1:1). The d-spacing values of the resulting CMS filimalthough cannot be
explicitly calculated from WAXD because of their amorphous nature, still can be

observed to bemaller than those of their precursor polymers
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Figure 4.5:WAXD of polymer powder and CMS dense films derived from polymers
6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA 6FDA/DETDA:DABA(3:2), and
6FDA/1,5ND:ODA(1:1).

4.2.2.5 Density and FFV gbolymeric membrarse

The density values of the four polymeric films are listed in Tdble Density
values of the polymeric films varied between  1.2319¢d/cmfor

6FDA:BPDA(1:1)/DETDA to 1.4471g/cffor 6FDA/1,5ND:ODA(1:1).
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For polymer precursors, the concept of fractional free volume (FFV) is helpful for
correlation and prediction of transport propestieEFV is defined akq. 4.1
FFV= (V-V)/V 4.9
in which, V is the specific volume of the polymer (defined as volume per repeat unit in
this study), so:

v=M" (4.2

J
here, M is the molecular weight of a repeat unig the measured density listed above,
and\,i s the volume occupied by the polymer c

is commonly used to estimate, With the followingequation
X
Vo=1.3a (Vi )k (4.3
K=1

V,, represents the van der Waals volume for each group, and K represents the total

number & groups into which the repeat functioning groups the polymer is divided. In this

study, the density and thg, of each group, estimated by the method of Park and Paul

[14], were used to calculate the fractional free volume, FFV. These FFV values are
summarized in Tabld.1 with other properties of the polymers. In a later section, the
relationship between polymer FFV and gas permeability will be discussed in detail. As
noted with respect to the lack of correlation osgacing with CMS transport properties,
FFV is not expected to be as useful for correlating CMS transport properties as it is for
polymers, since it does not probe the most important morphological features. Btoreov
the estimation of Yis not currently possible since the detailed natures of CMS structural

components are complex and still somewhat ambiguous.
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4.3Pure gas separation performance of the precursor polyimide dense film

membranes

Precursor polyimide dee film membranesderived from 6FDA/DETDA,
6FDA:BPDA(1:1)/DETDA, 6FDA/DETDA:DABA(3:2) and 6FDA/1BID:ODA(1:1)
were fabricated following the solutiezasting method described in section 3.3The
permeability and selectivity for pure gas pairs L&, and G/N, of thesepolymeric

membranesvere examined &85 °C and 30 psia using equipment described previously

[15].

Table 4.2 below summarizes the different gas permeation and separation
properties of the four polyimide membranes synthesized h8iece polymeric
membranes are not the focus of this work, only one sampl&éFfA/DETDA,
6FDA:BPDA(1:1)/DETDA, and 6FDA/1/ID:ODA(1:1) polymeric membranes were
tested. We did replicated tests ®DA/DETDA:DABA(3:2) polymeric membranes and
the uncertaintyof the results are listed in Table 4.2. As can be seen, all the uncertainties
were sibtle. It is clear that in all cases, as with most glassy polymers, the permeability

decreases in the following order:

CO, (3.3 A)>0;, (3.46 A)>N, (3.64 A)>CH, (3.8 A)

The numbers in parenthesis are the kinetic diameters of the [§&esd permeability
decreases as the gas kinetic diameters increase, so the polfimeriin this study
clearly have size discriminating capabilities. Unlike CMS materials, FFV and chain
rigidity in the polymer membrane affect the permeability of penetrants and size sieving
capabilities. Figurd.6 shows the relation between gas permégtand the reciprocal of

FFV of each polyimide. The CQO,, N,, and CH permeabilities of polymer films all
decrease as the FFV of the polymer decreases. For example, 6FDA:BPDA(1:1)/DETDA,
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as shown in Tabld.1 has the highest FF¥ndthe highest permédity for all four pure

gases, while 6FDA/1;BID:ODA(1:1), with the lowest FFV, has the lowest permeability

for all gases. On the other hand, £lCH, and Q/N ideal selectivity follow the opposite

order apparent for permeability, i.e. polymers with loWEK show higher selectivity for

both gas pairgrigure4.7,which plots data vs. g of the various precursors also shows a

correlation, although the opposite trend is deerthe 1/FFV relationship in Figuee6.

Table 4.2: Pure gas permeation and aegtion properties of polyimide membranes

(measured at 3&, 30 psia).

Polymer Permeability (Barrer) Selectivity
CO3 CH,4 (o)} N> CO4/CH4 O2/N,
6FDA/DETDA 354 19 76 22 18.6 3.5
6FDA:BPDA(1:1)/DETDA 560 34 107 35 16.2 3.1
6FDA/DETDA:DABA(3:2) 238+13 11+1 54+4 16+1 22.0x2 35+0.4
6FDA/1,5ND:ODA(1:1) 45 1 11 2 45.0 55

g cc(STP)*cm

1Barrer [=] 1 >
cm”*s*cmHg
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Figure 46: Pure gas permeability of polymeric flms as a function of their reciprocal
FFV. Numbers on top of thefigure each represents one polymer. 1:
6FDA:BPDA(1:1)/DETDA; 2: 6FDA/DETDA; 3: 6FDA/DETDA:DABA(3:2); 4:
6FDA/1,5ND:ODA(1:1). Permeabilities were measured afG5with a feed pressure of

30psia.
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Figure 4.7:Puregas permeability of polymeric films as a function of their glass transition
temperatures JL Numbers on top of the figure each represents one polymer. 1:
6FDA/1,5ND:ODA(1:1); 2: G6FDA/DETDA; 3: 6FDA/DETDA:DABA(3:2); 4

6FDA:BPDA(1:1)/DETDA. Permeabilitiesere measured at 3& with a feed pressure

of 30psia.

4.4 Pure gasseparation performanceof the CMS dense film membranes

For this preliminary investigation, all CMS membranes wsmlyzed up to 550
°C in ultrahigh purity argon following the protocoll listed in section 3.2.2

Permeability and selectivity for pure gas pairs, (@b, and Q/N, of CMS membranes
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derived from 6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA, 6FDA/DETDA:DABA(3:2)
and 6FDA/1,5ND:ODA(1:1) were examined. Testing for CMS films was conductes

day after the films being pyrolyzed

4.4.1 Physical aging study of pure gases permeation for four CMS materials

As notedin Chapter 2 contrary to simple polymers, with diffusional jumps
moderated by segmental motions, in CMS material, conventional pespsuch as FFV
are less useful for understanding transport property differences. Prior to discussing and
interpreting the observed trends for the CMS materials, another important concept,
Aphysical agingo is needed iAtPds iavanli da giomd @ u
to changes in the physical properties of a -equilibrium glassy material as it
approaches equilibrium via structural relaxatidry, 18]. Such aging results from a
gradual decrease in sample volume and, even in simpler glassy polymers, leads to lower
permeability and higher selectivity versus time. Recent studies found that the separation
performance of amorphous CMS films deriviedm glassy polymer precursors showed
time dependence and exhibited somewhat similar physical aging phenomenon to that
seen in glassy polymef49]. Unlike simple glassy polymers, glassy carbons do not have
well-defined glass transitions. This importanstatiction means that, once formed, a
glassy carbon cannot be rejuvenated by heating ahpa® dan be done for simple glassy
polymers[20].

In this study, four pure gases: QCH;, O, and N were used to ple the
changes in transport properties of CMS membranes over time. The permeability and
selectivity for CQ/CH4 and Q/N, of 550 °C pyrolyzed CMS dense filns derived from
all four polymerswere £stdunder 35°C with feed pressure of 3isiaduring a mortt of

time andthe membranesverestoredunder vacuunauring the testing intervals inside the
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sorption cell to avoid anartificial errors from mounting or processingacuum storage
is the most rigorous aging mode based on prior styd#s Figures 4.8-4.11 showthe

time dependence of gas permeability and selectivity.
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The permeality for the four gases of the four CMS films showed a decreasing
trend with only a few exceptions and the exceptions were only observed in
6FDA/DETDA CMS membrane as can be seen in Figure 4.8 and 4.10. The possible
reasonfor this data scattering might beas will be discussed in the next paragraph,
6FDA/DETDA CMS membrane showed the least physical aging among the four CMS

materials with both permeability and selectivity change within 15% after one month.
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More specifically, the permeability increase in Uiig 4.8 represents a G@ermeability
increase from 2667 to 2723 Barrer (2%ind Figure 4.10 showedn O, permeability
increase from 64698 Barrer (9%). Thus we believe thiiscrepancynight be a result of
experimental uncertainty. To prove this, repte tests will be needed; however
considering the extensive amount of time and work that need to be consumed, @ve didn
do the replicate tests here. On the other haelkctivity showed an increasing trefoa
all sampleswith aging time. The changing eatvas the highest in the first few days,
which was as expected, since the free volume of the material was the highest initially,
and agng is a selretarding process.

Although the property changes for four different CMS materials shavsadilar
trend, fom Figures 4.8 to 4.11it is clear that different CMS structures have significant
impacts on the aging phenomenghe 6FDA/DETDA:DABA(3:2) CMS membrane,
which started with the highest permeability (above 20,B@@&er for CQ and above
4000 Barrer for Q), showed the fastest and most extensive aging, with permeability
reductions of roughly 50% during the one month testing time before approaching a more
or less stable point. On the other hand, the most compact CMS film derived from
6FDA/DETDA (~2700Barrer for CO, and ~660Barrer for Q) showed permeability
reductions of less than 15%lhe 6FDA:BPDA(1:1)/DETDA and 6FDA/1\D:
ODA(1:1) CMS membranes showed intermediate aging.

For long term membrane applications, the stabilized separation performance is the
most important property to consider and Figwes to 4.11showthat gas permeabilities
and selectivities are essentially stabilized after vacuum aging for a month. This is a small
period in the #dAlifeodo of a practi aald, me mb
although showing the largest percentage aging, the 6FDA/DETDA: DABA(3:2) CMS
membranestill maintained the highest permeability after stabilization

Different responses from different gases to physical aging in the materials are also

of interest. Infact, gas selectivity increases moderately with aging since aging affects the
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larger gases more than smaller ones. The 6FDA/DETDA:DABA(3:2) CMS membrane
clearly illustrates this trend. The smaller penetrants (@@ Q) show permeability
reductions of 4% and 48% respectively, while for larger penetrants as &id N, the
changes were 59% and 54%, suggesting that the CMS pore distribution shifts as time
proceeds.

Table 43 summarizes the separation performance of the four CMS membranes
before and afterme mont hds aging. Each data point
and shows permeability reductions as the gas kinetic diameters increase. Moreover,
comparing to the precursor membranes, separation performance of the resulting CMS
films improves sigificantly in all cases with both higher permeability and selectivity.
We weresomewhatsurprised to note that the performance of the polymeric precursors
and the final CMS membranesvere not simply correlated Specifically,
6FDA/DETDA:DABA(3:2) CMS showedthe highest permeability; however, its
precursor showed only the third highest among the four polymers. Similarly, the
6FDA/1,5ND:ODA(1:1) CMS, while maintaining the second highest selectivity among
all, showed more dramatic permeability increases cordparéFDA:BPDA(1:1)/DAM
and 6FDA/DETDA CMS films. This disconnection between polymeric and CMS films
was alluded to in the earlier discussion of FFV and the fundamentally different nature of
the activated diffusion steps in the case of polymeric vs. CM%iaes. The
simultaneously high permeability and high selectivity of 6FDANEODA(1:1) CMS
may reflect packing disrupted regions that are serially communicating with more tightly
packed and selective domains. Clearly, 6FDAN[ZODA(1:1) has a stiff pa 1,5ND
and a flexible more easily packed ODA part; however, it is not cleardroivthese
features might be preserved in the massively transformed final CMS morphology. In any
case, it would be helpful to explore whether this trend can be generabzegl other
packable canonomers such as methylene dianiline. The 6FDA/DETDA:DABA(3:2)

precursor, itself has a relatively flexible backbone, but the carboxylic group in DABA
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provides a crosslinking position, which also appears to open up the CMS structures
compared to the DABAree precursor case. The suggested mechanism of
decarboxylatiorinduced crosslinking is presented in Figdrd?2[21], in which twoi

COOH groups in DABA moieties react and form an anhydride by releasing one water
molecule followed by creation of phenyl free radicals by decarboxylation of the
anhydride. The phenyl radicals are capable of crosslinking with formation of the bulky
crosslirked structure thatmay strongly inhibit chain packing and provides high
permeability. It appears that this feature is carried forgamehownto the properties of

the final CMS derived from the DABA precursor.

The separation performance of the wslided 6FDA/BPDADAM CMS
membransis listed in Table 4. for direct comparison witleFDA:BPDA(1:1)/DETDA
derived CMS membraseMoreover through personabmmunicationDr. Wulin Qiu in
Koros group kindly provided the gas separapenformancef 6FDA-DAM:DA BA(3:2)

CMS membranes, which is also listed for direct comparison with
6FDA/DETDA:DABA(3:2) derived onesThese pieces of information can provide
insight into theanalogy between DAMvs. DETDA-basedCMS membranesAs it can

be seenboth6FDA/BPDA-DAM and6FDA-DAM:DABA(3:2) CMS membrangshow
lower permeability but higher selectivity compared weFDA:BPDA(1:1)/DETDAand
6FDA/DETDA:DABA(3:2) CMS membrane. This might due to the slightly more bulky
ethyl group inDETDA- based membranesompared with the athyl group inDAM -
based membrangsvhich appears to help open up the pore structures. We believe this
trend is also true in the analogy betwegffDA/DETDA vs. 6FDA/DAM; however,
becauseof the lack of data from literature, we cannot yet provide the pidug also
means for DETDA based CMS membranes to achieve as high selectivity as-DAM

based ones, higher pyrolysis temperature or other treatment methods need to be applied.
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Table 43: Pure gas permeation and separation properties of CMS membranesr@dea

at35°C,30psia)( a) before one mont hds aging; (b) a

@Before one monthds aging

Polymer Permeability (Barrer)

CO3 CHy4 O, N2
6FDA/DETDA 277%43 603 663t18 91+1
6FDA:BPDA(1:1)/DETDA 4663t72 194+12 107421 22917
6FDA/DETDA:DABA(3:2) 2174944 723t32 4293t45 868t31
6FDA/1,5ND:ODA(1:1) 9791113 2178 2038:97 33719
6FDA/BPDA-DAM 3110 57 647 1012]
6FDA-DAM:DABA(3:2) 16823 490 - -

Polymer Selectivity
CO,/CH4 O,/N>
6FDA/DETDA 46.3#1.1 7.310.3

6FDA:BPDA(1:1)/DETDA 24.041.8 4.710.4
6FDA/DETDA:DABA(3:2) 30.1#.7 4.910.1

6FDA/1,5ND:ODA(1:1) 45.113.8 6.010.2
6FDA/BPDA-DAM 54.9 6.4[2]
6FDA-DAM:DABA(3:2) 34.5 -

(b)) Af ter one monthodés aging

Polymer Permeability (Barrer) Selectivity
CO; CH, 0O, N2 CO,/CH,4 O2/N2
6FDA/DETDA 2552 49 614 81 52.0 7.6
6FDA:BPDA(1:1)/DETDA 3805 133 896 179 28.5 5.0
6FDA/DETDA:DABA(3:2) 10689 304 2384 383 34.8 6.2
6FDA/1,5ND:ODA(1:1) 6243 128 1517 206 48.6 7.4
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Figure 4.12: Chemical structure of FDA/DETDA:DABA (3:2) and crosslinking
mechanism of decarboxylationduced crosslinking. Possible crosslinking sites are noted

with an arrow.

While the performance of all of the polymer precursors fall below theaed
pol ymer fiupper 4b3aitenpyrelysis, alllCME sagples show properties
well beyond these polymer limits for both @OH, and Q/N,, even after aging for one
month. Separation performance of various CMS membranes is also given in&ifire

for comparison.
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35°C with feed pressure of 3fsia. Separation performance of various CMS memés
are shown for comparison< are Matrimi® CMS membranepyrolyzed at: a) 556C

with soaking time of 2 hrs; b) 55 with soaking time of 8 hrs; c) 86C with soaking
time of 2 hrs; d) 806C with soaking time of 8 hrg4], @ are flat phenoligesinbased
CMS pyrolyzed at 700C supported orporous ceramic tubd®2, 23], > arevarious
homogeneous 6FDA/BPDRAM CMS membranegproduced at 556C under different
pyrolysis atmosphere including He, Ar, and vacu@jy I are supportedPVDC-PVC

coatedCMS membranes with one or two layers of cogti24], © are BTDAM-TMPD

CMS membranegpyrolyzed at 60FC or 800°C [25], and © are 550 °C or 800°C

pyrolyzed6FDA-mMPDA/DABA (3:2) CMS membrand6).

4.4.2 Physical aging study of pure gases sorption on four CMS materials

To further probe microstructure and its evolution over time, pure gas sorption
tests were conducted. Since the majority of gas molecules are believed to be sorbed in
micropores in the CMS material, sorption isotherms offer a quite useful probe of the
micropae structures. The CMS samples were fabricated using the same protutols a
polymers used in the permgat studies. Samples were loaded into two sorption cells
after being unloaded from the pyrolysis furnace, oneCios and CH, sorption and the
other for O, and N sorption. After overnight evacuation (day 1), the samples were
immediately put into pure gas sorption tests. Then the membranes were kept in the cell
under vacuum for one month, and tested on the same gases again on day 30.

Unlike glassy polymes, CMS materials, with a finite number of sorption sites and
rigid saturable capacities, the Langmuir isotherm is typically used to describe gas

sorption where sorption occurs in microvoids ofd/]. The experimental data were
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fitted to Langmuir isotherms shown in Figutdd4and Figuret.15below, and the fitting

parameters arlisted in Tablel.4and Tablet.5.

200
6FDA/DETDA
o CO, non-aged CMS
. 150 | o CH, non-aged CMS 2
g = CO,aged CMS o g
Qo = CH, aged CMS O Qo
E; 100 - LB 5
& / &
= / 3o = o ie
S 50} g/ gt a e
o s o
/’ =
0 1 1 1
0 50 100 150
P (psia)
200
6FDA/DETDA:DABA(3:2)
o CO, non-aged CMS
o CH, non-aged CMS
= "1 co,aged cMs g--o-D [ =
%)  age H e =0 7 o
= = CH,agedCMS __ -~ =
= s 2
5 100} R = = 5
o /. o
= A - - =
&L /. T &,
™) 7/ - ™
£ S i =
S 50f m | g 8
&) / s o
L U » €
l/ ’/
0 1 1 1
0 50 100 150
P (psia)

200
6FDA:BPDA(1:1)/DETDA
o CO, non-aged CMS
150 - o CH, non-aged CMS
= CO, aged CMS
= CH, aged CMS
- &
S g B
100 |- s SR 0
y 7 .
Vs P - it =]
50 J IJ,’—:——. s
- ==
0 1 1 1
0 50 100 150
P (psia)
200
6FDA/1,5-ND:ODA(1:1)
o CO, non-aged CMS
1 CH, non-aged CMS
10 a CO,aged CMsS -
= CH, aged CMS n---o- -0
- % = L] [ u
100 F Lo
/‘ -
/ i
"/ i e .
5 | 4 e s =
y B =
2
7
o 1 1 1
0 50 100 150
P (psia)

Figure 4.14:CO, and CH, sorption isotherms at 3% for fresh and 3@ayagedCMS

films

derived from
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Table4.4: CO; and CH Langmuir isotherm parameters at %5 for fresh and 30@ay

aged CMS

films

derived

from 6FDA/DETDA,

6FDA:BPDA(1:1)/DETDA

6FDA/DETDA:DABA(3:2), and 6FDA/1,5ND:ODA(1:1) pyrolyzed at 556C and UHP

Ar.

6FDA/DETDA 6FDA:BPDA(1:1)/DETDA

Non-aged CMS Aged CMS Non-aged CMS Aged CMS

CO CHy CO CHy CO; CH, CO, CHy

C, [cmS(STP)/crﬁ] 155.5 107.4 147.3 95.6 127.0 944 116.2 845
b [1/psia] 0.0350 0.0130 0.0340 0.0126 0.0473 0.014 0.0466 0.0136

6FDA/DETDA:DABA(3:2) 6FDA/1,5ND:ODA(1:1)

Non-aged CMS Aged CMS Non-aged CMS Aged CMS

CO CHy4 CO CH, CO, CH, CO, CHy

c, [cm*STP)lcrd] 1722 1143 1303 943 158.9 103.2 1409 89.3
b [1/psia] 0.0393 0.0136 0.0386 0.0130 0.0498 0.0179 0.0490 0.0176
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Table45: O, and N Langmuir isotherm parameters at %5 for fresh and 3@ay-aged

CMS films

derived

from

6FDA/DETDA,

6FDA:BPDA(1:1)/DETDA

6FDA/DETDA:DABA(3:2), and 6FDA/1,5ND:ODA(1:1) pyrolyzed at 550C and UHP

Ar.

6FDA/DETDA 6FDA:BPDA(1:1)/DETDA

Non-aged CMS Aged CMS Non-aged CMS Aged CMS

Oz N> Oz N> Oz N> Oz N>

c, [cm’STP)cri] 90.1 644 831 56.7 1075 73.0 774 587
b [1/psia] 0.0066 0.0076 0.0065 0.0071 0.0066 0.0081 0.0063 0.0080

6FDA/DETDA:DABA(3:2) 6FDA/1,5ND:ODA(1:1)

Non-aged CMS Aged CMS Non-aged CMS Aged CMS

Oz N> Oz N> Oz N> O, N>

c, [cm*STP)cni] 1083 652 73.1 405 125.2 1121 112.1 94.38
b [1/psia] 0.0070 0.0087 0.0060 0.0086 0.0074 0.0060 0.0060 0.0056

The dashed lines represent isotherms foraged CMS materials and solid lines

represent isotherms for aged CMS materials which have been held under vacuum for one

month. The figures siw the sorption capacity fo€O,/CH, and Q/N, of all CMS

materials decreased over time, and the decreade,irindicates some reduction of

Langmuir sorption sites relative to naged to aged CMS. These sites are presumably

direct reflections of the oscalled microvoids,

as opposed to the smving

ultramicropores that provide the diffusion selectivity responsible for the high selectivity

of CMS vs. polymers. The value of b remains almost unchanged during the aging,

implying that the intrinsic naterof CMS did not change dramatically during aging. The



micropores in CMS are believed to be formed due to packing imperfections between
graphendike sheets, which can settle somewhat to a more stable state through structure
relaxation as time proceeds. Asesult, a somewhat lower Langmuir capacity remains.

The 6FDA/DETDA:DABA(3:2) CMS membrane, which started with the highest
permeability and showed the fastest and most permeation aging, also showed the most
sorption capacity loss for all gases. On thteeo hand, the 6FDA/DETDA CMS, which
showed less permeation aging, also showed the least sorption aging with all sorption
capacity | osses of O 10%. 6FODXCODBEDENSL: 1)/ D
membranes showed intermediate sorption aging once agaimasaseen for the case of
permeability.

Eq. 2.12 showsthat permselectivity is comprised of diffusion selectivity and

sorption selectivityDiffusion selectivity%is governed by the size and shape of the gas
B

molecules, and sorotn selectivityZ—A is dependent on the condensability of the gases
B

and their interaction with the membrane material. Tdb&and 4.7list 35 °C and 30

psia,the permeability P, the sorption coeffici€ntthe diffusion coefficient Dthe overall

membrane permselectivity,, , the sorption selectivi%i, and the diffusion selectivity
B

%of two gas pairs C&CH,; and Q/N; for four fresh and onenonthaged CMS

B

materials. TheP, S, U, andS—A are determined using the permeation measurements
B

and sorption measurements, whileaﬁd% is calculated accordg to Eq. 2.11 and
B

2
o

P
I:)B

2.12 (P =D *Si and UA,B: 5 ). Clearly, for both fresh and one month

B

vOdq_T >%o
4

aged CMS materials, diffusion selectivity is the main contributing factor to the overall

10¢



permselectivity for both gas pairs. The g@p selectivity for CQICH; and Q/N;
separation is only around 2.7 and 1.3 respectively, regardless of the different CMS
structures. These factors show that higher diffusion selectivity is essential to achieve
higher separation efficiency and the adjustinof diffusion selectivity is the key tool to
improve separation performance of CMS membranes. To further pursue this issue,
different pyrolyzing protocols, which have been proven to be quite useful in tuning the
pore structures of CMS materigld], will be investigated in Chapter & study their

effects on the resulting CMS material properties.



Table4.6: The permeability P, the sorptiozoefficientS, the diffusion coefficient D he

overall membrane permselectivity, , the sorption selectivitgi, and the diffgion
B

selectivity% of pure gas pairs CLCH, for four fresh and one montged CMS

B

materials at 38C and 3(psia.

Peo, [Barrers]

Sco, [CC(STP)/cripsia]

Do, [cm?/s]

CMS membrane (*10'®
Nonaged Aged Non-aged Aged Nonaged Aged
CMS CMS CMS CMS CMS CMS
6FDA/DETDA 2779 2552 2.7 25 53.3 52.8
6FDA:BPDA(1:1)/DETDA 4663 3805 25 2.3 96.5 85.6
6FDA/DETDA:DABA(3:2) 21740 10689 3.1 2.3 363.0 240.5
6FDA/1,5ND:ODA(1:1) 9791 6243 3.2 28 158.3 1154

P.,, [Barrers] Sey, [CC(STP)/eni/psial Dy, [cm?/s]

(*10°%)

CMS membrane

Nonaged Aged Nonaged Aged Nonaged Aged
CMS CMS CMS CMS CMS CMS
6FDA/DETDA 60 49 1.0 0.9 3.1 2.8
6FDA:BPDA(1:1)/DETDA 194 133 0.9 0.8 11.2 8.6
6FDA/DETDA:DABA(3:2) 723 304 1.1 0.9 34.0 17.5
6FDA/1,5ND:ODA(1:1) 217 128 12 10 9.4 6.6
G o Seo, Do,
CMS membrane Sen, Den,
Nonaged Aged Nonaged Aged Nonaged Aged
CMS CMS CMS CMS CMS CMS
6FDA/DETDA 46.3 521 2.7 2.8 172 188
6FDA:BPDA(1:1)/DETDA 24.0 286 28 29 8.6 100
6FDA/DETDA:DABA(3:2) 30.1 35.2 2.8 2.6 107 138
6FDA/1,5ND:ODA(1:1) 45.1 488 2.7 2.8 170 17.4
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Table4.7: The permeability P, the sorptioeoefficientS, the diffusion coefficient D he

overall membrane permselectivity, , the sorption selectivitgi, and the diffusion
B

selectivty % of pure gas pair®./N; for four fresh and one montiged CMS materials

B

at 35°C and 3(psia.

P,, [Barrers] So, [cC(STP)/cripsial D,, [cm?/s]
CMS membrane (*10%)
Nonaged Aged Non-aged Aged Nonaged Aged
CMS CMS CMS CMS CMS CMS
6FDA/DETDA 663 614 0.5 0.5 68.6 63.6
6FDA:BPDA(1:1)/DETDA 1074 896 0.6 0.4 115.9 92.6
6FDA/DETDA:DABA(3:2) 4293 2384 0.6 0.4 370.3 308.4
6FDA/1,5ND:ODA(1:1) 2038 1517 0.8 0.6 131.8 130.8
R, [Barrers] Sy, [cc(STP)/crivpsial D, [cm?/s]
CMS membrane (10%)
Nonaged Aged Nonaged Aged Nonaged Aged
CMS CMS CMS CMS CMS CMS
6FDA/DETDA 91 81 0.4 0.3 14.0 11.8
6FDA:BPDA(1:1)/DETDA 229 179 0.5 0.4 23.7 23.2
6FDA/DETDA:DABA(3:2) 868 383 0.4 0.3 112 66.1
6FDA/1,5ND:ODA(1:1) 337 206 0.6 0.5 29.1 21.3
v Sco, Dgo,
CMS membrane Sen, Oct,
Nonaged Aged Nonaged Aged Nonaged Aged
CMS CMS CMS CMS CMS CMS
6FDA/DETDA 7.3 7.6 1.3 1.7 5.8 4.5
6FDA:BPDA(1:1)/DETDA 4.7 5.0 1.2 1.0 3.9 5.0
6FDA/DETDA:DABA(3:2) 4.9 6.2 1.5 1.3 3.3 4.7
6FDA/1,5ND:ODA(1:1) 6.0 7.4 1.3 1.2 4.5 6.1
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4.4.3 Physical aging study of activeixed gas feed on 6FDA/DETDA:DABA(3:2)

CMS membrane

To address the issue of time changes in CMS membrane separation performance,
in this section, we consider a practical way to suppress physical agisgapproach has
been considered previously for-teaed Matrimid® hollow fiber membranesbut we
wanted to see if the same trend would be observed for the CMS membranes investigated
in this study.6FDA/DETDA:DABA(3:2) CMS material was chosen in this part of the
study out of two reasons. First, it has bessvpn to be the most promising CMS material
with significantly high permeability amongst the four CMS materials of interest. Second,
it showed the highest degree of physical aging in pure gas permeation stored under
vacuum as discussed earlier. If the roetiprobed here can efficiently suppress its
physical aging, it is reasonable to believe that this method can also help stabilize the
separation performance tife other CMS materialas well

The time dependent stability of 6FDA/DETDA:DABA(3:2) CMS memlgran
under continuous active feed of 50 psia of mixed gas 50450@% CH, was observed
during a moni$ preésentedtin Rigurel. B6nCbmparing to a 50% CO
permeability loss and a 30% @QH, selectivity gain in the pure gas and vacuum storage
study, the results obtained heshowed much lower time dependendth only 4% CQ
permeability loss and 6% GZTH, selectivity gain. The reason for this aging suppression
is believed to be that as the CMS structure approaches a more stable and lower free
volume state, the highly condensable @ the mixed gas feed s@&in the micropores
and inhibis largescale relaxation. From this sense, a higher feed pressure can help
suppress physical aging even more since at higher pressuseabS@rption would be

further favored a highly desirable situation for separation of aggressive feeds.
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Figure 4.5: Aging study of6FDA/DETDA:DABA(3:2)CMS membraneyrolyzed at
550 °C and UHP Argon under continuous active feed of 50 psia of mixed gas 50%
CGO,/50% CH, and testing temperature was® The | ines are added
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4.5Summary

Four novel polyimides, 6FDA/DETDA, 6FDA:BPDA(1:1)/DETDA,
6FDA/DETDA:DABA(3:2) and 6FDA/1,5ND:ODA(1:1), were prepared and
characterized with differenéthniques. The separation performance of precursor polymer
films formed from these polymers was studied using,@®,, O, and N pure gases. As
expected, higher FFV in the polyimide led to higher permeability of the polymeric film.

The separation performae, as well as its time dependent behavior, of the resulting CMS
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membranes pyrolyzed under puagon at 550°C was also examined. 6FDA/DETDA
and 6FDA:BPDA(1:1)/DETDA carbon membranes showed somewhat lower
permeability, but moderate aging tendencies. Qihe other hand,
6FDA/DETDA:DABA(3:2) and 6FDA/1,AND:ODA(1:1) CMS films displayel much
higher permeability and comparable selectivity but were subject to largerratauted
phenomenon. The 6FDA/DETDA:DABA(3:2) derived CMS membranes showed the
highest pemeability @bove 20,00Barrer for CQ and above 4008arrer for Q at 35

°C), however, its highly timelependent issue needs to be addressed before using in
practical applications. An active feed of mixed @886 CQ/50% CH, was shown to
suppress physitaaging in 6FDA/DETDA: DABA(3:2) CMS,with only 4% CQ
permeability loss and 6% GH, selectivity gain.

Considering the separation performance, 6FDA/DETDA: DABA(3:2) and
6FDA/1,5ND:ODA(1:1) CMS membranes showed great potential for future study. The
smalest Tg-Ty of 6FDA/DETDA: DABA(3:2) makes it favorable in the formation of
hollow fibers Thus,6FDA/DETDA: DABA(3:2) CMS membrands proposed for later
studies including 1) Chapter 5: effects of differerpyrolysis protocols, including

different pyrolyzng temperatures and atmosphe®Chapter 7hollow fiber studies.
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CHAPTER 5

EFFECTS OF PYROLYSIS CONDITI ONS ON GAS SEPARATION
PROPERTIES OF 6FDA/DETDA:DABA(3:2) DERIV ED CARBON

MOLECULAR SIEVE DENSE FILM MEMBRANES

5.10verview

Separatiorperformanceof CMS membranes depends on thnical pore size and
the pore size distribution, whiatan be tuned by several fact¢is9]. In Chapter 4, of
the four precursors consideré&FDA/DETDA:DABA(3:2) CMS membrane pyrolyzed at
550°C wasshown to offeextraordinarypractical potential with the highest permeability,
i.e., above 20,00Barrer for CQ and above 400Barrer for Q at 35°C. As an extension
study, in this chapter6FDA/DETDA:DABA(3:2) polyimide was pyrolyzed under
different protocols to produce carbon molecular sieve (CMS) dense film membranes for
separation of important gas paiiecluding pure gases GZH;, O,/N, and mixture
gaseH0% CO,/50% CH, and 50%C3Hg/50% GHs. The effects of pylysis temperature
and atmosphere on CMS separation performance are repdeetibn 5.2, 5.3, and 5.4
investigated the effects of pyrolysis temperature, ddping, and precrosslinking,
respectively, on the separation performance 66f{DA/DETDA:DABA(3:2) CMS
membrans. Sorption measurements provide insight into the pore size distributions
among these CMS membranes. Section 5.5 summarizes and compares the effects of these
three parameters during pyrolysis on the CMS membranes gas separation performance.
Moreover, speculative hypotheses regarding the structure changes brought about by

changinghese parameters were also provided.
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5.2 Effect of pyrolysis temperature on 6FDA/DETDA:DABA(3:2) CMS membrane

separation performance

5.2.1 Permeation

6FDA/DETDA:DABA(3:2) CMS dens films were formed from pyrolysis of
precursor films under UHP argon at three final pyrolysis temperatureS'C5®Y5°C,
and 800°C using the applicable pyrolysis protocol 1 or protocol 2 liste@hapter 3
The CMS dense films obtained were tested @ases, including 4 pure gases:,COH,,

0O, and N at 35 °C and 30 psiaand 2 mixture gases: 50% @80% CH, and 50%
CsHe/50% GHg at 35°C and60 psia.

The steady state gas separation performance of these three different final
temperature pyrolyzed @S membranes are listed in Talel The pure ga£0,, O,
permeability and C@CH,, O,/N, selectivity results are plotted in kige 5.1 As seen
from Figure 5.1 both permeabilities and selectivities of CMS membranes are
significantly higher than those othe precursor membranes and surpass the polymeric
upper bound. As pyrolysis tenmagure increases, permealyildrops dramatically while
corresponding selectiyitincreass. It is also interesting to see from Taldld that CQ
permeability is lower andCO,/CH, selectivity is higher in the case of mixture gas
separationn comparison tdhe case of pure gdeeds These observations may reflect
the so-called dual modeompetition effects between G@nd CH moleculeg[10, 11].

The competition between both molecuteduces sorption anunders diffusion of both
gases, resulting in lower permeabilities. On the other hand, so€ption might be
favored over CH sorption during the competitiothue to its higher critical temperag,

with a resultant increase in mixed gas selectivity.



Table5.1: Pure and mixture gases permeation results of three different final temperature pyrolyze

membranesas well as polymeric membranes derived frédRDA/DETDA:DABA(3:2). Pure gas

permeatios were measured at 35 and 30 psia, mixture gas permeations were measured@te8t 60

psia.
Membranes Pure gases
P.., (Barrer) 0002 o, P,, (Barrer) UOZ N,
Polymeric- 23813 22.0+2 54+4 3510.4
550°C-CMS 21741944 30.1+1.7 4293t45 4.9+0.1
675°C-CMS 55699 55#4.1 9284105 7.540.4
800°C-CMS 18124204 88.3#.5 30043 7.640.5
Membranes Mixture gases
50% CQ/50% CH, 50% GHe/50% GHsg
P.., (Barrer) 0002 o, P, (Barrer) UC3H6 e
Polymeric - - - -
550°C-CMS 200731627 37.615.0 2444499 12.74.8
675°C-CMS 4107+287 66.441.0 401+9 30.240
800°C-CMS 13974132 102.74.9 714 63.74.2
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Figure 5.1:(a) Pure CQ@ permeability and C&@CH, selectivity; (b) pure @permeability
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Figure 5.2represets an idealized, bimodal pore distribution in CMS membranes,
with larger micropores €20 A), connected with smaller ultramicropores7(A) [13-16].
It is believedthat micropores provide high permeability andaniticropores function as
molecular sieving sites which provide high selectivity. We envision that as pyrolysis
temperature increases, CMS structure becomes more tightly paciiahth micropores
and ultranicropores distributions shift temaller sizes As a result for all gases,

permeabilities decrease and selectivities increase.

Increasing

Pyrolysis
Temperature w
@ o — I I

Figure 5.2: A simplified idealized sldike pore structures in CMS membranes. (a):

micropores with sizes of-20A; (b): ultramicropores with sizes ZA.

5.2.2 Sorption

To furtherprobe changes in microporgaure gas Cg CH,;, O,, and N sorption
capacites at 35°C of 550 °C-, 675 °C-, and 800 °C- pyrolyzed
6FDA/DETDA:DABA(3:2) CMS dense films were measdrand are shown in §ire
5.3 Only one sorption measurement was carried out for each sample without replicates
considering the huge amount of time the sorption tests consumed, and moreover, we
believe comparing with permeation and diffusion, sorption is a parameter of sgconda

importance.The experimental data were fitted to Langmuir isotherms and the fitted
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parameters are listed in Tale2 The majority of the gas molecules are believed to be
sorbed in micropores, thus sorption isotherms offer a useful probe of the Ctfponéc
structures. Figre 5.3 shows as final pyrolysis temperature increases, the sorption
capacity for all gases of the corresponding Ci@nbrane decreases. From Tdh it

can be seen the loss of sorption capacity mainly results from the decregisevaiich

implies a reduction of Langmuir sorption sites aightened micropore structure$he
relatively constancy of the affinity coefficient (b) with increasing temperature, however,
suggests relatively small changes in theropore distribution, with primarily a reduction

in overall number of microvoids.
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Table5.2: Pure gas Cg CH,, O, and N Langmuir isotherm parameters at %5 of 550

°C-, 675°C-, and 800°C- pyrolyzed 6FDA/DETDA:DABA(3:2) CMS dense films

550°C-CMS 675°C-CMS 800°C-CMS

CO, CHy CO, CHy CO, CH,
Cu  [em¥STP)eml] 1722 114.3 160.7 111.3 140.1 947
b [1/psia] 0.039 0.014 0.035 0.013 0.031 0.013

0O, N> 0O, N, O, N2
Cu  [cmXSTP)cmi] 108.3 65.2 104.2 61.7 99.7 57.0
b [1/psia] 0.0070 0.0087 0.0066 0.0077 0.0063 0.0067

Table 5.3 below summarizes the GOO, permeabilities, sorption coefficients,
diffusion coefficients and the corresponding £Z&H,, O./N, selectivities of 550C-, 675
°C-, and 800°C- pyrolyzed 6FDA/DETDA:DABA(3:2) CMS dense films at 86 and 30

psia. The permeability, , overall membrane selectivity,, , sorption coefficiers S, and
sorption selectivityS, /S, are determined directly from perat®n and erption

measurementsThe sorption coefficient§ = C/P, is determined to be the secant slope of
the isotherm at a given pressuamd for consistency, the sorption coefficients reported
here correspond to a sorption pressure ofp8id, which equalsthe permeation feed

pressure. The diffusion coefficienD,, and diffusion selectivityD, /D are calculated

according to Eq2.11 and Eq.2.12 Both sorption and diffusion coefficienfollow a
similar trendto that forpermeability, decreasing with increase in pyrolysis temperature.
Diffusion coefficiens in CMSreflectthe packing of a material matrix and a decreased
diffusion coefficient represents an overall tightened maivixch is consigent with our
hypothesisegardingthe struaire evolution as shown indtire 5.2 On the other hand,

sorption selectity and diffusion selectivityshow different responses in comparison to
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the overall selectivity for gas pairs @OH, vs. Q/N,. For CQ/CH,4 separation, the great
enhancement in overall selectivity mainly results from the increase in diffusion
selectivity (from ~12 to ~35) while sorption selectivity remains in the range €1.3.8
Nevertheless for @N, separation, the contributienfrom sorption selectivity and
diffusion selectivity are similar. More pronounced #N, diffusion selectivity
enhancement might be achieved if higher pyrolysis temperature?®@6r instance,

were explored; however, this was beyond the scope of this study.

Tade 5.3: The permeabilityP, , overall membrane selectivity,,, sorption coefficient,, sorption

selectivityS, /S, , diffusion coefficientD,, and diffusion selectivityD, / D, of gas pairs C&CH,

and Q/N; for 550°C-, 675°C-, and 80C°C- pyrolyzed 6FDA/DETDA:DABA(3:2) CMS dense film

at 35°C and 30 psiaPermeation results represent the average with variance within 15%.

Ljco ICH SCOz D002

Membranes F.,, Barrer 2GRy Sco,Sch, Deo, / Dy,

cc(STP)/cni/psia 10'cm?/s
550°C-CMS 21740 30.1 3.1 2.8 36.3 10.8
675°C-CMS 5569 55.0 2.7 2.6 10.7 21.2
800°C-CMS 1812 88.3 23 2.5 4.1 35.3

§ So D,
P, Barrer U, ’ So, /Sy, ’ Do, /Dy,

cc(STP)/cni/psia 10’cm?/s
550°C-CMS 4293 49 0.6 14 37.0 35
675°C-CMS 928 7.5 0.6 15 8.0 5.0
800°C-CMS 300 7.6 0.5 17 3.1 45
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5.3 Effect of O, doping on 6FDA/DETDA:DABA(3:2) CMS membrane separation

performance

Kiyono et al.[2, 3] devel oped a fine tuning metho
dopi ngo, aitrace anfountc of oxygen was introduced into the pyrolysis
atmosphere. By studying the separation performance of 6FDA/BEIMW CMS
membranes pyrolyzed in 4, 8, 30 and 50 ppmdOped argon, they found a strong
correlation between the amount of oxygen available during pyrolysis and separation
performance.In this study, 6FDA/DETDA:DABA(3:2) precursor dense films were
pyrolyzed at 550C using protocol 1 listeth Chapter 3except that instead of purging

pure argon, a mixture of argon and 30 ppm or 50 ppm oxygen was used.

5.3.1 Permeation

The gas separation performance for pumd mixture gases of these twe ddped
samplesalong with the original 556C-undoped CMS membranes are listed in Table 5
The pure gas CH O, permeability and C&CH,4, O,/N, selectivty results are plotted in
Figure 5.4. It is clearthat as the dopgamount of @increases, gas selectivity increases
with a moderate reduction ipermeability. It is noteworthy that comparing to pyrolysis
temperature, @doping exerts smaller effects on the gas transport property in CMS
membranes, i.e., smaller permdigpiand selectivity changes are witnessed. This finding
supports the claim by Kiyonthat G doping is a fine tuning method in adjusting the

separation performance of CMS membrdi&.



Table5.4: Pure and mixture gases permeation results of °65%50°C-30 ppm Q doped and 556C-50

ppm Q@ doped CMS membranesas well as polymeric membranes derived fr

6FDA/DETDA:DABA(3:2). Pure gas permeations were measured atC3and 30 psia, mixture ge

permeations were measured af’G5and 60 psia.

Membranes Pure gases
P.., (Barrer) 0002 o, P,, (Barrer) UOZ N,
Polymeric 23813 22.0+2 54+4 35+0.4
550°C-CMS 2174944 30.1+1.7 429345 4.9+0.1
550°C-30
ppm O 96794847 41.883.5 19084145 6.740.4
dopedCMS
550°C-50
ppm Q 3213£83 60.945.1 450439 6.34.3
doped-CMS
Membranes Mixture gases
50% CQ/50% CH, 50% GHe/50% GHs
pco2 (Barrer) Ljcoz ICH, I:)che (Barrer) UczHe/caHs
Polymeiic- - - - -
550°C-CMS 2007311627 37.685.0 2444499 12.74.8
550°C-30
ppm Q 7972£938 48.53.1 941489 23.1#.8
dopedCMS
550°C-50
ppm Q 2163489 70.3#4.2 10148 50.7£2.3
doped-CMS
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Figure 5.5represents a hypothetical schematicsiitating the oxygen doping
process during pyrolysis. As a result for all gases, permeabilities decrease and
selectivities increase. Kiyono et dI3] envisioned that the majority of the oxygen
molecules would react and bind to the ultramicregom CMS membranes. Former
studies on the electrochemical oxidation of carbon have shown that with more reactive
unpaired sigma electrons prone to oxidation, the carbon on edge plane has a 17 times
greater gaphase oxidation rate than on the basal p[a8e0]. This process narrows the
ultramicropore windows, and as a result, lowers the membrane permeability and
enhances the selectivity. Nevertheless in Kiypso s[8],utdey demonstrated the
existence of a cuff point. If exceedingly amount of oxygen molecules is available in
the pyrolysis environment and most highly reactive edge sites are oxidized and filled,
faster penetrants would also bmdered and as a result, both lower permeability and
lower selectivity would be observeth this work, we have not reached such a point,
since selectivity was not found to decrease at any of théofing levels that showed
floverdopingd in Kiyonoé workwith intrinsically less packing resistance precursors such

asMatrimid® and 6FDA:BPDA/DAM[17].

dndiuldeld FRNET

Figure 5.5: A hypothetical schematic of oxygen doping process during pyrol@sis.

represents chemisorbed @olecule.
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5.3.2 Sorption

The sorption isotherms of pure gas £OH,, O,, and N at 35°C of 550°C-, 550
°C-30 ppm Q doped, and 556C-50 ppm Q doped 6FDA/DETDA:DABA(3:2) CMS
dense films are shown in kigg 5.6 The fitted Langmuir isotherms parameters ated

in Table5.5 The almost unchanged sorption capacity afyfor all gases leads us to the

conclusion that the oxygen doping prockas little influence otthe micropore structure.
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Figure 5.6:Pure gas Cg CH,, O,, and N sorption isotherms at 3% of 550°C-, 550
°C-30 ppm G doped, and 556C-50 ppm Q doped 6FDA/DETDA:DABA(3:2) CMS

dense films.
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Table5.5: Pure gas Cg CH,;, O, and N Langmuir isotherm parameters at %5 of 550

°C-, 550°C-30 ppm Q doped, and 558C-50 ppm Q doped 6FDA/DETDA:DABA(3:2)

CMS dense fiins.

550°C- 0
550°C- 30d%;;rendQ 50 pgiochoped
CO, CHs CO, CH, CO, CH,
Cu  [em¥STP)enl] 172.2 114.3 168.4 109.9 174.8 112.4
b [1/psia] 0.039 0.014 0.040 0.015 0.039 0.014
O, N> O, N> O, N>
Ci  [cm¥STP)cmi] 108.3 65.2 109.0 66.4 108.1 66.4
b [1/psia] 0.007 0.009 0.007  0.009 0.007  0.008

Table 5.6 below summarizes the GOO, permeabilities, sorption coefficients,

diffusion coefficients and the corresponding £&tH,;, O)/ N, selectivities of 550°C-,

550 °C-30 ppm Q doped, and 550C-50 ppm Q doped 6FDA/DETDA:DABA(3:2)

CMS dense films at 3%C and 30 psia. Sorption coefficient remains almost unchanged

while diffusion coefficiers dropas the amount of oxygen doping rieases, which is the

main reason for permeability drop. On the other hand, the gain in overall selectivity also

mainly stems from the imease in diffusion selectivityvhich is in agreement with what

have been found in the study on different temperatyelyzed CMS membranes.
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Table 5.6: The permeabilityP, , overall membrane selectivity,, , sorption coefficientS, , sorption

selectivityS, /'S, , diffusion coefficiem D,, and diffusion selectivityD, / D, of gas pairs C&@CH, and

0./N, for 550 °C-, 550°C-30 ppm Q doped, and 556C-50 ppm Q doped 6FDA/DETDA:DABA(3:2)

CMS dense films.at 3% and 30 psiaPermeation resultepresent the average with variance within 15%

¥ S D
Membranes Feo, Barrer Ueo, . 0 Sco,Scn, 2 D

_ co, _ co, /DCH4
cc(STP)/cni/psia 10'cm?/s
550°C-CMS 21740 30.1 31 28 36.3 10.8
550°C-30 ppm Q
9679 41.8
dopedCMS 31 2.7 162 155
550°C-50 ppm Q
3213 60.9
dopet-CMS 31 2.9 54 21.0
) S, D,
R, Barrer U, ’ Se, /Sy, ’ Do, /Dy,
cc(STP)/cni/psia 10’cm?/s
550°C-CMS 4293 49 0.6 14 37.0 35
550°C-30 ppm Q
1908 6.7
dopedCMS 0.6 1.3 16.5 52
550°C-50 ppm
PPMQ - 450 6.3 0.6 1.4 38 45

doped-CMS
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5.4Effect of precrosslinking during pyrolysis on 6FDA/DETDA:DABA(3:2) CMS

membrane separation performance

5.4.1 Permeation

Qiu et al. developed a new decarboxylatioduced thermal crosslinking in
DABA containing polymeric membr angdglassat ter
transition temperature)9, 21]. They demonstrated that the membrane was highly
crosslinked after being thermakiynealed at 37%%C f or an hour . What o6s
method not only stabilizes polymer membranes against swelling and plasticization in
aggressive feed streams, it also induces a significant increase in membrane permeability
with slight loss in seleatity. In this study we incorporated this method in the application
of carbon membranegand t o the best of the authorso |
have addressed this topic. Since crosslinking tends to open up the membrane structure, a
final pyrolyss temperature of 808C, which has been proven to offer compact CMS
membrane, was selected. An adjusted pyrolysisocol listed as protocol i@ Chapter 3
was followed. More specifically, 6FDA/DETDA:DABA(3:2) polymer membrane was
precrosslinkedy soakng in 370°C for 90 minutes before being heated to 860 The

proposed mechanism of decarboxylatioduced crossghking is illustrated in Figre 5.7.
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GFDA/DETDA:DABA(3:2) polyimide
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© CoH ’g %7?’ heatlng
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—HZO C02 Cco crosslinking
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" decarboxylation NM
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DABA moiety anhydride phenyl radical possible crosslinking sites

Figure 5.7: Chemical structure of 6FDA/DETDA:DABA (3:2) and crosslinking
mechanism of écarboxylatioAnduced crosslinking. Possible crosslinking sites are noted

with an arrow[22].

The precrosslinked CMS membranes were tested for their solubility to serve as an
indirect proof of whether crosslinking happened. Polym@&RDA/DETDA:DABA (3:2)
membranes were thermally treated in the pyrolysis system af@7ér 90 mins and
soaked in NMP. The origin®dFDA/DETDA:DABA (3:2) polymeric dense film were
easily dissolved in NMP at room temperature; however, the thermally treated membranes
were insoluble in NMP either at room temperature or elevated temperatucatimglthe

membranes were highly crosslinked.

The same 4 pure gases and 2 mixture gases were used to examine the separation
performance of this novel 80-precrosslinked CM%ind results are shown in Table
5.7, the earliedillustrated separation performes of 50 °C- and 800°C- pyrolyzed CMS

are also listed for comparison purpose. The pure gas @(MPermeability and C@CH,,
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O./N; selectivity results are plotted in kige 5.8 It can be observed that compared with
800 °C- pyrolyzed CMS, the permeabis of 800 °C-precrosslinked CMS were
significantly higher, increased by about 158% (pure £;Q@28% (pure ¢, 92% (CQ in
mixture gas 50% C&60% CH,), and 194% (gHgin mixture gas 50% £He/50% GHyg).

It is believed that the higher pernbddies resuts from the DABA moiety in the
precursor polymer. As decarboxylation occurs, microvoids and packing disruptions are
created and the polymer chains are locked in. Such a crosslinked structure might thereby
be maintained in the subsequent pyrolysis proc®¥¢bat accompany these huge
permeability enhancements are slight selectivities losses: 19% (pu/€HLD -5%

(pure Q/Ny), 42% (mixture gas 50% CG£50% CH;), 18% (mixture gas 50%386/50%

CsHg). Detailed analysis of diffusion selectivity and sorption galig in the following

section will provide further explanation of the overall selectivity losses.



Table 5.7: Pure and mixture gases permeation results of ‘®50800 °C- and 800°C-precrosslinked

6FDA/DETDA:DABA(3:2) CMS membranes. Pure gasrmeations were measured at’@5and 30 psia

mixture gas permeations were measured 8€3&nd 60 psia.

Membranes Pure gases
P, (Barrer) Uc02 oh, R, (Barrer) 002 N,
Polymeric 238t13 22.0+2 54+4 35+0.4
550°C-CMS 21743944 30.1+1.7 429345 4.9+0.1
800°C-CMS 18121204 88.34.5 300#43 7.640.5
800°C-
precross”nked 467881 71.54.0 683t5 8.0+0.1
CMS
Membranes Mixture gases
50% CQ/50% CH, 50% GHe/50% GHs
P.., (Barrer) UCOZ oh, P ., (Barrer) DC3H6 o,
Polymeric - - - -
550°C-CMS 2007311627 37.615.0 2444499 12.74.8
800°C-CMS 1397132 102.74€.9 714 63.740.2
800°C-
precrosshked 2690223 59.8t0.3 20040 52.0t5.0
CMS

13¢€



(@)

BFDA/DETDA:DABA(S:Z)
| 800°C 800°C with
100 A precrosslinking
Y. A8
.t e T
L 3 :
O Prgcursor __=-> 0
; = e
Robeson upper bound
= Polymer precursor
10 o CMS pyrolyzed at 550°C
A CMS pyr{blyzed at 800°C
¢ CMS pyr@lyzed at 800°C with pre-crosslinking
L 11l 1 s 1l L 2ol

10 100 1000 10000
P(CO,) Barrers

(b)

800 °C with
-7 precrosslinking

.,

Precursor

Figure 5.8:(a) Pure CQ@ permeability and C&@CH, selectivity; (b) pure @permeability
and QJ/N; selectivity of 6FDA/DETDA:DABA(3:2) precursor and CMS dense films
pyrolyzed at 550C, 800°C, and 800C-pr ecr os s | i nk e/@H,an®@/N,e sonos

upper bound lines are shown for referes{de].
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