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Due to its high energy density and zemission combustion, hydrogenzjHhas emerged
as a clean fuel for energy generation and transportation. Ad$s an important chemical used in
petrochemical refining, metal productiamdfertilizer manufactureln the United Statesnore
than 10 million metric tons dfl> is produceceach yeaby steam methane reforming, whigives
100 million metric tons ofcarbon dioxide (C@) by-product.DownstreamH,/CO;, separation is
thereforeneeadto produce higpurity H2 product while simultaneolys capturing the C@by-
product. Stateof-the-art separatiortechnologies such as presssming adsorption (PSA) and
amine absorption are energy intensiiéh large footprintsMembranebased H/CO, separation
provides an energgfficient alternative withrsmallerfootprints. Commercialimplementation of
membranebased HCO, separation requires scalable membsami¢h high H2/CO; selectivity to
produce higkpurity Hz product

The overarching goal of this PhD dissertation is to understand the formation and pore
structuretransport property relationships movel carbon molecular sieve (CMS) membranes

derived from interfacially polymerizeatomatic polyamidegflyaramid}for Ho/CO, separation.



Polyaramid precursor hollow fiber membranes were fabricated by solution spinning of a
uncrosslinkegolyaramid precurs@ynthesized by stirred interfacial polymerization, wigelve
polyaramidderived CMS membranes followingyrolysis The formation, pore structure, and
transport properties of thaovel polyaramidderived CMS membrasewere systematically
investigated. Thpolyaramidderived CMS membrane pyrolyzed at 92showed unprecedented
H2/CO, separation performance under singis permeatianFurther increasing the pyrolysis
temperature to 1050 °C dramatically enhanced the rrgesdH/CO; separation factor tonore
thanone order of magnitude higher than the most selective CMS membrane reported in literature.
Modeling further demonstratethe attractiveness of thmolyaramidderivedCMS membrane for
enrichment of highipure B from the reaction product of steam methane reformfingglly, the

effect of precursor amide moiety on CMS membrane pore structure and transport properties was
studiedby comparing thepolyaramidderived CMS membraneith CMS membranes derived

from a polyimide precursomnda polyamideimide copolymeiprecursomunder identical pyrolysis
conditions.The results show that introducing precursor amitbiety is a powerful tool ttailor

the H2/CO;, transport properties of CMS membranga controlling the precursor hydrogen

bondingand CMS membrangore structure
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Chapter 1: |l ntroducti on

1.1 Overview of hydrogen production

As the world strives to achieve net zero emissions over the next decades,
transitioning to a hydrogebased economy is one of the key pillars in achieving the
decarbonization goals of the global energy system. Hydroggis(ih important large
volume chemical primarily used as a chemical feedstock in ammonia, methanol, food,
and drug production, as well as in petrochemical and refinery processing. Other uses
include metal fabrication, semiconductor manufacturing, glassufaeturing, and
thermal processm[l] Figure 1.1 indicates the globalldemand by sector, as of
2020[2] The globalH2> demand was about 90 million tons in 2020, most of which was
utilized by the refining and chemicals sectors. Refineries consumed about 40 million
tons of B (~44.4%) each year as feedstock and reagents or as an energy source.
Chemical production demanded about 45 million tons {+%50%) each year with
roughly threequarters directed to ammonia production andqurerter accounted for
by methanol production. The iron and steel industry consumed ~ 5 million tons of H
each year accounting fd5.6% of the global b utilization. Although H offers
tremendous potential as a clean energy carrier due to its high energy density (119
MJ/kg) and zergemission combustion, the adoption of> Kbr energyrelated
applications such as the transport sectethabsed fuels, and electricity generation has
been comparatively insignificant, with the uptake limited to the fuel cell electric vehicle
deploymentinthe pastdecdg@He nce, the roadmap to achievi
needs to observe a significant boost in rolling out hydrdigeed technologies across

1



many parts of the energy sector, which is only going to contribute to increasing H

demands across the globe over the next de¢aties.

100 5

—_
o
saasl PR

H, demand in 2020 (million tons)
o
n n

0.01 -

Refining Chemicals Iron and steel  Transport

Figure 1.1: Global hydrogen demand by sector in 2020

Industrialscale H is produced by steammethane reforming (SMR), coal
gasification, and electrolysis of wa{di. Grey hydrogen is the most common form of
hydrogen produced from natural gas through SMR. Blue hydrogen involves production
of hydrogen from SMR or gasification accompanied by98% carbon capture and
storage. Green hydrogen is the cleanest form of hetrpgoduced by electrolysis of
water by using renewable energy sources such as solar or wind[ppWweSMR, CH
in natural gas reacts with steam at high temperature X@00°C) and high pressure
(3-25 bar) in the presence of -Hased catalyst to produce syngas, which is
predominantly a mixture of carbon monoxide (CO) andGbal gasification involves
the reaction of coal with steam or oxygen under high pressures and temperatures to

form syngasCO present in the syngas produced by SMR or gasification then reacts
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with steam through a series of high temperature -@&8C) and low temperature
(150-250°C) watergas shift reactions in the presence ofGteand CuZn catalysts,
respectively. The wategas shift reactors produce> HCO, mixture at pressure
exceeding 7 bar and temperature of -P50°J4, 6, 7] Downstream purification is
required to separatd, and CO, to obtain highpurity H> and to capture the GQo
minimize carbon footprint of the process.electrolysis of water, electricity is used to
split HO molecules into molecularand Q gases, and it does not require any further
purification step$4]

Figure 1.2 shows the percentage of annual globalrétuction and annualH
production in the United States by process as of 28]2Globally, ~98% of the total
H2 is produced from fossil fuel feedstocks, out of which about 76% is produced by
SMR while about 22% is produced by coal gasification. Electrolysis of water accounts
for the remaining 2% of globalbroduction. Due to abundant levost shale gas, the
United States relies on SMR (95%) more than coal gasification (4%) than the rest of

the world for H production.

Global H, production in 2020, U.S. H, production in 2020,
by source by source
2% 4% 1%

e oy

I Coal Gasification

I Electrolysis

Figure 1.2: Hydrogen production in the United States and the world in 2020 by
source8]



Steammethane reforming ($1.482.27 per kg b) and gasification processes
($1.16$1.63 per kg Hfor coal feed; $1.3%$2.06 per kg K for coal/biomass feed)
possess a significant economic advantage for producing-daede blue K i
simultaneous kproduction with CQ capture and storagElectrolysisof water with
electricity provided by renewable sources, is the mosfremadly method to produce
H2; however, it only accounts for ~2% of globat production because of its cost
ineffectiveness ($%6 pe kg of H). Considering the sizable economic benefit of
producing H from carbonneutral processes using fossil fuel sources as against
processes using zeoarbon electricity, SMR and gasification will seemingly be the
most costeffective processes for industrially producingiiithe foreseeable futuf8]

Hydrogen in its purest form (>99.995%) is required for aircraft and space
vehicle ground support systems. Hydrogen with >99.97% purity is required for fuel
cells in vehicles while >99.9% is required for fuel cells in stationary applications.
Hydrogen useds industrial fuel for power generation or as a heat source is required to
be of >99.9% purity. >98% hydrogen purity is required in internal combustion engines
transportation applicatiorf8] Hence, purifying the crudeproduct from water gas

shift reactors is important to achieve the target purity levels.

1.2 Hydrogen separation and carbon dioxide capture technologies

Figure 1.3 shows schematic process flow diagrams @irétiuction processes
using steam methane reforming and coal gasification. Purification is required to treat
the shifted syngas product from the low temperature vgatershift reaction which is
fed at temperatures of 1850°C and pressures > 7 bar. Fgample, coaderived

syngas mainly contains ~56%,H-41% CQ with trace quantities of ¥ vapor and
4



other light gasefl0] Natural gasderived syngas in an SMR plant contains 74.1%0 H
18.5% CQ, 6.9% CH and 0.1% CQ1] Regardless of the production process, the
downstream purification process mainly involves separatidtodfom its major by
product CQ to produce a high purity +product stream.

Blue hydrogen production involves simultaneous production pffreim
conventional reforming or gasification processes along with capture and sequestration
of the byproduct CQ.[11] H2/CO, separation is a thermodynamic rgmontaneous
process which requires large amount of energy iff]t.Therefore, to achieve
economic competitiveness, developing efficien#/ 3D, separation processes is
critical. Pressurswing adsorption (PSA) is by far the most widely used commercial
separation process to purifyy, HPSA works on the principle of selective adsorption of
gases on solid adsorbents at high pressures, and desorption of gases as the pressure
under reduced pressure. Due to differences in adsorption capacitiesgsnHbe
separated from COThe major advantage of PSA is the capability to bringrdthe
level of impurities significantly and produce up to 99.999% purprbiduct; however
its disadvantage lies in its low recovery rate of hydrogen (up to 80%) owing to the
losses during the desorption sfé@-14] Cryogenic separation is another process
widely commercialized for Hpurification, which involves cooling the feed gases to
extremely low temperatures below the boiling point obG®@8.5°C) allowing CQto
liquefy and separate to produce a purifieglstteam. Cryogenic separation without
distillation is advantageous due to high tdcovery and low cost; however, the H
product purity is compromised. Cryogenic separation with distillation improves the

purity >99.5% but incurs high operating cost and gymepnsumptionl2-14]



The tail gas from the separation unit containingpd@drocarbons and other
impurities is recycled to the reforming unit to generate heat producing flue gas exhaust
containing CQ. CG; from the flue gases is captured for blue production.
Absorptionbased separation by amine scrubbing is used foerc@@turgl15, 16]The
most commonly studied amine solvent is monoethanolamine (MEA), while most
researchers also study piperazine (PZ). Capture takes place by reactive absorption
of CO, with the amine via carbamate and bicarbonate formation. Solvent is regenerated
by heating which drives the equilibrium of the carbamate and bicarbonate formation
reactions in the backward direction. However, amines are corrosive and harmful for the
environment. Moreover, high temperatures can cause thermal degradation of amines
and losse due to evaporatidi.7]

These statef-the-art commercialized separation technologies are energy
intensive, expensive, and require large footprints. These separation technologies
account for ~30% of the total-Hbroduction cosf7] Hence, there is a demand for

sustainable separation technologies that are moreetfestive and energgfficient.
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Figure 1.3: Process flow schematics showing (A) Hydrogen production using natural
gas reforming with PSA; (B) Hydrogen production by coal gasification with PSA,; (C)
Hydrogen production by natural gas reforming with membrane separation; (D)
Hydrogen production by coghsification with membrane separation.

1.3 Membrandased hydrogen separation and carbon dioxide capture

Membrane separation is a promising alternative to thermally driven chemical

separations such as distillation and absorption. A membrane is a physical barrier that

provides enriched streams by allowing selective permeation of specific components

from a fee mixture. Separation by membranes relies on transmembrane pressure

difference and does not require any adsorbent/absorbent regeneration or phase change,

thereby incurring much smaller energy inputs compared to distillation, PSA, and amine

absorption. In ddition to energy efficiency, membranes are known for their modular

design, small footprint, and low maintenance.
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Figure 1.4: Schematic membrargased separation process fefED, separation.

The key to commercialization of new membramecesses is the development
of high-performance materials that can provide high gas permeability enabling small
membrane separator footprint and system costs while simultaneously achieving high
selectivity to enhance product purity under a given prodesztveryf11] Molecular
permeation through membranes often follows the sorgtitiuasion mechanism, which
will be discussed in detail in Chapter 2 of this dissertation. According to the serption
diffusion theory, the permeability of a specific component can be expressthe
product of the diffusivity and sorption coefficient, while the selectivity for a specific
gas pair can be expressed as the product of diffusion selectivity and sorption selectivity.

The diffusivity of a component depends on its molecular sizdewthe sorption
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coefficient depends on its condensability. Table 1.1 shows the kinetic diameters (A)
and critical temperatures (K) of.Hand CQ. Figure 1.4 shows a schematic of
membrane based KO, separation process. Most membrane basefC®}
separations rely on favorable/B0; diffusion selectivity since Fhas a smaller kinetic
diameter (2.89A) than CQ3.3A). While the kinetic diameter difference of 0.41A is
not the smallest among some other gas pairs (e.g., 0.16 A fog/@iNbair), H/CO;

is often regarded ame of the most difficult gas pairs to separate. This is because CO
(critical temperature of 304 K) is much more condensable théeritical temperature

of 33 K) and H/CO, sorption selectivity is thus often much smaller than unity working
against the favorable JCO, diffusion selectivity. Thus, it is critical to develop
membranes with precise molecular differentiation betweeand CQ and ultrahigh
H2/CO, diffusion selectivityj11]

Table 1.1:Kinetic diameters and critical temperatures feradd CQ.[11]

Component Kinetic diameter (A) Critical temperature (K)
H2 2.89 33
CO 3.30 304

1.3Membrane materials for #1CO, separation

The first commercially employed gas separation membrane was PRISM
membrane developed by Permea Inc., a Monsanto company in 1979, now a division of
Air Productgl18] The membrane was initially used for purification of from NHs,

Ar, and CH from the purge gas in the HakBosch process. The application was soon
extended to bHllight hydrocarbon separations in refineries antO@ ratio adjustment

in syngas plantgl9] Since the introduction of gas separation membrane technology,



several industrially important membrane applications such as air separation by Air
Products and Air Liquide, and natural gas treatment by Honeywell UOP have been
established20-23]

Membranebased HHCO; separation, however, has not been commercialized at
large scale. The United States Department of Energy has set membrane performance
targets for H purification from syngaf24] The economic and ecological benefits of
employing a membrane based/ €O, separation discussed by Merkel and coworkers
suggests that hydrogen production cost can be significantly reduced by achieving
Ho/CO, selectivities greater than 10 in membrane applica{@sls.Membrane
Technology & Research Inc. has developed commercial Pfteusmbrane offering
H2 mixed gas permeance of 500 GPU antCd, separation factor of ~11 at 150F%.

26] Membrane technology has observed rapid development in the past decades driven
by the advancement of membrane process engineering, with a number of membrane
materials being studied by the membrane research community.

Polymeric membranes are the most commonly studied membrane materials for
gas separatiof27] However, polymeric membrane materials exhibit a strong
permeabilityselectivity tradeoff relationship, described by Robeson upper bounds,
which makes it difficult to achieve simultaneous high permeability and high
selectivity[28] Specifically, commercial polymeric membranes such as cellulose
acetate (Separ&®), polysulfone (PRISM) and polyimide (UbE") have low H/CO;,
selectivity < 4 and therefore and not suitable foef(f), separatioj29] Moreover,
most polymeric membrane materials suffer from plasticization under high pressure

highly condensable and aggressive gas feeds, making them inefficient for stable long
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term operatio30] Several other membrane materials such as palldd8ijm
zeolite$32], cerami¢33], mixed-matri{34, 35} graphene oxid86, 37] metal

organic frameworks (MOFE8], zeolite imidazolate frameworks (ZIF39] have

been developed for #CO, separation.Hydrogenpermeable metallic membranes
made of palladium and its alloys are the most widely studied membrane materials for
H> purification due to their high Hpermeability, chemical compatibility with
aggressive gas feeds, and their theoretically infinite hydrogen seleptidjty.
Hydrogen permeation through Pd occurs by dissociation of molecular hydrogen to
monoatomic formand its rapid diffusionthrough the Pd lattice Significant
development has been taking place in palladium membrane development with over an
order of magnitude improvement imn lgermeance since the 19@9] Graphene

based membranes have also gained significant interest due to the single atom layer
thickness which can provide ulthagh H permeance. Ultrthin graphenexide
membranes with ~1.8nm thick separation layers have shoW@Od selectivity of
3400[37] However, achieving commercial:hpurification is still challenging due to
several factors such as poor separation performance, expensive membrane fabrication,
poor stability under realistic feed conditions, and difficulty to fabricate membranes
with thin and defeefree separation layeet large scal@¢d1]

Carbon molecular sieve (CMS) membranes are amorphous nanoporous carbon
membranes made by pyrolysis of polymeric precursor membranes. CMS membranes
exhibit a unique pore structure consisting of ultramicropores (< 7A) and microperes (7
20A), enabling high peneability and high selectivity overcoming the Robeson upper

bound for several gas separations such gD CO)/CHs, No/CHa, CoH4/CoHe,
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etc[42-44] Their rigid structure offers stability under higgmperature and high
pressure conditions, along with excellent plasticization resistance under high pressure
condensable feeds containing £&nhd hydrocarbongl5] CMS membranes can also

be fabricated in the hollow fiber format with good mechanical flexibility and strength,
making them suitable for highly scalable hollow fiber modules with high packing
densitied46] Thus, CMS membranes are promising candidates for -Ergle
membrane applications.

CMS membrane have also been studied for/E0, separation.CMS
membrane pore structure and gas separation performance are governed by several
factors, among which are polymer precursor chemistry and pyrolysis conddtifns.

48] Several classes of polymer precursors have been studied to fabricate CMS
membranes far2/CO, separation, which include polyimidd8], polybenzimidazoles
(PBIs)10], polymers of intrinsic microporosity (PIM80], and celluloséased
polymerg41, 51] Although Matrimid® polyimide-derived CMS membranes can give
ultrahigh H/CHs selectivity above 40000 and @QHs selectivity above 3600, they

are not very attractive for #CO, separation. Zhang et al. showed that Matrftnid
derived CMShollow fibermembranes with Hpermeability of 230 Barrer ancbiC O,
selectivity of 8.943] Hatori et al. showedhat Kaptorf polyimide-derived CMS
membranes with MCO: ideal selectivity of 343 at 50°C with 2 bar fgd@]

Polybenzimidazoles (PBls$jave been used as polymer precursors to fabricate
CMS membranes for #ACO, separationOmidvar et al. recently demonstrated PBI
derived CMS membranest 900°Chaving H/CO. mixed-gas selectivity of 53 at

150°C[10] Hu et al. showed that CMS membranes derived from PBI crosslinked with
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pyrophosphoric acid (PPA) at 600°C demonstkai@ermeability of 140 and #CO,
selectivity of 5811] Hosseiniand Chung developed CMS membranes from blends of
PBI and Matrimi@® polyimide (50:50), which provide Hpermeability of 324 Barrer
and H/CO; selectivity of 8.8 at 35°(52]

Cellulosebased polymers and ladder polymers like PIMs have also been
studied as CMS membrane precursors fefCi@, separation.Lei et al. showed
cellulosederived CMS hollow fiber membranes with remarkab#Q@, mixed-gas
selectivity of 40 at 70°Q41, 51] Cellophane films pyrolyzed at 600°C have
demonstrated Hpermeability and HCO; selectivity at 30°G53] Hazazi et al.
recently reported CMS membranes derived from a ladder polymer of intrinsic
microporosity - CANAL, showing H/CO; mixed-gas separation factor of 174 at
100°C[50] Additionally Hosseini and Chunigavedemonstrated TorlShpolyamide
imide copolymererived CMS membranes at 8003(viding H permeability of 390
Barrer and HCO, selectivity of 9.1, which is the only report on polyamidede

copolymerderived CMS membranes fopt€ O, separatio52]

1.4 Interfaciallypolymerized polymers

Synthesis of polymers by interfacial polymerization was first reported by
Wittbecker and Morgan in 19994] Interfacial polymerization is a facile and easily
scalable technique, which commonly involves a polycondensation reaction between
two highly reactive monomers dissolved in two immiscible liquids, forming a polymer
product localized to the interface betwe®e immiscible phasg¢S5] Polymers such
as polyamides, polyesters, polyurethanes, polycarbonates, etc. can be easily

synthesized by interfacial polymerization.-pBenylene diaminaliaminomesitylene,
13



hexamethylene diamine, piperazine,-8idminobenzenesulfonic acid are some of the
commonly used aqueous phase monomers for polyamide synthesis, while bigphenol
and substituted bisphenols are commonly used aqueous phase monomers for
synthesizing polyeste[56] Sebacoyl chloride, phthaloyl chloride, isophthaloyl
chloride, terephthaloyl chloride and trimesoyl chloride are commonly used organic
phase monomeif86] The polymer formation occurs on the organic phase side of the
interface due to the highly unfavorable partition coefficient of the organic phase
monomer into the aqueous phase. Hence, polymer formation at the interface occurs by
diffusion of the aqueoushase monomer through the growing polymer layer at the
interface into the organic phase. Therefore, reactants are more likely to react with the
growing polymer at the interface instead of other monomers, enabling synthesis of high
molecular weight polymersnder ambient reaction conditiofb, 56] Figure 15(A-

B) shows a schematic of the interfacial polymerization reaatiemstirred and stirred

systems

14



and B monomers at the
dispersed interface

(A) (B)
Reaction of monomers
Organic phase +B | A and B oceurs at the
- interface forming an
' ultra-thin film
Polymer particles formed
Aqueous phaset A by IP reaction between A — f

©

9 -2n HCI H
c —_— N A~~~
n Y\/\/\/\)Lcl + n H_IJW”H_ g
0

o]
Sebacoyl chloride Hexamethylenediamine Nylon-6,10

Figure 1.5: Schematic representation of the interfacial polymerization reaictioh)
unstirred and (B) stirred systems; (C) Reaction chemistry for Ny|b@ synthesifs6]

A very common example of interfacial
experiment, which involves formation of a Nylérnl0 polyamide film by reacting
hexamethylene diamine in agueous phase and sebacoyl chloride in organjaphase
shown in Figure 1.5CThe film can be pulled from the interface as a continuous
collapsed tubgs6] Interfacial polymerization without stirring has a detfiting nature
leading to formation of an ultsthin film at the interface. As the polymerization
proceeds, the aqueous phase monomer encounters the growing polymer film which
increasingly hinders th diffusion of the monomer into the organic phase, hence
limiting the polymerization beyond film formation. Interfacial polymerization with
stirring enables continuous replenishment of the reaction zone by repeated creation of

a fresh interface for polymieation to occur. Hence, stirring significantly improves the
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polymerization yield and the polymer product is obtained as a powder, as the polymer
is formed at the interface of dispersed drofle&.

The polymer product yield and molecular weight is affected by a combination
of process variables like stirring speed, concentration and purity of reactants, reaction
rate, nature and purity of solvents, and additions of acid accép&risaster stirring
speed generally improves the polymer yield and molecular weight by faster
replenishment of fresh interface for polymer formation. The molecular weight of the
polymer synthesized by interfacial polymerization is far less sensitive tomeaota
equivalence compared to melt or solution polymerization. The reactant stoichiometry
at the interface is a function of monomer concentrations, diffusivities, solubilities, and
reactivities. Hence, optimization of reactant concentration for every inatidn of
monomers is required. In general, higher monomer reactivity and lower solubility in
the opposite phase is favorgh] Monomer purity, especially of the diacid chloride
monomer is an important factor affecting the polymer yield and molecular weight.
Hydrolysis of the diacid chloride monomer or oligomers with diacid chloride end
groups during the polymerization reaction is the principle competing side regjon.

The hygroscopic nature of the diacid chloride can have an adverse effect on the polymer
product yield and molecular weight by causing hydrolytic attack on reaction
intermediates favoring the side reaction due to moisture exposure. The polymerization
reacton rate needs to be faster than the competing hydrolysis side reaction to complete
the polymerization reaction before the polymer is immobilized in the precipitated state.
Using polar solvents usually indicates a net gain in the polymerization rate by

increasing the polarity of the medium. Although certain polar solvents can potentially
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cause phase miscibility, the improvement is because of polar solvents being better
solvents or swelling agents for several condensation polymers. Addition of an inorganic
base in the aqueous phase acts as an acid acceptor to neutralize the gquinticidy
Hydrolysis side reaction is inhibited by using weakly alkaline acid acceptors like
sodium carbonate (N@Qs), contributing to improvement in polymer yield and

molecular weight of the produf&6]
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Figure 1.6: Formation process and SEM image of a polyamide selective layer by
interfacial polymerizatiofi7]

Interfacial polymerization was pioneered by John Cadotte in the late 1970s to
fabricatethin-film composite (TFCmembrane$57] Commercially known as the FT
30 membrane, it was fabricated as a thin selective polyaramid layer by in situ interfacial
polymerization using aphenylene diamine (MPD) in the aqueous phase and trimesoyl
chloride (TMC) in the organic phase, on the surfacpooous polymeric supporté
schematic representation of formation of ultnen polyamide membrane using
interfacial polymerization on porous suppaltsng with the polyamide chemistry and
SEM image of the selective layareshown in Figure 1.6The polymer substrate is
first soaked in the aqueous phase solution containing MPD. The surface of the soaked

substrate is then cleared off excess aqueous phase droplets using a rubber roller. The
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substrate is then soaked in the organic phase solution for the polymerization reaction
to take place at the surface of the substrate. The composite membrane is then cured at
high temperature and dri¢d] Compared to the commercial cellulose acetate
asymmetric membranes made by ssmivent induced phase separation (NIRS)
pioneered by Loeb and Sourirajan in the 1960s, the TFC membrane made by interfacial
polymerization showed exceptional water flux and Negjection for seawater and
brackish water desalination, hence becoming the gold standard for RO membrane
application[58] In the past decade, these TFC membranes have been implemented
across 15,000 desalination plants, accounting for about 90% of the global desalination

membrane markgt]

1.5 Polyaramid membranes for gas separations

While polyaramids are broadly used for desalination membranes and are among
the most commercially successful membrane materials, they are conventionally seen
as unfit for gas separation applications as they are known to exhibit low gas
permeabilities undeambient conditions with dry gas feeds owing to their strong
hydrogen bonds and consequently low fractional free volume (FF¥)Ali et al.
recently developed polyaramderived thinfilm composite membranesnd studied
the effect of process parameters suclpa@gmerization reaction time, organic phase
monomer concentration and reaction temperdijréhe FT-30 membrane developed
by Cadotte demonstrated Knudsen diffusion gas transport implying presence of surface
defects, hence unsuitable for gas separation. However, the work by Ali et al. showed
that systematically tuning the reaction time pluggedstivéace defects by additional

polymer formation, hence providing defdéote, ultrathin membranes with attractive
18



Ho/CO, separation performance. The ulthan defectfree TFC membranes
demonstradhighly attractive H/CO, mixed-gas selectivity of ~50 with Hpermeance

of 350 GPU at 140°C. The H/CO, separation performance surpassed the
permeance/selectivity upper bound by a significant margin.

Ekiner and Vassilatos developed monolithic asymmetric polyaramid hollow
fiber membranes for #CH4 separatioj60, 61] They used the DuPont family of
polyaramids with H permeability ranging from 4000 to 400 centiBarrers aptCH4
selectivity ranging from 75 to 600. The polyaramided for hollow fiber fabrication
were copolymers synthesized by solution polymerization, using 50:50 mole ratio of
diaminomesitylene (DAM) and MPD with a 70:30 mole ratio of IPC and TPC and 1:1
weight blend of copolymers of MRIPC/TPC and DAMIPC/TPC with the same mole
ratio of IPC andTPC. Hollow fiber membranes were spun from a polymer dope
containing 27wt% polymer and 30wt% (based on the polymer) of biKQN,N-
Dimethylacetamide. The effect of spinning parameters such as fibeupalae and
air-gap height on the gas separation performance and mechanical properties of the
hollow fiber membranes were systematically studitais is the only commercial
application of polyaramid membranes for gas separatmmmercialized by Air
Liquide as the MEDAI™ membranes fohigh-temperature hydrogen/hydrocarbon

separation.

1.5 Research objectives

Polyaramids are an overlooked class of polymer precursors for CMS membrane
formation. Jones and Koros reported the formation of polyaraseidved CMS

membranes in 1994%2] However, no details in CMS membrane structure or separation
19



performance were reported. Zhang anavaokers coated the outer surface of defective
polyimide precursor hollow fibers by in situ interfacial polymerization of crosslinked
polyaramid. Pyrolysis of the polyaramomated polyimide hollow fiber gave CMS
hollow fiber membranes with outstanding separation performance fetCEi@and
COo/N2 separatior}46, 63] This work indicated that it was possible to fabricate CMS
membranes using polyaramids. More recently, White et al. studied polyadenmigd
CMS for organic solvent separatif@] in which CMS powders were used for
equilibrium and kinetic sorption measurements without formation of membranes. To
the best of our knowledge, there are no reports investigating polyadannegd CMS
membranes for separation applications prior to thi3 ikiestigationWe hypothesize
that the strong intechain hydrogen bonding in polyaramids can provide CMS
membranes with highly refined ultramicropores and outstanding diffusion selectivity
required for efficient HCO; differentiation. Another advantagé polyaramidderived
CMS membrane is the possibility to fabricate uttien CMS membranes with
simultaneous high permeance and high selectivity by pyrolysis of-thitra
interfacially polymerized polyaramid precursor membranes.

The overarching goal of this PhD dissertation is to understand the formation and
pore structurdransport property relationshipsmvelcarbon molecular sieve (CMS)
membranes derived from interfacially polymerized polyaramids €& separation.

The specific research objectives of this PhD dissertation are outlined below.
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1. Investigate the formation and gas transport properties of CMS membranes
derived from polyaramid

Because formation of polyaramderived CMS membranes have not been
reported, we first investigated the polyaramid precursor chemistry suitable for CMS
membrane formation and the methods to fabricate CMS membranes using polyaramid
precursors. We identifyonditions to synthesize a high molecular weight polyaramid
by stirred interfacial polymerization. We fabricate polyaramid dense films by solution
casting and characterized the polymer properties and suitability for CMS membrane
formation. We also fabricatesymmetric polyaramid hollow fiber membranes by-dry
jet/wetquench spinning, which were used to provide polyaraterived CMS hollow
fiber membranes suitable for gas permeation studies. We then systematically examined
the effect of pyrolysis temperatusa the pore structure and gas separation performance
of polyaramidderived CMS membranes.
2. Investigate the H/CO2 separation performance of polyaramidderived CMS

membranes under realistic syngas operating conditions.

Following the study on thiatrinsic H/CO; transport properties in Objective 1,
we focus on an i nves v/COsepaiatmmpertofmariccuaderme mb r a |
realistic syngas operating conditions using miged feeds. The effect of operating
temperature and feed pressure on thpdimeability and HCO, separation factor are
systematically studied. Additionally, the lotgrm stability of the polyaramiderived

CMS membrane under realistic syngas separation conditions is evaluated.
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3. Elucidate the role of precursor amide moiety on pore structurdgransport
property relationship of CMS membranes.

Because no polyaramiderived CMS membranes have been studied prior to
this PhD work, this objective elucidates the role of precursor amide moiety on the pore
structure and gas transport propertiesCMS membranes. We fabricated CMS
membranes using a polyimide precursor and a polyaimake precursor at identical
pyrolysis conditions with the polyaramderived CMS membrane made in Objective
1. The pore structure and gas transport properties of @eI8branes derived from
polyaramid, polyimide, and polyadgimide were compared to establish correlations
between precursor amide moiety and itleain hydrogen bonding, CMS membrane

pore structure, and CMS membrane separation performance.

1.6 Dissertation organization

Following the introduction chapter, this dissertation includes six additional
chapters. Chapter 2 highlights the necessary background and theory to assist
understanding of the presented research in this dissertation as weibvide a
literature review for CMS membranes. Chapter 3 gives a detailed description of the
materials, experimental methods, equipment, and characterization techniques used in
the presented research. Chapteésate the main body chapters highlighting thsults
and discussions pertaining to the three research objectives stated in the previous
section.Chapter 4 discusses the investigation of membrane formation and separation
performance in polyaramiderived CMS membranes. Chapter 5 reports the
investication of H/CO, separation performance of polyaranderived CMS

membranes under realistic syngas operating conditions. Chapter 6 focuses on
22



developing an understanding of the structinamsport property relationship based on
the effect of precursor amide moieties on the CMS membranes separation performance.
Chapter 7 provides a summary of the key findings in this research, along with

concluding remarks and future recommendations to continue pursuing this research.
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Chapter 2: Background and

2.1 Overview

This chapter covers the necessary background and theory behind the research
presented in this dissertation. Section 2.2 highlights the theory of molecular transport
through membranes including permeation, sorption, and diffusion. Section 2.3 covers
the stuctural characteristics of carbon molecular sieve (CMS) membréeetson 2.4
explains the formation of CMS membranes and the factors affecting the molecular
transport and separation in CMS membrafasally, section 2.5 describes the theory
of asymmetic hollow fiber membrane fabrication and discusses the key parameters

affecting the fabrication process.

2.2 Gas transport in membranes

Membranes essentially act as selective barriers to gas transport. From a feed
mixture of gases, a membrane selectively allows certain gaseous components to
penetrate through into the permeate stream, while rejecting the other gaseous
components remaining ithe retentate stream. Gas transport through membranes have
been found to follow several transport mechanisms: (1) Knudsen diffusion; (2)
Selective surface adsorption and surface diffusion; (3) Molecular sieving; (4) serption
diffusion][65, 66] A schematic illustration of each of these transport mechanisms is

shown in Figure 2.1.
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(A) (B) © (D)
Knudsen diffusion Selective surface Molecular sieving Sorption-diffusion
transport adsorption with transport transport

surface diffusion

Figure 2.1: Mechanisms for selective gas transport through membf@&gs.

Knudsen diffusion of gases is known to occur when the pores in the membrane
are of sizes smaller than the mean free path gbéhnmeating gas moleculf&?] The
selection between gaseous penetrants is dependent on the molecular weight of the gases

aS
) ¢ : 2 1
| l“] ( " )

where,Uss represents the Knudsen diffusion selectivity of gas A over gas Byland
(g/mol) and Mg (g/mol) represent the molecular weights of gas A and gas B,
respectively. Selective adsorptitnansport is based on one of the gaseous penetrants
preferentially adsorbing on the surface of the membrane and diffusing through the
membrane by hopping from one sorption site to another, while the other gaseous
penetrants are reject@@b] Transport by molecular sieving takes place when gaseous
penetrants are preferentially sieved by the porous structure of the membrane based on
size and shapgé5, 66]Gases with the right shape and smaller size can travel through

the porous structure of the membrane much faster than the other gases. In-sorption
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diffusion mechanism, gas transport through the membrane is governed by both the
molecular size (diffusivity) and condensability (solubility) of the penetrants. Sorption
diffusion transport is the commonly followed mechanism by polymeric and molecular

sievemembranes.

2.2.1 Permeation

Gas transport in dense polymeric and CMS membranes follows serption
diffusion transport mechanisnfrigure 2.2 illustrates the assumptions made for gas
transport through a membrane by sorpiiffusion mechanismAccording to the
sorptionrdiffusion mechanism, gas molecules sorb on the-pigissure upstream side
of the membrane, diffuse through the membrane across a chemical potential gradient
and then desorb on the lggvessure downstream side of the membf{é6e68]e1 and
€2 represent thechemical potentialof permeating species on the upstream and
downstream side of the membrane, respectiy@lgndp. represents the pressure on
the upstream and downstream side of the membrane, respedtigellye membrane
thickness and\a is the flux of permeationSorptiondiffusion membrane transport
mechanism assumes the pressurapplied on the higipressure upstream side to be
constant throughout the membram&ditionally, the fluid on either side of the
membrane is assumed to be in equilibrium with thengasibrane interface on either
side of the membrane. The chemical potential gradient across the membrane is

expressed as a concentration gradient whicheisitiving force for gas permeation.
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Membrane

M P

Upstream Downstream

M

Figure 2.2: Schematic representation of the assumptions dsrgermeation through
dense membranes following sorptidiffusion mechanismReproduced froni69].

Gas permeability is used to characterize the productivity of the membrane
which selectivity is used to characterize the separation efficiency of the merft8ane.
68] Permeability of gas A is defined as the steathte flux of gas A Na,
cm?(STP)/cnt.s) normalized by the membrane thicknelsscr) and trangmembrane

partial pressure driving forceg(p, cmHg.

: O ta
1 (2.2
The unit of permeability is ABarrero
e e . GBOYTY@a
po Wi 1 Pitt S da 4 00 (2.3

When the membrane thickness cannot be unambiguously determined,

permeance is used to characterize the productivity of the membrane, which is defined

27

de



as the steadgtate permeation flux normalized by the tramsmbrane partial pressure

driving force.

0 0
5 1 (2.4
The unit of permeance i s fiGas Per meance
Q@ "Y'YD

POV YT g a 00 29
Selectivity of a membrane is defined as the ratio of ggEsneabilities or

permeances.

(2.6)

N
c-zl C
ol C-| Qi C-

In the case of sorptiediffusion membranes, gas permeability can also be
defined as the product of diffusivityDg, cn¥/s) and sorption coefficient S,

cm3(STP)/cni.cmHg. Selectivity can thus be defined as the product of diffusion

selectivity ODa/Dg) and sorption selectivitySy/Ss).
0 Oty 2.7

(2.8)

o|o
<] <

2.2.2 Sorption

Sorption coefficient$) of a penetrant is defined as gguilibrium quantity of

gas sorbed Ga, cn?(STP)/cnd) at a particular pressureps( cmHg in the

membrang68]
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Y (2.6)

n
The sorption coefficient of gases in a membrane is strongly affected by the
condensability of the gas molecule and the interaction with the sorbent. Critical
temperatureTc, K) is considered as a good measure of condensability; gases with a
higher critical temperature tend to have a higher condensability and hence strongly
sorbing in membranes.

I n polymeric membranes, the gaseous
regions of dense polymer matrix as well as Langmuir regions of molecular scale non
equilibrium microvoids or holeg0] In the dense polymer matrix, sorption follows
Henryds | aw and takes place through ord
type of sorption happens in both glassy and rubbery polymers. Langmuir sorption takes
place by holdilling in the microvoids in the polymer matrix which correspond to the

nontequilibrium excess free volume in glassy polymers. Hence, sorption in glassy

polymers follows duamode sorption mod¢68, 71]

(2.6

where,Ca (cn®(STP)/cnd) is the total sorbed concentration of gas penetrar@oA,
(cm®STP)lcri)i s t he sorbed concenCu@t@T®)cn)i n t
is the sorbed concentration in Langmuir regiéi, (cm®(STP)/cni.cmHg) is the
Henryods | @acmEqg)is the partiat pressur€na; (cm(STP)/cnd) is the
Langmuir sorption capacity (hofédling) and ba (cmHg?) is the Langmuir affinity

constant.
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However, in CMS membranes due to absence of dilation in the rigid CMS

structure, gas sorption in most of &S membranes occurs in the CMS micropores

and follow the Langmuir sorption mod@&R, 73]Figure 2.3 provides a schematic plot

of the sorption isotherms following different models.

. 0 wn
0 o] — 2.
p wn (2.7
=
£
= Henry’s mode: Cp,
2 | Dual mode: Cp,t Cyy
g ’/
;:\ k!)."i :|
[= W
P _ -
(V] -~
R _ -
g A i
2 =TT
U /,/ //// X / CH{,
AP Langmuir mode: C;,
p, (cmHg)
Figure 2.3: 1 I l ustration of Henryds sorption

contribution to the duainode sorption isothernReproduced froni69].

More recently, duamode sorption of gaseous penetrants was reported in CMS
membrane$§/4] Dualmode sorption in CMS membranes occurs due to presence of

majority microporous domains (Langmuir regions) in equilibrium with a small volume

fraction of minority continuous phase

physical nature of duahode sorption behavior in glassy polymer membranes and
30
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CMS membranes, the Henryds region of cont.i
the Langmuir microporous region is referre
AHO (hol e) i n glassy pol ymer s. The struct
explainal in greater detail in section 2.4.

Therefore, the duahode sorption model for CMS membranes can be

expressed as

6 6 6 Qn Qn_ (2.9
p wn

where,Cca (cm*(STP)/cni) is the sorbed concentration in the CMS continuous phase,
Cia (cm(STP)/cd) is the sorbed concentration in microporous Langmuir redien,
(cm*(STP)/lcri.cmHg)i s t he conti nuous padeohidgdisthesor pt i o
partial pressureGia; (cm3(STP)/cni) is the Langmuir sorption capacity abg(cmHg
Yy is the Langmuir affinity constant.

In the case of multomponent mixtures, competitive sorption occurs as
multiple components in the mixture compete to occupy the same sorption sites.
Competitive sorption prefers the penetrant having a larger Langmuir affinity constant

b. Hence, for gaseous mixtures, the dmalde sorption model for mutomponent

mixtures can be modified as

(2.9

2.2.3 Diffusion

Diffusion of gaseous penetrant molecules takes place through random jumps

from one sorption site to the next in the membrane. Diffusivibp)( of gaseous
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penetrant is a measure of its mobility through the membrane and is a function of jump
frequency(fa, s?) and average diffusion jump lengta,(cm).[71]

0O = (2.10
0 :

Diffusion of a sorbed gaseous penetrant in polymeric membranes takes place in
the repeatedly created and reorganized transientlggp®en the polymeric chains.
These transient gaps are formed due to thermal rearrangements in the polymeric chains
due to their continuous segmental motif#ts. 71] A sufficiently large dilation of the
polymeric chains enables a transient gap through which the sorbed penetrant can
execute a diffusion jump. Diffusion is an activated process; the sorbed penetrant is in
normal state while embedded in the sorption siteereas it is in an activated state
while diffusing through the transient gap between the polymeric chains. Figure 2.4
shows diffusion of gas molecules through polymeric membranes. The factors affecting
the penetrant diffusivity in polymeric membranes udg the penetrant molecular size,
packing between polymeric chains and mobility of polymeric chains, and the cohesive

energy{75]

'\“—'75.—_» __ — 2 - .—>

Normal state Activated state Normal state

Figure 2.4 Conceptual representation of gas diffusion in polymeric membranes.
Reproduced fron69].
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Gas diffusion in CMS membranes is different due to the rigid pore stryétire.

73, 76]It takes place via activated diffusion jumps from one micropore sorption site to
another through the restrictive ultramicropores. Gaseous penetrants must overcome the
repulsive energy from the restrictive and rigid ultramicropores to complete a diffusion
jump from one micropore sorption site to another. Gas molecules present in the
micropore sorption sites are in the normal state of a diffusion jump, while those going
through the ultramicropores are in the activated state. Figure 2.5 shows diffusion of gas
molecules through CMS membranes. Unlike in polymeric membranes, both penetrant
size and shape are important factors affecting activated diffusion in CMS membranes.
The rigid ultramicropores in CMS membranes can efficiently differentiate between

gaseous peetrants based on size and shape, leading to high diffusion selectivity.

<A>»

o ;lm/' %ﬂu - [ - - —@—

d,.. ultramicropore size d,; micropore size A: Diffusion jump length
Normal state Activated state through Normal state
in micropore ultramicropore in micropore

Figure 2.5 Conceptual representation of gas diffusion in CMS membranes.
Reproduced fron69].

2.2.4 Temperature dependence of permeation, sorption, and diffusion

Both permeation and diffusion are activated processes; their temperature

dependence can be described using an Arrhenius relatig8hifil, 77]
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5 0 Agp o (2.19)

Y'Y
0 © A@‘DO
Ny (2.12
Gas sorption in membranes on the other
Hoff expression.
Y oY AQE)&(
Ny (2.13

where Pao (cm*(STP).cm/cr.s.cmHg) Dao (cn?/s) andSao (cnP(STP)/cni.cmHg)are
pre-exponential factor&ra (J/mol)is the permeation activation ener@pa (J/mol)is
the diffusion activation energge Ha(J/mol)is the heat of sorptio® (J/mol.K)is the
universal gas constant aidK) is the absolute temperature.
Combining equations 2.12.13 with 2.7 shows that the permeation activation
energy is a sum of diffusion activation energy and heat of sorpé®n77, 78]
O (@) 30 (2.14
Additionally, the preexponential factors are arranged to give,
0 o iy (2.15
Since the heat of sorption is usually negative, permeation activation energy is
generally lower than diffusion activation energy, meaning that temperature dependence
of permeation is less pronounced compared to temperature dependence of diffusion.
However the decrease in sorption coefficient is generally dominated by the increase in

diffusivity, leading to an overall increase in permeability with temperature.
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2.3 Structure of carbon molecular sieve (CMS) membranes

Carbon molecular sieve (CMS) membranes are derived from polymeric
precursors via high temperature pyrolysis beyond their thermal decomposition
temperature. Pyrolysis of angarbonaceous precursor yields coke or ¢hay.
Precursors that go through a liquid phase during pyrolysis before decomposition yield
graphitizable carbon or coke. On the other hand, precursors that do not pass through a
liquid phase prior to decomposition during pyrolysis yield-goaphitizable carboor

char[79, 80]

a=
2.45¢ A

Figure 2.6: Crystal structure of graphite with ABAB stackifitf]

Figure 2.6 shows the crystal structure of hexagonal graphite, with carbon atoms
arranged in layers or lamellae parallel to each other in arABBype stacking

sequencér’9, 80]Any carbon form can be a derivative of a graphitic structure although
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with incorporation of defec®0] Coke is an anisotropic carbonaceous material with
parallel arrangement of graphitic lamellae with the capability of assumingréomng

order on heat treatme@har is an isotropic carbonaceous material with randomly bent,
twisted, and imperfectly arranged lamellae which remains in the amorphous form. The
imperfect arrangement of graphitic lamellae could be due to inclusion of bonded
heteroatoms like hydrogen,ymen, nitrogen, etc. as well as holes due to deviation from

true lattice configurations. Thesaperfections contribute to the material poro$g¥]

|

e e

(A) (B)

Figure 2.7 Schematic representation of lamellar arrangements in (A) anisotropic
carbon and (B) isotropic carbon.

Figure 2.7 shows schematic cartoons of graphitic lamellar arrangements in
anisotropic and isotropic carbonaceous matej@ls.CMS membranes made by
controlled pyrolysis of polymeric precursors, form a turbostratic ridik@nstructure
with very small extent of longange order, essentially considered isotropic cafban.

81] Polymers that yield both coke and char can be considered as CMS membrane

precursors as both have very little lerapnge order in the early stages of
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decomposition. However, polymers that form char are often considered as the practical
starting precursors due to the isotropic, amorphousgnaphitizable properties of

char. The pores in CMS membranes are formed due to imperfectly packed and highly
disordered sp-hybridized graphitdike sheets. Moleculasieving carbons, unlike other

rigid molecular sieving materials such as zeolites, possess an amorphous structure with
a wide pore size distribution. An idealized CMS pore structure can be charactsrized a
slit-like with a bimodal pore size distribution consisting of larger micropore chambers
(7-20A) connected by smaller ultramicropore windows (< 7A). The idealized CMS
pore structure is shown in Figure 2.8. This unique combination of ultramicropores and
micropores enables CMS membranes to simultaneously high permeability and

selectivity for gas separatiofi&3, 82]

.
>

ultramicropores

Pore volume (cm’/g)

/d micropores
d,,.: ultramicropore size (<7A) Pore size (A) g

d. : micropore size (7-20A)
(A) (B)

Figure 2.8: (A) Idealized CMS pore structure (B) Typical bimodal pore size
distribution in CMS membranes.
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2.4 Formation of CMS membranes

2.4.1 Structural evolution during pyrolysis

As discussed earlier, CMS membranes are formed by controlled pyrolysis of
polymeric precursors above their thermal decomposition temperature. In general, the
pyrolysis protocol C 0 n st itempetateirs to déhe finela mp 6 p
pyrolysis temperatur e, foll owed by a ther
temperature and subsequently a ficool 0 phas

to room temperaturi@3]

Aromatization and fragmentation

(Different ramp rates create different
stresses and fragmentation)

AN AN AN A Entropy drives “plate” formation

6FDA:BPDA-DAM precursor 9991909999 € "\,  duetoexcluded volume effects

ultra-micropores
slits between “strands”

(i)

# Pores

per cm?

“Plates” organize during final
micropores ramp & thermal soak
voids between “plates”
Pore Size (A)
(iv)
Aging alters
micropores &
ultramicropores

(front walls removed to emphasize Thermal soak & cooling enables
perfection of multiple micropore

cellular structure)
“cells” with ultramicropore “walls”

Figure 2.9: Envisioned structural evolution of CMS during pyroly§3]
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During the pyrolysis process, the random polymer coils undergo several
structural changes to form a rigid carbonized CMS pore structure. The evolution of the
structural changes during the pyrolysis process was envisioned by Rungta et al., in 2017
for CMS nmembranes derived from 6FDA:BPBDBAM precursor and is illustrated in
Figure 2.983] The carbonization process involves complex chemical reactions
including cleavage, dehydrogenation, condensation, isomerization, etc. with
elimination of small molecules and subsequent rearrangement of carbon atoms into
stable sixmembered rings forming disdered carbon lamelld84, 85] During the
Arampo phase, polymeric chains undergo fr ac
highly aromatic carbon stranf&3] The fragmentation of the polymeric chains takes
place during the early stages of pyrolysis involving polymer backbone scissions and
subsequent formation of free radicals. Carbonization occurs by elimination of small
volatile components such as water, naaibl, methane, carbon dioxide etc., during the
Ar amp o Thehlymothetical reaction pathways during pyrolysis have been
visualized for PIM1[86] and crosslinked polyaranj@#] precursors previously in
literature and are shown in Figurd@.As the final pyrolysis temperature is reached,
almost all the aliphatic carbon is converted to aromatic carbon in the amorphous carbon
lamellae, forming rigid aromatized carbon straf&ld. These randomly oriented
aromatized carbon strands align and organize into plates. This is an edrikaoy
phenomenon as the plates are in an overal/l
phase, the plates are imperfectly packed due to kinetic restadtindering perfect
organization. An i deali zed mi cropore dndcel

packed plates with each plate comprising imperfectly packed strands. The spacing
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between adjacent strands form the ultramicropores while the large space enclosed by
the Iimperfectly packed plates forms the mi
Acool 0 phase, adjacent micropore cells coa
and tre resulting idealized amorphous CMS pore structure with micropores separated
by ultramicropores in the micropore plate walls is forf&sj.
A Lo O. CN OO N

e - (L0

L CN J, + 2C0O, + 35H,

(B)

Crosslinked polyaramid

+ 8H,22C,5N,80

Figure 2.10: Hypothetical reaction pathways during pyrolysis of (A) P1v(B)
Crosslinked polyaramidNote that many pyrolytic reactions can be envisioned.

Sanyal et al. in 2020 demonstrated dualde sorption behavior in CMS
membranes and provided innovative insights on the CMS structural evolution during
pyrolysis to explain the duahode sorption behavi¢r4] In addition to the idealized
mi cropor e cell s forming t he mi croporous
membranes, the presence of another domain was proposed. This domain was
predominantly a continuous network of disordered aromatized orphan strands between

and around the Langmuir domai ns, call ed t hi
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domain was responsible for Hemodeywdmionsor pti o
behavior.

Physical aging phenomenon is observed in CMS membranesymkesis,
wherein the imperfectly packed plates undergo partial densification to achieve
thermodynamically more stable states. Physical aging is known to cause minor
diffusion selectivity changesvith significant reduction in sorption and diffusion
selectivity in CMS membrang87]Hay s et al . in 2020 discover
as the major contributor to physical aging in CMS membrf8&]sSlit bypass pores
are caused due to edge imperfections between neighboring ultramicroporous plates
formed during the kinetically hindered imperfect packing of the plates during the
Asoako phase. Their study al so fanegdal i ght ed
be controlled under Ctorage conditions due to continuous-skdfusion circulation
of CO2 molecules through the slit bypass pores which hinders pore tightening during

the aging phenomenon.

2.4.2 CMS membrane configuration

CMS membranes, like polymeric membranes, can be mabletinsupported
and unsupported configuratiof@] Supported CMS membranes can be fabricated
from polymeric precursor membranes cast overdtaget porous substrates or tubular
porous inorganic substrates. Unsupported CMS membranes estdrebng CMS
membranes can be made as adlaet film or hollowfiber (dense homogeneous or
asymmetric). While supported membranes are usually used fsc#db studies, the
inorganic tubular supports are quite cost intensive for industrial scale membrane

fabrication. Hollow fiber membranes are the preferred cordigum due to their high
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membrane surface argavolume ratio. Frestanding dense films are considered the
most suitable for material characterization studies. Hollow fiber membranes were of

particular focus in this research due to their excellent scalability and industriatyiab

2.4.3 Polymer precursor

The chemistry of the polymer precursor is known to govern the gas transport
properties of the CMS membranes. Several classes of polymers have been studied as
CMS membrane precursors including polyimid@s 45, 49, 93],
polybenzimidazold40, 52] polymers of intrinsic microporosify0, 94, 95]
polyvinylidene fluoride/chlorid@®6, 97] cellulosebased polymef41, 98] etc. High
glass transition temperature, high carbon residual weight, ease of processability, strong
mechanical properties and attractive separation performance are among the desired
characteristics for a polymer to qualify as a CMS membrane precursor.

Studying the correlation between polymer precursor chemistry and CMS
membrane pore structure and transport properties has been an attractive area for
membrane researchers. Several studies highlight this relationship by pyrolyzing
different polymeric precwors under identical pyrolysis conditions and performing a
comparison study of the pore structure and separation performance of the different
CMS membraneBl7, 73, 99]Glass transition temperature, Fractional free volume
(FFV), polymer backbone structure, symmetry, and mobility, can all affect the gas
separation properties of the CMS membranes. Higher FFV polymer precursors with
bulkier side groups produce CMS membrameth higher permeability and lower
selectivity for a series of gas pairs. High polymer backbone rigidity and aromaticity in

the polymeric precursor is known to provide more mechanically robust CMS
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membrane$47] Polymer precursors with higher glass transition temperature have been
reported to have greater resistance to substrate densification during asymmetric CMS
hollow fiber membrane fabrication, resulting in higher permed66¢.

Hence, choosing an adequate polymer precursor as a starting material is critical
to successfully fabricate CMS membranes for specific gas separation applications. In
this research, the role of precursor chemistry and interchain interactions in achieving

attractive B/CO, separation properties is specifically highlighted in Chapter 6.

2.4.4 Pyrolysis conditions

Polymer precursors are heated under controlled pyrolysis conditions beyond
their thermal decomposition temperature to produce CMS membranes. The pyrolysis
heating protocol and conditions are of vital importance in achieving the desired
separation performae in the CMS membranes. The controlled parameters include:
(1) Pyrolysis temperature; (2) Thermal ramp rate; (3) Thermal soak time; (4) Pyrolysis
atmosphere.

Gas separation performance of CMS membranes is strongly affected by the
final pyrolysis temperature. An increase in pyrolysis temperature leads to compaction
of the CMS pore structure, giving refined ultramicropores which predominantly
improves size seleoin thereby increasing diffusion selectivity. Therefore, with an
increase in pyrolysis temperature, lower gas permeability and higher selectivity is
expected44, 48, 100102] Zhang et al in 2017 reported a synergistic increase in
diffusion and sorption selectivity in CMS membranes produced at higher pyrolysis
temperaturepd3] Refined ultramicropores at higher pyrolysis temperatures increased

the diffusion selectivity in several gas pairs, while improving the exclusion of larger
43



penetrants from the CMS micropores, leading to a synergistically increased sorption
selectivity. The optimum pyrolysis temperature depends on the polymer precursor and
the target separation application. In general, gas pairs with similar sized molecules
demand higher pyrolysis temperatures while gas pairs with largely different molecular

sizes prefer lower pyrolysis temperatures. Figurel2shows a schematic

representation of the effect of pyrolysis temperature on the CMS pore structure.

T, T,

Figure 2.11: Schematic depiction of effect of pyrolysis temperature on CMS pore
structure.

Thermal ramp rate can influence the total pyrolysis time and the rate of
evolution ofvolatile molecules during the carbonization process. A smaller ramp rate
implies a slower evolution of volatiles and longer pyrolysis time which allows for a
greater extent of pore sintering, leading to smaller average pore size and lower
permeabilityf78, 103] Thermal soak time also affects the CMS pore structure by
causing a pore sintering effect. Longer soak time favors pore sintering leading to
narrower average pore size, which decreases permeb#jty04]

Pyrolysis atmosphere is controlled by maintaining an inert gas purged
environment or vacuum inside the pyrolysis chamber. Vacuum or inert gas purging

enables prevention of undesired loss of polymeric precursor by oxidation. Previous
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reports have indicated that vacuum pyrolysis gives more selective and less permeable
CMS membrang82, 105] however, vacuum pyrolysis lacks reproducibility in the
CMS membrane fabrication process. Hence, inert gas purging is preferred for practical
application. Previous studies have investigated the effect of inert gas flow rate on CMS
gas separation properierevealing an increase in permeability with a negligible
change in selectivity using higher flow raf&®5] A higher purge gas flow rate
enhances convective mass transport of volatilproglucts during pyrolysis resulting

in a more open CMS pore structure with higher permealpll@$] Oxygen doping is

also studied to tune the molecular sieving properties of CMS memlj#ahd€6109]
Carbonization at elevated temperatures causes trace amount of oxygen in the purge gas
to selectively chemisorb on the edges of the carbon lamellae which form the
ultramicropores. Oxygen doping has reportedly been used to improve selectivity and
largely mantain permeability, hence fine tuning the molecular sieving sites of the CMS
ultramicropores. Figure 21provides a schematic representation of the effect of

oxygen doping on the CMS pore structure.

oxygen | ] -
— doping b ® | J
a _— 3 o
| a>b o L

Figure 2.12: Schematic depiction of effect of oxygen doping on CMS pore structure.

In this research, the influence of pyrolysis temperature will be discussed in

Chapter 4.
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2.5 Formation of asymmetric polymer hollow fiber membranes

Hollow fiber membrane geometry is used as the final membrane format in this
research owing to its high membrane surface-tre@lume ratiowhich enables
smaller membrane footprintThe formation of polymer precursor hollow fiber
membranes was the first step, pyrolysis of which produces CMS hollow fiber

membranes in the final step.

= —

:@ Spinneret Fiber collection
‘* Air gap $@6&| :
Polymer &
dope &
Syringe pumps % é
/ .
Water bath é g

Figure 2.13: Schematic diagram of the custédouilt hollow fiber spinning system.

Table 2.1:Key parameters in drjet/wetquench spinning procef9]

Dope composition Air gap Quench bath temperature
Bore fluid composition Takeup rate Quench bath composition
Dope/bore fluid flow rate Spinning temperature Humidity

Polymer solutions used to fabricate hollow fiber membranes are referred to as

Afdopeso. A dope typical |l y-sotvents,sandsaddgivesof pol vy
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Asymmetric polymer hollow fiber membranes constitute a dense skin layer over a
porous substructure, which are produced through ajetiiyetquench spinning
procesg69] The schematic of the dijgt/wetquench spinning apparatus is shown in

Figure 2.B. Theimportantspinning parameters are listed in Table 2.1. The spinning
process involvesoextrusion of the spinning dope and bore fluid through a spinneret in

an air gap (dryet) which is then immersed into a water quench bath-Quench). The

Ad4 gt o forms the dens equesdhipndutes theporoushi | e

substructurg¢69]

Substructure formation
during quench bath

Skin layer formation
during air gap

Dope composition

-~~>

& Binodal line

H,0
Solvent Non-Solvent

Figure 2.14: Ternary phase diagram indicating formation of asymmetric hollow fiber
membrane during drjet/wetquench spinning procef’9]
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The qualitative trajectories of dope composition during the spinning process are
shown in Figure 24. A good dopecomposition is one which lies close to the binodal
curve but in the singlphase regiorfior rapid phase separatiohhe concentration of
the polymers, solvents, naolvents, and additives are optimized to achieve this
optimum dope compositiod.10-112] In the air gap, the drjet undergoes evaporation
of volatile components and its composition is driven to the vitrified region leading to
formation of a dense layer on the outer surface of the fiber. In the quench bath; the wet
guench exchanges solventhvihe excess nesolvent in the bath and phase separation
is induced Precipitation of the polymer solution in the quench bath causes the fiber to
gain mechanical strength and the porous substructure of the fiber is formed during the
phase separation stefhe hollow fiber configuration is formed due to coextrusion of
the dope with a bore fluid. The bore fluid is a neutral fluid which occupies the space
that forms the hollow lumen of the fiber. This bore fluid can be further removed during

solvent exchargand drying stedé9]
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Chapter 3: Materials and Expe

3.1 Overview

This chapter describes the various materials and experimental procedures used
in this research. Section 3.2 provides details owliffierent materialsised to carry out
the experimentation, categorized as polymers, gases, and other chemicals. Information
regarding the commercial polymers used in this work is also given in this section.
Section 3.33.8 explains the detailed experimental procedures inajugiolymer

synthesis, membrane fabrication and membrane characterization.

3.2 Materials

Materials used in this research can be broadly classified into three catégories

polymers, gases, and other chemicals.

3.2.1 Polymers

In this research, polyaramid (PA) was chosen as the polymer of focus to be used
as a precursor to develop carbon molecular sieve membrane for gas separation. The
polyaramid used was an-imouse polymer MPETPC/IPC (MTI), synthesized using
the procedure desbed in section 3.3. Two more polymers have been used in this
research, which are commercially available polymers under the tradenames Matrimid
- a polyimide (PI), and Torldh- a polyamideimide (PAI). Matrimid® 5218polyimide
was provided by HuntsmanCorporation (Salt Lake City, UT)Torlon® 4000T-LV
polyamideimide was providedby Solvay Materials (Alpharetta, GAT.he polymer

structures are indicated in Figure 3.1.
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Figure 3.1: Chemical structures of polymers used in this research.

3.2.2 Gases

H> and CQ (UHP Grade, Airgas) were used for singl@s permeation and
sorption experiments to evaluate the intrinsi¢G, separation performance of the
polymer precursor and CMS membranes. In addition, a binary mixture of 50 mpl % H
and 50 mol% Co (certified mixture, Airgas) was used for mixgds permeation
experiments and a binary mixture of 10 mol%ad 90 mol% C@(certified mixture,
Airgas) was used for high temperature migas permeation experiments in the CMS
membranes. Other gases used for polymecynsor membrane and CMS membrane
characterization include He (UHP Grade, Airgas) (HP Grade, Airgas), and GH

(UHP Grade, Airgas). Ar (UHP Grade, Airgas) was used for inert gas purging during

pyrolysis.
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3.2.3 Other chemicals

1,3phenyl enedi amine ( MPD, 99%), sodium ca
tetrahydrofuran ( THRFvjth 2809 ©m O0BAT asairhibityyd r o u s
chl oroform ( 099 %, anhydrous), di ehl or ome
dichloroethane e€68an8t, (O8bBpégeaphy d®OO6uUIW
i sopropyl a |, and Tanwthyk2{pydreliflones (BYIP, anhydrous, 99.5%)
were obtained from Sigma Aldrich (St. Lou
isomers) N-met hyl pyrroli dopand NME{ h aQQoder® 09 9 . 8
obtained from VWR (Radnor, PA).s opht hal oyl <chloride (I PC,
chloride (TPC,™ G99 .d0i%et hybopsaul foxide (DN
di met hy!l f or mami dandN,NdiretByjacetardide .(CBVIAXN9.8%,
anhydrous)were purchased from Fisher Scientific (Pittsburgh, PA). All chemicals

were used witbut furtherpurification.

3.3 Polymer synthesis

The MTI polyaramid was an ihouse polymer used in this research as a CMS
membrane precursor. The polyaramid powder is synthesized by stirred interfacial
polymerization56, 113]MPD dissolved in the aqueous phase reacts with a mixture of
IPC and TPC dissolved in the organic phase at the interface of the two immiscible
phases being continuously replenished by vigorous stirring. For the synthesis, a
agueous phase solution of 4.326 g (0.04 mol) MPD and 8.48 g (0.08 mol) sodium
carbonate (acid acceptor) dissolved in 120 miioézed (DI) water was prepared in a

glass jarWhile the aqueous phase solution in the glass jar was stirred at high speed
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(2000 rpm) using an overhead mechanical stirring setarganic phase solution of

5.68 g (28 mmol) IPC and 2.44 g (12 mmol) TPC dissolved in 150 mL THF was rapidly
poured into the aqueous phase and the stirring was continued for 5 minutes. The
polyaramid was obtained as a white precipitate suspended in the reaction mixture. After
the stirring was stopped, the reaction mixture was quenched in a methanol/water (50/50
wt%) bath (3 L). The polymer was recovered by vacuum filtration followed by washing
in copous amount of methanol for 72 hours. After being dried in a fume hood for 12
hours, the polymer was further dried under vacuum at 110 °C for 12 kaguse 3.2
showsa schematic of the polymer synthesis process alongpieitires of the synthesis

setup and the synthesized polyaramid powder.
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Figure 3.2: (A) Schematic of polymer synthesis proceB$iotos of B) Polymer
synthesis setup using stirred interfacial polymerization &)dF{nal dried MPD
TPC/IPC (MTI) polyaramid powder.

3.4 Formation of polymer precursor membrane

Fabrication of CMS membranes is done in two steps: (1) formation of polymer
precursor membranes; (2) pyrolysis of polymer precursor membranes made in step 1.
This section describes the procedure for step 1, i.e., fabrication of polymer precursor
membraneswhile section 3.2 describes the procedure for step 2, i.e., pyrolysis of

polymer precursor membranes. In this research, polymer precursor membranes have
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been fabricated in the dense film configuration and the hollow fiber configuration. The

fabrication procedure for both the configurations is discussed here in detail.

3.4.1 Polymer precursor dense film membrane formation

Dense film membranes are the preferred configuration to study intrinsic
properties of novel membrane materials. In this research, polymer precursor dense film
membranes were fabricated using a solutiasting technique (Figure 3.[3)14]

Dense films were cast using the three polymers mentioned in section 3.2.1.

Pour dope Draw Evaporation

Figure 3.3:Schematic of the generalized dense film casting process by setasting
techniqueReproduced fromil15].

All the polymer powders were vacuum dried at 110°C for 12 hours before
preparing dense film casting solutions. Since Matffhgidlyimide could be dissolved
in low-boiling organic solvents such as THF, a polymer casting solution was prepared
by dissolving 20 wt% of the polyimide in THF. A clean glass plate treated with
Siliclad® (Geleste Inc.) was used as a substrate for the film casting. Siltcbadment
increased the hydrophobicity of the glass casting surface to ease the removal of the
vitrified nascen film. The entire casting apparatus was placed inside a polyethylene
glove bag (Glassol LLC, Terre Haute, IN) which was purged with &t least three

times and saturated with THF vapor for at least three hours before the film casting. The
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THF saturated environment inside the glove bag helped in reducing the solvent
evaporation rate enabling formation of smoother films. The homogeneous polymer
solution was then spread on the clean Silitkagated glass plate using a stainistes|
casting knife with ~ 28 mil clearance. The nascent polymer film was then left for
vitrification for 12 hours before removing from the glove bag. The polymer film was
then peeled off from the glass plate and atet under vacuum at 110°C to remove
the residual deent. This film was fabricated by Lu Liu for her Ph.D. research and
kindly obtained from her for the experimental work pertaining to this resggt6h.

A modified casting procedurEl4] was used for MTI polyaramid and Torfdn
polyamideimide as they could not be dissolved in tbwiling organic solventtike
THF. Since these polymers were soluble in Higlling polar aprotic organic solvents
such as DMAc and NMHMopr the MTI polyaramid, a polymer casting solution was
prepared by dissolving 16 wt% of the polyaramid in DMAc while for Tdtlon
polyamideimide, a polymer casting solution was prepared by dissolving 24 wt% of the
polyamideimide in DMAc. The polymer solution was spread on a clean borosilicate
glass plate using the stainlesteel casting knife with ~ 28 mil clearance. An untreated
borosilicate glass plate was used for this casting procedure due to a posgibtérie
effect previously observed for rehadly more hydrophilic polymers leading to
challenges with uniformly spreading the polymer solution on the hydrophobic Siliclad
treated glass plate. The nascent polymer film on the glass plate was heated in an oven
with natural convection for 12 hours for solvent evaporation. The vitrified polymer film
was peeled off from the glass plate and soaked in a methanol bath for 1atlroors

temperature to remove any residual solvent. The film was then fastened flat on a clean
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aluminum plate, dried in the fume hood for 12 hours followed by the vacuum oven at
210°C for 24 hours. The Torl8npolyamideimide dense film membrane was

fabricated by Chingz=n Ku and provided for the purpose of this research.

3.4.2 Polymer precursor hollow fiber membrane formation

In this research, polymer precursor hollow fiber membranes were made from
MTI polyaramid, Torloff polyamideimide, and Matrimiff polyimide by dryjet/wet
guench spinning in a custebuilt hollow fiber spinning systerf@6] All polymer
powders were vacuum dried at 110°C for 12 hours prior to dope preparation. The dope
was prepared in a Qorpaklass jar and homogenized fod2veeks on a dope roller.
The homogeneous dope was then loaded into a 1000 mL syringe pump (ISCO Inc.,
Lincoln, NE) and degassed overnight. The bore fluid was loaded into another 500 mL
syringe pump. The dope and bore flwdre ceextruded through a spinneret with in
line filters between the syringe pump and spinneret. Thermocouples were used for
temper&ure control in the spinneret, dope lines and syringe pumps. Farticaled
dope and bore fluid enter a water quench bath through an air gap to induce phase
separation. The phaseparated polymer fiber line is continuously collected on a
rotating takeup drum. The fibers were collected and rinsed irfiadezed water baths
for three days, in which the denized water was replaced every 24 hours. The fibers
were then solvent exchanged in three separate methanol baths for 20 minutes each
followed by three sparate hexane baths for 20 minutes each. The solvent exchanged
fibers were then dried in the fume hood for 12 hours and vacuum dried at 75°C for 12

hours.
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Matrimid® polyimide hollow fibers were prepared by Lu Liu and kindly
provided for the purpose of this reseajth6] Torlon® polyamideimide hollow fibers

were prepared by Chirgn Ku and kindly provided for the purpose of this research.

3.5 Formation of CMS membrane

This section describes step 2 of the procedure to fabricate CMS membranes,

i.e., pyrolysis of the polymer precursor membranes.

3.5.1 Pyrolysis setup

The pyrolysis was conducted in a temperature controlled -#Huee tube
furnace (MTI Corporation, Richmond, CA). Three separate temperature controllers
connected individually to their corresponding thermocouples provided a uniform
temperature distributionside the pyrolysis chamber, i.e., the quartz tube (MTI
Corporation, Richmond, CA). The ends of the quartz tube were sealed using silicone
O-rings (MTI Corporation, Richmond, CA) between an assembly of staistesb
flanges (MTI Corporation, Richmond AJ. The furnace was operated under inert gas
purging, equipped with a mass flow controller (MTI Corporation, Richmond, CA) for
controlling the flow rate of purge gas, and an oxygen analyzer (Rapidox 2100Z,
Cambridge Sensotec, Saint Ives, UK) to monitordkggen level in the quartz tube
throughout the pyrolysis proce&f, 115]A schematic of the pyrolysis setup is shown

in Figure 3.5.
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Figure 3.5 Schematic diagram of the pyrolysis setReproduced froniL15].

3.5.2 Pyrolysis protocol

The protocol for the dense film pyrolysis and hollow fiber pyrolysis were the same,
except for the loading step. The dense films were loaded into the quartz tube on a
channeled quartz plate (United Silica Products, Franklin, NJ) while the hollow fibers
were loaded on a stainlesgeel plate with a wire mesh (McMaster Carr, Robbinsville,
NJ) to hold the fibers in place. The quartz tube was under continuous argon purging at
200 cni/min. The heating protocol was started after the oxygen concentration in the
qguartz tube was < 5ppm. The widely reported
used for the pyrolysigL15] The protocol is as follows:

1) Room temperature to 250 °C, 13.3 °C/min

2) 250 °Cto F- 15, 3.85 °C/min (¥ Final pyrolysis temperature)

3) Tf-15t0 F, 0.25° C/min

4) Dwelling at Tr for 120 minutes
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5) Natural cooling down to room temperature

3.6 Gas permeation

Gas permeatiomeasurements were performed using polymer precursor dense
film membranes, polymer precursor hollow fiber membranes and CMS hollow fiber
membranes. CMS dense film membranes could not be used for permeation
measurements because of the challenges associdteduing and crinkling of the
films during pyrolysis. Therefore, for the purpose of evaluating intrinsic gas transport
properties in the CMS membranes, dewsdd CMS hollow fiber membranes with
unambiguously determined wall thickness were used instie@W¥S dense film$43]

For polymer precursor dense film permeation, the film had to be mounted on a
permeation cell115] The film was first masked by sandwiching between impermeable
aluminum tapes, with a known area of the film exposed. The masked film was mounted
on the permeation cell over layers of stainigtes| porous filters and/hatmaf filter
papers providing support to the masked filrhe interface between the tape and the
film was then sealed by applying Durdfcd525 (Cotronics Corporation) epoxy. A

typical permeation cell assembly is shown in Figure 3.6.
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Figure 3.6: Schematic of dense film masking on permeation &aproduced from
[115].

For hollow fiber membrane permeation, the fibers were assembled into hollow
fiber membrane modules as shown in Figure[@].The hollow fiber membrane
modules were constructed using Swag@lakbing and fittings. Epoxy sealing was
required to isolate the shell side from the bore sideE 38totchWeldE DP-100 5
minute epoxy was used for permeation measurements under ambient conditions, while

Duralcd® 4525 epoxy was used for high temperature permeation measur§h@@jts.
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Figure 3.7: Schematic ohollow fiber membrane modul®eproduced fron69].

3.6.1 Singlegas permeation

Singlegas permeation was performed by connecting the permeation cell or the
hollow fiber membrane module in a constant volenagable pressure permeation
system69] He, H, CO,;, N2 and CH were used as test gases for the shygie
permeation measurements. All tests were performed at 35°C. 1 bar feed was used for
dense film membrane permeation while 10 bar feed was used for hollow fiber
membrane permeation. Figure 3.8 shows a schematesexation of the custcebuilt

constant volumeariable pressure permeation system in our lab.

Vent Feed GC
|
% I‘l—'lj s
1 2
7 9 1. Ventvalve 1
£3 Vacuum 2. Feed valve
i 10 3. Upstream pressure transducer
11 5 ~ Vent 4.  Downstream pressure transducer
5. Isolation valve
6. Upstream valve
@ 7. Downstream valve
8. GC valve
14 12 9. Vacuum pump valve
_ 10. Vent valve 2
11. Upstream volume
12. (a) Permeation cell or (b) Hollow fiber module
] 13 13. Fan
NI/ 14. Heating element with temperature control
——
1IN
Permeate

Figure 3.8: Schematic diagram of constant volume permeation system used for gas
permeation measurements in (a) dense film membrane and (b) hollow fiber membrane.
Reproduced fromil15].
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Before the permeation flux measurement, the upstream and downstream side
were evacuated for a minimum of 12 hours. The outgassing rate in the downstream
volume was measured and preferably kept under 1% of the gas permeation rate. The
upstream was pressueid on the shell side with the test gas at the desired feed pressure
and the rise in downstream pressure versus time was recorded in LabVIEW (National
Instruments, Austin, TX) until the permeation reached 10 times the time lag. For
switching to a differentest gas, the process was repeated from the evacuation stage.

Gas permeabilityR, Barre)) and ideal selectivitylys) can be calculated as

follows.

X @ 1o YD bR (3.1)

0
o T (3.2

where,dp/dt (torr/s) is the slope of downstream pressure versus tirenr) is the
downstream volume| (cm) in the membrane thicknesd, (K) is the absolute
temperature in the permeation systéa(cn?) is the active membrane area, aeg
(psia)is the upstream pressui, (Barrer)andPg (Barrer)are the permeabilities of

gas A and gas B, respectively.

Diffusivity can be estimated from the permeation tiag obtained from the

permeation plot as shown in Figure,3.8ing Eq. 3.3

o) (3.3)

a
o—
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where,D (cn?/s) is the diffusivity andf (s) is the permeation tirdag[115]

@
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Time

Figure 3.9: Typical permeation plot showing timea g ( d) .

Singlegas permeation in polymer precursor hollow fiber membranes was
carried out using a constant pressure permeation system under ambient cadditions.
A schematic of the constant pressure permeation system is shown in FIgUrEh@.
feed gas was pressurized on the shell side of the hollow fiber module and the
permeation flow rate was measured using a-$idmpubble flowmeter from the bore

side.
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Figure 3.10: Schematic diagram of constant pressure permeation system.

3.6.2 Mixedgas permeation

Mixed-gas permeation was carried out in the CMS hollow fiber membranes
using the constant volumariable pressure permeation system with an equimolar
mixture of B and CQ at 2 bar and 35°C as the feed. The stage cut, i.e., the ratio of
permeate flow rate to feed flow rate was kept below 1% to avoid concentration
polarization. The composition of the permeate stream was measured using an Agilent

8890 gas chromatograph (Agile Technologies, Santa Clara, CA). Gas
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chromatography (GC) injections were taken as the downstream pressure reached 10
torr and continuously taken until a stable permeate composition was achieved. The
mixed-gas permeability K, Barre) and separation factoiS(F) was evaluated as

follows.

5 CXPUL PTT WA QO
xons Yoo XF 0O (34)
: CXPUL PpTT WWa QD
X @10 YD @ px—s((p Qo (35)
W fw
BB ——
W Tw (36)

where xa (mol/mol) andxg (mol/mol) are the mole fractions of components A and B in
the feed gas mixture, respectively, whije(mol/mol) andys (mol/mol) are the mole

fractions of components A and B in the permeate stream, respectively.

3.6.3 Hightemperature mixedas permeation

Mixed-gas permeation in CMS hollow fiber membranes were carried out at
elevated temperatures using the constant volani@ble pressure permeation system,
using a similar procedure described in section 3.6.2 with certain modifications. A feed
mixture conaining 10 mol% Hand 90 mol% C@was used for these measurements.
The active area of the membrane was heated by placing the hollow fiber membrane

module outside the permeation system in a temperature controlled-znmgidube
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furnace (MTI Corporation, Richmond, CA). A schematic for the high temperature

mixed-gas permeation experiment is shown in Figuré.3.1

Vent

Upstream side of
constant volume

Qe permeation system Retentate
) )
. Downstream side
of constant volume
ermeation system
Membrane module P i Y
F egd gas Temperature controlled To GC
cylinder furnace

Figure 3.11: Schematic diagram of high temperature permeation system.

3.7 Gas sorption

Sorption isotherms of Hand CQ were measured at 35°C using an ASAP
2020Plus physisorption analyzer (Micromeritics, Norcross, GA) at pressure up to 1 bar.
CMS films were degassed at 120 °C for 12 hours prior to sorption isotherm collection.
Thekhsor ption i sotherms wer e b&arptionisadtherns i ng He

were fitted using the duahode sorption model.

3.8 Characterization techniques

3.8.1 Inherent viscosity

The inherentviscosity (dinn, dL/g) of the polyaramid powdewas measured
using a Cannoirenske capillary viscometer (Cannon Instrument ConfjaBtate
College, PA) using a 5mg/mL solution pblyaramidin NMP. Inherent viscosity is

expressed as

66



I Is
W

(37)

wheredye is therelative viscosity defined as thatio of viscosities of the polymer
solution and the solverdndc (g/dL) is the concentration of the polymer solution used

for the measurement.

3.8.2 Thermogravimetric analysis (TGA)

The thermal decomposition temperature and carbon residual weight percentage
of the polymer precursorgere measured using a Shimadzu TGAS50 tlognawvimetric
analyzer (Shimadzu, Columbia, MD) with a heating rate of 5°Cimpito 950°Qunder
continuous N purge (50 crfmin). The sample chamber was continuously purged with

N> for at least 12 hours before starting the heating protocol.

3.8.3 Differential scanning calorimetry (DSC)

The glass transition temperatiig, °C) of the polyaramidvas measured using
a TA Instruments DSC 2500 differential scanning calorimeter (TA Instruments, New
Castle, DE) from50 to 360°C with a heatingnd coolingrate of 10 °C/min in N
atmosphereThe sample was first heated to 360°C to eliminate effects of thermal
history of the materials, followed by a cooling cycled6°C and then another heating
cycle to 360°C.Tg was taken as the migbint of the change in heat flux in the

heating/cooling cycle.

3.8.4 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTi®)the polymer precursors and

the CMS membranesvas performed using a ThermoNicolet Nexus 670RFT
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spectrometer (Thermo Fisher Scientific, Waltham, MRJlymer powders were used
for the measurement. CMS films were crushed into powder form using a pestle and
mortar and used for the measurement. The FTIR spectra were collected in the

wavenumber range of 40650 cm’.

3.8.5 Densityand Fractional free volume (FFV)

Densities of precursatense filmsand CMSdensefilms weremeasured using
an analytical balance, which was equipped with a density kit (OHAUS, Parsippany,
NJ) using isopropyl alcohol as the buoyant liquid. Density of isopropyl alcohol was
786 g/cni under ambient conditions.

FFV of a polymer is defined as

00w ——— (3.8)
w

whereV (cm®/mol) is the specific volume of the polymer (volume per repeat unit).
, 0
W 5 (3.9

hereM (g/mol)i s t he mol ecul ar w@lcg)listthe méasuteth e r e p e

density of the polymer and (cm*mol) is the occupied volume of the polymer chains.

Bondi 6s group contribution theory is commo

Vo using
W P® W (3.10

whereVy (cm®mol) indicatesthe van der Waals volume for each group in the repeat

unit and K indicates the total number of groups in the repeat unit. In this research, the
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measured density andthee st i mat ed by Pap¥)] verdsedaul 6s

evaluate the FFV.

3.8.6 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was performed using a Tescan XEIA3
FEG scanning electron microscope (Tescan, Warrendale, )1 was used to
observe the morphology of the polymer precursor and CMS hollow fiber membranes.
Polymer precursor fibers were soft in nature; hence sample preparation involved
soaking in hexane followed by shear fracturing in liquid nitrogen to preskeve t
morphology in the crossection. CMS fibers were comparatively harder and more
brittle; hence were directly shear fractured in liquid nitrogen to preserve the cross
section morphology in the SEM samples. The samples were coated with ~3nm AuPd

conductivecoating before imaging.

3.8.7 Wide angle Xay diffraction (WAXD)

Wide angle Xray diffraction (WAXD) patterndor the polymer precursor

powdersand CMSdense filmavere recorded using a Bruker D8 Advance Lynx powder

m

di ffractometer (LynxEye PSD det efiteror, seal

The Cu KJradiation had a wavelength of 1.54 A. The measurement ardjlé) (Ras

inthe range & 0 A . Braggds | aw was usspatingfimtie eval ua

samples.
Qi Qe — (3.11)
where, o (A) is the wavelength of incident radiatiod, (°) represents half of the

measurement angle, adqA) represents the averagespacing.
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3.8.8 Raman spectroscopy

Raman spectra for the CMfgnse filmsvere measured usirtg-J-Y LabRam
ARAMIS Confocal Raman Microscope equipped with a 532 nm |aBee. 10X
objective lens was used for the microscope imaging of the region of interest in the
sample. The instrument was calibrated using a Silicon calibration standard before
running the samples. The peak fitting of the Raman spectra was carried out in

OriginLab software.

3.8.9 Xray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XP®y the CMS dense filmsvas
performed using the Kratos AXIS Supra + spectrometer. Determinatieleroental
composition and peak fitting of the C1s, N1s and Ols spectral scans were done in

CasaXPS software.

3.8.10 Porosimetry

Carbon dioxide sorption (0°C) was performed by an ASAP 2020Plus
physisorption analyzer (Micromeritics, Norcross, GA). CM8nse fiims were
degassed at 120 °C for 12 hours prior to,G@rption isotherm collection. A density
functional theory (DFT) model (CQO0 °C, carbon slit pores) was used to obtain pore
size distributiorandcumulative pore volume.

Hydrogen sorption 77K) was also performed by an ASAP 2020Plus
physisorption analyzer (Micromeritics, Norcross, GA). CM8nse films were

degassed at 120 °C for 12 hours prioHtosorption isotherm collection. Aontlocal
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density functional theory (NLDFThodel HS-2D-NLDFT, carbon, H, 77K) was used

to obtain pore size distributiaandcumulative pore volume.
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Chapter 4: |l nvestigating the f
performance <dferpolyaCM®Bi dhe mbr a

The researcdescribedn this chapters publishedin: lyer, G. M.; Zhang, C., Precise
Hydrogen Sieving by Carbon Molecular Sieve Membranes Derived from Selution

Processable Aromatic Polyamid@<CS Materials Letter@023,5 (1), 243248.

4.1 Overview

This chapter discusses the formation, characterization, and gas separation
performance of polyaramiderived CMS membranes. In section 4.2, we first discuss
the synthesis and characterization of thédamse MPBTPC/IPC (MTI) polyaramid
followed by the intinsic gas permeation characteristics of the polyaramid precursor
membrane. Section 4.3 will present formation of polyaramid precursor hollow fiber
membranes and formation of polyarardierived CMS hollow fiber membranes. It
will also discuss singlgas ad mixedgas transport characteristics in the polyaramid
derived CMS membranes. This section further demonstrates the effect of final pyrolysis
temperature on the intrinsic gas permeation properties of the polyadanwveéd CMS
membranes. Section 4.4 higjnts the contribution of diffusion and sorption to gas
transport in polyaramiderived CMS membranes based on the sorgtitinsion
transport mechanism. Finally, section 4.5 explains the gas separation performance of

polyaramidderived CMS membranes agi pore structure characterizations.
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4.2 Formation of polyaramid precursor membrarsnd polyaramidierived CMS

membranes

4.2.1 Synthesis of polyaramid precursor

Polyaramids can be inexpensively and rapidly synthesized by in situ interfacial
polymerization on a substrate or stirred interfacial polymerization in solution at room
temperaturg¢56, 118] Interfacial polymerization involves a condensation reaction
between multifunctional amines dissolved in the aqueous phase and multifunctional
acid chlorides dissolved in the organic phase to form a polymer at the interface of the
immiscible phases. Vigous stirring and incorporation of additives during the
polymerization reaction are known to improve the polymer yte6d.

The chemistry of the polyaramid backbone can be tuned using an extensive
library of multifunctional amine and acid chloride mononiéd®] Notably, defect
free ultrathin aramid films made by in situ interfacial polymerization of m
phenylenediamine (MPD) and trimesoyl chloride (TMC) can provide-ftlim
composite reverse osmosis membranes with attractive water flux and salt
rejection[118, 120]Crosslinked aramids are preferred over uncrosslinked aramid due
to their superior monovalent ion rejection; however, they are not sclotamessable
into films or hollow fibers for CMS membrane formatif@4, 121]Moreover, aramid
films formed by in situ interfacial polymerization are known to be asymniE2&g,
which prevents unambiguous determination of membrane thickness and intrinsic
transport properties of the CMS membranes formed thereof. Last but not least, a very
small amount of films can be made by in situ interfag@ymerization, which makes

material characterizations challenging.
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Figure 4.1: Polymerization reaction scheme for synthesis of MTI polyaramid.

To circumvent these challenges associated with crosslinked aramids, we
synthesized an uncrosslinked aramid MPRC/IPC (MTI) by stirred interfacial
polymerization (Figure 4.1L13, 123]m-phenylene diamine (MPD) was used as the
agueous phase monomer and a mixture of terephthaloyl chloride (TPC) and
isophthaloyl chloride (IPC) was used as the organic phase monomers. Incorporating a
mixture of structural isomers TPC and IPC (3:7), as therganic phase monomers
enhanced the polyaramid backbone asymmetry by causing increased frustration in
polymer chain packif§0], thereby avoiding formation of seroiystalline polymer
and providing an amorphous polymer which can be dissolved in strong polar aprotic
solvents. Table 4.1 shows the solubility of MTI polyaramid in different organic

solvents.
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Table 4.1: Solubility of the MTIpolyaramid (2.5 wt%) in organic solvents at ambient
condition. A++0 inodi cadesatekl ynsoluble.an

Solvent Solubility
NMP ++
DMACc ++
DMSO ++
DMF +
THF
Chloroform
DCM
DCE
Methanol

Ethanol
Isopropanol
Hexane
Benzene

IsopafM G

The presence difasic additives in the reaction mixture affects the concentration
of oligomeric units during synthesis. Higher concentration of oligomeric units can
adversely affect the molecular weight of the polymer product. The hydrogen chloride
(HCI) by-product of thecondensation reaction between MPD and TPC/IPC is known
to block the amino groups in the monomer and oligomers preventing formation of a
high molecular weight polymer. To prevent this, 2 moles of sodium carbonate
(Na&COs) per mole of MPD monomer is addenlthe aqueous phase in the reaction
mixture, which acts as a hydrogen chloride acceptor and contributes to improving the
polymer yield[113] A weak base like N& Oz is preferred over a strong base such as
NaOH to avoid hydrolysis of the polymer chains. Vigorous stirring was employed to

rapidly replenish the interface which also improved the polymer {aéldHence, a
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high molecular weight solution processable polyaramid was obtained with ~ 90% yield.
Solution processability enabled formation of polyaramid dense films and hollow fibers

from solution, which were used as precursors for fabrication of CMS membranes.

4.2.2 Characterization of polyaramid precursor

The MTI polyaramid precursor was characterized by: Capillary viscometry,
Fourier transform infrared spectroscopy (FTIR), Differential scanning calorimetry
(DSC), Thermogravimetric analysis (TGA) and Waegle Xray diffraction
(WAXD).

Insolubility of the MTI aramid in THF made it challenging to quantify its

mol ecul ar wei ght by gel per meatig)oha chr omat

pol ymer can be used as a measur enwass t he
measured using capillary viscometry, with a dilute polyaramid solution (5 mg/mL in
NMP). The polyaramid showed inherent viscosity of 1.05 dL/g, which was higher than
the inherent viscosity (0.62 0.68 dL/g) reported for the commercial Matrifhid
polyimidg124], indicating high molecular weight of the synthesized MTI polyaramid.
High molecular weight of the polyaramid precursor ensures good polymer solution
viscosity and spinnability, which is important for successful fabrication of precursor
dense film and hadw fiber membranes. Moreover, the high molecular weight of the
polyaramid precursor also ensures good structural integrity of the polyadanwed
CMS membranes.

The successful formation of the polyaramid backbone was evidenced by FTIR
spectroscopy (Figure 4.2)The presence of the amideCO-NH-) linkage andthe

absence of the acid chlorideCQOCI) group confirms the formation of the palgaid
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structure and the successful completion of the polymerization reaction. Characteristic
IR peaks at 1650 ctnand 1531 cm correspond to the C=0 stretching vibration of the
amide group and the-plane NH bending and €N stretching vibrations of the amide
group, respectively. In addition, a characteristic stretching peak at 3380iscm
associated to M (and QH) vibrations suggesting NHN and NH--O=C hydrogen
bonds. Characteristic peaks at 1604'cand 1483 cm correspond to aromatic ring
breathingin the polymer chain. Moreover, the absence of acid chloride band at 1770
cm! confirms the absence e2OCI group[113] The presence of the amid€O-NH-

) linkage and the absence of the acid chlor@®(CI) group confirms the formation of

the polyaramid structure and the successful completion of the polymerization reaction.

C-N stretching
C=0 stretching

N

s

N-H stretching

N

Absorbance (a.u.)

T T T T T T T T T T T T T
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 4.2: FTIR spectrum of the MTI polyaramid precursor.

TGA was carried out under continuouspuirge at flow rate of 50 cc/min. TGA

result (Figure 4.3) shows that there was negligible weight loss from room temperature
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up to 400°C, indicating negligible residual water vapor and/or residual solvent. An
abrupt weight loss was observed above 400°C, indicating the onset of thermal
decomposition of the polyaramid backbone. Hence, the thermal decomposition
temperatureTg) was considered as the onset temperature of thermal decomposition,
which is 400°C for the polyaramid. The polyaramid had high residual carbon weight
of ~50% at 950°C, suggesting the MTI aramid was a promising precursor material for

CMS membrane formation.
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Figure 4.3: TGA weight loss profile for the MTI polyaramid under continuous N
purge.

DSC was used to measure the glass transition temperalgyeof( the
polyaramid (Figure 4.4)40f a polymer is related to the polymer chain rigidity. Higher

Tg generally indicates stronger backbone rigidity. The polyaramid precursor exhibited
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a high Tg of 275°C indicating a rigid polymer backboj®®] Absence of
endothermic/exothermic peaks in the DSC thermogram further indicated the highly

amorphous nature of the polyaramid.
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Figure 44. DSC thermogram for the MTI polyaramid indicating glass transition
temperatureTg). Ty is indicated as the temperature corresponding to thepoiid of
the step change in slope of the thermogram.

A smaller difference betweery and Tq of the polymer precursas important
to avoid undesirable substructure collapse during pyrolysis of polymer precursor and
therebyproduce CMS membranes with attractive gas separation perforii®@jee=
Ta- Ty = 125°C for the polyaramid precursor is larger than most polyimide precursors,
indicating that thepolyaramid precursor is less favorable for CMS hollow fiber
membrane formatiorHlowever, this was less concerning for the scope of this research

which involves studying the intrinsic gas separation performance of the polyaramid
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derived CMS membranes using demssdl CMS hollow fibers, as mentioned in section
3.6 of Chapter Recommendations for future work to circumvent this challenge are
covered in Chapter 7. TAg, Tq, residual carbon weight % asek Tq- Tg are indicated

in Table 4.2.

Table 4.2: Thermal decomposition temperatuiig)( glass transition temperatufg,),

residual carbopercentageand the thermal decompositigass transition temperature
difference & =i- TJ) for the MTI polyaramidprecursor.

Parameter Value
Ty 400°C
To 275°C
Residual carbon weight % 50.045 %
a@=Ty- Ty 125°C

WAXD was used to study the averagspmhcing in the polyaramid precursor
(Figure 4.5). The averagespacing reflects the average interclgpacing between the
polymer segment®0] The averaged paci ng i s evaluated wusin
mentioned in section 3.8.7. The spectrum s
with the average -dpacing indicated as 3.86A. The averagspdcing for the
polyaramid precursor is lower than mestlyimide precursors due to the presence of
more densely packed polymeric chains owing to the strong intermolecular hydrogen

bonding interactions.
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Figure 45: WAXD spectrum for the MTI polyaramid precursor.

Fractional free volume (FFV) for polymeric precursors is a commonly used
guantity for developing structuteansport property relationship in polymeric
membranesThe fractional free volume (FFV) of the MTI polyaramid was obtained by
Eqg. 3.7 using the measured polymer density (1.37yfomthe polyaramid dense film
andtheVwe st i mat ed by Paflk] TdakFV @.850)isdosver thant h o d
most polymer precursors studied for CMS membrane formation, as shown in Table 4.3.
This result agrees with the small averaggpdcing of the polyaramid obtained from
WAXD, which is evidently due to closely packed polyme&hains owing to the strong

intermolecular hydrogen bonding interactions.
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Table 4.3: Average dspacing, densityand FFV of MTI polyaramid precursor.

Polymer FFV
MTI 0.057
Matrimid® 0.110[115]
6FDA-DAM 0.190[115]
PIM-1 0.260[125]

4.2.3 Fabrication of polyaramid precursor hollow fiber membranes and polyaramid

derived CMS hollow fiber membranes

Figure 4.6 Photos showing (A) MTI aramid dense film, (B) CMS dense film made by
pyrolysis of the MTI aramid dense fil§C) Polyaramid precursor hollow fiber bundle
made by dnjet/wetquench spinningThe CMS dense film was significantly curled.
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The MTI polyaramid dense films were used as precursors to fabricate CMS
dense films, which showed significant curli(igjgure 4.6)preventing gas permeation
measurements. The solution processability ofpthigaramid allowed the fabrication
of hollow fibers by dryjet/wetquench spinningHence, Monolithic MTI polyaramid
precursor hollow fiber membranes were fabricated using thgetlwyetquench
spinning process. The polymer dope composition and spinning conditions are
mentioned in Table 4.4. Figure 4.&bows a picture of the polyaramid precursor
hollow fiber bundle. The polyaramid precursor hollow fiber membranes showed H
permeance of 1394 GPU and/@lO; ideal selectivity of 3.92 under singimsH2/CO;
permeation at room temperature. Th#G0; ideal selectivity was lower than Knudsen
selectivity (4.69) and also lower than/BO; ideal selectivity (~9) of the MTI
polyaramid dense film, indicating presence of defects in the precursor hollow fiber.

Table 4.4: Polymer dope composition and hollow fiber spinning conditions for
fabrication of MTI polyaramid precursor hollow fiber membranes.

Spinning Conditions Unit Value
wt% MTI 27.0
Dope composition wt% NMP 72.0
wt% THF 1.0
Spinning temperature °C 90
Quench bath temperature °C 50
Dope/bore fluid flow rate cc/h 150/50
Bore fluid composition NMP/HO 72/28
Air gap height cm 5
Fiber takeup rate m/min 30

The polyaramid hollow fibers were used as precursors to provide four
polyaramidderived CMS hollow fiber membranes (M%50, MTI675, MTI-800, and

MTI-925) by pyrolysis at 550 , 6FgEe47A800
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shows that bth thepolyaramid hollow fibers angholyaramidderived CMS hollow
fibers had excellent flexibility CMS hollow fiber membranes are conventionally
fabricated from precursor hollow fibers comprising highly rigid polymers with high
glass transition temperaturg) above 320°C (e.g., polyimidgsolybenzimidazols).
Pyrolysis of precursor hollow fibers comprising ldypolymers (e.g., PVDF) can lead
to structural deformation in CMS hollow fiber membraf@g. Although theMTI
polyaramidhad lowerTy (275°C) than polyimides and polybenzimidazoles, CMS
hollow fiber membranes were successfully formed without any structural deformation
Figure 4.7B shows the SEM images of the polyaramid precursor hollow fiber,
which has an outer diameter of ~3@M and shows an asymmetric porous structure
with presence of finger i ke por es ¢ a ITHe pales i th@otyaramnido i d s O .
precursor hollow fibers collapsed during pyrolyétsgure 4.7(BD)), thereby giving
densewall CMS hollow fiber membranes with outer diameter ~140 jlihe porous
substructure collapse occurs due to an increase in chain mobility of unoriented polymer
chains thereby incresg chain packing density as the temperature crokgdaring
pyrolysis. Polymers with loweFy and thereby lower polymer chain rigidity exhibit a
greater degree of pyrolysisduced pore collapd@26] The thickness (~40 um) of
dense wall (separation layer) can be unambiguously determined to allow gas

permeability measuremer3]
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Figure 4.7: (A) Photo showing the excellent flexibility of the polyaramid hollow fiber
(white) and polyaramidlerived CMS hollow fiber (black). SEM images of (B)
polyaramid hollow fiber, (C) polyaramiderived CMS hollow fiber, and (D) dense
wall of polyaramid.

4.3 Gas permeation in polyaramiterived CMS membrane

4.3.1 Singlegas permeation in polyaramid precursor membrane

Singlegas He, H, and CQ permeation measurements were carried out in the
MTI polyaramid precursor dense film membrane using the corgtdunine method at
35°C and 1 bar. The MTI polyaramid showeg®0D; ideal selectivity~9, which was
lower than the HCO; ideal selectivity of MPBTMC polyaramid (~19) measured at a

similar temperature (22°QJ] The higher selectivity in the MRDMC polyaramid
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was possibly due to crosslinking that reduced polymer chain mdlisityThe MTI
polyaramid also had lower He/G@leal selectivity than the MRIDMC polyaramid.

Both the intrinsic HCO, and He/CQ separation performances of the MTI
polyaramid precursor were unattractive and below the Robeson 2008 upper
boundg28] Notably, singlegas H permeability (1.7 Barrer) in the lower FFV MTI
polyaramid was much lower compared to the higher FFV polymers such as fluorinated
polyimides, and PIM§2, 127]This was possibly due to the strong hydrogen bonding
interactions between the polymer chains causing the chains to be more tightly packed

in the low FFV polyaramid compared to the higher FFV polymers.

4.32 Singlegas permeatioim polyaramidderived CMS membrane

Singlegas permeation of helium (He, [inetic diameter] = 2.6 A), hydrogen
(H2, & = 2.89 A), carbon dioxide (CQd = 3.3 A), nitrogen (4 d = 3.64 A), and
methane (Cli dk = 3.8 A) wasmeasuredn the densavall polyaramidderived CMS
holl ow fi ber nwathnided & D0daTwarmemBré&ne modules at each
pyrolysis temperature were prepared and tested to observe consistency in the results

(Table 4.5).
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Table 45: Permeabilities inpolyaramidderived CMS membranes measured using

singlegas (10 bar) permeation at 35°C. Two hollow
tested for eaclpolyaramidderived CMS membrane.

fiber membrane modules were
Each hollow fiber module

consists of at |l east two ICM&Ii tbat ¢owpéi meab
too low and cannot be reliably measured.
P(He), P(H2), P(CO2), P(N2), P(CHa),
Membrane Module # (He) (H) (Co2) (N:) (CHY
Barrer Barrer Barrer Barrer Barrer
M1 303.4 747.2 376.3 17.7 11.9
MTI -550
M2 265.0 627.5 300.5 11.9 6.6
M1 269.4 629.7 103.3 2.6 0.52
MTI -675
M2 244.2 628.6 117.9 3.3 0.70
M1 44.1 86.2 4.0 0.058
MTI -800
M2 35.6 63.9 2.9 0.034
M1 7.2 8.3 0.020
MTI -925
M2 8.2 9.8 0.031
1000 - ':2
] \\\‘_
/
~ 100+
g § A N2 cn,
@ 104 '\\;
= MTI-550
o) 14
o .
£ MTI-675
[O] 0.1
o a
001 ] ¢ MTI-800
S MTI-925
0.001 . . T . T . .
26 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Kinetic diameter (A)

Figure 4.8: Singlegas permeability in polyaramiderived CMS membranes derived

at different pyrolysis temperatures (10 bar, 35°C).
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The effect of pyrolysis temperature on singbs permeability is shown in
Figure 4.8. Gas grmeability reduced as the pyrolysis temperature increased. The
decrease in permeabilities lafrger gasesdOz, Nz, and CH) was more sensitivio
pyrolysis temperatureéhan the permeabilities of the smaller gases (He anjd H
Notably, permeability of gases with larger kinetic diameter could not be measured at
in CMS membranes pyrolyzed at 800 and 90@s the permeation flux was lower than
the instrument detectidimit. The H/CO;, H2/N2, and H/CH4 ideal selectivities were
substantially enhancedith increase inpyrolysis temperaturéFigure 4.9) This is
possibly due to refining of the CMS ultramicropores at higher pyrolysis
temperatured8] Moreover, HelH, ideal selectivity was < 1 for all pyrolysis
temperatures and increased with increase in pyrolysis tempetdélseing a smaller
molecule than b provides He/H diffusion selectivity > 1; but as Hs significantly
more condensable than He, HeBdrption selectivity is << 1, leading to He/ldeal
selectivity < 1. The He/Hselectivity increases with increase in pyrolysis temperature
as the He/Hdiffusion selectivity increases more significantly compared to the He/H
sorption selectivity as the CMS postructure becomes more compact at higher

pyrolysis temperaturg$0]
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Figure 49: Ideal selectivity in polyaramiderived CMS membranes derived at
different pyrolysis temperatures (10 bar, 35°C).

The polyaramidderived CMS membranes showed particularly competitigkC€p
separation performang€igure 4.10) Fol | owi ng py rpolyanasid s a't
derived CMS membrane (MJ50) showed more than 400 times highes H
permeability than the MTpolyaramid precursor, which cdoe attributed to formation

of CMS micropores. As the pyrolysis temperature further increased, the H
permeability dropped with enhanced/EG0. ideal selectivity. Notably, the CMS
membr ane pyr ol y 225)hadH/COfOs2paration( pbtfbrimnance well
above the 2008 Robeson upper bdagfl with H> permeability of 9.1 Barrer and
Ho/CO; ideal selectivity of 366, which were ~5 times and ~76 times higher than the

MTI polyaramid precursor, respectively.
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Figure 4.10: Singlegas H/CO, separation performance of the MTI polyaramid
precursor and polyaramigerived CMS membraneBermeation test on the precursor
membrane was performed at 1 bar and 35°C. Permeation tests on the CMS membranes
were performed at 10 bar and 35°C.
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Figure 4.11: Comparing the HCO; separation performance of polyaranderived
CMS membrane (MFB25) with other CMS membranes reported in literature. The
labels are indicated as "polymer precusgprolysis temperature”.

The H/CO; singlegas separation performance of MJI25 is compared with other
CMS membranes reported in literature (Figure 4.11). As shown in the fiduite925
had the highest #ACO; ideal selectivity among all known CMS membranes, which
include those derived from polyimidé&aptor, Matrimid®)[43, 49] polyamide
imides (Torlo®)[52], PBI10, 11] PIMg50] and cellulosit1, 53]as shown in Table
4.6. Additionally,MTI-925 had competitive Hoermeability among CMS membranes
with Ho/CO; ideal selectivity above 100. Kapt®waerived CMS membrang9]
showed comparable ;HCO, ideal selectivity; however, were pyrolyzed at higher

temperature (1100 )peraeadility(~.62Bared.h | ower
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Table 46: Ho/CO; singlegas separation performance of CMS membranes reported in
literature.

prrolysis P (H 2) o Tpermeation Preed Membrane

Precursor U #0Dy)
(°C) (Barrer) (°C) (bar) geometry
Cellulosg41] 850 445 83.9 130 2 Hollow fiber
Cellophans3] 600 39 59 30 2 Film
PBI[10] 900 54 80 100 7.4 Film
PBI/PPA11] 600 140 58 150 6.5 Film
Matrimid®[43] 900 230 8.5 35 7 Hollow fiber
P84 [128] 900 20.5 16.5 100 1 Hollow fiber
Torlon® [52] 800 390 9.1 35 10 Film
KaptorP [49] 900 60 17 50 2 Film
Kaptorf [49] 1000 7.2 161 50 2 Film
Kaptorf [49] 1100 0.32 343 50 2 Film
CANAL[50] 850 10.8 162 35 10 Film
CANAL[50] 900 5.0 248 35 10 Film
MTI (this work) 925 9.1 366 35 10 Hollow fiber

4.33 Mixed-gas permeatiom polyaramidderived CMS membrane

Mixed-gas permeatiowas carried oun MTI-925 using an equimolarKC O
mi Xt ur e ( 2 Miked-ga3 peraneaticdvas not carried out for MT800, MTF
675, and MTI550 due to less attractitée,/CO, selectivities. Figure 4.12 shows the
mixed-gas permeation results with the variation of migad permeability and
separation factor through the tiftegy, transient and steadyate phases of permeation.
The measurement was continuously carried out for dely® after the steaebtate
phase was reachednce steadgtate permeation was reached,gbaramidderived
CMS membrane showed stable permeability of 3.5 Barrer and>HCO, separation
factor of 156. The separation factor was lower than tb&® ideal selectivity

measured undesinglegas permeation. The lower2 80O, separation factor was
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possibly due to competitive G@orption effect under mixture permeatiovhich was
widely observed in CMS membranes reported in literddtg This fact
notwithstanding, MT4925 still gave one of the highest/B0O, separation factors

among all known CMS membranas shown in Figure 4.13 and Table 4.7.

10

1 Timelag  Transient Steady state
; A - 500

—A— H,/CO, separation factor
—=&— H, permeability

—o— CO, permeability ‘
oy - 300

=
wal
I
S
o
o

o
1
7

>
>
I

)

o

S

AAAAAAAAA.fAA

Permeability (Barrer)
o
H,/CO, separation factor

- 100
0.01

' T T ! T ’ T g T T 0
0 5 10 15 20 25 30

Time (day)

Figure 4.12: Mixed-gas H/CO, permeation in MTH925 using an equimolarHCO,
mixtureat 2 bar and 35°C.
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Figure 4.13: Comparing the HCO, mixedgas separation performance of aramid
derived CMS membrane with CMS membranes reported in literature.

4.4 Gas sorption and diffusion in polyararddrived CMS membrane

H> and CQ sorption(Figure 4.14)was studied in thpolyaramidderived CMS
dense filmsat  3u&ing a physisorption analyzey deconvolute the contributien
from sorption selectivity and diffusion selectivity. The £4nhd B sorption isotherms
were fit with the duamode sorption modgldjland Henryés | aw, respec
H> sorption in porous carbon appeared linear at room temperature at pressure up to 30
bar[129] Table47s hows t he sorption parameters eval
the H sorption isotherm and the demlode sorption model to the GQorption
isotherm.The obtained sorption constaraiow the evaluationof Ho/CO; diffusion

selectivities according to the sorptidiffusion theory using measured/80; ideal
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selectivities (Figure 4.15). Slow permeation iMTI-800 and MT925 allowed
determination ofH./CO; diffusion selectivitiesusing the timdag method (Figure
4.16), which were in>xellent agreemenwith those determined by the sorption

diffusion theory[130]
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Figure 4.14: (A) H2 and (B) CQ sorption isotherms (35°C) for polyararvierived
CMS membranes derived at different pyrolysis temperatures.

Table 47: Sorption parameters of the polyarandierived CMS membranes obtained
from fitting the experimental)axdoheguali on i so
mode sorption model (G

H2 CO2
CMS Ka, Ka, )
membrane | cm3(STP)/cm¥(CMS) | cm3(STP)/cm¥(CMS) Cu °
cm3(STP)/cm?(CMS) cmHg?
cmHg cmHg

MTI -550 0.0106 0.202 33.16 0.048
MTI -675 0.0251 0.246 57.60 0.072
MTI -800 0.0204 0.239 62.69 0.063
MTI -925 0.0170 0.135 8.543 0.105

As the pyrolysis temperature increased, thgCl, diffusion selectivity

dramatically increased from 46 (MBb0) to 3052 (MTH925), which was possibly due
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to tightening of CMS ultramicroporg¢48] The highly condensable GB@orbs more

strongly than Hgiving H/CO, sorption selectivities well below 1. Interestingly, MTI

925 had much lower CQorption capacity than those pyrolyzed at lower temperatures.

The reduced C@sorption capacity caused the/B0O; sorption selectivity to rise by

170% from 0.043 (MT650) to 0.116 (MTH925), which contributed to the ultfagh

H2/COrideal selectivity in MT1925. The reduction in C&orption capacity and hence
synergistically increased HCO» sorption selectity can presumably be attributed to

t he for masdloenc toifveiHmi cr opor es amoteauleyto al | owi r
sorb but excluding the larger G@oleculed43] These H-selective micropores were

formed possibly by ultramicropore tightening as the CMS structure became more

ordered and graphitic at higher pyrolysis temperature
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Figure 4.15: Effect of pyrolysis temperature on2/@0O; ideal selectivity, diffusion
selectivity, and sorption selectivity in polyaranddrived CMS membranes.
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Figure 4.16: H> and CQ permeation plots in MF800 and MT925. The insets
il lustrate the determination of permeati on

4.5 Characterization of polyaramiderived CMS membrage

Characterization of the polyaramittrived CMS membranes allowed us to
understand the permeation results shown in section 4.3 and 4.4. The polyaramid
derived CMS dense films were characterized using FTIR, WAXD, Raman

spectroscopy, and G@orosimetry.
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Figure 4.17: FTIR spectra of the MTI polyaramid precursor and polyaraaeidved
CMS membranes.

FTIR spectra of the polyaramiakrived CMS membranes made at different
pyrolysis temperatures are shown in Figure 4SExeral low intensity peaks were seen
in the FFIR spectra (80A600cm') of MTI-550, suggesting the polymer
decomposition was i ncomplwveesakerin BITI-675 &nd
MTI-800 and disappeared in MBR5, which indicated complete aramid
decomposition.

The WAXD spectra of the polyaramaterived CMS membranes at different

pyrolysis temperatures are shown in Figure 4.1Bi#e average-dpacing calculated

The

from the main diffraction peak position reduced as the pyrolysis temperature of

polyaramidd er i ved CMS membr ane i ncreased
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tightening of the CMS membrane pore structure. Although-BP8 showed identical

average espacing with MT4800, MTH925 had a stronger secondary diffraction peak

at 2d ~44A correspondi ng {98] which mdicatds@0) | at t
more ordered graphitic structure. Therefore, the results of WAXD corroborate with
permeation results that the CMS ultramicropore structure was tightened at higher
pyrolysis temperature. Formation of a more ordered and compact carbon structure was

further evidenced by higher density of CMS membranes made at higher pyrolysis

temperaturgas shown in Figure 4.18B.
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Figure 4.18 (A) WAXD patterns of the MTI polyaramid and polyaranddrived
CMS membranes; (B) Effect of pyrolysis temperature on the bulk density of
polyaramidderived CMS membranes (The line was drawn to guide the eye). The
dashed line represents the bulk densitthefMTI polyaramid precursor.

Raman spectra othe polyaramidderived CMS membraneat different
pyrolysis temperatures are shown in Figure 4.19. The sgdwiveed a D band (~1355
cm?) and a G band (~1575 cihcharacteristic of carbon materials. The spectra were

deconvoluted into five bands, i.e., D1, D2, D3, D4, andugihg a Gaussian
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function][98] The D1 and G band intensity ratiopfllc) represents the relative
concentration of sp to sp-hybridized carbonf8] MTI-675 showed highemni/lc

ratio than MT#550, suggesting MF675 is richer in sphybridized carbon. This is
consistent with FTIR results that the polymer precudsaomposition was incomplete
at 550 . As the pyrolysis ifAcngi@reduded r e
suggesting higher concentrations of-ggbridized carbon and hence a more ordered

graphitic structure agreeing with the WAXD and density measurement results.

Experimental MTI-925
— =Cumulative peak fit
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| 1 | L
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8 < /\
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Figure 4.19: Raman spectra of polyaramittrived CMS membranes.
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The pore size distributiofiFigure 4.20A)andcumulativepore volumgFigure 4.20B)

in polyaramidderived CMS membraneat different pyrolysis temperaturagsere
obtained using the density functional theory (DFT) based on @®sisorption

i sotherms measured at 0 .-800Mat-sAtArsumgestingp e ak arg
tightening of ultramicropores. Interestingly, the measured pore volume was
significantly reduced in MFB25 with almost no ultramicropores smaller than 4.5 A.
While this appeared to be inconsist with permeation results, it can be explained by
the aforementioned #kselective micropores. As they cannot be accessed by CO
molecules due to exclusion, thesgd¢lective micropores are not measurable by CO
physisorption. While C® physisorption is broadly used to study carbon pore
structur¢l31], these findings indicate this approach may not be suitable for CMS

membranes with ultraigh H/CO; selectivities.
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Figure 4.20: (A) CO2 sorption isotherms (0°C), (B) Pore size distribution and (C)
cumulative pore volume (COphysisorption, 0°C) of polyaramiderived CMS
membranes derived at different pyrolysis temperatures.
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Chapt &li gghemper a/tCBepBr ati on

n

pol yardemiidred CMS membr anes

5.1 Overview

Although the polyaramidlerived CMS membrane described in Chapter 4
showedoutstanding HHCO; ideal selectivity under singlgas permeation, the €O,
separation factor dropped by more than 50% under mixture permddeombranes
with ultrahigh H/CO, separation factorsire required to produce high purity. H
productfrom the steam methane reforming procesdditionally, membranesnust
maintain attractiveH,/CO, separation performance at realistic syngas operating
temperatures of 26800°C under mixedas feedrom the wateigas shift reactdrl5]
Results in Chapter 4 suggest that higheiC: selectivity can be obtained at higher
pyrolysis temperatureln this chapter, polyaramiderived CMS hollow fiber
membranes were fabricated using a pyrolysis temperature of 1050°GC1(80)to
further push theimit of Ho/CO» selectivity Section 5.2 describes the effect of
permeation temperatuf@00-300°C)on the separation performance of M&l-1050
CMS membranewhich showed exceptionally high and stablgG®, separation
factor. The pore structure of thdTI-1050 wascharacterized andompared with the
MTI-925 CMS membranen section 53. Finally, a onedimensional hollow fiber
membrane separator modglusedin section 5.40 demonstrate the attractiveness of

the MTI-1050 CMS membrane for enrichment of higlrity Ho.
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5.2 High-temperature HHCO, mixedgas permeation in polyaramiderived CMS

membrane

5.2.1 Fabrication of polyaramid precursor hollow fiber membranes and polyaramid

derived CMS hollow fiber membranes

Polyaramidderived CMS hollow fiber membranégsout er di ameter -~
were made by pyrolysis of polyaramid precursor hollow fiber membranes at 1050°C
(MTI1-1050) Polyaramid precursor hollow fibers were fabricated usingjebiyet
guench spinningvith the polymer dope composition and spinning conditions given in
Table 5.1 SEM images of the polyaramid precursor fiber and polyara@itved CMS
fiber are shown in Figure 5.1. Pyrolysis induced pore densification caused ¢ius por
structuran the precursor hollow fiber to collapse under heat treatment during pyrolysis
to provde CMS fibers with dense walls containing few macrovfi@é] The CMS
fibers were ~50 ¢cm in | ength, having an ou
thickness o~ 4 3 ¢ vuolumefraet®n of macrovoids was estimated using GNU
Image Manipulation Program (GIMP) withultiple crosssection SEM imageof the
CMS fiber(Figure 5.1C}o calculate the effectivdensewall thickness (i.e., separation
layer thickness)The CMS fibershad a macrovoids volume fraction o4.% and
effectivedense wall thickness of 14 mwhichwasused fomembrane permeability

calculdions
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Table 5.1: Polymer dope composition and spinning conditions used to fabhthite
polyaramid precursor hollow fib@nembranes.

Spinning Conditions Unit Value
wt% MTI 27.0
Dope composition wt% NMP 72.0
wt% THF 1.0
Spinning temperature °C 90
Quench bath temperature °C 50
Dope/bore fluid flow rate cc/h 150/150
Bore fluid composition NMP/HO 72/28
Air gap height cm 3
Fiber takeup rate m/min 10

Figure 5.1 SEM images ofpolyaramid precursohollow fiber membranes and
polyaramidderived CMS hollow fiber membraneat 1050°C(i.e., MTI-1050) (B)
Precursor hollow fiber overview; (C) Precursor hollbler wall; (D) CMS hollow
overview; (E) CMS hollow fiber wall.
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5.22 Effect of permeation temperatuse H/CO; separation performance

Mixed-gas H/CO, permeation measurementsvere performed using the
constartvolume permeation methadth a 10 mol% H/90 mol% CQ feed mixture at
2 bar. Permeation experiments were performed at temperatures of 200°C, 225°C,
250°C and 300°QGo study the effect of permeation temperature on the membrane

separation performan¢€igure 5.2)

100

1—#— H, permeability —5— CO, permeability
- 1—®— H,/CO, separation factor 16000
| ™
£ 0=\ . e -
© E o
o : - 5000 3
2 &
= 13 c
e} E - 4000 .2
& | &
£ 1 ©
g 013 {3000 &
=% E o

b o
% : / : o)
2 - 2000 Q
T 0014 ﬁ 2
X ] ]

- 1000
0.001 5 10:90 H,:CO,, 2 bar
—

T T T T T T T T T T
180 200 220 240 260 280 300 320
Temperature (°C)

Figure 5.2: Mixed-gas H and CQ permeabilities and #ACO; separation factorig the
MTI-1050CMS membraneThe permeation tests were conducted using 100R0
CO. mixture feed at 2 bar.

At 200°C, the MT41050 CMS membrane showed permeability of 5.1 Barrer
and exceptionallyattractive Ho/CO, separation factor o565 As the permeation

temperature increasedyth H> and CQ permeabilities increadevith a drop in /CO;
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separation factorAt 300°C, the H permeability increased by a factor of 2 from 5.
Barrer to D Barrer, while the HICO; separation factor decreased by a factor.8f 2
from 4565 to 1988 Figure 5.3 showdhat the Arrhenius plotsof H, and CQ
permeabilitiesboth had good linearityPermeation activation energs kJ/mol) of
H> and CQ were evaluated from the slope of the Arrhenius plots based on the
Arrhenius equatiofEq 2.11) The Ep of H2 (15.1 kd/mol) wassmallerthan theEp of
CO2 (33.4kJ/mol), which explains thdropin Ho/CO, separation factor witimcreasing
permeatiortemperature.

Interestingly, this observatiaa opposite to the trend seen in a numbeZ S
membrane$?, 41, 51]For examplelei et al. reported cellulosgerived CMS hollow
fiber membranes a?00°C, which showed X2 times improvement in #CO;
selectivityfrom 30.8 t036.9, as the permeation temperature was increased from 25°C
to 110°C. Generally,higher operating temperature activates the diffusion ordl
COz, while simultaneously limiting C®sorption. Thereforefp for Hz is larger
compared tdep for COz due to large negative heat of sorpt{eaH, kJ/mo) value of
the highly condensable G@ompared to b which has a dominating effect over
diffusion activation energyEp, kJ/mo) of CO..[7] Hence, H experiences a larger
increase in permeability compared to £@ue to reduced CfOsorption at higher
temperatureherebymitigating thecompetitive sorption effects of G@n the H/CO,
separatiorfactorat elevated temperaturdg¢owever, the higheer for CO, compared
to Ep for Hz in MTI-1050 could presumably be due to a largely posiydor COz
having a dominating effect over theH for CO;, due to the extremely refined CMS

ultramicropores in MTLO5Q leading to larger increase in e@ermability as
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compared to klat higher temperatures, hence decreasing $He® separation factor

at higher temperatures.
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Figure 5.3: Arrhenius plotsof H> and CQ permeabilitiesin the MTI-1050 CMS
membraneEp is the permeation activatioenergy (kJ/mol).

Although the H/CO, separation factor of the MI1050 CMS membrane
dropped at highetemperatures, itemainedexceptionally attractivabovel190Q To
the best of our knowledgiéhe MTI-1050 CMS membrane showse highesH2/CO»
separation factor far exceedingher CMSmembraneseported in literature (Figure
5.4 and Tabled.7). The MTI-1050 hadmore thanone order of magnitude higher
H2/CO, separation factor than the CMS membrane derived from CANAL ladder
polymer at 900°(50], which had the highest,HC O, separation factor (256) prior to
this work. Notably, the exceptionally high/2O;, separation factor in the MT1050

CMS membrane was obtained without significant compromise iperfmeability. In
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fact, theMTI-1050 CMS membraneshows competitive Hmixed gas permeability
among other CMS membranes reported in literdtl@el11, 41, 50, 132]

Table 5.2: Comparing the mixedas H/CO; separation performance of MID50
with CMS membranes reported in literature.

prrolysis P (HZ) D Tpermeation Preed Membrane
Precursor
(°C) (Barrer) (H2/COy) (°C) (bar) geometry
PBI[10] 900 39 53 100 10 Film
PBI/PPA11] 600 116 33 150 6.5 Film
Cellulosg41] 700 225 31 90 10 Hollow fiber
CANAL[50] 900 8.2 174 100 10 Film
CANAL[50] 900 9.8 256 100 2 Film
MTI[132] 925 3.5 156 35 2 Hollow fiber
MTI 1050 51 4565 200 2 Hollow fiber
MTI 1050 6.3 3226 225 2 Hollow fiber
MTI 1050 7.2 2677 250 2 Hollow fiber
MTI 1050 10.0 1988 300 2 Hollow fiber
10000 = MTI-1050 (200°C)
MTI-1050 (225°C)
° MTI-1050 (250°C)
©° MTI-1050 (300°C)
< 1000 4
=
2 CANAL-900 (100°C)
© MTI-925 (35°C) o
© (@)
& 100+ "
9 Ro, PBI-900 (100°C) &, cpBI-600 (150°C)
8 O@SO/, oo
L, ] (/,0/{)@ ‘ Cellulose-700 (90°C)
= 10 " 26)
' 00(9)
1 L L L] L L
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Figure 5.4: Comparing the mixedas H/CO;, separation performance of MILD50
with CMS membranes reported in literature.
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5.23 Long-term stability test

Commercial gas separation membranes are expected to lash fgga8s. The
long-term stability of membrane separation performance is therefore crucial to
commercialization of new membrane materialhe longterm stability of H
permeability and HCO, separation factors of the MTLIO50 CMS hollow fiber
membrane was studiessing the constarntolume permeation method with a 10 mol%
H2/90 mol% CQ feed mixture at 2 bar and 250{€igure 5.5) Following aninitial
transient phasef 5 days,the membrane shad highly stable B permeability and
H2/CO, separation factors for5ldays. Aging-induced permeability loss in CMS
membranes has beereviously reported in literature, as the carbonaceous strands in
the CMS rearrange to achieve a more thermodynamically stabl¢8sthiehe MTI-
1050 showedemarkable aging resistance without exhibiting any drop in raipeed
permeabilities over timé he aging resistance was possibly due to the extremely large
extent of CMS pore structure compaction and ultramicropore refinement in the MTI
105Q which reduced the possibility of further rearrangement of the CMS stilapsks.
in gas permeability has been previously reported under high temperature operation
because of coke depositiandconsequentiltramicropore refiningFor example, Liu
and coworkerg116] showedreductionsin H2 and CsHg permeancgin a polyimide
derived CMS hollow fiber membran@gth an increase in ¥C3Hg separation factor
following 25 hoursunder H/C3Hg mixture permeation at 600°C. Becauke long
termstability test shown in Figure 5véas conducted under milder conditiomshout

coke precursorgokeinduced ultramicropore refining possibly did not occur
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Figure 5.5: Long-term stabilityof Ho/CO, separation performanca the MTI-1050
CMS membranat 250°C using 10% #B0% CQ feed mixture at 2 bar.

5.3 Pore structure characterization

In Chapter 4, we showed that CMS membranes made hgjhgr pyrolysis
temperatures exhibit highly refined ultramicropores due to increased CMS membrane
pore structure compaction. Hence, polyaraoedved CMS membrane at 1050°C
(MTI1-1050) could possibly have more refined ultramicropores compared to the
polyaramid-derived CMS membrane at 925°C (M9J25), which leads to the
unprecedentedly high O, mixed-gas separation factor 2900in the MTI-1050.

Characterization of the CMS membrane pore strucivitie explain theultra-high
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H2/CO, separation performance of the'1-1050.The polyaramieblerived CMS dense
films (MTI-1050) were characterized using> Hhorosimetry, XPS and Raman
spectroscopy.

In chapter 4, the conventional €@hysisorption method for pore size
distribution measurement was unable to characterize the highly refined ultramicropores
which are < 4A in the polyaramiderived CMS membrane. Therefore, for a more
robust pore size distribution analysis, we measurgghiisisorption isotherms at 77K
as a novel approach to obtain the pore size distribution in the CMS membgane. H
physisorption at 77K has been previously used to study pore size distribution in
activated carbond.33] To the best of our knowledge, this technique has not been used
to characterize the pore size distribution in CMS membraiesce physisorption of
H2 at 77K wasused tocompareghe CMS membrane pore structuw&€MTI-1050 with
MTI-925 TheH: sorption isothermat 77Kwere fitted with 2D-NLDFT model HS-
2D-NLDFT, carbon, H, 77K) to obtain the pore size distribution curves and
cumulative pore volumdFigure 5.6)133] Both MTI-1050 and MT4925 show
bimodal pore size distribution with two peaks, a first peak at ~ 3A and a second peak
at ~ 7A. While both MT41050 and MT4925 showed similar pore size at the first peak,
the MTI-1050 showed smaller pore size at the secaak.pThe smaller pore size at
the second peak was possibly responsible for enhancedexdusion and higher
Ho/CO; separation factor in the MTI050 CMS membrane. Additionally, MFII050
had a significantly lower pore volume compared to MZ5, further inlicating a more

compact pore structure of MFI050. To our best knowledge, this was the first time
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that H physisorption at 77K is used to characterize the pore structure of CMS

membranes.
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Figure 5.6: (A) Hz sorption isotherms (77 K), (BJMS pore size distribution an€)
Cumulative pore volume (ctty) measured usingzHbhysisorption at 77K.

To complement the pore size distribution, high resolution XPS C1s spectra
(Figure 5.7) were compared for the MID50 and MT4925. Table 8 shows the
elemental compositions of M¥25 and MT41050. With increase in pyrolysis
temperature, the concentration of N and O heteroatoms is reduced, as the CMS pore

structure and more shendnge ordered graphitic structures are formed. The presence

113



of oxygen functionalities is possibly due to oxygen chemisorption from the atmosphere.
These observations are consistent with previous reports in litefa@jréhe high
resolution C1s spectra can be used to determine the ratid/sf sfarbon in the CMS
membrane§64] The sp/sp? carbon ratio is indicative of the level of disorder in the
amorphous graphitic structure of the CMS membranes, i.e., smalgrsarbon ratio
suggests a more ordered graphitic structure and hence smaller CMS membrane inter
plate spacing and ultramicropore siZée results show that MT1050 has a smaller
sp’/sp’ carbon ratio and hence a more ordered graphitic structure as compared to MT]

925.

Table 53: Elemental composition of MT925 and MTi1050 CMS membranes
measured using XPS.

Atomic %
Element
MTI -925 MTI -1050
Carbon 95.37 97.55
Nitrogen 1.75 0.34
Oxygen 2.88 2.12
Cis: MTI-1050 5 C1s: MTI-925
sp-C
/sz c
g sp¥sp? C = 0.066 g sp¥lsp? C = 0.28
£ £
7 7
- = 3
x sp°C c-0 = p°C ¢-0
\.(/ i
282 2é4 Zés 28Ia 2§IJO 252 29I4 296 282 28|4 236 2&8 250 29IZ 25;4 296
Binding energy (eV) Binding energy (eV)
(A) (B)

Figure 5.7: High resolutionXPS C1s spectra for (A) MFL0O50 and (B)MTI-925
showing sp/sg? carbon ratio.
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To complement the XPS analysis, we carried out Raman spectrqgégpse
5.8)to furthercomparehe CMS membrane pore structafeMTI-1050 and MT4925.
Two characteristic bands commonly observedaimorphous carbonaceous materials
i the D band (~1350 c®) and G band (~1590 chwere seen in the Raman spectra
of all three CMS membranes. The D band was related tosthgyAmetry vibrational
mode of structural defects, indicating presence of disorder in the carbon structure. The
G band was related to thegsymmetry mode of the aromatic?sgarbon and linear
chains corresponding to C=C-jatane stretching in graphitic carbon materials. With
increasing degree of disorder and presence of oxygenatetiohalities, secondary
peaks appear in the D band. Therefore, each Raman spectrum was decoupled using 5
Gaussian peaksD1, D2, D3, D4, G to fit the experimental data. The D1 peak (~1350
cml) was associated with the basal plane defects in the graphitic sti@&Liihe
Ip1/I ratio can be used as a measure of the concentratiopaafrbpn, i.e., lowemnh/Ic
ratio indicates higher concentration of sarbon and smaller ultramicropores. The
lower Ipi/lc ratio of MTI-1050 indicates a more ordered graphitic structure as

compared to MTO25, which is in good agreement with the XPS results.
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Figure 5.8: Raman spectraf (A) MTI-1050 and (B) MT4925 showingdi/lc ratios.

5.4 ModellingCMS hollow fiber membrane separators ki CO, separation

A onedimensional isothermal model was used to simulate a-@arrent
membrane separataomprising MTH1050 CMS hollow fiber membraneshe
following assumptions were applied to the mdd8¥]

1 The ideal gas equation of state is valid for the gas mixture at the feed and permeate
conditions.

1 There is negligible pressure drop on the shell side and the bore side of the hollow
fiber membrane.

1 Local JouleThomson effect due to gas permeation is ignored, the system is
assumed to be at isothermal conditions.

1 Gas flows in the feed and permeate side are assumed to be in plug flow; radial

distribution isignored
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Figure 5.9: Schematic of material balance across a differential elenweim a ce
current hollow fiber membrane separator model.

Permeation o& multicomponent gas mixture through a hollow fiber membrane
module in cecurrent flow with shelkide feed i€onsideregwith the permeate flowing
in the positivez-direction. The component flowates in the feed and the permeate
through a differential membrane elemdnat lengthz can be described using a system
of ordinary differential equatiorabtained from material balance across the differential
elementzas follows[134] Figure 59 shows a schematic of a differential element in a
co-current hollow fiber membrane separator.
Feed sidematerial balance equation

Qo6
Qa

“O000 0 R (5.1)
Permeate sidenaterial balance equation

QU

: w P \ 52
oY OO0 LW nNW (5.2
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0 o (5.3)

0 0 (5.4)
O p (5.5)
® p (5.6)

whereuyi (mol/s) andwi (mol/s) are the molar flow rate of componeint the feed side
and permeate side; (mol/s) andv, (mol/s) are the total molar flow rates in the feed
side and permeate sidg, (mol/mol) andy; (mol/mol) are the mole fractions of
component in the feed side and permeate side( e m) i s the outer di a
hollow fiber, N is the number of fibers packed in the membrane mo@uk&PU)is

the permeance of componenhrough the membran®,(Pa) is the feed pressure, and
p (Pa) is he permeate pressuighe initial condition for the feed side material balance
equation isux (z = 0) =usi, whereus is the feed flow rate of componentThe initial
condition for the permeate side material balance equatign(is= 0) =0. Simulating
H2/CO, separation with a binary mixture okldnd CQ as feed involves numerically
solving a system of four ordinary differential equatiofifie model was programmed
in Pythonas an initial value problerasing the odeint function from scipy, which
follows the Livermore Solver for Ordinary Differential Equations (LSODA) algorithm,
developed by Lawrence Livermore National Laboratory to numerically sokteray

of ordinary differential equations.
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Feed:

uy= 200000 SCFH

x,(Hy) =0.73

P =10 bar CMS hollow fiber membrane

l

'

_——> Permeate: Enriched H,
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l

Retentate: Enriched CO,

Figure 5.10: Schematic of a CMS hollow fiber membrane separator with specified feed
and permeate conditions used for simulation.

A schematic of the CMS hollow fiber membrane separator is shown in Figure
5.10. The retentate stream is enriched in.@@d will be sequestered or sent toCO
conversion reactors. The permeate stream is enrichegandis the product stream
of the separatiorH. recovery (%)n the permeate streaamdCO; recovery (%)n the
retentate stream adefined as
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The % purity of H in the product stream (permeate) was simulated for different
recoveries of KHin the product stream. In addition to the MIO50 CMS membrane,
the CANAL-90(050] and PBI/PPA60(J11] CMS membranes were also considered for

the simulation. The feed (10 bar) is a binagy(F8 mol%)/CQ (27 mol%) mixture and
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permeate is at 1 bar. Additional input parameters for the three membrane separators are
givenin Table 3. The per meance (GPU) was evaluated
thickness.

Table 54: Model input parameters.

Membrane separator
Parameter

MTI -1050 CANAL -900 PBI/PPA-600
H> permeance (GPU) 7.2 8.2 116
Separation factor 2677 174 33

The simulation results are shown in Figur&l5in whichH: purity (%) in the
productstreamwas calculated for Hrecovery (%) ranging from 10% to 90%able
5.5 shows the simulation results fop purity (%) in permeate, COpurity (%) in
retentate and C{recovery (%)in the retentate for 90% Hecovery from the three
membrane separator§he results clearly show that the MID50 CMS membrane
outperforns the CANAL-900 CMS membrane and PBI/PfA0 CMS membrane for
production of purer BH With 90% H recovery, the MTHL050 membrane separator can
provide highly pure klproduct of 99.9%. Owing to much lower HCO;, separation
factors, the CANAL-900 and PBI/PPA00 membrane separators can only produce
99.28% and 96.54% tproducts For blue H production, efficient Hseparation with
simultaneous C&capture is required from the downstream purification process. Using
a membrane separator, production of an enrichefdrétluct stream in the permeate
needs to be accompanied by simultaneous production of an enrichett€®n in the
retentate. The simulation results show that with 902¢eldovery in the permeate, the
MTI-1050 membrane separator produces an enrichedr&éntate stream with the

highest CQpurity of 78.79% and the highest ef@covery of 99.88% among the three
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membrane separators, owing to its highegCB» separation factor. In comparison,
the CANAL-900 and PBI/PPA00 membrane separators can produce retentate
streams with lower C&purities of 78.55% and 77.12% respectively, along with lower
CO recoveries of 98.24% and 91.27% respectively.

Table 55: Summary of Bnulation results fo€CMS hollow fiber membrane separators.
All simulations were performed f&0% H recovery in permeate.

Membrane separator

Parameter
MTI -1050 CANAL -900 PBI/PPA-600
H. purity (%) in permeate 99.95 99.28 96.53
CO; purity (%) in retentate 78.79 78.55 77.12
COz recovery (%)in retentate 99.88 98.24 91.27
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Figure 5.11: Simulation results showing 2Horoduct purity (%)under differentH>
recovery (%)of CMS hollow fiber membrane separators consisting of different CMS
hollow fiber membranes
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Chapter 6: Understanding the
moi ety in CMS membamaigost rprcaope
rel ationship

The researchescribedn this chapters publishedn: lyer, G. M.;Ku, C.E.;Zhang, C.,
Polyamideimide copolymerderived carbon molecular sieve membranes for efficient

hydrogen/carbon dioxide separati@arbon2024, 216, 118598

6.1 Overview

Separation of Hfrom CQ; can recover BHand capture C&from steam methane
reforming productsln chapter 4, we demonstratelira-high H/CQO; ideal selectivity
(up to 366) in a polyaramidderived CMS membranwith Hz permeability of 9
Barrer[132] The remarkable HMCO, selectivity in the polyaramiderived CMS
membr ane was attributedo>sel etchtei vfeo rnmactri oopno rc
ultramicropore tightening in the CMS membrane formed at a pyrolysis temperature of
925°C. However, systematically studying the struchinaperty relationship between
the polymer precursor chemistry and the resulting CMS membrane st r uct ur e a
transport properties is essential to develop a fundamental understanding of the
f or mati on oedlective hnmeceog r efistd i n t ddexivedp©@MSy ar ami d
membrane. This can provide a valuable benchmark for tuning the polymer precursor
chemistry to achieve CMS membranes demonstrating highly attracti@OH
separation performance and effectivglyide the design of CMS membranes for

efficient H/CQO, separation and sustainable bluggrbduction.
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Polyimides (PIs) represent the most widely studied class of CMS membrane
precursors. Several studies in the past decade have shown -etived CMS
membranes demonstrate highly tunable pore structures providing attractive separation
performance for seval gas pairs such as @OHa, Ho/CH4 andCzH4/C2Hs. However,
Pl-derived CMS membranes demonstrate unattracti€® separation performance.
Comparing the chemistries of the polyaramid and polyimide precursors, we believe that
the presence of amide moieties in the polyaramid backbone which are absent in the
polyimide backbone, plays a vital role in achieving the higdtlyactive H/CO;
separation performance in the polyarardatived CMS membranes.

Additionally, copolymer membranes are often made to provide balanced and
sometimes synergistic separation performance unattainable in homopolymer
membrane§l35, 136]Polyamideimides (PAIls) are copolymers consisting of both
imide and amide backbones. PAIs can provide CMS membranes with properties
affected by mixed imide and amide backbone chemistries of the copolymeric precursor,
hence providing a valuable aid to sgudhe structurgroperty relationship in
polyaramidderived CMS membrane$o our best knowledge, no CMS hollow fiber
membranes have been derived from PAIls. Also, attractive gas separation performance
has not been reported from RPéérived CMS membranes

In this chapter we present a comprehensive study of the effect of amide
moieties in the polymer precursbackbone on the pore structure and gas transport
properties of the CMS membranes derived thereof. We fabrieéderived CMS
hollow fiber membraneand Piderived CMS hollow fiber membranes pyrolysis of

defectfree Torlof? precursor hollow fiber membranesd defecfree Matrimid®
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precursor hollow fiber membranes, respectivaty925°C. The PAtlerived CMS
membrane showdnhlanced, permeability and HCO; selectivity between the CMS
membranes made from the MTI polyaramid and the Matfirpiglyimide at identical
pyrolysis conditions. Sorption, diffusion, and pore structtivaracteristicef the PI-
derived CMS, PAlderived CMS andPA-derived CMS hollow fiber membranes were
compared to gain an understanding on how precursor backbone chemistry affects CMS
membrane pore structure and transport properties. The nesautde evidence for the
contribution of precursor amide moiety providing attractive HCO, separation
performance in the polyaramaderived CMS membrane

Section 6.2 highlights the differences in the propertidgaifimid® polyimide,
Torlon® polyamideimide, and MTI polyaramid arising due to differences in the
polymer backbone chemistry, and the formation of CMS hollow fiber membranes from
Matrimid® polyimide and Torlon® polyamideimide usedto compare with MTI
polyaramidderived CMS membranes this study. Section 6.3 discusses the
comparison of gas separation performance of CMS membranes derived from
Matrimid® polyimide, TorlofP polyamideimide, and MTIpolyaramid precursors at
identical pyrolysis conditions at 925. Section 6.4 provides a systematic comparison
of gas sorption and diffusion properties of CMS membranes derived from the different
polymer precursors. Section 6.5 shows the characterization studies performed on CMS
membranes derived from the differentypukr precursors. Finally, section 6.6 explains
the effect of precursor amide moiety on the struepuoperty relationship in the CMS
membranes, using the supporting evidence provided bysuéts in this chapteThe

structuretransport property relationship in the polyarardatived CMS membranes is
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emphasized to interpret the gas separation performance of the polydemetl

CMS membranes.

6.2 Fabrication of CMS membranes derived from polyaramid, polyaimiigie, and

polyimide precursors

6.2.1 Characterization of polyaramid, polyamidede and polyimide precursors
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Figure 6.1: Chemical structure of polyimide, polyamigaide and polyaramid
precursors highlighting the imide and amide groups in the polymer backbone.

Torlon® polyamideimide (PAIl), MTI polyaramid (PA) and Matrimfd
polyimide (PI) were used as the CMS membrane precursors (FigureTGdge
polymers are all uncrosslinkdohear polymers with rigid aromatic backbamend

without bulky side groupsFigure 6.2 shows th&T-IR spectra of the Matrimfdi
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polyimide, Torlor® polyamideimide, and MTI polyaramid The characteristic IR
stretching peak at ~3300 cncorresponding to hydrogdsonded NH stretching
vibration is the strongest in PA, relatively weaker in the PAI, and absent in [thE3PI.
Additionally, absence of the characteristic peak at ~3446 @dree N-H stretching

vibrationg indicates that all NH groups are hydrogemonded in thgolyaramidand

polyamideimide precursorgl137]
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Figure 6.2: (A) FTIR spectra of polymer precursors indicating characteristic peaks;
High-resolution FTIR spectrum forBj the polyimide showing absence of-HN
stretching vibration;) the polyamidemide showing weak NH stretching vibrations;

(D) the polyararmid showing strongMl stretching vibrations.

Figure 6.3 shows the TGA weight loss profiles for Katrimid® polyimide,

Torlon® polyamideimide, and MTI polyaramid. The trend in thermal decomposition
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temperature of the polymeric precursors was as follows4BA:°C< PAI: 420 °C<
Pl: 475 °C TheMatrimid® polyimide, Torlor® polyamideimide,and MTIpolyaramid
had comparablearbon reside (~50-55 %) at 950°C Figure 6.4 shows th&/AXD
spectra for thdatrimid® polyimide, Torlor® polyamideimide,and MTI polyaramid.
Comprising both imide and amide backbones, the polyamdie showed
intermediate espacing (PA3.86 A; PAI: 4.31 A; PI: 6.22 A), density (PA: 1.37 gkkm
PAI: 1.36 g/cni; PI: 1.25 g/cr{115]), and FFV (PA: 0.09232]; PAI: 0.084138]; PI:

0.11Q115]) compared to th#latrimid® polyimide andMTI polyaramid.

Figure 6.3: TGA weight loss profiles of polymer precursors up to 950°gpiNge).

A strong correlation between the precursor hydrogen bonding strength and
polymer properties (dpacing, FFV, and density) of the polymer precursors can be seen
from these resultsWhile moieties other than amide or imide can be found in the

polymer backbones (e.g., ketone in the Pl and ether in the PAI), it was apparent that
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