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SUMMARY

The separation of complex liquid mixtures, which are mixtures without a clear
singular solvent, has been an emerging area of membrane science. Crude oil is one such
complex industrial mixture that is comprised of several tens of thousands of hydrocarbon
molecules but is typically fractionated via enefigyensive thermal processésthis work,
specific light fractions of crude oilwere ®parated via novel spirocyclic polymer
membranesyith the potential fobypassing significant energy expenditure associated with
distillation. Polymerianaterials ee of interestor membrane fabricatioas they are easily
processable, inexpensive, and can be easily functionalized for stability. However, for
membranebased frationation of crude oil to compete with current distillation processes
on an industrial scalequlti-stage ascades containing several hitjinoughput membranes
mustbe optimized. The capability to predict muttiolecule transport in target materials
can &celerate the screening and design of materials for cascades that would otherwise
require lengthy R&D timelinesThus advanced models weadsoutilized in this workto
predict complex mixture permeation in polymeric membranes based only on pure molecule
sorption and diffusion inputs. These simplifying hypotheses could enable an extension of
predictive capabilities tbl-component mixtures of hydrocarbons, of which there are many
industrially relevant streams, not limited to crude©ite of the limitatios tothe industrial
implementation of this type of membrabhased processs whether thepolymer
membranes can be fabricated in a scalable maiiherefore a roll-to-roll dip-coating
process was used to demonstratectir@inuoudabrication ofthin film composite hollow

fiber membranedn thisprecursivework, amore establishespirocyclic polymerPIM-1,



was coateadn a commercial polymer suppaatinvestigatethe feasibility of ths process
for the novel spirocyclic polymergentified for crude oilseparationsUpon successful
demonstraon, the learnings could be useddeveloplargescalepolymeric membranes

capableof excellent separation performanae complex mixturescoupled with fast

transport rates



CHAPTER 1. INTRODUCTION

1.1 The Future of Separation Science

Separation processes are criticamponents of the various systems that futhié
need for clean water, basicags andservices andsafe and reliable sources of energy
Historically, productsand servicedhave been developed without much regard for the
complexity and toxicity ofwastethat is often generateéiowever, theonsetof climate
change human health concernsnd the subsequenimposition of stricter process
regulationshave led toincreasing sciiny of issues such agreenhouse gasmission
energyinefficiency, and toxic waste productidid-3) Recently, he National Academiesf
Sciencs, Engineeringand Medicineeomposd anagenddhat details therimaryresearch
requiredto enablea shift in global separation procestes will addressheseconcerng4)

The agenda identifies thame of the major shortcamgs of current separatismesearch is

the lack of fundamental understandingdoferseand complexmixture separationsFor
example desalinatiorvia reverse osmosishe poster child oénergyefficient membrane
separationswas established ovéf yeas ago and hasincebeen thoroughly studied and
optimizedto separatéilute impurities (usually ppm levels) in wai{&) However, there is
limited knowledge on how current membrane materials would perfomixtures of water

with more concentrated molecules in soluttwrhow these materials could be adapted for
suchapplicatiors. Thisfi g aigastoundingas theslateof separations that involve multiple
componentsrad at concentrations that are not retibecby current research is enormous.
Several atural mixtures that need to be separated are often concentrated liquids that are

"complex” in naturethe term"complex” identifies streams with many componerdad



oftenwithout a clear majority specieshes multicomponentnixtures are commonplace
in the petrochemicalbiotechnology, pharmaceutical manufacturingd other chemical
processingndustries, andre indire need ofsophisticated separation technologlest can

meet thegrowing demand fosustainability

1.2 Separation Technology inComplex Petrochemical Separations

Process streams in the petrochemical industry are far fhamdeal lab-scale
separatiorexperimenbf abinary mixture with a dilute contaminaMatural gass mainly
made up ofmethane and ethabet also contain®wer concentrationsf nonhydrocarbons
such asnitrogen,carbon dioxidenoblegasesandtrace amounts ofater vapor antbxic
sulfur-containing componds(6) Crude @ containsthousands ofiquid hydrocarbon
moleculesn varying concentrationsategorized into groups éfractions éach of which
is the primarysourcefor specificcommoditiessuch agjasoline, diesel, jet fualaxesand
asphaltIn particular, he refining of cude oilisa largescale process that requires several
different complex mixture separations and represents an essential tagettéonability
improvementsas he initial fractionation of crude o#éccounts for nearly 1% of global
energy us€7) Biocrudeis acomplex hydrocarbon mixtuteat is being investigateaban
alternative to fossibased petroleurf8) Biocrude is synthesized lanaerobic pyrolysis of
dry biomass such aswood, peat or algae andontains a significantly higher amount of
oxygen than petroleui®) This distinction, coupled with thieigh variability in biomass
source suggestshatbiocrude wouldrequiresignificantadditionaltreatmenicompared to

petroleumto be considered a suitable substitute.



Currentcrude oil separations are dominated by thermal proceasbsas distillation
which are energyntensive andoften have lowthermodynamicenergy efficiency(10)
However, @en with the modernization of separations technologgearch traditional
chemical plants have seen a slownsidion to newer processes as the associated capital
cost placetoo great of dinancialburdento be deemed beneficial over energy retys)s
Additionally, there is great risk in overhauling an extremely lesgale process for a
billion-dollar industrywithout longterm knowledge oimaterials lifetime and rpcess
stability. Therefore, it is beneficial to propoa#iernative technology that can supplement
a currently operating process abeé easily retrofittedand removed, if needddl)
Moreover a clear materialto-process commercialization path must be visualized by
academic researchdosfocus effort®on filling the most significabknowledge gapsvhich

include materialsreproducibility andransient anddngterm process dynamics.

1.3 Membranes for Crude Oil Separations

As industries seek to reduce energy and resource consumption associated with
separation processes, membranes have emerged as attractereipyvoptions either in
hybrid separation process configurations or as standalone altern@tioesgyhcrude oll
distillation has the potential for high recoveries of molecules in discrete bpiimg
ranges, it requires more than 1100 teramatirs per gar(7) Distillation energy and
carbon efficiency could be improved if paired with lewergy membranbased
separations that fractionate complex mixtures containing thousands of compounds into
smaller groups of molecules. Membrane separations based on molecular differences in size,
shape, and membrapenetrant interactions can generate #ald increase in energy

efficiency overpracticalthermal process€40) Seawater reversesmosis systems that



currently process greater liquid flows than the largest refineries highlight membrane
technology's potential to match the scales required by the hydrogamtaessing industry.
Whereas membrane technologies are established for certain agueous andrgsrsgpa
they have not been developed to fractionate orgamuleculemixtures because of the
relative scarcity of suitable materials that are easily processable, inexpensive, and stable
harsh environmenid.2) Polymeric membrane materials provide the best combination of
these three metrics but to date have not laekquatdor the seprations of small liquid
organic molecules. This is mainly due to flexible nature oftypical polymers, which is
exacerbatedn organic solventsand prevents efficient discrimination amongst small

moleculeg13)

1.4 Organic Solvent Nanofiltration (OSN) and Organic Solvent Reverse Osmosis

(OSRO)

Organic solvent nanofiltration (OSN) and organic solvent reverse osmosis (OSRO)
are two modes of transport of organic solvents through membranes. OSN typically involves
separatingsmall solutes with molecular wghts of 2001000 g/mol, present in dilute
guantities, from a solvenand materials have pores in the range of20rf(14) On the
other hand, OSRO can be described as more of a solvent/solvent separation and often
necessitatea rigid membraneapable of distinguishing molecules witigkt differences
in size (4 nm).(15) The growth of OSN has been steady since the turn &lffheentury
while organic solvent reverse osmosis OSRO has gailyedmomentum within the last
five years(14, 15) The separation of complex liquid hydrocarbon mixtures such as light
fractions of crude oil would require membrane operation at the cu§sNfand OSRO

andconsequenthentails three requirements: apgmall rigid pore sizebetween 0.5 to 1



nm, b) ahigh transmembrane pressure to accommodate the high driving forces necessary
for transport in these regim@$) and c) thin selectivenembrandayers to allow high
product fluxes that are limitealy the applied driving force in the highly selective regimes.
Several polymers have been employed for the OBR&2d separation of organics with
vastly different polaritid.5), but those for liquid hydiarbon applications are rafeis
essentialnot just to create scalableaterials and membrandésr hydrocarbon OSRO
separations bulso to expand the testing and standardization of these for comparison in

the entire space of complex feeds with meogponents (>10004sin crude oilfractions

1.5 Research Objectives

1.5.1 Thin Film Composite Polymer Membranes for Liquid Hydrocarbon Separations

As discussed above, polymer materialsfaveredin the design omembranealevices
due to their ease gfrocessing and scalabilityrhis work exploreghe useof glassy
spirocyclic polymes, inspired by polymers of intrinsic microporosity (PIM4)) that are
solutionprocessable, stable in organic solvemtsd most importantly, areapable of
reducedchainmotion and, therefore, high selectivities small liquid hydrocarbong he
novel spirocyclic polymers will be fabricated as tfilm composites befor¢esting the
separation of small liquid hydrocarbon moleculegresentingpecies foundh crude oil
mixtures. A thin film composite membrane contaira thin selective, often dense,
membrane layer coated atop a porous support (&ygurel.1). Thin-film composites are
valuable assets in OSN/OSRO separations as they allow high product fluxes through thin
barriers with minimized resistan¢&8) Support layers that are typically made of polymer

materials can be phageverted to obtaithedesired porstructure(19) The selective layer



can then be coated with controlled thickness via spin coating, dip coating, atomic layer
deposition or interfacial polymerizabn.(20) Support layers with sufficient porosity are
desired to prevent transport resistance towards the product permeate from the topcoat. At
the same time, a minimum pore size is required at the interfagedsethe selective layer

and the support layer toinimize surface roughness, prevent the creep of coating solutions
through the surfaceand allow the formation of a smooth, deféete coating21) In
general, this minimunsurfacepore size should be lower than the target thickness of the
driedthin film coating.Commonly, thin films have a thickness between-2000 nn{22-

24), with some ultrathin films fabricated bely 10 nm(25)
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Figure 1.1. Thin-film composite morphology and sizebased OSNOSRO separation

1.5.2 Complex Organic Solvent Transport in Polymer Membranes

Understandingundamentabrganic solventransport principlegnable predictons
of importantprocess parameters tlzainfurther pave thevay for membranebasedrocess
optimization While the transport of dilute mixtures via OSN and OSR@&mbranes has
been weldocumented and studigb), the transport afomplex, multicomponent mixtures

of organic solventss less detailedPore flow, solutiondiffusion models, or a combination



of both typically describe organiclgent nanofiltration (OSN) membran(@3), andOSRO
membranes are ideally described by just solutidffusion approachg28) (Figurel.2). In

the simplified versions of the solution diffusion model, diffusional and thermodynamic
coupling of permeants are ignored, and the transport diffusivity (product of
thermodynamically coreted diffusivity and thermodynamic coupling) is assumed to be
constant throughoutilowever, most industriakelevant mixtures are complex in nature
and transportanthusbe affected by intermolecular couplingplventinduced swelling

and plasticizationof polymeric materials, and the concentration dependence of
diffusion.(29) Such cases call for a detailed analysis via Max®tdfan equationshat
account for nodlinear changes in the occupied volume of solvents and polymer in a
membrane systel80) Additionally, studies of appropriate sorption models that describe
multicomponent liquid sorptiord(  ¢) in glassy polymers are rare and need to bieeef

and verified As suchthis work implementsulticomponent sorption and multicomponent
diffusion interactiortheories within a MaxwelStefan framework to predict the separation

of complex liquid hydrocarbonsixturesvia polymeric membranes
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Figure 1.2. Solution-diffusion mechanism of transport in OSRO separations. In
OSRO separations, frictional forces act to couple the diffusivities of molecule pairs
such that faster molecules are slowe@nd dower molecules are sped up.

1.5.3 Continuous Hollow Fiber Membrane Fabrication

As novel polymers are creatéokr new membrane applicatiorthe scalabilityof the
polymer membrane fabrication is a critical factor that determines industrial
implementation Due to their morphology, hollow fibersan be fabricated continuously
andoffer a high surface area to volume r@dit) and a high packing density of multiple
fibers which translates to increased productivity per volume of modiddow fiber
membranes are bigdrical-tubelike structures with hollow axial void (Figure1.3). The
outer surface isdesignated athe shell and the inner voiddjacent region is called the
bore Fiber outer diameters typicallange from100-600 micronsand a ratio of outer
diameterto theinner diameter ofround?2 is preferred for thick enough walls to prevent
fiber collapse durindhigh-pressure gas or liquidermeation Hollow fibers alsoallow

asymmetricstructuresso they areself-supporting and robushembranesHollow fibers



are fabricated in a process known as spinniittere a polymer fluid is extruded through
a coannular die called a spinneret. The solution is coextruded with a liquid or gas in the
center of the annulus to prevent collapse and create the hollow or basa. rEgr
membrane applications, extrusion can be performed viawdtyspinning, wetvet
spinning, melt spinningor electrospinning32, 33) Optimizing the spinning of aigh
performing hollow fiber membraneequires ahighly sophisticatedcombination of
mechanical, thermodwmic, and kinetic consideratiord therefore entails a lengthy
timeline for new materials or applicatio(®}) In this work, a commercial polymer,
Torlon®, is spun to create porous supports on top of which target spirocyclic pojnmers
continuouslycoated roll-to-roll dip coatingis utilizedfor the continuous coating process
Thus, thke scaleup of flat thinfilm composite membranes in hollow fiber form
demonstratedia a continuous fabrication process, capable of producing industebd

guantties of membranes with desirable separation properties.
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Figure 1.3. Morphology of a hollow fiber membrane and packed hollow fiber
membrane permeation



1.6 Dissertation Overview

This workdemonstrates polymenembranes' feasibility fandustrialcomplex liquid
hydrocarbon separations, particularly those encountered in crude oil refdfingter 2
summarize the background and thegnjncluding precedingresearch thaprovides
fundamentasupportowardsthe achievements of thieesis Chapter 3letails the materials
and experimental methotizat areundertakerito demonstrate the hypotheséghis work.
The creation and characterization dffo novel series of spirocyclic polymsrfor the
purpose of liquid hydrocarbon separatios@summarizedni Chapter 4The performance
of selected polymer candidates is then probedilirte andcomplex liquid hydrocarbon
separations, including natural crude oiddtionsin Chapter 5 Chapter 6 detailgshe
fundamental theory behind complex mixture transport in polymer membrands
Maxwell-Stefan model is hypothesized amdlidatedagainst experimentally measured
complex separationg-inally, Chapter 7presend the continuous roHto-roll coating ofa
spirocyclic polymeon Torlon® hollow fibersaimed at an industrially attractive mode of

membrane production
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CHAPTER 2. BACKGROUND AND THEORY

2.1 Overview

This chapter provides background and theory thapports thework in this
dissertation. Section 2. provides fundamental theory on transport in polymeric
membranesThe study of polymers of intrinsic microporosity and their derivatives is
discussed in Section 2.The thermodynamic, kinetic, and mechanical considerations
behind the spinning of hollow fé&s membranes amiscussed brieflyn Section 2.4 and

finally, dip coating background and commisaues aréetailed in Section 2.5.

2.2 Liquid Transport in Polymer Membranes
2.2.1 Membrane Transpoitlechanisms

Understanding the basics of gas transport through glassy polymeric membranes can
provide a useful background for the more complex transport of organic solvents. Gas
transportthrough nonporougpolymer membranesan be described using the solution
diffusionmodel Equation2.1) where permeability;, is a function of the sorption, and

diffusion, O, coefficients of the guest molecules through the memigjne.

~ 4o 2P 21
W

Here, U is the penetrant flux/bis the thickness of the membrane and(s the
transmembrane fugacitftbhe model states that the penetrating species adsorbs onto the
feed side of the membranes, diffuses through the membrane, and then desorbs on the

permeate side. Smaller moleculesdi¢o have a higher diffusion coefficient while more
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soluble molecules (i.e., greater polyrpemetrant interactions) have a higher sorption
coefficient. Thepure componerpermeability is calculated from permeation experiments
as the flux of the species through the membrane normalized by the dugangty, w "Q

and the membrane thicknessApart from the permeability of a membrane, the selectivity
or rejection of the @amponents in a mixture is an indicator of its separation performance.
Ideal selectivityh) is defined as the ratio of the permeabilities of the two pure components
as shown in Equatio®.2, which applies in the case of a downstream vacuum. This ideal
selectivity can also be broken down into the product of its diffusion selectivities and
sorption selectivities.

n O A
—  —0— 22
n O A

Transport of gaseand liquids hrough porous membranes is defined by the-flove
model in which species are separadtgdressure driven forces through the poheghis
mode of transport, it is assumitit the pore size larger than th&inetic diameter of the
solute and solvenholecules and there existe concentration gradient within the pores.

This mechanism can be de208))i bed by Darcyos

Qun

- 2.3
-/b

wherew rjs the transmembrane pressure drofs, the fluiddynamicviscosityand™Q
is the permeability coefficienthatis dependent on membrane structural parameters such
as pore sizgyorosity,and tortuosityBoth solutiondiffusion and pre flow modelgiefine

the flux as a function of the chemical potential gradient across the membrane. In the former,
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a concentratiomlependent chemical potential gradient is assumed while in the tater,
chemical potential gradieiig dependent oa pressurgradientthroughout the membrane
(Figure2.1).(1) Due to the mechanical equilibrium requirement in the solediéfasion
approachthe pressurenust beconstant throughout the thickness of the dense membrane
and must be equal to the upstream applied pre§3ur€onsequently, since the
downsteam pressure is at atmospheric conditions, the pressure difference is expressed as
a concentration gradient across the membrémdahe pore flow model, th@ressure
difference results in a pressure gradient across the memanaitbe solvent activity

remains constant across the membrane

Solution-Diffusion Pore-Flow

I

x B x
p p —x

Y ora—
L e N vic;

0 l 0 l

Figure 2.1. Chemical potential, pressure and activity profiles throughout a membrane
based on solutiordiffusion and pore-flow modes of transport.

16



2.2.2 Defining andEvaluating OSN Transport

OSN lies at the intersection gbre flow and solutiondiffusion trangport(4) The
solutiondiffusion model is applicable taonporous polymersvhen minimal swelling
occurs, but in the presence of plasticizing solvents or defective membraneditian ad
a convective term isften appropriatg5) This term is derived from a simple peftew
model that describes the sieving transport mechanism depending on pore size. The two
terms combine to formulate the solutidififusion model with imperfections, as shown in
Equation2.4, whereis the concentration of solvent in the membrahés the partial
molar volume of solventy is the gas constarityis the temperature, arid is the specific

permeability of thenembrang5)

N 24

Several transport models for OSN have been developed to describe the solute flux
based on physicochemical characteristics such as steric hindrance, interactions with pore
walls, and relative mobility compared to the solvent. For dilute sysiemsssunad the
solvent flux is independent of solute interactions, although realistic separations are
certainly more compleXOSN performancdike aqueous membrane separations, is usually
defined by permeance and rejection as it varies with applied pressuretigtibitkness
of the membrane is difficult to determine such as with thin film compo®tabranesthe
performance of the membrane can be characterized by permedfsehich is accurate

in the case of pure components or streams with only very ddlutes:
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Since the fugacity across a polymeric membrane may be complicai@idutate due

to the high levels of sorption, the transmembrane pressure may be substituted instead and

ahydraulic permeance can be calcul§éd

Y 2.6
wn

gl

The rejection of a solute is used to define the membrane performance in OSN and can
be calculated based on the difference in concentration of the solute in the permeate and the

feed as shown in Equati@ir:

IR R
YQQQooonae— Zpmm 2.7
Inthecaseat o mpl ex, mul ti component mixtures th

the separation efficacy can be more clearly defined by a separation factor between species

0 ando:

8‘

—x
Ny
€
8 ¢
= x

2.8

€

The molecular weight cut off (MWCO) is used to compare the performance of

commercial and novel OSN materials. It is defined as the molecular weight of the smallest
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solute that experiences greater tfef¥% rejection. MWCO curves, such as the one in
Figure2.2, plot the rejection of different molecular weight solutes and are typically broad
with a gradual rise in rejéon. A curve with a sharper rise in rejection is preferred as it
denotes a cleaner separation between solutes with a small difference in molecular size.
Recentesearclnas fause primarily on the separation of dye molecules and oligostyrenes
with a > 2@ Da molecular weight from small molecule solvegd)sThese serve as a
uniform testing protocol across a wide range of membranes but have not been effectively
translated to more realistic feedstocks. Nmiformities in the range of solutlvent
systems investigated bsesearchers make it difficult to compare membranes across
applications. Polystyrene and polyethylene glycol oligomer solutes, that are considered
standard solutes for creating molecular weight cut off curves, undergo varying degrees of
solvation in differat solvents and can differ in size and shape accordingly. The formation
of chargetransfer complexes in dysolvent systems and clustermation of solutes in

poor solvents are additional hindrances to performance comparisons.
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Figure 2.2. Example of a molecular weight cut off curve with a MWCO .

2.2.3 Sorption

Sorption is a thermodynamic propeegd describes the capture of a molecule by a
condensed state (solid or liquiGas sorption in polymetsas been tyically describedby
theDual-ModeSorption mode€(7) where the lowpressure region of the isotherapreserd
a Langmuirlike adsorption and the higherr e s sur e regi on is descri
a gas dissolving in a liquid. The uptake is calculated as the algebraic sum of these
components as shown Equation2.9, whered is the concentration of sorbaite the
polymer Qi s t he Henr ydds; IstheLacgmarfcdpacityicanstant, and

wis the Langmuir affinity constant.

29
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For certain strong soiig gasesn glassy polymers such agrogen inPIM-1, a steep
increase in uptake is expected at high loadings and is symbolic ofHilgyins type

polymerpenetrant interactiorshown in Equatior2.10:(8)

"0
o€ E o %o P %o ..p Yo 210

where'Q is the fugacity othe sorbatat saturated vapor conditions at 29&m#d%o
is thesorbatevolumeoccupancy in the sorbed polymer syst@m?® solvent/cni system)
TheFlory interaction parameter.,is commonly understood to be composition dependent.
Type ll-like isotherms shown inFigure2.3, are most comwn in systems of condensable
vapors (typically liquids at room temperature) and polym&sssuchseveral researchers
have noted the importance parametdzing a model that combinelkolefilling in
microporous polymers along with the dissolution of the polymer institbate at high

activitiesas in the FloryHuggins mode(9, 10)

Type ll-like .
Dual-Mode Flory-Huggins
Isotherm ry-Hugg
o [ o Exponential uptakes
o © g at high relative
o o .
E 2 Henry’s law 2 pressures (swelling)
c & sorption @
2 2 e
@ @ »
Langmuir hole-filling
Relative Pressure Relative Pressure Relative Pressure

Figure 2.3. Type Il-like isotherm compared totheoretical Dual-Mode and Flory-
Huggins sorption isotherms.
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2.2.4 Diffusion

Diffusion is a kinetic propertyand dscribesthe movement of a molecule from a
region of higher chemical potential that of lower chemical potentialThe diffugsonal
coefficient of a single penetrantis commonly determined byeither a steadystate
measurementof flux, time-lag observation of sorptiorand diffusion or transient
measurements with a sweep §h¥ Several possible diffusional regimes could exist
within the system and can be divided into Case I, Case Il, and anomalous diffusion. On one
hand, Case | diffusion (Fickian diffusion) is characterized by the diffusion coefficient when
the diffusion rate isnuch slower than the pace at which the polymer chain relaxations
occur(12) On the other hand, Case Il diffusion describes when diffusion is much faster
than the rearrangement of the polymer ch@li8$.It becomes more difficult to calculate
the diffusion coefficientecurately in this case as the polymer relaxation upon contact with
the penetrant is limiting the diffusion. Lastly, anomalous diffusion combines the effects of
diffusion through the polymer along with the movement of the polymer chains (Case | and
Case Il) which share similar timecales. It is important to consider the effects of polymer
swelling, especially in the presence of organic molecules, and account f&ickan
diffusion within the system. It has been established that diffusion during upt&{isH1
falls under anomalous diffusion, which prompts the assumption that its derivatives will

perform similarly.(14, 15)

22



2.2.5 MaxwellStefanTransport

The solutiondiffusion model has often been simplifikdko a f or m o f
can be easily applied to the transport of dilute mix@arein reverse osmosis applications

such aglesalinationFor multicomponent systems, tltan be written 446)

0 O 0 211

wherenis the total number of componenisjs the molar concentration of component
"QandO are multicomponerdiffusion coefficientswhich have a complex dependence on
concentrationHowever, tleseO are dependent omow the systemsinumbered in the
matrix andcan take either positive or negative values c k 6s | aw al so
dependence of flugnthe systemvelocity, causing thdlux to increase without bounds as
the driving force goes to infinitylhis is valid within a pordélow model butthe solution
diffusion modelrequiresa bound onthe transmembraneoncentration gradierthat is
induced by the driving forcél7) Lastly, in the classical Fickian solution theory, it is

assumedhat diffusioncoefficientsare independent of concentration and that the syste

thermodynamically idedll8) Considering these limitationgpplicationo f Fi ctl 0 s

multicomponent systems restricted

MaxwellStefan equationdave insteadbeenused to described multicomponent
transport acrosgarious mediaincluding light gases, dense liquids and solids ionic
mixturesand porousstructureg19) The equations can be appliedttansport in rigid,

porous membranes such as zeolites as wealllaisery, nonporous polymer membranes.
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The MaxweltStefantheory dictates that chenaicpotential gradientserve as the driving

force for transporthrough membrang20)

%Y . — 212
wherew is the mole fraction of componeif?’l is the component velocity is the
chemical potentiaand ¢, is the Maxwell Stefan diffusivityHere,¢, do represent the
inverse of thefrictional interactions between componéind’™and can depend on the
activity of the permeanAdditionally, the nonlinear dependence of flux tie chemical
potential gradient is permittedhe MaxweltStefan diffusiviy of a penetrant through a
memlrane ¢, , canalsobe correlated to the Fickian diffusivit§, , via a thermodynamic

correction facto(17)

2.13

where,® is the activity of componeri@

2.3 Polymers of Intrinsic Microporosity and their Derivatives

Microporous materials have been studied for use in various applications such as
heterogeneous catalysis, gas stoyagel molecular separations. Such materials include
metatorganic frameworks (MOFs), hypercrosslinked polymers, zeolites, and PIMs, among
many others. Polymers of intrinsic microporosity are so named because of th&aifreg

kinked shaperesent inthe backbone that results in inefficient packinghe solid state
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inducingent rapment of | ar ge (@b ®ekinked $hapeisdugto!l u me

the combination of dadderbackbone and the presence of a speater.The high free

volume from thesecontorted laddelike structuresallow PIMs to have high guest
permeabilitiesTherefore, they havbeen widely studied for gas separations and, to some
extent, for organic solvent separatiofibe term intrinsic microporositgefines explicitly

a continuous, interconnected network of pores < 2 nm in diameéetothe packing of

the polymer, although there is debate regarding the interconnected nature of the micropores
in PIMs(22) PIMs are attractive materials for membranes due to their solubiksnieral

polar aprotic casting solvents and $ttcally-achievable large molecular weights, which

allow them to be solutioprocessed as freanding filmg(23)

PIM-1, which is the most weBtudied PIM(Figure 2.4), hasshown promise in gas
separations, gas storage, and organic solvent nanofiltration duehighitsnicroporous
surface areas of 72860 nt/g.(24-29) PIM-1 membranes are capable of realizing large
organic solvenfluxes with good rejection of organic solutes when there iss@0>Da
difference in size in the solute/solvent p@&@@, 31) Thin films of PIMs have been coated
on a range of supportecluding polyacrylonitrile (PAN), Ultem® 1000 (a polyimide),
and alimina(26, 30, 31) These supports have been tested for OSN with dyes dissolved in
alcohols, polystyrene imariousaprotic solvents, and solutes such @gostyrenes and
hexaphenylbenzene in nonpolar solvedjddydraulic permeances in the 20 liters m? bt
! bar! range have been obseryaidthoughmost PIM materials have not achieved a
rejection over 90% or, in other words, a moleculaigivecutoff (MWCO) for molecules

below600 Da.
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For the prototypical polymer PIM, there is a substantial disparity between the
apparentpors i ze di stributions in the #Adryo and
physisorption experiments in solidNP{1 suggest an average pore size between 3.5 and
5.0 A. By contrastthe 600 g mot molecular weight cutoféf styrene oligomers in toluene
by PIM-1 membranescorresponds to a pore size of 14 A in a rigid membrane material
such as a ceramic. This discagpy derives from motieenabled zones of activation in the
semirigid polymer network that undergo swelling and plasticization in organic solvents. A
PIM-like polymer that does not exhibit these phenomena should enable separations of
small molecules in therganic solvent reverse osmosis (<200 g'Mol and fAti ght 0 ¢
solvent nanofiltration (200 to 300 g mYlregimesThe structural modifications that are
valuable in improvingthe desiredseparation abilitycan be identified Y developing

structuretransport relationships for PIM derivatives

Researchers have performatdeast liree differenkinds of modifications to PIML
to manipulate its gas separation properties. Theslede a) changing the degree of
contortion at the spiro centdn) crosslinking, and c) pospolymerization modification at
the nitrile group(8) Even less flexiblgpolymers can be produced by introducing bulky
groups around the spiro center to sterically hinder the rote8®)R83) Crosslinking PIM-
1 will result in a lower flux of penetrants but also a higher selectivity as it prevents some
of the penetraninduced plasticization that occurs in uncrbeked PIM-1.(34, 35)
Amidoxime- (AO) and tetrazole(Tz) functionalized PIMgFigure 2.4) exhibit strong
hydrogen bonding between the polymer chains, which notresiyts in a loss of solubility
amongst certain protic solvents, but also increases the selectivity of the pelav&O

other gases such as Ahd CH.(8) In the case of the TRIM, this is attributed mainly to
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the dipoledipole forces between G@nd the amine in the tetrazole grq@p) However,

in AO-PIM, this is observed to be due to the rigidificatarthe polymer matrix by inter

chain hydrogen bonding, | eadi ng ,wocoording wer u
to cryogenic N physisorptiof and greater size selectivi(§) Several researchers have
investigated the effects of structural modification to the RIkpeat unit to improve gas
separation perforance, buthese types of studiese less commofor organic solvent
separationsAlthoughpostpolymerization modifications can tune the properties of BIM

like materials, structures capable of performing difficult separations without
postpolymerization iopostfabricatiormodification wouldprovide more chances to create

solutions tahese impactful, largecale challenges.

PIM-1 Tz-PIM AO-PIM
Ve me Me e N=N Me e OH
q-N_N NH, _ N
cO ﬁ:I[ O : X L,
0
Me Me Me Me Me
N n-H NZNH,
N=N OH

Figure 2.4. The chemical structure of PIM-1 and derivatives, tetrazolefunctionalized
(Tz-) and amidoxime-functionalized (37) PIM-1.
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2.4 Polymer Hollow Fiber Spinning

2.4.1 Developing the Polymdéope

Polymer dopes for spinning hollow fibers typically consist of a combination of the
polymer, solvent, nonsolvent, and optionally, a salt or low molecular weight polymer to
induce pore formation in the substructure of the fiber. The exact polymeartoateonof
spinning dopeare determined by ternary phase diagrafguie2.5)(38, 39) which shows
the possible phases a mixture of cam@nts can exist in. For polymer dopes, a binodal
line separates the omdase region of the mixture of components from the-phase
region where a polymer rich and a polymer lean phase are obtained. For polymers with
unknown phase regimes, such terndrgge diagrams can be created by visual observation
of the miscibility of polymer/solvent/nonsolvent mixtures at different compositions. One
phase solutions appear homogenous throughout while solutions in tih&se region
will have separated into twoddinct sections. Solutions that are close to the binodal line
will appear cloudy or hazy. A secondary envelope exists within thghase region and
is called the spinodal envelope. The spinodal enveligp®tes different typesf phase
separation mechagins and the final morphology of the hollow fiber. When a mixture
exists between the binodal and spinodal lines,-eafled nucleation and growth process
takes over to result in either a polyrmreah phase dispersed in a polyriean matrix or a
polymerlean phase in a polymeich matrix(39) When a mixture lies within the spinodal
region, the spinodal decomposition process dominates to produce an interpenetrating

network of polymeirich and polymetean phase&39)
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Figure 2.5. Schematic of a polymer ternary phase diagram. Dotted red lines indicate
the path of the onephase polymer dope during phase inversion of the skin and
substructure.

The composition of polymer dope chosen for spinning is dependent on the desired
morphology of the solid fiber and can be determined by drawing connecting lines on the
ternary phase diagraffigure 2.5). Typically, a thin dense layer supported by an open
spongy substructungrovides adesirable performancand mechanical stability40) This
dense layer can exist on the shell side or the lumen side. The polymer dope must exist in
the onephase region before extrusion. Once the dope is extthdeagh a die, a variety
of process parameters such as extrusion rate, fiber draw rate and environmental factors
such as the air gap between extrusion and quench bath, ambient temperature, ambient
humidity, quench bath solvent and quench bath temperdface the final fiber structure.

A dope composition that is close to the binodal line is preferred to induce rapid onset of a
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two-phase structure after extrusi@i) This allows for the formation of a very thin defect

free skin layer atop apongyinterconnected porous network opencell substructure.

When the dope composition is far from the binodal line and the phase separation is delayed,
solvent flows out throgh the surface into the quench bath for a longer period before a thick
skin layer is formed, with a greater chance of defects. With a thick layer hindering solvent
nonsolvent exchange throughout the rest of the fiber, a high local polymer content is
obtaired underneath and therefore, a dense closkdponge substructure. This type of a
fiber membrane isot preferredas both the permeability and selectivity of the resulting

fiber are expected to be low.

Finally, polymer dopes must lmapable of being drawout into thin lines through a
small aperture, to form the long yet thin configuration that is desired. A preliminary test to
determine the drawing tendency of a polymer dope is to perform a syringsi@xttest
where pressure is applied to a syringe filled with dope and the extrudate is either allowed
to free fall into a quench bath or is drawn by hand through the quench bath. If a continuous
line can be drawn without breakage or variation in thicknibesdope can be considered

for spinning.

2.4.2 Spinning Process Parameters

During solution spinning, the fluid polymer solution is extruded into cylindrical
structures with microiscale diameters that undergo phase inversion to form solid fibers.
As mentioneckarlier, fine control of the spinning process parameters permits reproducible
fabrication of hollow fibers. The effects of these process parameters are discussed in brief

below, although this should not be considered a comprehensive list.
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2.4.2.1 Quench Bath

The choice of quench bath liquid and temperature has a significant effect on the
kinetics of phase inversion of the skin layer. A strong nonsolvent is recommended in the
guench bath when thin, defdcée skin layers are desired. For hydrophilic polymers, wate
is typically chosen. A strong nonsolvent leads to a quick demixing process and phase
inversion, ensuring the formation of a thin dense skin Ig§@&n\When a weaker coagulant
is used, delayed demixing ensues and a more porous and thicker skin layer iS4@med.
The temperature of the quenibhth must be optimized for desired skin layer properties;
typically, if the temperature is too high, a fast solvent exchange compared to the rate of

demixing can cause the formation of pores on the skin (dyr.

2.4.2.2 Takeup Speed

A high takeup speed enforces elongational tensile stress on the extrudate and the
resulting fibers have smaller outer diameters. Further, the increased elongational stress has
been observed to increase the chain orientation and packing within the fiber, thereby
preventing the formation of macrovoids in the substruddfse. Moreover, it is
hypothesized that a combination of high dope viscosity and highutalepeed prevent
nonsolvent intrusion into the extrudate in the radial direqd@h At low takeup speeds,
die swell at the spinneret becomes appasithe resulting fibers can have outer diameters
that are large than the diameter of the spinneret. This die swell is cause by the high pressure

that is built up at the spinneret due to the viscosity of the polymer(d@pe.
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Figure 2.6. Formation of a nascent hollow fiber near the spinneret.

2.4.2.3 Dope Condition and Flowrate

A critical dope viscosity forms the basis gjfinning as below a certain viscosity,
continuous fibers cannot be formed. Higher solid contents in the dope, which include
polymer and nonsolvent additives, lead to higher dope viscosities. On the other hand,
increasing the dope temperature will decreasedope viscosity but increase the solvent
exchange rate. A viscous enough dope will suppress macrovoid formation due to chain
entanglement and suppression of nonsolvent diffugiBn.Preventing merovoid
formation is desired as macrovoids reduce the stresfgtie solid fiber and are subject to
compression under pressure during permeation testing which leads to trdastknt
sometimes at steaestatg undesirably low permeability. The dope extrusion flowrate has
similar effects as the dope viscosity. A highaope extrusion flowrate is typically

associated with a less porous surface as well as substructure due to higher solids packing.
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2.4.2.4 Bore Fluid

The bore fluid composition and temperature determine the surface morphology of the
bore side of the fibern addition to creating the bore structure,&¢ bor e f I ui do:
function is to prevent excessive porosityskin layer formatiomn the inner sudceof the
fiber. Typically, a combination of strong solvent and nonsolvent is used to allow solvent
exchange before phase inversion for a sufficiently porous structure with minimal transport
resistance. Depending on the composition of the bore fluidlatveate of the bore fluid
can either increase or decrease the porosity and pore size on the bore side of(#@ fiber.
50) Additionally, high solvent concentrations in the bore fluid can increase the porosity of

the substructure and affect the porosity of the shell side skin as well

2.4.2.5 Air Gap

At low takeup speeds, a small air gap will cause the phase inversion of extrudate that
is swollen due to die swell at the spinneret. Increasing the air gap can help capture the solid
fiber at a lower point in the dope line which is not swo(let) Gravitational forces play
an important role in the air gap region where the elongational stress increases chain
orientation and packing within the fib@1) If the air gap is too large and the dope
experiences high elongational stress, the dope may break and may not form a continuous
line. The presence of moisture in the air gap atmosphere may induce a partial phase
inversion of the outer surface, which has the potential for creating ultdatitioften
defectiveskin layers. Moreover, volatile solvents tend to evaporate in this regidtingsu
in changes to the dope composition, most prominently on the shellAsicissymmetric

structure is formed where the shell side is less porous or evefrge(skin layer)and the
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bore side is highly porousypically, larger air gaps lead to morefectfree (withoutsub

nm poreskkin layers, whilenot necessarilyaffecting thethickness of the skin laye(s)

2.5 Dip Coating

Dip coating is a simple and effective method for creating composites with thin layers
of a desired sdi@ce coating and is used across a wide variety of industries. Dip coating is
preferred over several other methods of thin film coating due to its simple design,
operation, and relatively low cost. The dip coating process relies on fluid rheological
propertes toenable formation othin films (Figure 2.7A).(52) The rate of withdrawal
determines the thickness of the wet fluid coating on the substrate due to a combination of
entrainment and draining forces. Draining forces separate the liquid from the substrate
while entraining forces allow the liquid to be retdon the substrate surface. In the fluid
mechanical boundary layer above the coating bath interface, the draining and entraining
forces are considered to be in equilibrium and the streamlines split according to the
magnitude of these forceBi§ure2.7B). This split occurs at the stagnation point, which
determines the wet film thickness before drying begins. Therefore, carefully adjusting the
stagnation point enablesgmise control of the thickness of the wet film coating. Above this
region, coatings with low volatility will maintain a constant coating thickness until
evaporation is induced via heat or convection. When a large quantity of volatiles is present,
the thickness of the coating gradually reduces as the solvent escapes, resulting in a wedge
shape Figure2.7A). Past this, a highly concentrated solution region traps solvarthw
can now only escape via diffusion through thelde layer. Finally, capillary forces in
the almost dry film draw solution into the region, resulting in a thickening of the deposited

film before it is fully dried.
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Figure 2.7. A) Steady state of the dip coating process showing the fluid entrainment
followed by solvent evaporation. B) Liquid flow streamlines in the dynamic meniscus
region close to the coating bath surface depicting the balance betweeraiding and
entraining forces.

In the case of very low withdrawal speeds (<0.1 mm/s), the capillary regime is
encounteredKigure 2.8). The solvent evaporation is faster than the movement of the
substrate line out of the coating bath, which causes abpitf coating at the edge of the
meni scus, known aeto apilléinpdohesioa df the dogtiagdsplutiah.
While more obvious process parameters such as substrate withdrawal speed and coating
solution concentration and composition are the main factors in determining the quality and
guantity of coating, other emenmental factors such as temperature, humidity, air flow
and, importantly, cleanliness will determine whether the films are digé=ctand

reproducible.
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Figure 2.8. Dip coating in the capillary regime. The substrate is withdrawn slowly
enough such that evaporation is faster than the velocity of the drying line. Capillary
feeding of the coating solution to the edge of the meniscus results in a buildup of dried
coating.

2.5.1 Dip Coating Defects

While dip coating is considered a relatively straightforward approach, only precise
control over process parameters will allow the formation of an optimized thin film without
defects. Dip coating, as a longstanding coating process, has been well sudaiddat
various possible sources of defelstsre been identified=or the sake of brevitygnly the

most commondefectsencountered in dip coating will be discussed here.

2.5.1.1 Stripe Defects

Stripe defects occur when bands of coating are observed to form perpeahdicula
the substrateds withdrawal, usually at ever
speed with low precision is usually the culg&8 When the cause is low withdrawal

speed, this defect trs ngl sed flecd wn wherehe hig
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meniscus occurs as described above inctpllary regime, the substrate is then moved
slowly which separates the meniscus from the pinned edge, and a new pinned edge starts
to form(53) Hence, the capillary regime is unfavorable if a consistent film thickness is
desired. While the obvious solution may be to increase the withdrawal speed, decreasing

the ambient temgrature can also reduce this effect by slowing the solvent evaporation rate.

A B
Fully dried
pinned edge
Substrate
1 — R Solvent
Thicker ye Substrate /" evaporation
coating :: withdrawn -
slowly B /’
Thin_neré Capillary
coating ~ force
Coating
solution

Figure 2.9. A) Stripe defect showing alternating horizontal lines of thick and thin
coating. B) Schematic of the coffeeng effect.

2.5.1.2 Popping

Popping is caused by the blowing out of trapped air or solvent during drying. This is
common for dilute coatings in volatile solvents as the outer section of the coating dries

quickly, leaving behind trapped solvent in the layers underribathexperiences a high
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driving force towards the coatirgyr interface(30, 54) The resulting defects may include
smal volcanoes, craters, pinholes or dimples. These defects are reduced by decreasing the
drying temperature or increasing the concentration of the volatile in the atmosphere to slow

the rate of evaporation and allow a gradual release of solvent from thgcoat

2.5.1.3 Delamination/Dewettting

Dewetting of the coating solution occurs when the coating does not sufficiently cover
the substrate due to a high surface tension of the liquid (resulting in highly attractive forces
between liquid molecules) or if the surfageergy of the substrate is too |¢Bb) The
resuting defect appears as islands or beads of coating. Such a defect can be resolved by
using a solvent with a lower surface tension or a substrate with a higher surface energy.
Contact angle measurements allow a quick compatibility screening for diffebstitagas
where a low contact angle indicates good wettability while a high contact are§ly (>

might result in dewetting and is unfavoratBa)

Delamination is when the dried coating appears lifted off the substrate, leaving a gap
between the surfaces. Delamination could occur either due to surface contaminant or due
to poa chemical or physical compatibility between the substrate and the coating. Choosing
a substrate with similar chemical featumgssurface energies as the desired coating can
prevent such types of defe(86). Further, thorough cleaning of the substrate will also

prevent this type of interfacial defect.
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2.5.1.4 Cracking

Cracks are often observed after heapiglied to the wet coating to increase the drying
rate. They typically appear on the microscale and their occurrence increases with increasing
thickness of the film coating. The most common cause for these defects is a mismatch in
the thermal expansion tfe underlying substrate and the coated {B%).If the difference
in expansion or contraction between the two is significant enough, the coating will
experience mechanical stress which leads to cracking. This can be prevented by using a
substrate with a similar thermal expansion coefficient to thergpditit if the choice of
substrate is limited, reducing the thickness of the coating can also reduce the occurrence of

cracks(52, 55)

2.5.1.5 Dust/Foreign Contaminant

Dust or other foreign contaminants such as finger oils can cause small defects such as
pinholes or craters. Such contamination can cause a change in local surface energy and
either result in @inhole when the surface energy is low or an aggregation of the coating if
the surface energy is high3) Thorough cleaning of the substrate and a clean working
environment is recommended to prevent such defects during both the coating and drying.
It is also recommended that coatings be filtered with a misized pore fiker before the

coating process.
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CHAPTER 3. MATERIALS AND EXPERIMENTAL METHODS

3.1 Overview and Collaborator Acknowledgements

This chapter covers the materials and methods behind pokyn#resis, material
characterization, membrane fabrication, membrane testing and fundamental transport
analysesof polymerar t s of t hi s c¢ hkak Thempsoa,ReMathigsa pt e d
D. Kim, J. Kim, N. Rangnekar, J. R. Johnson, S. J. Hoy, |. Begh Tarzia, K. E. Jelfs,

B. A. McCool, A. G. Livingston, R. P. Lively, M. G. Finn,-Aryl-linked spirocyclic
polymers for membrane separations of complex hydrocarbon mixg&oence369, 310
315 (2020)6 This work was performed in a highly collabovatiapproachand the key

contributions from coauthors are highlighted below.

SBAD polymerdesign,synthesisand elemental characterization were conducted by
Kirstie Thompson (Georgia Institute of Technolog9lJCKY polymer design, synthesis
and elementatharacterization were conducted Nicholas Bruno (Georgia Institute of
Technology) Polymer model generation amathalyses were carried out by Irene Bechis,
Andrew Tarzia and Kim E. Jelfs (Imperial College Londddlfem® flat sheet support
knife casting,roll-to-roll coating of flat sheets spiral-wound module fabrication and
spiratwound module performate analysis were conducted by Daeok Kim and Jihoon
Kim (Imperial College London)The emperature resistance iwiembranes, twle crude
separatiorand whoé crude analysis wemdnducted by Bel Rangnekad.R. Johnsoand
Scott J. Hoy ExxonMobil Research and EngineerinGuanghui ZhuGeorgia Institute of
Technology) assisted with DUCKowder fnysisorption, thin film composite preparation

and polystyrenenarkertesting PIM-1 polymer for roltto-roll coating was synthesized by
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Yi Ren (Georgia Institute of Technology). Viscosity measurements were performed by Dr.
Jianshan Liao (Georgia Institute of Technolggy)d AFM images wenerovided by Aaron

Liu (Georgia Institute of Technology).

3.2 Materials

Commerciallyavailable diaminesoftolidine (95%) and 1 sliaminonaphthalene
(97%) from Acros Organicsnttolidine (>98%) and 2/imethylt1,4-phenylenediamine
(>98%) from TCI] were rigorously purified beforelgmerization, as follows. The amine
was suspended in2B followed by acidification with concentrated HCI. AdditionaiCH
was added until all amine was dissolved. The acidic diamine solution was then extracted
with diethyl ether three times. The aqueousitson was boiled for 30 min while stirring
in the presenceof decolorizing charcoal (20 g, Acros Organics). The solution was
allowed to cool to room temperature and the charcoal was removed by vacuum filtration.
To the acidic aqueous solution was sloatided 1M NaOH with gentle stirring until the
diamine precipitated. The diamine was then separated by vacuum filtration, washed with

excess water and dried under vacuum overnight before use.

XantPhos (98%) was purchased from Acros Organics and STREM Cilentl,4
dioxane (99.8% purity, anhydrous) was purchased from Sigma Aldrich in Sufé/Seal
bottles. Torlon® 4000V and Torlon® 4000FHV powder was obtained from Solvay.
Puramem® 280 membranes (Evonik High Performance Polymers) were purchased from
Sterlitech CorporationPIM-1, XantPhos Pd53 precatalystXantPhos P54 precatalyst,

and IPr[HCI] were synthesized according to literature procedind)s All other chemicals
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were purchased from Sigma Aldrich, Acros Organics, Alfa Aesar, Oakwood Chemical, or

TCIl andused as received.

o)
MeO Br PhB(OH), MeO Ph
j@/ Pd/SPhos-G3 Br2 nBuLi,CO, _  MeSOsH _ ' OMe
K,CO, PhMe oo THF, -78C -
MeO '
e 1101C Meo™ 2 Br s3

(83% (97%) (75% over 2 steps) OMe

MeODiPh MeO
weo O.Q O.Q
MeO Br  Fecl, _BraFe©
i o CTh,Cl,. 7810
nBuLi, THF, -781C MeNO, O O OMe CH2C2 O O OMe
(83% overZSteps) OMe 82%

Figure 31. Synt heti c p at haiargmo-2 ,0 2v@&teti@mesToxy-P §-9 0
spirobifluorene (1).

3.3 Monomer Synthesis

Meoj@/ Ph
MeO

S1

Figure 3.2. 3,4-dimethoxy-1 , -Aighenyl.

3,4-dimethoxy-1 , -Aighenyl: A 500 mL roundbottom flask equipped with a septum and
magnetic stir bar was charged withbrbbmoveratrole (21.7 g, 100 mmol, 1.0 equiv),

phenyboronic acid (14.5 20 mmol, 1.2 equiv), potassium carbonate (34.5 g, 250 mmol,
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2.5 equiv), and toluene (150 mL). The capped flask was sparged with nitrogen for 15 min.
Under nitrogen, the precatalyst SPiRsG4 (39.7 mg, 0.05 mmol, 0.05 mol %) was added

in one portion. Th flask was then capped and stirred at 1@Mvernight. The reaction
mixture was cooled to room temperature, diluted with@lE and filtered through a plug

of Celite on top of silica gel. The resulting solution was concentrated by rotary evaporation
andfurther dried under vacuum to provide the compound as an eggshell white solid (17.9
g, 83% yield).'"H NMR (400 MHz, CDCY) Ui 7.637 7.55 (m, 2H), 7.45 (dd] = 8.4, 6.9

Hz, 2H), 7.38 7.31 (m, 1H), 7.21 7.12 (m, 2H), 6.98 (d] = 8.2 Hz, 1H), 3.98 (SH),

3.96 (s, 3H)*C NMR (126 MHz, CDC$) U 149. 07, 148.54, 141.

126.82, 126.80, 119.34, 111.39, 110.39, 55.94, 55.89.

MerC[ Ph
MeO Br

S2

Figure 3.3. 2-bromo-4,5-dimethoxy-1 , -Aighenyl.

2-bromo-4,5dimethoxy-1 , -Aighenyl: A 250 mL roundbottom flask equipped with a
septum and magnetic stir bar was charged withdBy¥ethoxyl , -Aighenyl (15 g, 70

mmol, 1 equiv) followed by the addition of GEl> (100 mL). With vigorous stirring,
bromine (3.95 mL, 77 mmol, 1.1 equiv) was added dropwise followed by stirring at room
temperature for 1 h. The reaction mixture was quenched with saturated aqueous sodium

bicarbonate (~100 mL) followed by saturated sodiunfiteu{~50 mL). The layers were
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separated, and the organic fraction was washed with Waie50 mL) followed by brine

(1 x 50 mL).The organic layer was then dried over anhydrous magnesium sulfate, filtered
through a plug of silica gel, and concentratgddiary evaporation. The crude product was
triturated with methanol, filtered, and dried under vacuum to provide the title white solid
(23.8 9,97% vyield).'H NMR (400 MHz, CDCJ) i 7.43 (tdd,J = 8.6, 6.0, 2.3 Hz, 5H),

7.15 (s, 1H), 6.86 (s, 1H), 3.94 (s, 3H), 3.89 (s, 3¥) NMR (126 MHz, CDCJ) 1i 148.68,

148.20, 141.06, 134.72, 129.48, 127.95, 127.38, 115.67, 113.80, 112.41, 56.20, 56.04.

(0]
X
S3
OMe

Figure 3.4. 2,3-diemethoxy-9H-fluoren-9-one

2,3-diemethoxy-9H-fluoren-9-one: A flame dried 1 L roundottom flask equipped with

a magnetic stir bar and rubber septum was charged witlorio4,5-dimethoxyl , -1 6
biphenyl (22 g, 75 mmol, 1 equivihe flaskwas evacuated and backfilled with argon three
times. Dry tetrahydrofuran (375 mL) was added and the mixture was coolé8 t€

under argon. A solution afBuLi in hexanes (30 mL, 75 mmol, 1 equiv) was added
dropwise. After addition, the mixture was stirred for 2 h#8 C. Carbon dioxide,
produced from dry ice, was then bubbled though the reaction mixture until the deep yellow

color of the reaction mixturdissipated to a pale yellow. The reaction mixture was allowed
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to warm to room temperature with a thin gauge needle inserted in the septum to prevent
the buildup of pressure. The solvent was removed by rotary evaporation until a solid was
obtained. The sa was then dissolved in water and washed with diethyl ether. The aqueous
layer was acidified with aqueous HCI and the resulting yellow solid was filtered and dried

under vacuum.

The intermediat¢l) was stirred in mixture of methanesulfonic acid (100 snd

sulfuric acid (25 mL) at room temperature overnight. The resulting emerald green solution
was then poured over ice (approximately 1L) resulting in the precipitation of a vibrant
orange solid. The solid was isolated by vacuum filtration, washed exitess water,
recrystallized from methanol, and dried under vacuum to provide the title compound as a
vivid orange solid12.6 g 70% yield).'"H NMR (500 MHz, CDCJ) i 7.56 (dt,J=7.2, 0.9

Hz, 1H), 7.42 (td) = 7.4, 1.2 Hz, 1H), 7.37 (di,= 7.3, 0.9 K, 1H), 7.24 7.18 (m, 2H),

7.01 (s, 1H), 4.03 (s, 3H), 3.94 (s, 3C NMR (126 MHz, CDGJ) Ui 193.16, 154.52,
149.67, 143.90, 139.44, 134.70, 134.19, 128.15, 126.80, 123.72, 119.06, 107.07, 103.36,

56.32, 56.21.

MeO O.Q
L

Figure 3.5.2 , 2 Otet@mesndxy-9 , -§pivobifluorene.
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2 , 2 6tetaimedhoxy-9 |, -§pidobifluorene: A flame-dried 500 mL roundottom flask
equipped with a stir bar and rubber septum was charged Withr2o4,5-dimethoxyl , -1 6
biphenyl (12.0 g, 41 mmol, 1 equivlhe flask was then evacuated and backfilled with
argon three times. Dry tetrahydrofuran (275 mL) was added and the mixture was cooled to
-78 C under argon. A solution @BuLi in hexanes (18 mL, 45.1 mmol, 1.1 equiv) was
added dropwise. The reaction was allowed to stir2fér after which 2,3liemethoxy9H-
fluoren-9-one (8.2 g, 34 mmol, 0.83 equivps added in one portion. The reaction mixture
was allowed to warm to room temperature, stirring overnight. The mixture washgaen

with a saturated aqueous ammonium chloride (25 mL) and the tetrahydrofuran was
removed from the mixture by rotary evaporation. The aqueous layer was extracted with
CHCI> (3 x 50 mL)and the combined organic layers were washed wit, ldried over
MgSOs, and the solvent removed by rotary evaporation. The resulting off white crude solid

was triturated with MeOH and dried under vacuum.

This intermediatg1l) was transferred to a 250 mL round bottom flask equipped
with a stir bar. A small spatula scoopFeCk was added, along with nitromethane (65
mL). The reaction was allowed to stir for 30 min after which the reaction largely solidified:;
the remaining solvent was removed by rotary evaporation. The resulting material was dried
under vacuum followed by tritutian with MeOH. The resulting ofivhite solid was dried
under vacuum to provide the title compourd@.8 g,83% yield).!H NMR (500 MHz,
CDCl) 1i7.937 7.52 (m, 2H), 7.36 (s, 4H), 7.05 (s, 2H), 6i88.53 (m, 2H), 6.26 (s, 2H),
4.05 (s, 6H), 3.67 (s, 6HI*C NMR (126 MHz, CDGJ) Ui 149.44, 149.26, 149.08, 141.87,

140.75, 134.22, 127.47, 126.50, 123.59, 118.75, 106.73, 102.83, 65.73, 56.11, 55.98.
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D

Figure 3.6. 7 , -dilFomo-2 , 2 Gtet@dmedhoxy-9 |, -Spibobifluorene.

7 , -dikbomo-2 , 2 Gtet@mesnoxy-9 , -Spivobifluorene: A 100 mL roundbottom
flask equipped with a stir bar -teramtbthoxyybber
9 , -§oidobifluorene (3.7 g, 8.5 mmol, 1 equiv) and Fe(0) (190 mg, 3.4 mmol, 0.4 equiv).
The flask was evacuated and backfilled with argon ttinees.Dry CH2Cl2 (30 mL) was

added and the reaction mixture was coole€/&® C under argon. Bromine (1.3 mL, 25.5
mmol, 3 equiv) was added dropwise and the reaction mixture was allowed to stir for 2 h.
The reaction mixture was then poured into excessatad aqueous sodium sulfite solution
while stirring. The solution was extracted with £&Hp (3 x 50 mL)and the organic layer

was washed with wat€t x 50 mL), brine (1 x 50 m),.dried over MgS@ and the solvent

was removed by rotary evaporation. Ttreide material was then purified by column
chromatography with a gradual gradient of ethyl acetate and hexanes (10% to 80% EtOAc),
providing the title compound as a white solidl( g 82% yield).*H NMR (500 MHz,

CDCls) i 7.59 (d,J= 8.1 Hz, 2H), 7.49 (@ J = 8.0, 2.0 Hz, 2H), 7.32 (s, 2H), 6.78 {c&

1.8 Hz, 2H), 6.22 (s, 2H), 4.04 (d= 2.8 Hz, 6H), 3.69 (s, 6H}3C NMR (126 MHz,

CDCl) 1i150.27, 149.92, 149.65, 140.85, 139.72, 133.11, 130.89, 126.78, 120.24, 120.10,

106.61, 102.95, 65.36, 56.1%5.02.
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All alkyne monomerdor the DUCKY serieswere synthesized from the common,
spirocyclic intermediat2, made in one highiielding step from the inexpensive and widely
available bisphenol A at up to 50 g scales. Interme@atauld then be brominated with
molecular bromine or chlorinated with-&hlorosuccinimide in the presence of thiourea,
followed by propargylation to provide monomés & A2, respectively. Halogens on the
backbone of the polymers provide handles for fupwstpolymerization modifications

without adding significant steric bulk.

Compound2 was also alkylated withtert-butyl groups withtert-butanol and
methanesulfonic acid via electrophilic aromatic substitution followed by propargylation to
provide the moreigid but still conformationally flexible monomé3. Compound was
also alkylated with methyl iodide and brominated to provide intermedaté&his
compound then underwent a palladigatalyzed Sonogashira coupling and deprotection
to provide monomeg4. This monomer is much more rigid as the arylacetylene is much
more sterically encumbered both by fewer rotational degrees of freedom as well as the

presence of aartho substituent.

Benzyl azide monomeidl & Z2 were synthesized byn3 substitution of th azide
anion with the corresponding benzyl bromides. Aryl azide mono@r& Z4 were
synthesized through the Sandmeyer reaction of the corresponding anilines. All monomers
were synthesized at large scales (up to 10 gfdr Z4 and 30 g foAl i A4) anddid not
require column chromatography, as they could be purified from trituration with methanol
and short silica plugs. Frodil i Z4 andAl T A4, the monomers increase in steric bulk
and rigidity, giving us the ability to fine tune the properties of #multing polymers

through different monomer combinations.
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Figure 3.7. Reacton scheme for DUCKY series.

3.4 Polymer Synthesis

Limited reports have been made applying Buchwéddtwig as gpolymerization
method; some notable examples are lig®8). For our purposes, bromination of the
spirobifluorene monomer as above was followed by careflulno® chromatography to
remove trace quantities of remaining starting material and a tribrominated byproduct.
Similarly, rigorous purification of the commercially available diamines as described above
was also found to be necessary, presumably due toatg oxidation of these amines in

air.
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Figure 3.8. SBAD-1 polymer structure.

SBAD-1: A 10 mL microwave vial equipped with a stir bar and crimp cap was charged
with o-tolidine( 21 2. 3 mg, 1 muibromo2 1 2 Getet@meddxyd ,-9 0 7 0
spirobifluorene (594.3 mg, 1 mmol, 1 equiv), sodi@m-butoxide (288.3 mg, 3 mmol, 3
equiv),and XantPho$dG4 (48.1mg, 0.05 mmol, 5 mol %jhe tube was evacuated and
backfilled with argon three times. Dry and-a&ee dioxane (5 mL, 0.2 M with respect to

one monomer) was added and the reaction mixture was allowed to stir for 24 FCan50
anoil bath. The resulting polymer appeared as a solid precipitate, which was isolated by
filtration, dried, dissolved in the minimum volume of CHGInd precipitated by addition

to methanol(500 mL). The solid was filtered, washed with excess MeOH, and the
refluxed in a solution of sodium diethyl dithiocarbamate (~30 mL, 0.25 M) overnight to
remove any residual Pd. The polymer was filtered, rinsed with excess MeOH, and dried in
a vacuum oven at 8@ overnight to give a tan soli&Z1 mg,81% yield).*H NMR (500

MHz, CDCk, 318 K)ti7.56 (d,J = 8.1 Hz, 2H), 7.31 7.29 (m, 2H), 7.25 (s, 2H), 7.21 (d,
J=8.5 Hz, 2H), 7.10 (d] = 8.3 Hz, 2H), 6.99 (dd] = 8.6, 2.2 Hz, 2H), 6.37 (d,= 2.1

Hz, 2H), 6.32 (s, 2H), 5.29 (s, 2H), 3.99 (s, 6H), 3.68 @36 Hz, 6H), 2.17 (s, 6H}C
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NMR (126 MHz, CDC}) u 151.16, 149.45, 148.72, 142.55, 140.45, 140.20, 134.82,
134.57, 133.98, 128.89, 127.49, 124.66, 119.36, 117.81, 116.96, 113.95, 107.42, 102.55,
65.62, 56.14, 43.95, 17.89. Analysis calculated feiHesN-O4 C 80.10, H 5.63, N 4.34
Found C 78.10, H 5.7N 4.24. GPC (against polystyrene standards, GH®l,= 9.45

kDa, My= 80.4 kDa, D= 8.51.

Me
n

M:A; u :
][N O';)eMe

Figure 3.9. SBAD-2 polymer structure.

SBAD-2: A 10 mL microwave vial equipped with a stir bar and crimp cap was charged

with mtolidine( 159. 2 mg, 0. 75 -dibromd2,, 2 Hiet@dumedhdxy ) |, 7,
9 , -§pidobifluorene (445.7 mg, 0.75 mmol, 1 equiv), sodiartbutoxide (216.2 mg, 2.25

mmol, 3 equiv), and XantPhdéxG4 (36.1mg, 0.038 mmol, 5 mol %phe tube was

evacuated and bacléd with argon three times. Dry and-diee dioxane (3.75 mL, 0.2 M

with respect to one monomer) was added and the reaction mixture was allowed to stir for

24 h at 80 C in an oil bathThe polymer appeared as a solid precipitate, which was isolated

by filtration, dried under vacuum, dissolved in the minimum volume of GHé&nd

precipitated into methanol (500 mL). The solid was filtered, washed with excess MeOH,

and refluxed in a solution of sodium diethyl dithiocarbamate (~30 mL, 0.25 M) overnight,
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filtered, and rinsed with excess MeOH. The resulting polymer was dried in a vacuum oven
at 80 C overnight providing a tasolid (280 g,58% vyield.)'H NMR (500 MHz, CDCJ)

07.807 7.39 (m, 3H), 7.11 (s, 3H), 6.79 (@= 54.9 Hz, 6H), 6.36 (d] = 38.0 Hz,4H),

5.917 5.19 (m, 2H), 3.99 (d] = 6.9 Hz, 6H), 3.84 3.41 (m, 6H), 1.88 (s, 6H}*C NMR

(126 MHz, CDC%) U 151.16, 149.47, 148.79, 142.03, 141.96, 140.42, 140.41, 137.14,
134.97, 134.57, 133.87, 130.53, 119.32, 118.14, 117.08, 114.26, 107.42, 5562583
56.17, 56.10, 19.90. GPC (against polystyrene standards,sCHGE 10.3 kDa, M=

29.3 kDa, D= 2.85.

Me

MeO n
MeO O.Q H Me
H
OO
OMe

Figure 3.10. SBAD-3 polymer structure.

SBAD-3: A 10 mL microwave vial equipped with a stir bar and crimp cap was charged
with 2,5dimethyt1,4-phenylenediaminé 1 02 . 2 mg, 0. 75 -divronwo! 1
2, 2 6tetaameBhoxyd |, -§pidobifluorene (445.7 mg, 0.75 mmol, 1 equiv), sodient
butoxide(216.2 mg, 2.25 mmol, 3 equiv), and XantPirasG4 (36.1mg, 0.038 mmol, 5

mol %). The tube was evacuated and backfilled with argon three times. Dry and air free

dioxane (3.75 mL, 0.2 M with respect to one monomer) was added and the reaction mixture
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was albwed to stir for 24 h at 80C in an oil bath. The polymer appeared as a solid
precipitate, which was isolated by filtration, dried under vacuum, dissolved in the minimum
volume of CHC4, and precipitated into methanol. The solid was filtered, washed with
excess MeOH, and refluxed in a solution of sodium diethyl dithiocarbamate (~30 mL, 0.25
M) overnight, filtered, and rinsed with excess MeOH (500 mL). The resulting polymer was
dried in a vacuum oven at 8C overnight providing a tan solid?1 g,98% yiet). *H

NMR (500 MHz, CDC4) ii 7.731 7.38 (m, 2H), 7.26 7.02 (m, 2H), 6.98 6.57 (m, 4H),

6.30 (dg,J = 23.5, 11.8 Hz, 4H), 5.384.79 (m, 2H), 4.12 3.73 (m, 6H), 3.67 (d] =

21.3 Hz, 6H), 2.12 1.65 (m, 6H)X*CNMR (126 MHz, CHCJ) Complexspectra due to
polymer oxidation. Analysis calculated fog&32N204C 78.15, H 5.67 N 4.93 Found C
77.33 H 6.43 N 4.00GPC (against polystyrene standards, GHiQW,= 10.3 kDa, M=

64.6 kDa, D= 6.25.

Wegavis
J{H O'O O';)eMe

Figure 3.11. SBAD-4 polymer structure.

SBAD-4: A 10 mL microwave vial equipped with a stir bar and crimp cap was charged

with 1,.5di ami nonapt hal ene (158 Rddpromo2l, 2rdrma@l, 3 6 1
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tetramethoxy9 , -§piobifluorene (594 mg, 1 mmol, 1 equiv), soditert-butoxide (289

mg, 3 mmol, 3 equiv), and XantPhBstG4 (48.1mg, 0.05 mmol, 5 mol %d)he tube was
evacuated and backfilled with argon three times. Dry and air free dioxane (10 niL, 0.1
with respect to one monomer) was added and the reaction mixture was allowed to stir for
48 h at 80 C in an oil bathThe polymer appeared as a solid precipitate, which was isolated
by filtration, dried under vacuum, dissolved in the minimum volume CIe, and
precipitated into methanol (500 mL). The solid was filtered, washed with excess MeOH,
and refluxed in a solution of sodium diethyl dithiocarbamate (~10 mL, 0.25 M) overnight,
filtered, and rinsed with excess MeOFhe resulting polymer was driéala vacuum oven

at 80 C overnight providing a tan solid (373@B3% yield).'H NMR (500 MHz, CDCJ)

07.811 7.35 (m, 4H), 7.28 6.66 (m, 8H), 6.64 6.05 (m, 4H), 5.82 (s, 2H), 4.193.77

(m, 6H), 3.77i 3.35 (m, 6H)13C NMR (126 MHz, CDGJ) U 151.17 149.47, 148.79,
143.09, 140.46, 139.57, 135.02, 134.54, 133.80, 128.03, 125.42, 119.40, 117.16, 114.13,
107.44, 103.17, 103.00, 102.61, 65.63, 56.15, 56.12. GPC (against polystyrene standards,

CHCls): Mn= 7.90 kDa, M= 57.0 kDa, D= 7.22.

Polymers DUCKY¥11 DUCKY-10 were all synthesized at 1 g scales via the CUAAC
reaction in chloroform with (RRP»CuOAc as the catalyst. Polymerizations conducted in
more coordinating solvents such as THF and DMF had lower rates of reaction and provided
polymers with lower molecular weights. Additionally, when other similar copper sources
(e.g. (PBP)ECuBr and (PEP)xCuCl) were used, no observable reaction took place.
Propargyloxycontaining monomer&li A3 were polymerized at room temperature with 2
mol% Cuat 0.5 M while arylacetylereontaining monomef4 was polymerized at 60 °C

with 5 mol% Cu at 0.2 M. The lower concentration is due to the somewhat lower solubility

59



of the arylacetylenderived polymersAll of the DUCKY polymers synthesized except for
DUCKY -2 exhibit high yields (>90%) and molecular weights (up to 180K), solubilities up

to 43 wt% in common organic solvents (DCM, CEICTHF, NMP, DMF, etc.), and
excellent film forming properties. After isolation, DUCKY became insoluble in all
solventsteised, presumably due -tosaambchghcgmpard
DUCKY polymers. Across the board the arylacetylenataining polymers exhibit lower
molecular weights than their propargyloxy counterparts. This is likely due to the increased
steric bulk and fewer rotational degrees of freedom making the alkynes less accessible to
the copper catalyst. Additionally, to demonstrate the scalability of the polymerization
method polymers DUCKY (50g), DUCKY-9 (15g), and DUCKY10 (20g) were
synthesied at large scales and provided polymers with comparable yields and molecular

weights to the 1 g polymerizations.

3.5 Polymer Material Characterization

3.5.1 Gel Permeation Chromatography

Gel permeation chromatography (GPC) was carried out using a TSKgel SuperHZM
M (6.0 mm I.D. x 15 cm, 3.8m) column with a flow rate of 0.45 mL/min. Molecular

weight was determined from a calibration of polystyrene standards.

3.5.2 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectra were obtainedonaBikerA4 00 and
or Bruker DRX 50 Qandneferéenced tmthensignals af reSiddal protons

in the NMR solvent.
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Figure 3.12. DUCKY series polymer structures and GPC results.
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3.5.3 Thermogravimetric Analysis

Thermogravimeric analysis (TGAWwas used to evaluate the thermal stability of the
polymers and determine the amount of 1sotvent present in the powder after drying at
110 °C for 1 hour. The powders were heated to 900°C atBfACinder a nitrogen purge
rate of 10 mL/min (TGA Q500, TA Instruments) and subsequently cooled at 10°C/min to

room temperature.

3.5.4 Dynamic Scanning Calorimetry

Dynamic scanning calorimetry (DSC) was performed by heating sanop80 °C
at a rate of 5 °C/in under 120 mL/min of N(STA 449F3 F3 Jupiter, NETZSCH) to

determine the glass transition and melting points of each polymer.

3.5.5 Gas Physisorption

Sorption of N (at 77 K) and C@ (at 273 K) were measureat relative pressures
ranging from 1E6 to 1 barwith an ASAP 2020 (Micromeritics) analyzérhe polymer

powders were degassed for 12 h under vacuum at 110 °C immediately prior to analysis.

3.5.6 Helium Pycnometry

Dried SBAD-1 powder samples were analyzed via helium gas at 22 °C (AccuPyc Il
1340 FoamPyc V3.0Qylicromeritics). An average skeleton density of 1.29 d/evas

calculated from 10 cycles.
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3.5.7 Hydrocarbon Vapor Sorption

SBAD-1 and PIM1 powder obtained directly from synthesis were used for vapor
sorption experiments. The powder was dried under 29 mm Idguwa and 110 °C
overnight before analysis and dried agaisituat 110 °C under flowing nitrogen for 200
minutes before sorption. The vapor sorption instrument (VTI SA+, TA Instruments)
utilized Wagner equation constants to determine the saturation pagssure of a liquid
and the relative pressurg f;  was controlled by mixing dry nitrogen gas and the
headspace of a saturator containing hydrocarbon liquid. Measurements were performed at

25 °C and in triplicate except where noted.

3.5.8 PolymerSolution Viscosity

The rheological measurements were performed on a rotational rheometer (MCR 302,
Anton Paar) with a double gap geometry (DG26.7). The effective bob length is 40 mm.
The inner bob diameter is 24.6 mm, inner cup diameter 23.8 mm, outdramoéter 26.7
mm and outer cup diameter 27.6 mm. The temperature for all measurements was at 23 °C.
The chloroform was added to the rim of cup to reduce the evaporation of the polymer
solution in the cup. The viscosity is measured at shear rates frorh0D@os1 and then
from 1000 to 1 €l. The reported viscosity is the average value of the points from both

intervals.

3.6 Polymer Model Generation

The amorphous structural models for the PIMs were generated with the simulated

polymerization algorithm Polymat{®). Three independent models for each polymer were
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generated by randomly gdng monomers in a periodic box of 70 A with a dnene

ratio at an initial low density of 0.30.4 g cm 2 as done in previous wo0). Previous

work has also shown that three models are sufficient for sampling different structures and
thus creating representative models that charactéezedrosity of these systems, because
the standard deviation between models is sifidl). For the constructiomf PIM-1,
previously published procedures were used as refe(@ncehe structures were described
using the polymer consistent force field (pgffl). Partial charges were calculated for the
repeat units by fitting atomic charges from the output of Gaussidr2l @alculations at

the HF/631G* level of theory. The molecular models used to derive the charges include
the repetition of each monomer twice, in order to derive charges for both the units inside
the chain and at the end of the chain, saturated with capping functional .girouips
polymerization phase, bonds were formed between reactive atoms on different monomers
within a cutoff of 6 A. The reactive groups were the aromatic carbon connected to bromine
in the spirobifluorene dibromide monomer and the nitrogen for the deamonomers.

The structure was minimized after every new bond was formed, while intermediate
molecular dynamic§l3) steps in the canonical ensemble were performed once every five
new bonds were formed, to allow the structure to adapt and the polymerization to continue,
reaching high degrees of polymerization and therefore longerschd@he MD steps were
performed at 1000 K for 10 ps using a timestep of 1 fs. Additional opposite fractional
charges of 0.3 were added to opposite reactive sites for all the PIMs to aid the

polymerization.

Geometric restrictions foPIM-1 weae tested toobtain realistic structures, as

described elsewher@®), however,it was found that these restrictions resulted in low
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degrees of polymerization of the structures compared to reportedustsjctvhereas
removing the restrictions resulted in similar degrees of polymerization to those previously
reported(9). The modelsvere carefully examinefbr any signs of incorrect bondingat

the restrictions are supposed to avoid, but did not find any problems in the absence of the
restrictions. All qualitative discussion of the differenbesveen PIML and the other four
models held regardless of whether restrictiovere employed or notBromine and
hydrogen atoms were used to saturate unreacted active sites on the spirobifluorene and
diamine monomers, respectively, after polymerization of SBABBAD-2, SBAD-3 and
SBAD-4. Fluorine and hydrogen atoms were used to saturate the uniactedic carbon

and unreacted oxygen atoms in PIyrespectively. The monomers and the capping groups
used for each system are reporteérigure3.13. Selected atom types and derived partial

charges for all the atoms in the monomers goented inFigure3.13 andTable3.1.

The final polymerized structures were then annealed throughsée@lmolecular
dynamics equilibration, an establishgatotocol for generating physically sensible
structures of microporougolymers(9). A final temperature value €ha) of 300 K, a
maximum temperature valuend) of 1000 K, a finapressure value @Ra) of 1 bar and a
maximum pressure value &) of 5 x 1¢ bar were used for the annealing step. The
LAMMPS packaggq14) was used to perform all the energy minimization and molecular
dynamics across the structure generation procedure. Ewald summation was used to
compute the longange electrostatic interactions, the Lenrdwdeq?2) potential was used
to represent the sherange van der Waals interactions. The-affitdistance for the LJ

interactions and the real part of the Ewald summation was set to 15 A. Constant pressure
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and tempeature were maintained using a Ndséover thermostat and barostatritig

molecular dynamics steps.

Figure 3.13. Representation of the polymer monomers used for building the polymer
models, withlabelled atoms. A) monomer A for all the SBAD family polymers BE)
monomer B for SBAD-1-4. F) PIM-1 monomeric unit.
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Table 3.1. Force field atom type and partial charges assigned to the atoms in the
models.Monomer and atoms labels refer to the ones reported iRigure 3.13.

A | type | charge | B | Type | charge A | type | charge | C | type | charge
1 |hc 0.0451 | 17 | Hc 0.1010 1 |hc |0.0591 |17 | hc 0.1360
2 | hc 0.1631 | 18 | Hn | 0.3803 2 |hc |0.1592 | 18 | hc 0.2510
3 | hc 0.1438 | 19 | Hc 0.1758 3 | hc |0.1415 |19 | hn 0.2805
4 | hc 0.1531 | 20 | Hc 0.1896 4 | hc |0.1505 | 20 | hc 0.2389
5 | hc 0.1545 | 21 | He 0.1982 5 |hc |0.1769 | 21 | hc 0.1888
6 |oc -0.3543 | 22 | Nb | -0.6420 6 |oc |-0.3317|22 |nb -0.7447
7 |c 0.0360 | 23 | C -0.2702 7 |c -0.0317| 23 | cp 0.5588
SBAD SBAD
1 8 |cp 0.2171 |24 | O 0.1564 5 8 |cp |0.2210 | 24 | cp -0.5845
9 |cp -0.2612 | 25 | Op -0.3461 9 |cp |-0.2572| 25 | cp 0.3582
10 | c5 -0.0281 | 26 | O 0.1172 10| c5 |-0.0344| 26 | cp -0.1866
11 |c 0.3471 | 27 | O -0.2389 11| c 0.3878 | 27 | cp -0.0239
12 | cp -0.1434 | 28 | Op -0.2165 12| cp |-0.1699| 28 | cp -0.4375
13 | cp -0.3561 | 29 | Op 0.1932 13| cp |-0.3310|29 |c -0.3069
14 | cp 0.4020 | 30 | Hn | 0.3767 14 |cp |0.4341 |30 | hn 0.3708
15| cp -0.2871 15| cp -0.3320
16 | br -0.1075 16 | br -0.1070
A | type | charge | D | Type | charge A | type | charge | E | type | charge
1 |hc 0.0569 | 17 | Hc 0.0905 1 |hc |0.0584 |17 | hc 0.1923
2 | hc 0.1572 | 18 | Hc 0.2155 2 | hc |0.1720 | 18 | hc 0.1780
3 | hc 0.1483 | 19 | Hn | 0.3814 3 |hc |0.1548 | 19 | hc 0.1429
4 | hc 0.1342 |20 | C -0.1739 4 |hc |0.1643 | 20 | hn 0.3423
5 | hc 0.1595 |21 | Op 0.0775 5 |hc |0.1673 |21 | nb -0.5284
6 |oc -0.3323 22 | Op -0.3398 6 |oc |-0.3424|22 |cp 0.2257
7 |c -0.0184 | 23 | O 0.2056 7 |c 0.0031 | 23 | cp 0.0309
SBAD SBAD
3 8 |cp 0.2164 | 24 | Nb | -0.6378 4 8 |cp |0.2097 |24 | cp -0.1780
9 |cp -0.2529 | 25 | Hn | 0.3760 9 |cp |-0.2562| 25 | cp -0.1504
10 | c5 -0.0391 10| c5 |-0.0034|26 | cp -0.2553
11| c 0.4147 11| c 0.1675 | 27 | hn 0.3724
12 | cp -0.1968 12 | cp |-0.2319
13 | cp -0.2707 13| cp |-0.2860
14 | cp 0.3943 14| cp | 0.3038
15| cp -0.3010 15| cp -0.2648
16 | br -0.1090 16 | br -0.1182
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3.7 Polymer Model Analysis

The final structures obtained after annealing were used for the analysis. All the
obtained results are averaged over the three different models for each structure. For the
porosity analysis, Zeo+€15, 16) was used, which uses a Voronoi decomposition to
calculate void space, pore size distribution and the interconnectivity between voids given
a certain probe radius. The structure is treated as rigid, therefore thdifleailthe system
is not taken into account in the porosity evaluation. The accessible aratcessible
surface area in the structures were calculated with a probe diameter of 2 A, 2.2 A, 3.30 A
(kinetic diameter of Cg) and 3.64 A (kinetic diameter &f2)(17). The calculations were
performed using the high accuratad. Surface areas were calculated using 5000 samples
(number of MC samples per atom). Pore size distributions were calculated using 50000
samples per cell. For the pore size distribution, 200000 samples were used. For the

accessible and inaccessible sogfarea, 3000 4000 samples per atom were used.
3.8 Computational Polymer Swelling

Each annealed modef PIM-1, SBAD-1 and SBADB3 was artificially swollen
using the approach developed by Colina et 40).(The swelling procedure generates
models atifferent swelling percentages by expanding the systems' periodic box lepgth (
by a dilation factorf. The annealed structure was considered a model with 0% swelling.
The change in volumé&/@ifw due to swelling (or swelling percentage) is given by

Yo QD
20 3.1

w 0
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After expansion, the atom positions are remapped to equivalent relative positions
in the new simulation box. Values bfin this work ranged from 1.000.225, and the
corresponding/cifo values ranged from 0.00% to 83.83%. The swollen system was then
equilibrated using two sequential MD simulations in the NVT (canonical) ensemble at 600
K for 100 ps and 300 K for 50 ps, respectively. An artificial swelling procedure was applied
beause simulating adsorptidrased swelling was deemed computationally intractable.
Crucially, the artificial swelling procedure does not include sorbates. The releeting
on the potential porosity of PINI, SBAD-1 and SBAD3 was examined using the
georretrical porositycalculated by Zeo++ (using the same sampling and probe sizes as the

nortswollen models).
3.9 Membrane Fabrication and Housing
3.9.1 Dense Films

A dense filmof SBAD-1 was prepared by pouring a &% chloroform solution of
the polymer into #éeveled Teflon dish in a glove bag saturated with chloroform vapor. The
disk was allowed to stand for 24 h, and the film was then allowed to dry as the atmosphere
was gradually depleted of solvent vapor over the course of 3 days. The film was then further

dried under vacuumZ9 mmHg) at 110 °C overnight.
3.9.2 Flat Thin Film Composites

Flat thin film composites were synthesized through various methods including spin
coating, blade coating and rat-roll dip coating with the latter two methods achieving a

greater amount of success compared to the former. Due to this, spin coating was only
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pursued for a few samples before a transition was made to blade coating for small scale

testing and to rolto-roll dip coating for large scale testing.

3.9.2.1 Spin Coating

Crosslinked Matrimid® supports were fabricated following a previously established
protocol(18) Matrimid® powder wadirst dried overnight under vacuurh 0 °C.A dope
of Matrimid® was prepared in a combination of volatile and-nolatile solventsnon
solvens and a pordormer. Each of these components plays enportantrole in
determining thegorosity within the asymmetric membrane structéreomposition ratio
(wt%) of 16:69:10: 3:1:f Matrimid®, NMP, THF, ethanol, water and lithium nitratas
usedandmixed in a 20 mL vialThe dope wasealed with electrical tape and left a
roller overnight until fullymixed.The dope vial was themaken off the roller and degassed
by letting it stand upright for 12 hourBhe dope was then poured onto a cleaned, smooth
glass substrate on top of a leveled tanld an automatic mover was used to draw the dope
across the platat a rate of 20mm/ssing a doctor blade with a height of 250 micro?@.
seconds were allowed for the THF to evaporate off the top of the film before the glass plate
wasplaced in a bath containing DI water, which immediately led to phase inversion of the
film. It is essentialhatthe glass plates kept evel throughout the moving and submersion
processAfter 20 minutes in the first DI water bath, when the membrane had floated off
the plate, it was placed into a bath containing fresh DI water for 24 hduessupport
membraneavas then solvent exchanged in methanol 3 timesntmve any residual solvent
or lithium nitrate.A 5wt% solution of pxylylenediamine was prepared in methaaont
Matrimid® supports were submerged in this solution to cros&hink4 hours. The support

was then solvent exchanged in methanol again 3 times before allowing to anddingn
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dried in a vacuum oven at 110 °C overnighhin film composite rembranes were
preparedising aspin coater\(VS-650Mz23NPPBUD-3, Laurel Technologies)l mL of

a 0.3 wt% polymer solution in tetrahydrofunaas chilled in a fridge to 4 °C overnigiit
circular coupon of therosslinked Matrimid®&upportwas centered onto the rotating table
in the spin coater and suctioned using a vacuumpp@efore casting, nitrogen was
allowed to purge through the spin coater for 15 minufes. to fifteenKimwipes were
thensoaked in chlorofornandplaced in theedges of the spin coater to create a saturated
chloroform environment for a few minute8.5 i of the polymer solution wafirst
aliguoted onto the center thfe supportspinning at a speed of 1000 rpithe supporntvas
allowed to rotatedr 60 secondat this speeafter which, the procedure was repeated to

gener ataey ear Tde2him flmecomposite is then allowed to air dry for 1 day.

3.9.2.2 Roll-to-Roll Knife Casting

Membrane supports were prepared using polyetherimide (PEI, ULTEM 1000) powder
thatwas evacuatedt 100 °C12 h before use. A 23 wt% dope solution of PEI was prepared
by dissolving the powden a binarymixture of GBL/NMP (70/30 on aeightbasis) by
stirring at 70 °C foroneday and then filtered using nylon net filter (11 um pore size,
Millipore) and storedor a day at room temperature to remove bubEsnbranes were
cast from the PEI dope solution on polyethylene terephthalate (PEfWaaen backing
(Hirose) by using a continuous casting machBepfaTekKorea) with a casting knife set
at 170mm. The asted film was plunged into a water bath set toC1® induce phase
inversion.To enhance thehemicalstability of PEI membranes for the usage in various
organic solvents, PEI polymeric chains were crosslinked using diaminopropane (DAP) by

immersing in aolution of 1 wt% of DAP in MeOH for 1 day, then placed in a solution of
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5 wt% of DAP in MeOH for 22 h. At the end of the reaction, membranes were thoroughly

rinsed with water and IPA and then dried at room temperature.

3.9.2.3 Blade Coating

Thin film composits were produced from chloroform solutions of each polytér
2 wt %) filtered through 0.2 em PTFE syring
Using a 25 em stainless steel bacoatedgn!| i cat
a flat crosshked polyetherimide (PEI) prepared as described above. The nascent polymer
film was allowed to dry overnight at room temperature in a fume hood before circular

coupons with an effective surface area of 14 wm@re cut out for testing.

3.9.2.4 Roll-to-Roll Dip Coating on Flat 8pports

Polymersolutiors wereprepared ad.8wt% in chloroform and filtered through 200nm
PTFE (FGLP04700, Merk) filters. Thin film composites were then prepared by coating
onto crosslinked polyetherimide supports (avenagre size: 9nm) via a retib-roll process
line (RK Print, UK) as described elsewh¢t6) at a casting speed of 5m/min and a drying

temperature of 58C in an airconvection dryer.

3.9.3 Spiral Wound Modules

To prepare a membranmodule ofSBAD-1 (Figure 3.14), membranes (prepared
through roltto-roll processing) were soaked in a solution of PEGHWO® (1:1) for 24h
then dried at room temperature until all IPA was removed. A membrane sheet (dimsensi
0.3m x 1.7m) was cut from the prepared membrane roll, laid out, and folded in half with

the coating layer facing inward. A sheet of feed spacer from Top Zeven, Netherlands
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(Polypropylene 2680, 28 mil thickness) was then placed between the folded membra

sheet. The permeate spacer from Sefar, Switzerland (PROPYLTE4@32, 295 um

t hickness) was then attached t-feedaspagerer f or a
membr ane sandwicho was glued on three side
permate tube. The solvesstable glue designated EMETO0001 was purchased from Evonik

MET Limited (UK). After the envelope was completely wrapped around the permeate tube,

extra glue was pasted along the straps on the outer surface of the roll to keep the spiral
configuration and prevent unwrapping. The final rolled modules were approximately
0.0457 m in diameter and 0.3048 m |l ong (1.

membrane leafl§0.4n?, D1.5 m xD0.25 m) resulting in an effective area®d.2 nt.

Figure 3.14. (A) Thin film composite sheet of SBAB1 on Ultem®. (B) Scaleeup flat
sheet membrane roll of SBADL prepared through roll-to-roll coating. (C) Spiral
wound SBAD-1 module comprised of 1.8 m x 0.2 raf membrane.
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3.9.4 Hollow Fiber $inning

Torlon® hollow fiber supports were fabricated usagpinningsystem illustrated in
Figure3.15. A core polymer solution is extruded with a borgdlthrough a custorbuilt
spinneret under pressure provided by high pressure syringe pumps (Teledyne Isco). The
extrudate is then submergetb a quench bath containing water at a set temperature, which
acts as a nonsolvent and phase inverts the polymer. The vitirifed polymer is guided under
a pulley in the quench bath and onto a tagedrum placed externally, where a controlled
drum rotatia speed affects the fiber draw rate from the quench bath. Several factors in the
spinning method affect the mahology of the resulting fib€20) and in the work presented

here, the main adjustments were made to the polymer dope concentration and the fiber

draw rate.
Polymer
Bore Dope
Fluid — —
Guide . 3 3
’ T Spinneret
Take-up

Drum / \ / \

High Pressure
Syringe Pumps

Quench Bath
(Hot Water)

Figure 3.15. Schematic of a hollow fiber spinning system setup.
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3.9.5 Rol-to-Roll Dip Coatingon Hollow Fibers

The roltto-roll coatingof hollow fiberswas performed on a custebuilt equipment
illustrated inFigure 3.16. The spool of suppofforlon® fibers was unwound with the
meansof pulleys, where the fiber is firguided into a coating solution bathenan oven
with controlled temperature and finally, a talke drum with a controlled takep rate.
Coating solution concentration, oven temperature and fiber draw rate are the main

parameters to be adjusted in thisqess.

take-up .
drum I O

fiber

spool
coating
solution

Figure 3.16. Simple schematic of the rolito-roll coating process of hollow fiber
membranes.

3.9.6 Hollow Fiber Module Fabrication

The thin film composite hollow fibers were sealed in stainless steel housing that was

capable of withstanding high operating pressuras. modules were fabricated frdm
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inch stainlesSwagelok® tubing anfittings: two union tees (316 SS)hree port
comectos (316 SS)and threenuts with ferrules (316 SSYhe union teeswere first
connectedvith a single port connector and nie cm fberswere at andfixed in place

within this housing using Teflon tapen either ends of the te€Bweezers were used to

pack the Teflon tape around the fibers and into the openings of theutdethat no epoxy

would leak throughJ-B Weld Marineweldepoxymix was then syringed through a pipette

tip into one end of a teantil filled. This end was theconnected to another port connector

and nutmaking sure to allow the fiber tan through and out of the connector. More epoxy
wassyringedinto the connector until filled and no air bubbles were pregdtdr 6 hours,

the other end was sealed in a similar manner. The sealant was allowed to cure for at least

24 hoursbefore testing for gas or liquid permeation.

3.10 Membrane Material Characterization

3.10.1 Scanning Electron Microscopy

Field Emission Scanning Electron Microscopy {6EM) was used to obtain ultra
high-resolution images of the thin film composites (Hitachi SU8010). Samples were cut
with a sharp razor blade and placed on aluminum mountsy usarbon tape. A
turbomolecular pumped coater (Quorurlg0 T ES) was used to sputter coat the samples
with a layer of a gold/palladium alloy under a deposition current of 10 mA for 45 seconds.
Images were obtained with a voltage of 3kV and a curremdof E A at a wor ki

of 8 mm.
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3.10.2 Hydrocarbon Liquid Sorption

Liquid sorptionwas measured by submerging weigHatidense film fragments in
pure and mixediduid hydrocarbosat room temperature (22 °C) for at least 1 mdath
SBAD-1 and 3 days forl® -1. The resulting solvated films were weighed after wiping the
surface dry with a Kimwipe. Each measurement was perfotwied Measurements with
sorption under 5 wt% were not included in the final data as reliable mass uptakes could not

be obtained.

3.10.3 Atomic Force Microscopy (AFM)

Atomic force microscopyldimension IconBruken was performed on the shell
side surface of hollow fiber membrang@$ie images were obtained &pping mode with
n-type silicon cantilever/tip (HQ:NSC14/No AVlikroMasch with an 8 nmradius. The

images were captured at a scan rat@. @90 Hzand a esolutionof 512 x 512 pixels

3.11 Membrane Performance

3.11.1 Flat SheetMembranePerformance

3.11.1.1Synthetic Hydrocarbon Feeds

Liquid permeation was measured witkeastombuilt cross flow systenHigure3.17)
pressurized by an HPLC pump (Azura P 4.1S, Kna@#rgular flatthin film composite
coupons were inserted intioe topsectionof thesample cell€ontainingsolventresistant
Kalrez orings to prevent the membranes from being cut by the hard.mb&intended

feed side of the membrane is allowed to face thiagand a porous stainlesteel disc
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(Sterlitech) is placed behind the membrane for mechanical support during permeation. The
top and bottom sections of the cells were then sealed with high pressure bolt clamps
(Grainger). The sealed cells are connected into the cross flow syistéminch stainless

steel Swagelok nuts. The three cells could be run independently as bypass lines were

created between the feed and retentate valves.

Backpressure Flow
Regulator Meter

To Drain
f

Pressure Relie
Valve

Feed
Tank

B,

High-Pressure
Pump

% 3-Way Valve
e Pressure Gauge

Permeate 1 Permeate 2 Permeate 3

Figure 3.17. Schematic ofa crossflow permeation s/stem.

Both feed and retentate valves are directed towards the cell and the permeate valve is
directed towards the feed tank before the pump is switched on and allowed to flow liquid
through the system at a constant flow rate. Once all air is removed from thm sgs
indicated by the disappearance of bubbles in the flowmeter, the backpressure regulator,

which is depressurized initially, is slowly pressurized to the target pressure. A quick
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pressurization or depressurization can rupture polymer membranes. THieuma
operating pressure of the system is 69 bareshytirocarbon liquids were onfyressurized
upto 60 baat a feed flow rate of 10 mL/miThe permeate port was flushed with a few
mLs of permeate before samples were collecédiduots from the permea port were

taken at 24 h intervals until the permeance and rejection were stabilized for 24 h. The
permeance (specifically, the hydraulic permearil‘%ég;, the total fluxp hof the permeating

species through the membranes, normalized by the agpliee s snur e, @

—- — 3.2

The stage cut, defined as the ratio of permeate flow rate to feed flow rate, was
maintained below 5% to reduce concentration polarization effects on the feed side of the
membrane; concentration polarization can reduce the observed rejection of the solute. The
separationof liquid hydrocarbon slutes was determined using gas cohratography
(Agilent 7890B), where the rejectiomas calculated as the difference in concentnatib

the solute in the feed and permeate, normalized by the concentration in the feed.

A T e 9
YQQQwb "Qe-¢ 3 Zp T 3.3

Separation factors for a component paifrB, were calculated as:

o
=
1)0:

YQR O GO tayE 3.4

o
= x
o
0«
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Samples from each membrane sheet were tested in triplicate to assess the

reproducibiliyy of theseparation performance.

Standardi zed mol ecul ar weight cutleff per
Umet hyl styrene di mer ( Si'gaoaof PS580anchs,1090K) a
(Polymer Labs, UK), dissolved in toluene. The rejections of oligsmere analyzed by
high-pressure liquid chromatography (Agilent HPLC) with a UV/Vis detector set at a
wavelength of 264 nm. The MWCO was determined by interpolating the rejections of the
marker solutes and is defined as the smallest molecular weiglebthegponds to a 90%

rejection.

The i mpact of pressure and tempdebhtaorede
mi xXture was ctudsgimefidc. SBWas | oaded into-a stai
flow cell . The <cel ibuwa$f |pdrvd csssyds ti enmh oe cau icpupse
and recircul aptrieosns upruemprse,gubaactkor s on per meat

box purged with nitoogmehempemat mta@ai and aut

retentate sampl i ngr astyes toefm.3 0A0 crmoln/shtranwa & eraali
recycle, i .e. permeate and retentate were
ba@k essure regulaadtloyr swas tion 45 bar whil e
at mospheric plreexsstuegmperTanteurheotwas i nitially
retentate samples were collected every 24

Af ter sdtag ®@dywabnacbhanrwgd in per meate and r ¢
hetox temperature was increased to 35 C. T
This set of experiments at four temperatur

pressur es.
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3.11.1.2Natural Hydr@arbon Feeds

A 49 mm diameter coupanf SBAD-1 was |l@aded into a Sterlitech HP4750X stirred
deadend cell (active membrane area = 14.6)owith a custorrmade heating jacket and
nitrogen line for application of head pressure. The cell was initially loadd50g of
toluene which was allowed to permeate overnight at room temperature and 80Q psig N
head pressure. The cell was then depressurized and loaded with 100 g-bashdléght
whole crude oil and 800 psigKead pressure was again applied. Téleveas stirred at a
constant rate of 400 rpm. A cold trap cooled by dry ice was set up to collect the permeate
in order to prevent loss of the light ends. The temperature of the cell was slowly increased
up to 130 C wuntil p e r mesafficent permeate hadabgen o b s e |
collected, the cell was cooled and depressurized. The permeate, retentate and feed samples
were analyzed using simulated distillation (SIMDIS) anddiBensional gas

chromatography (GCxGC).

The GCxGC system consisted of an &gil 6890 gas chromatograph (Agilent
Technologies, Wilmington, DE) configured with a split/splitless inlet, oven, and flame
ionization detector, and a Zoex ZX1 looped jet thermal modulation assembly (Zoex Corp.,
Houston, TX). The column system was a comtdameof three different columns connected
in series. The first column was a weaklglar BPX5 (30 m length, 0.25 mmID, 0.25 pym
film), followed by an intermediatpolarity BPX50 (1.5 m length, 0.1 mmID, 0.1 um film)
interface column, and an additional @nhediatepolarity BPX50 (1.9 m length, 0.1
mmID, 0.1 um film) analytical column. All columns were purchased from SGE Analytical
(SGE Analytical Science, Austin, TX). The ZX1 modulator uses a combination of

alternating cold and hot nitrogen gas jets ratpd by liquid nitrogen heaxchange and
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electric auxiliary heating to trap and r el
the second column. This trapping occurs on the interface column which is looped through

the intersection of both gas jetsthe oven.

A 2.0 pL sample was injected neat into the split/splitless inlet with a 20:1 split ratio
at 360°C. The carrier gas was helium running in constant flow mode at 1.9 mL per minute.
The oven was programmed from 60°C to 390°C at 3°C per minugetfdal run time of
110 minutes. The modulator hot jet is programmed from 180°C to 390°C at 3°C per minute
and then held for 40 minutes until the end of the run. The modulation period was 10 s with
a hot jet pulse length of 400 ms. The FID sample rageM8 Hz. Instrument control and

FID data collection was conducted using Agilent Chemstation.

FID signal processing was conducted using GC Image software (GC Image, LLC,
Lincoln, NE). GC Image constructed the tdimmensional and thregimensional GCxGC
plot images from the Chemstation FID channel file using {miltaseline correction, peak
detection, and peak integration algorithms. Tkdeensional comparison images were

also constructed using buitt functionality.

GCxGC chromatograms were split amtiog to molecular class (normal paraffins,
branched paraffins, naphthenes and aromatics) and normalized cumulative peak volume
was plotted against retention time for both feed and permeate for each class. A polynomial
(depending on goodness of fit) wasth each curve and integrated between the limits of
lowest and highest retention time to obtain the area under the curve. For each class, the
area under the normalized cumulative peak volume curve for the feed was subtracted from

that for the permeate. &difference in area was then expressed as a percentage of the area
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under feed curve to obtain the nNn% enrichme

feed.

For calculation of claswise rejection, the peak volumes for each class were binned
into 5-minute retention time intervals for both feed and permeate. The rejection at a given

retention time was then calculated as showdnation3.3 where 0 is the peak volume
of permeate and is the peak volume of feed at the same retention time. The rejection

curves for each class as well as total rejection wereptloéted against retention time

3.11.2 Hollow Fiber Membrane Performance

3.11.2.1Hollow Fiber Gas Permeation

Hollow fiber membranes were tested in a constant pressure, gas permeation system at
35 °C.The gas is fed to the sealed shell side of the membrane and permeate is collected
through the boreSamples were measured in triplicate to asseproducibility. Samples
were allowed to permeate for at ledstours beforgpermeatavas collected inl-hour
intervals until steadgtate was reachetdhe permeate flow rate was measured using a soap

bubble flowmeter.

3.11.2.2Hollow Fiber Liquid Permeation

Pue liquid permeation was measured using adpgdssure syringe punifeledyne
Isco, 500D)in deadend filtration modeavhile mixture permeation was measured using a
dual pump continuous flow systeffieledyne Isco, 5). The feed was supplied to the
shellside of the hollow fibers while th@ermeate was collected from the bsrée of the

modde. In the single pump systethe retentate remained on the shell side of the module
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In the dualpump system, the retentate was allowed to flow back to the fegsel sl the
feed was continuously circulated to prevent concentration polarization. The stage cut was
adjusted using a needle valve in the retentate line and kept below 1%. A minimum of 2
days was allowed before permeate samples were collected to alamystate transport

to be reached. Permeate samples were collected as described in the flat membrane case.
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CHAPTER 4. THE EFFECT OF SPIROCYCLIC POLYMER

STRUCTURE ON POROSITY AND SWELLING

4.1 Overview

This chaptediscusseSBAD and DUCKYs e r i e s @natgrial shdracterization
andcomputationakimulationof SBAD polymers pore structureParts of this chapter are
adapted from 6K. A. Thompson, R. Mathias,
S. J. Hoy, |. Bechis, A. Tarzia, K. E. Jelfs, B. A. McCool, A. G. Livingston, R. P. Lively,

M. G. Finn, NAryl-linked spirocyclic polymers fomembrane separations of complex

hydrocarbon mixturesscience8369 310315( 2020 ) 6

4.2 Spirobifluorene Aryl Diamine (SBAD) Series

4.2.1 Designand Synthesief SBAD Polymers

Previous gas separation woby McKeown and colleaguesas notedjn which a
spirobifluorene monomer was found to frustrate chain packing and rigidify kaguker
polymer structures beyond equivalent materials made using a spirobisindane mdpomer
resulting in higher polymer free volunad permeability relative to PHll. Moreover,
swelling and plasticization were reduced, resulting in no apparent loss of separation
selectivity compared to PIM. Therefore a similar girobifluorene buildingblock was
employedbutit wasrealized that this modification alone would likely drgable to address
the challenge posed by swelling in organic solvent separation compared-gbagas
separations. Thug, wassought to enhance packing efficiency within certain segments of

the backbone by using a modestly flexible linkage, choosing thé\aayyl connection.

87



This design allowed the use of catalytieNCbond formation as the polymerization
process, rather thahe nucleophilic aromatic substitution reaction that gives rise to the
dibenzodioxin linkagef PIM-1. The palladiurrcatalyzed BuchwakliHartwig amination
reaction is a robust method for the coupling of aryl halides and amines that has been used
extensivey in medicinal, materials, and natural products chem{&yyits application to
polymersynthesis has been more limitédsingle spirobifluorene dibromidd,(Figure
4.1) was choseras the AA monomer and a range of commercially available aromatic
diamines as the-B component (compoundsdV in Figure4.1). Polymerization using the
XantPhos Pd Géualladacycle catalyst3) was optimized Table 4.1) with respect to
temperature and concentration, providinggbieobifluorenearyl diamine (SBAD) series

(Figure4.1).

e e

0.0 ome ' NaOtBu, Dioxane OMe
e mo Iv e

SBAD-1 SBAD-2 SBAD-3 SBAD-4 PIM-1

Figure 4.1. Modular reaction scheme showing the plymerization of 7 , -dikiomo-
2, 2 otetamedhoxy-9 , -§pidobifluorene, 1, with diamines I IV giving the SBAD
class of materials: SBADLi 4.
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The BuchwaleHartwig polymerization ofi ando-t o | i d i-dimethy(b&nzidné,
compound in Figure4.1) was explored with several known catalysts for this reaction, as
summarized inTable4.1. The palladacycle XantPhos Pd @Y proved to be the most
effective, giving the highest polymer moidar weight in good vyield. (High molecular
weights are desirable because longer chains form higher quality films, whereas short chains
are more likely to cause cracking or to be too soluble in the organic mixtures to be
separated.) Consistent with pri@ports(4, 5), polymerization catalyzed by the XantPhos
Pd G3 precatalyst was much slower, requiring ten days to reach similar »oreand
molecular weight (data not shown). Pd(dh@ds also found to be inefficient in this process

(Table4.1, entries 4 and 5).

While polymerizationreactions at 50 °C consistently produced soluble polymeric
products, increasing the reaction temperature to 100 °C produced polymer gels that were
largely insoluble. While this may be due to the intrinsic properties of larger chains, it is
also possible #t chain crosslinking occurred under these conditions, even a small amount
of which can be expected to dramatically decrease solubility. Decreasing overall
concentration at high reaction temperaturable 4.1, reaction 2) eliminated the gelation
problem, but also compromised chain length. To balance these effects, three of the four
polymers were prepared at 80 °C. Unfortunately, the use of BretiPknewn for its
sekctive coupling of primary over secondary amif@si did not provide a significant

degree of polymerization.
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Table 4.1. Conditions tested for the polymerization of SBAB1: 1 (0.1 mmol), diamine
(0.1 mmoal), catalyst (5 mol%), solvent (0.5 mL) for 24h. Reaction 2 was performed at
0.1 M (1 mL dioxane) to prevent gelation.

Entry Catalyst Temp.(C) Solvent Mw (kDa)
1 Pi1-L1 50 Dioxane No Conv
2 P2-L1 100 Dioxane* 16.7
3 P2L1 50 Dioxane 80.4
4 L1APd( d 50 Dioxane 8.0
5 L2APdy d 50 Dioxane 4.2
6 P2L1 140 DMAc 255
7 P2-L3 50 Dioxane 1.4
8 P1-L3 110 Toluene 9.3
9 P2-L1 110 Toluene 8.8
10 P2-L1 50 THF 113
11 L4 A[ P.RACIN 110 Toluene 2.3
12 L4 A[ P.RAICIN 100 Dioxane 4.6

O O PPh, PPh,
NH; N(H)Me 0
0D

O OMs O CI)Ms

Me" Me
G3-Pd Source G4-Pd Source XantPhos
P1 P2 L1
OMe
OO MeO O PCy, iPr iPr
pph, IPT IPr =
PPh, O QNYN©
OO i H _ipr
iPr Cl
BINAP BrettPhos IPr[HCI]
L2 L3 L4
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4.2.2 SBAD Powder Characterization

All SBAD polymers were readily soluble in volatile solvents (THF, chloroform,
CHCly, Figure4.2) and were easily castto films. The SBADB3 and SBAD4 polymers
were much more colored (vibrant magenta and deep indigo, respectively) than the others
in both the solid state and solutioniTe may r ef | ect t-hoejugationgr eat e
across the diamine linkage, allowing for small amounts-okNation to lead to stronger
donoracceptor chromophores in the polymer backbone. The presence of such oxidized
linkages may contribute toéhmore complex appearances of the NMR spectra and TGA

analyseshown later in this chapter

GPC analysis revealed a component of high apparent molecular weight, thought to
correspond to a small amount of branched material derived from a seddridgdrtian
event at one or more amine sites along the polymer drgiaré4.3). The numbesaverage
molecular weights of the polymers derived from the optimized proceduresheesabove
(calibrated against polystyrene, and so of uncertain absolute value) were all low, reflecting
degrees of polymerization below 20, but dispersities were very large. This likely reflects
two factors: (a) while the catalyzed Buchw&ldrtwig reactdn is fast, the thermodynamic
driving force of each coupling step is not large, and (b) branching-Maénd formation
to secondary amine centers is possible, and only a amallnt of branching at secondary
amine centers isecessary to dramaticallyfiate the observed weiglatverage molecular
weight and dispersity. The polymerization results are highly reproducible, thus branching,
if it occurs, is likely an intrinsic feature of the polymerization reactiéven a small
amount of branching at secongamine centers can dramatically inflate observed weight

average molecular weights and dispersiti®s
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Figure 4.2. Solutions of polymers in the SBAD series in chloroform (0.4 mg/mL).
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Figure 4.3. GPC analyses of SBAD polymers.
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The SBAD polymerslemonstrated high thermal stabilities, with no observable glass
transition temperaturefigure4.4 -Figure4.5), as has often beeaportedor PIM systems
(8). These materials also exhibited low uptakes efaN77K igure4.6) but had only
moderately lower C&sorption than PIML at 273K Figure4.6B), suggestinghe existence
of isolated microporous free volume elements..@0a known plasticizer of PIM at
higher activities with a kinetic diameter lower than Ns shown irFigure4.6, the SBAD
isotherms are more comparable to that of AIih the case of C{although still lower)

and have lower slopes at higher £A@tivities.
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(— SBAD-1 SBAD-2 — SBAD-3 =— SBAD-4 PIM-1)

Figure 4.4. Thermogravimetric analysis (TGA) of all polymers in the SBAD series
compared to PIM-1 shown as A) derivative weight change and B) weighbrmalized
to starting sample weight

The accessible free volume and swelling eftdc€O; is quantified through the dual
mode sorption model shown in Equatiht. The CQ sorption isotherm can be fit to this

model, which is characterie d by t he al gebraic sum of
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a solid and a Langmuir equation for gas adsorbing in the free volume sites of the polymer

network(9).
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Figure 4.5. Differential scanning calorimetry (DSC) of polymers in the SBAD series
compared to PIM-1. Glass transition states were not observed below the
decomposition temperatures obervedin Figure 4.4.

The Henryo6s [Qacan be ceréldted toithe rsdrption or swelling
affinity of the polymer in a gas. The Langmuir capacity constant,is related to the
unrelaxed free volme of the glassy polymeFigure4.6B and C shows the calculat&
andod values, respectively, obtained by best fit to the &iDption data comped to data
obtained for a noforous polymer such as Torfbat the same temperature. Lower

values confirm that SBAD polymers undergo less@@uced swelling than PIM, but
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are not as resistant as Toffomvhich is extensively Hhonded throughotts network(10).
The SBADO values were all somewhat lower than those for RI§44x difference) but
significantly higher than those for Torf®riThese CQvapor physisorption results suggest
that the SBAD polymers possess higher cohesive energy densities thah @idlare

thereby likely to be more resistant to solveruced swelling
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Figure 4.6. Uptake of (A) N2 at 77 K and (B) CQx at 273 K by SBAD polymers
compared to PIM-1. (C) Henryos | arcl B Eahgmairi capadity (
constant (|= ) values fit to CQO: sorption data, compared to data obtained for a
tradi t i eprmoaloufsmo p ol § Bv@far | Jand fl’.l wvere too small to
be apparent on the graphs. Inset = key for Aand B.
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4.2.3 Computational SBAPorosity Aralysis

To further probe the pore struce of these materials, computational models for the
polymers in the dry state were generated using the polymerization algorithm Polymatic
(11). Three models were generated for each system to sampésediffstructural
arrangements and ensure the models were representative of the bulk material. The

properties of the models were then characterigeglfe4.7) (12).
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Figure 4.7. Chain length distribution in the polymer models.
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Table4.2 reports the values of the density of the initial random packing of monomers
in the model box, together with the percentage of polymerization reached and the final
value of bulk density aftethe annealing procedure. Tistandard deviations between
different models for the same polymer are reported in parenthesisl Ribtels reached
the highest percentage of polymerization, which results in longer chains within the model,
as can be seen froRigure4.7 which shows the chain length distribution inside the models.

In Table4.2, the diameters dhe largest included sphereJDargest free sphere fpand
largest included sphere along the free sphere pathi€reported for all the models. In
particular, the Pvalue defines the largest probe that can diffuse from one side to the other

side of the model through interconnected pores.

The diameter of the largest probe that can pass through an interconnected pore
network in the PIM1 models is 3.2 + 0.3 A, wheretig equivalent value for the SBAD
series is 2.3 + 0.1 A. Given theRalues inTable4.2, none of the polymer models present
accessible pores for a probe radius o218 corresponding to the kinetic diameter of N
contrary to experimental results. However, the analysis of the static model does not take
into account the chain movement that can occur upon gas adsorption due to chain
flexibility, and only a small amoumtf motion would conceivably be required for the PIM

1 models (Ip = 3.18 (0.34) to become interconnected to a nitrogen sized molecule.

PIM-1 has the highest value of total surface area (including both accessible and non
accessible voids) with respect teeey tested probe diameter. This is reported visually in
Figure4.8 andFigure4.9 for 2.2 A and 3.64 A probe diameteEgure4.10 reports the
pore size distribution inside all of the models, calculated using a probe diameter of 2 A.

The figure shows the existence of narrow distributions of-uficxopores between-2 A
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for SBAD-1 and-3 and 210 A for SBAD-2 and-4, whereas PIML has an apparently
broader distribution between12 A. Even tighter distributions of ultraicropores are
seen in traditional glassy polyme($3), but the pore sizes are often too small for
meaningful organic solvent separations. Thus, the presence of intermediate non
interconnected poresieibited by the SBAD materials could offer significant penetrant
penetrant differentiation of smatholecule organic solvents at reasonable fluxes if

diffusion from one pore to the next were reasonably fast.

Table 4.2. Characterization of the amorphous polymer models for the four SBAD
polymers and PIM-1. For each polymer, results are averaged over three independent
models deriving from different initial random packing. The standard deviation is
reported in parenthesis.The diameters ofthe largest included sphere (D, largest free
sphere (I¥) and largest included sphere along the free sphere path ) are reported,
as well as the surface area (SA) with different diameter probes.

SBAD-1 SBAD-2 SBAD-3 SBAD-4 PIM-1
Initial packing 0.381 0.381 0.396 0.429 0.334
densi t¥
% of polymerization
omchod 93.1 (0.9) 94.8(0.9)  93.5(0.7) 93.0 (0.7) 95.3 (0.7)
No. of bonds formed 279 (3) 283 (3) 280 (2) 279 (2) 143 (1)
Final (buék ;;”Sr:y 1.052 (0.00f 1.045 (0.008 1.002 (0.00% 1.080 (0.005 0.999 (0.029)
No. chains in the
e 21 (3) 17 (3) 20 (2) 21 (2) 7 (1)
D, (A) 6.64 (0.7 ~ 7.95(1.16  6.83(0.39) 7.57(1.74) 10.53(1.70)
D, (A) 2.30(0.08) 2.30(0.13) 2.28(0.02) 2.23(0.03)  3.18(0.34)
D (A) 6.21(1.11) 6.97(0.62) 6.16 (0.65) 7.24(1.85)  9.18(1.93)
SA (Zé(;?zg_‘fmbe) 1381 (31)  1455(17)  1498(30) = 1361(33) 1959 (48)
SA (Zéiozg_‘fmbe) 1073 (29) 1147 (14)  1183(34) 1063 (40) 1687 (57)
SA (3.30A probe i
COn oy 232 (18) 277 (11) 278 (32) 235 (52) 717 (77)
SA (3.64 Aprobe i
Ny Cng’ 138 (15) 175 (7) 171 (24) 143 (48) 550 (81)
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Pack 1

Pack 3

Figure 4.8. Accessible (teal) andnon-accessible (magenta) surface area for all
polymers in the SBAD series compared to PIML using a 2.2 A probe diameter.

SBAD-1 SBAD-2 SBAD-3 SBAD-4 PIM-1

B .....
PaCkz.....
o .....

Figure 4.9. Non-accessible (magenta) surface area for all polymers in the SBAD =i
compared to PIM-1 using a 3.64 A probe diameter (kinetic diameter of .
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Figure 4.10. Calculated pore size distribution of the SBAD series compared to PIM
1.

The sampled pores and th&cation in each structure are reportedrigure4.11,
where they are colezoded according to their siz€he new class 0EBAD polymers
shows less interconnected porosity compared to-PIVhis results from a more efficient
packing of the polymer chains in the bulk structure, as shown by the average final densities
for all the SBAD polymer models being higher than that ole@ifor the PIML models

(Table4.2).
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Figure 4.11. Three-dimensional representation of the pore siz@listribution in the
three models for each of the five polymers. Pores are colopded based on their
dimension. Only pores bigger than 1.42 A radius are displayed.
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WhetherSBAD polymer chains hang the potential to form hydrogen bonding also
influences the more efficient packing and consequent lowering of porosity in the SBAD
systems compared to PilAwas investigatedHowever, analysis of thadial distribution
function of hydrogen bond donor amaceptor atoms in the models did not show any
evidence of this. The distribution of the values of two significant dihedral angles in all the
models were plotted to confirm the higher flexibility in the new SBAD polymers compared
to PIM-1 (Figure4.12), the first including the spiro center, the second involving the linkage
between the two monomers in the polymeric unit (as highlightedyjure4.12). It is found
that the PIML1 distribution of the dihedral angle involving the spiro center is slightly
narrower, which is an indication of the PIMchains havig lower flexibility. In the case
of the dihedral angle involving the linkage between the two monomers, the double linked
nature of this linkage in PIM restricts the values of the angle around 180°, while in the
case of the SBAD series there is an evistrigution of the dihedral angle around 0° and
180°, coming from the different orientation that the diamine monomer can adopt with
respect to the spirobifluorene monomer when the single amine linkage is formed. This

helps enforce the more laddéee chan morphology in the case of PH

The main differences between the structural arrangement of the SBAD chains
compared to PIML are better highlighted by visual inspectidiigure 4.13 shows the
images of selected single chains for all the constructed models. Two chains were selected
for each polymer that are representative of the typical chain shape and arrangement in all
the models for that system. However, it has to be kept in mind that every chain is different
and unique in both its length and spatial arrangement. As can be seen from the stick

representation of the chairflsgure4.13), PIM-1 shows the expected lade#e structure,
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while SBAD polymers seem to arrange themselves more in a-Bk@&alay. In general,
PIM-1 chains maintain a more linear arrangement, whdeSBAD polymers tend to twist

on themselves to form clusters. The SBAD polymers also have a higher degree of aromatic

and conjugated systems, which can form imgerd intrac hait' ' n i 'nt er acti ons

lead to a tighter packindzigure 4.14 shows examples of these chaimain aromatic

interactions.
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Figure 4.12. Histograms of the angle distributionsfor the dihedral highlighted in red
in the final models for the SBAD polymers and PIM1. A) Dihedral angle involving
the spirocenter B) dihedral angle involving the linkage between the two monomers.
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Figure 4.13. Stick and space filling representations of two selected chains for each
polymer. Hydrogens have been removed for clarity in the stick representation. Color
code: carbon in grey, nitrogen in blue, oxygen in red, hydrogen in white, bromine in

purple, fluorine in light blue.
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SBAD-3 SBAD-4

Figure 414 Sel ect ed snapshotsstaaki nhg gihht ghact’i
chains inside the polymer models of the SBAD family. One chain is shown in van der

Waals representation with carbon in grey, the other is represented in stick with the

carbons in light blue. Nitrogen is in blue, oxygen in red, hydrogen in white
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4.2.4 Computational SBAD Swelling

Figure4.15(A) and (B show the effect afomputationaswelling outlined in Section
3.8, on the average pore limiting diametBg) of the models. In all casd3r increases as
a function of swelling, but for SBAID ard SBAD-3, Dr does not become larger than the
diameter of CQ@ and N until between 124% swelling. Therefore, in these models,
SBAD-1 and SBAD3 maintain nofinterconnected voids (and low porosity) for low
swelling values, unlike PIM.. This result is further highlighted by the calculated
accessible surface areas for prokizes of C@and N in Figure 4.15 (C) and (D,
respectively. PIML shows accessible porosity to these probes at 3% swelling, while
SBAD-1 and SBAD3 have no accessible surface area untidld2 swelling.We may
conclude thatimly a small amount of flexible breathing motions or polymer swelling would
be required for nitrogen (diameter 3.64%#)) to diffuse through PIML, but much larger
dilations would be required with the SBAD seri¢sg(re 4.8 - Figure 4.9). This is
consistent with the observed nitrogen physisorption isotherms above showing high uptakes
for PIM-1 compared to the SBAD series at low relative pressures, which is the range that
is typically used to calculate micropore d
as those that are accessible byatl 77K within a reasonable timeframe (2 days), it is
apparent that Ai nterconnected miMelrthatgsor os i t
suppressed in the SBAD polymerBhis effect is likely due to the absence tbke
dibenzodioxin linkage and laddike morphology of PIM1 (Figure4.12 - Figure4.13),
replaced in the SBAD series with more flexible sirigtend GN linkages, allowing for the
formation of " -" stacking interactions between and within chakigyre4.14) and more

efficient chain packinglt is important to note that the artificial swellingopedure does
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not entirely capture the physical process of swelling, i.e., swelling is not the only physical
process causing the porosity of the PIMs in this stighgn though thigrtificial swelling
approach is crude, tHandings highlight preliminaryndicators of the impact of polymer

chemistry on the evolution of porosity due to dilations in in PIM materials.
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Figure 4.15. (A)-(B) Average pore limiting diameter Of) of PIM-1, SBAD-1 and
SBAD-3 as a furction of swelling. In (B), the red and black dashed lines represent the
probe diameter of CQ: and Nz, respectively. (C)(D) The average solvent accessible
surface area of PIM1, SBAD-1 and SBAD3 as a function of swelling for CQ(left)
and Nz(right) probes.

Il n the Aweto state, separating small 0
material exhibit resistance to significant solvemuced swelling (e.g., Torlon®, a highly
solventstable polyamidémide, Figure 4.16). Solventinduced dilation experiments

showed that SBAEL experienced substantially less mass change Risial at unit

107



activity of toluene, suggesting that the SBAD materials retain their naligivibution of

ultramicroporegven when exposed to solvents.
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Figure 4.16. Uptake of liquid toluene by dense films of SBAEL, PIM-1 and Torlon®
(14), 22°C, 1 atm. Data are the mean of 2 films +the range.
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4.3 DUCKY Series

4.3.1 Design and Synthesis of DUCKY Polymers

The coppercatalyzed azidalkyne cycloaddition (CUAAC) reaction is a formal 1,3
cycloaddition reactin between an azide and terminal alkyne to provide 1,4 triazoles. The
CuAAC reaction is often orthogonal to other chemistries frequently employed for the
synthesis and modification of a wide variety of polymers and itslisbstituted triazole
products e highly stable towards heat, oxidation, and hydrolysis. The CuAAC reaction
can be very rapid and is irreversible, making it a powerful method foippbgnherization
functionalization(15) However, it is far less commonly employed as a polymerization

method, due to the relatively poor solubility of the main chain polytriazole produs}ts
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H cu(l N - azides and alkynes readily accessible
Ny + P u(l) N~ - fast rate of reaction
R~ , =z —_— 11 / - large thermodynamic driving force
R N - high specificity/FG tolerance

Figure 4.17. An example of the CuAAC reaction utilized in the synthesis of the
DUCKY series.

Spirocyclic monomers are commonly used in a class of PIM materials useful for gas
and liquid separations, as their rigidity and kinked shape introduce porosity into the
resulting polymerdt wasreasoned that introducing triazoles into Riké materialscould
open new avenues for their syntheRigs shownin this chapter and in Chaptethat such
polymers made with a nemaditional GN bond linkagd SBAD serieshave advantageous
properties. At the same time, having a spirocenter in the monomer solvg the
polymeric triazole problem and provide soluble, high molecular weight polytriazole
materials with synthetic ease, giving entry to a new class of highly tunable materials for

membrane applications.

4.3.2 DUCKY Powder Characterization

Preliminary invesgations into the kinetics of the reactions ##aNMR indicate that
the polymerizations are extremely fast, with the more rigid DUEKNolymer reaching
50% conversion in 20 minutes and less rigid DUCKYeaching 50% conversion in 2

minutes(Figure4.18). It is worth noting that the reactions are likely even faster when run



on the benchtop aswas necessary to perform them at slightly lower concentrations and

temperaures in the NMR

D5 & D6 Kinetics Comparison
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Figure 4.18. Kinetics of DUCKY -5 and DUCKY-6 polymerization reaction via 'H
NMR analysis of the monomerconversion rate

The DUCKY polymers are thermaly stalle up to ~300 °C under pure nitrogen
conditions(Figure4.19). While this is lower than the thermal stability of RIM(Figure
4.4), it is often sufficient forcrude oilseparation applications, especially in the range of

naphtha and kerosenelecules.
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Figure 4.19. Thermogravimetric analysis (TGA) of polymers in theDUCKY series
shown as derivative weight changésolid lines) and weight normalized to starting
sample weight(dotted lines)

Physisorption of Nat 77K and C@sorption at 273K was found to be in similar ranges
as the SBAD serie${gure4.20). Interestingly, polymers without ether linkages (DUCKY
6,7 and 9) showed the highagtakes of CQ which may be a result of the inefficient
packing of polymer chains due to the reduced freedom of rotddOd@KY-3 has the
lowest CQ sorption which is likely due to thehighest packing efficiency from a
combination of dlexible ether group and no functional groups onatamatic rings in the
comonomer to create steric hindrarféigure4.20C andD shows the calculatEQ andd
values for the DUCKY series obtained by besobfithe dual mode sorption model the
CO; sorption data. LowelQ values confirm thaDUCKY polymers undergo less GO

induced swelling than PIM, similar to the SBAD series. Again, astwiSBAD, these
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results suggest that tH2UCKY polymerscould be more resistant to solveinduced

swellingthan PIM1.
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Figure 4.20. Uptake of (A) N2 at 77 K and (B) COQ: at 273 K byDUCKY polymers. (C)
Henryds | aw )caodgD) Langmuiecapacity constant (|=1) values fit to
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4.4 Summary

Novel spirocylic polymers were designfsdm gasand OSNseparation principles

PIM-derived polymersModular synthesis schemes alledfor the creation of range of
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polymes with small changes in the polymer backbgotiat could then be investigated for
structureproperty relationshipsThe SBAD and DUCKY series exhibit lower nosities
and lower gaseouswelling than PIM1 andshow promise fodecreasedlilation- and
plasticizationbased loss of selectivity in OSN/OSRO applicatidriss can be attributed
to a combinatiorof a change from the PIM ladder structur¢o a linearbackbonewhich
allows for slightly more efficient packing and the presence of Ngatyl linkageghat are
hypothesized to lendwelling and plasticization resistanderovided the polymers can
form continuous filmsthe noel spirocyclic polymes can bdabricatedinto membranes
to investigate the applicability in liquid hydrocarbon separatignmrticularlyaromatics

like toluene, which hae been reported to swell PHY by over a 100%l7, 18)
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CHAPTER 5. INVESTIGATING THE MEMBRANE -BASED
LIQUID HYDROCARBON SEPARATION PERFORMANCE OF

NOVEL SPIROCYCLIC POLYMERS

5.1 Overview

This chapterdetails SBAD and DUCKY polymer membrane fabricatiamalysis,
membrane testingvith dilute liquid hydrocarbon feeds amdembrane testing witln
industrial shaldased crude oifeed Parts of this chapter
Thompson, R. Mathias, D. Kim, J. Kim, N. Rangnekar, J. R. Johnson, S. J. Hoy, I. Bechis,
A. Tarzia, K. E. Jelfs, B. A. McCool, A. G. Livingston, R. P. Lively, M. G. FinrAyI-
linked spirocyclic polymers for membrane separations of complex hydrocarbon mixtures.

Science369, 310315( 202 0) 6

5.2 Spirobifluorene Aryl Diamine (SBAD) Series

5.2.1 Dilute Hydrocarbon Separations

Mechanically robust thin film composite membranes were fabricated on crosslinked
polyetherimide supports with no observable interlayer delaminatiigure 5.1).
Thicknesgsof thepolymer thin filmscoated with 2 wt% polymer solutions in chloroform
were recorded irthe nanometeii micron rangeAlthough the PIM1 solution was less
concentratedluring castingthicker films were observed compared to tiBAD series
which could be due to lower polymer solution penetration through the support during

casting as a result of its higher viscosity and lower polymer degii3ity.
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Figure 5.1. Side view of thin film-composites: dense polymer layer coated on porous
crosslinked polyeherimide. A) SBAD-2 B) SBAD-3 C) SBAD-4 D) PIM-1.

The molecular separation performance of these materials was surveyed with binary
mixture separations of 1,3tBisopropylbenzene (TIPB) in toluen&igure 5.2). TIPB
serves as a surrogate solute molecule for organic solvent separations, with a molecular
weight (204.35 Da) at the lower end of the typical nanofiltration range{@00 gmol?)
in which PIMs haveften been teste@) Membrane performance was evaluated via cross

flow filtration after more than 48 hours of continuous permeation of the mixture. As shown



in Figure5.2, all of the SBAD polymers exhibited significantly greatercagns at steady
state than PIML, with permeances in the range of-0.7 L-m2-h*-bar?. SBAD-1 showed

the highest TIPB rejection of 80% throughout the duration of the experiment and-$BAD
was the least effective, despite having similar predicted puceosize distributions as the

other materials.
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Figure 5.2. (A) Transient toluene permeance(B) transient 1,3,5triisopropyl benzene
(TIPB) rejection and (C) steady-state TIPB rejection vs. toluene permeancef SBAD
and PIM-1 membranesvhena 1/99 mol% feed of TIPB/toluenas appliedat 22°C, 15
bar.

The most relevant structural difference appeared to be the larger biphenyl bridge

structure used in SBAR, 2, and 4 vs. the smaller phenyl bridge in SBaDOhe
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improvement in TIPB rejection with the larger bridge suggests that aromaticattaam
interactions, more available with biphenyl linkages, are advantageous. The rejection
properties of SBAER and SBAD4 increased over 48 hours, reaching stestdte values

only slightly lower than SBAEL (Figure 5.2B). Such timedependent behavior is
consistent with solverihduced polymer relaxation towards a less swollen $&ténly

a handful of commercial organic solvent nanofiltration membranes and other polymeric
membranes with complex fabrication procedures are capable of high rejecti@GOaf

mol! solutes and have toluene permeances in the same f(dhgé\s SBAD1
demonstrated the highest rejections, it was chosen forgpalad further evaluation with

more complex mixtures.

SBAD-1 and PIM1 were compared in a standardized measurement of molecular
weight cutoffs using oligostyrene markers in tolueriEigure 5.3). SBAD-1 was
significantly better than PIM in the separation of small solutes (molacweight cutoff
of 335 vs. 1220 gnol?, respectively), albeit at a much lower permeance (n2%h1-
bar! vs. 3.49 l-m2-h’-barl). The molecular weight cuff of PIM-1 increased over the

course of 3 days while that of SBADremained constant.

The separatioperformance of SBAEL using a group of nepolar hydrocarbonTable

5.1) molecules in the organic solvent reverse osmosis and nanofiltration ranges that are
representative of hydrocarbons found in light crude oils is shown in Fidg5)2&.
hydrocarbon molecular weight eaff of approximately 253 gnol* (Figure 5.4) was
calculated. Below 150-ghol?, greater aromaticity (ratio of aromatic carbons to aliphatic
carbons) of the solute was found to diminish rejection, perhapdadgreater sorption

interactions with the aromatic rings present in the polymer backbone
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Figure 5.3. Molecular weight cut-off curves of SBAD1 at 30 bar (threshold = 335-
molY), PIM-1 at 5 bar (1220g-mol?), and PIM-1 data reported at 30 bar (7863-mol-
1) for polystyrene standards in toluene at 2ZC. The high flux in PIM -1 in our work
limited the applied pressure difference to 5 bar in order to maintain < 5% stage cuts.
Data reported by Cook et al. at the same condition) as SBAD1 was shown for
direct comparison. Comparison of SBAD1 and PIM-1 oligostyrene rejection over
three days.
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Table 5.1. Steady-state rejection of a component mixture comprised of six solutes
at 1 mol% in a dilute feed mixture in toluene tested at 10 bar over aGhour period

for SBAD-1 thin film composites formed via spin coating on Matrimid® supports;
and steadystate rejection of a 16component mixture comprised of 9 solutes included

at 1 mol% in a dilute feed mixture in toluene tested at 30 bar over a 2dour period

for SBAD-1 thin film composites formed via roltto-roll coating on Ultem® supports.
Puramema 280 was tested under the same conditions as described above. The
difference in permeance is likely due to differences in film thickness due to the method
of production. Negative rejections indicate enrichment of the component in the
permeate.

Puramem®
SBAD-1
280
Species MW (g-mol?) Rejection (%)
p-xylene 106.17 -4.2+0.9 -0.8+0.3
o-xylene 106.17 -1.3+0.7 0.9+0.7
Mesitylene 120.19 12+ 0.6 7.7+2.6
7-comp
) Naphthalene 128.17 5.7+1.4 -1.4+0.5
mixture
Biphenyl 154.21 -3.3+1.5 -0.7+0.3
1,3,5triisopropylbenzene 204.36 83+1.1 59+ 18
Permeance
0.24+ 0.05 1.03+0.11
(L-m-2-h"1-bar?)
Isooctane 114.22 68+ 0.7 46+ 7.5
Propylbenzene 120.20 23+2.1 -2.4+0.7
Tetralin 132.20 34+1.1 2.3+0.6
n-butylcyclohexane 140.27 66+ 0.6 36+5.6
1-methylnaphthalene 142.20 33+0.4 1.0+04
10-comp
) Dodecane 170.33 75+0.4 40+ 6.2
mixture
Dodecylbenzene 246.43 86+0.7 53+8.5
Pristane 268.51 97+1.3 75+ 13
n-docosane 310.60 96+1.2 72+13
Permeance
0.15+0.03 0.51+0.09
(L-m2-h"1-bar?)
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Figure 5.4. Hydrocarbon molecular weight cutoff curve (threshold = 253 gmol?) for
SBAD-1 using a 1 mol% concentration of individual solutes of two the mixtures listed
in Table 5.1. Cutoff was determined by fitting all data points above 60% rejection to
a log/log curve (equation of curve: 1{o9()-0-9549)/04158 ) and interpolating to 90%
rejection.

Dual dependence on both size and aromatic interaction was supported by a linear
correlation to a combinatioaf aromaticity (sorption) and molecular weight (diffusion)
factors, but to neither factor alonEigure 5.5). When compared to Puramem® 280, a
commercial polyimide membrane, SBADshowed higher rejections, although this was
accompanied by lower permeances as showmaiole 5.1 at 22 °C. As the thin film
thicknesses were not controlled in this work, the differences in permeance cannot be

directly compared

122



100-

=
= 50—
£ R?=0.9373
O l
M
o
0 | | T 1.7 |
0.005 0.010 I].I]‘rﬁ 0.020
= (1+Carbon_ . [Carbon, )IMW

Figure 5.5. Dependence of rejection on aromaticity and molecular weight (MW, -g
mol?) where the effect of aromaticity (sorption) and molecular weight (diffusion) are

coupled as represented by F b he, s o TEgF > {he WL T

5.2.2 Complex Hydrocarbon Separations

The naphtha and kerosene fractions of crude oil, representing a good candidate for
membranebased hydrocarbon fractionati¢n.8) A thin-film composite membrane sheet
of SBAD-1 was produced through rdath-roll coating of the polymer onto a prefabricated
Ultem® support. Membrane coupons from the sheet (diaméterm) were subjected to
a complex feed of hydrocarbons that serve as a model nagtbsene fraction (Table
5.2). Several large spiral wound modules (Figure 3.3) (containing 1.8 m x 0.2 m of
membrane) were also fabricated from the sheet to highlightstfalability of these

materials.
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Table 5.2. 9-component feed mixture that was used as a model for the separation of a
middle distillate cut of crude oil and the resulting ratios of concentration in permeate
(Cp) over concentration in retentate (&) for both membrane coupons and a spiral
wound module of SBAD1.

Feed CrlCr
MW (g-mol?) Concentration Module
Coupon
(mol%)
toluene 92.14 17 1.18+0.02 | 1.09+ 0.00
methylcyclohexane | 98.19 28 0.90+0.01 | 0.97+0.02
n-octane 114.22 22 1.11+0.02 | 0.98+0.00
isooctane 114.22 15 0.82+0.05 | 0.92+ 0.02
tert-butylbenzene 134.21 2.2 1.25+0.03 | 0.99+ 0.00
decalin 138.25 11 1.03+0.00 | 0.94+0.01
1-methylnaphthaleng 142.20 2.0 1.40+0.05 | 1.06+ 0.00
TIPB 204.35 1.6 0.52+0.07 | 0.77+0.00
isocetane 226.45 1.3 0.34+0.06 | 0.73+0.01

Figure 5.6 shows the membrane performance as the ratio of permeate to retentate
concentrations plotted against the molecular weights of the components. A permeance of
0.022+ 0.013L-m2-h'*-bar?! for the coupon and 0.076 0.003 L-m2-h-bar! for the
module was obtained. This permeance is lower than the dilute mixture experiaieiet (

5.1) due to theincrease in cacentration ofless permeablenolecules inthe complex,
multicomponent mixtur€d) However, good separation of molecules of different molecular
weights, independent of molecular class, as well as for molecules from different classes

without amolecular weight advantage was obtained.
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Figure 5.6. Ratio of concentrations in permeate vs. retentate (Cp/Cr) of components
in a complex, model crude oil (composition is shown ifable 5.2) for both thin film
composite membrane coupon of SBAR fractionated at 40 bar (22C) and a spiral
wound module of SBAD1 fractionated at 40 bar (20C). Molecules above the
referenceline were more concentrated in the permeate compared to the feed while
the molecules below, were more concentrated in the retentate. A permeance of
0.022-0.013 L-m-h1-bar! for the coupon and 0.0760.003 L-m~2hbar? for the
module was obtained.

Some notable separation factors (based on coupon data) are shbigura5.7,
illustrating the potential of SBAR for membranéased concentration of solutes of both
low molecular weights and high aromaticity. The values highlighted are comparable with

separation factors obtained for liquid xylene isomers using carbon molecular sieve
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membrane$10). Aromaticrich permeates streams (observed in this work) are useful for
the production of plastics and provide a rich source of industrial organic solvents.
Fractionation of crude oil into groups srhaller and larger molecules also has direct value

in generating products classified by the number of carbons present such as gaseline (C5
12 alkanes and cycloalkanes) and jet fuel (C&Galkanes and aromatics). The retentate

stream shown in Fig. 3A caxihs both of these.

Separation Factors

Me i-Pr

© VS. /@\ 2.3
i-Pr i-Pr

e vs. SO 32

VS. @ 1.4

Figure 5.7. Some notable separation factors for SBAEL based on data shown in
Figure 5.6.

Additionally, exposure to temperatures up to 75 °C did not negatively affect
membrane performancé-igure 5.8 validates the increase of separation factors with
increasing pressure as is generally observed in OSN. However, the separation factors were

independent of temperature except when the perfaenaunffered at a muchigher

temperature (75 C) . Recycling the membr an
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55 bar increased the separation performance, which could be due to slow temporal changes

in transport rates through the membrane. Ultimatéig shows that the high temperatures

and pressures did not damage the membrane and cause permanent loss in performance.
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Figure 5.8. Ratio of concentrations in permeate vs. retentate (Cp/Cr) of componé&n
in the complex mixture outlined in Table 5.2 for a thin film composite of SBAD-1
fractionated at various temperatures and pressuredRepeat at 45 bar was completed

by recycling the

showed increased separation performance. The temperatuwrend pressurebased

study spanned a period of 2 months.

SBAD-1 was also challenged with a light shale crude oil to illustrate the potential of

membrane materials as an alternative for the fractionation of crudégite5.9 shows
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the boiling point distribution of molecules in the feed, permeate and retentate.
Approximately 38% of the mixture boiled below 2@in the feed tested in this work.
After passing through a thin film composite of SBADthe permeate was found to be
significantly enriched in the lighter molecules present in the feed, such thathao®0%

of the permeate boiled below 2@ The insetshows a picture of the crude oil and the

lighter colored permeate indicating removal of color bodies that are typically high in

molecular weight(11)
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Figure 5.9. Boiling point distribution of feed, permeate and retentate from SBADB1
membrane fractionation of shalebased crude oil.Inset: Picture of feed (left) and

permeate (right) from SBAD-1 membrane fractionation of real shalebased light
whole crude oll.

Figureb5.10visualizes the differences in GCx&@UD chromatogram42) of the feed

and permeate, with the three axes representing boiling point (time scale in minutes),
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polarity (time scale in seconds), and response factaxi§). The GCxGE-ID data
indicatesenrichment of molecules lighter than carbon numbers of 12 or around molecular
weight of170 Da. The membrane permeance is low (0.0h6%h*-bar?) as the thin film
fabrication process has not yet been optimized to create more productive composites
Overall, the SBAD-1 membranebased separation demonstrated selectivity for low
molecular weighsaturated molecules in the naphtha and early kerosene boiling range with
slight permeation of higher molecular weight linear paraffirtgs result issimilar to a
boiling point separation of a complex hydrocarbon mixture, but without expending the

energy associated with vaporization.
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Figure 5.10. GCxGC-FID analysis of membrane fractionation of shalebased crude

oil at 130°C and 55 bar showing the feed chromatogram subtracted from the
permeate chromatogram. Teal elution peaks are concentrated in the permeate,
whereas the magenta elution peaks are concentrated in the membrane retentate.
General hydrocarbon classifications are highlighted with dashed red lines to guide
the eye.Top right: side view of GCxGGFID showing the carbon number partition of
real crude oil obtained by SBAD1.



A cl eaacl &3 nnda eseparati on of t hetialodanafe was
permeation: naphthenes, linear paraffins, aromatics, and branched pdFaffire5.11
and Table5.3) . Mo r e o-¢ b B s shiasedh depamtion also occurred for each of
these individual classes of hydrocarbons, such that the permeate was enriched in the low
boiling (or @Al i ght 0)Figwedbh2p Althonghhteefouling effebte c r u d
from the real crude feedere not specifically exploredhe permeance and separation
factors changed minimally over a period of tmonths during synthetic crude testing at

temperatures ranging from 25 °C to 75 ®y(re5.8).
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Figure 5.11. Comparison of cumulative peak volume curves of the permeate and feed
for the SBAD-1 enrichment of normal paraffin molecules fom a whole crude oill
separation. Increasing retention time corresponds with increasing molecular weight.
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Table 5.3. Percentage enrichment by hydrocarbon class in the permeate from the
crude oil feed for SBAD-1 at 55 bar and 130 °C. Enrichment was calculated as the
area between cumulative peak volume curves of the permeate and feed as shown in
Figure 5.11.

% Enrichment
Permeance Class
From Feed
iso-paraffins 13.5
Aromatics 15.7
0.016
SBAD-1 (L-m2-hL-bar?)
n-paraffins 21.0
Naphthenes 22.5
n-Paraffins iso-Paraffins
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Figure 5.12. Rejection curves for individual hydrocarbon classes obtained from
GCxGC analysis of crude oil separation by SBAEL. Increasing retention time
corresponds to increasing molecular weight within each class



An interesting distinction emerges when comparing traditional binary separation
experiments (i.e., toluene/TIPB) and dilute multicomponent hydrocarbon separations with
the complex mixture fractionation experiments (i.e., fractionation ofrlatle and rda
crude oil). While molecular weight cafff and rejection are important figures of merit for
dilute separations such as water purification and nanofiltration, the utility of this metric is
less clear in the case of complex mixture fractionation where ih@io discrete solvent or
solute: every molecule in crude oil is a solvent. In this case, each molecule in the mixture
experiences highly nonideal coupling effects (e.g., diffusion and sorption) during
permeation. Moreover, the osmotic effects in thigder oil system are complex and
certainly contribute towards reducing the fluxes relative to the diluted mixtures. The
membranebased crude oil separation occurs via a combination of diffdmead selection
processes as well as solvenémbrane (and solaésolvent) interactions, which further
reinforces the importance of testing real mixtures. Beyond testing industrial feeds, it will
be important to establish how these materials fit into an eredfigient membrane
fractionation procesg13). To produce distillatiosike products through membrane
fractionation, a cascade of membrane materials a8@BAD1, capable of fractionating

feeds across a specific range of hydrocarbon sizes, will be necdsgaing$.13).
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Figure 5.13. Exemplary membrane cascade for the separation of crude oil into various
fractions (13). Desalted crude oil is fed to membrane stage 1 containing a membrane
with molecular weight cut-off (MWCO) in the range of 306400 Da. Stage 1 permeate
is fed to membrane stage 2 with a membrane operating in reverse osmosis or
pervaporation mode with MWCO < 200 Da. The permeate and retentate from stage
2 have boiling point distributions in the range of mphtha and kerosene/jet fuel,
respectively. Stage 1 retentate is the feed for membrane stage 3, which could consist
of a membrane with MWCO ~ 1.4 kDa. The permeate from stage 2 has boiling points
mainly in the range of 230340°C, which corresponds to atmgsheric gas oil.
Atmospheric gas oil can be further processed into gasoline, diesel and light gas oil.
Stage 3 retentate is fed to membrane stage 4, which could consist of an ultrafiltration
membrane with MWCO ~ 8 kDa. The permeate from stage 4 has boilingpints in the
range of 340570°C, which corresponds to vacuum gas oil. The retentate from this
stage can be used in heavy fuel oil/residual fuel oil applications.

13¢



5.3 DUCKY Series

5.3.1 Dilute Hydrocarbon Separations

Thin film compositesof DUCKY polymerswere fdricatedon top of crosslinked
polyetherimidgFigure5.14). Smooth, ontinuous thin films with thicknesses less tii@0
nm were obtainedBlade ®atings wereuniversaly performed with 1wt% polymer
solutionsin chloroformand a blade with &5.4micron thickness Still, a significant
variation inthicknesses (betweé&b to 650 nm) across samples indicates that the manual
blade coating methoid not consistentThis can be attributetb the inconsistencies i)
time delays between pouring the solution across the flat support and beginning the blade
drawing b) the sped at which the blade is drawn manualiydc) the area on the coated

support from which the membrane sample is tdkeanalysig14)

The thin film composites were tested with dilute solutions of oligostyrene standard
solutes in toluene and ethanBildure5.15). MWCOs of the DUCKY series are higher than
SBAD-1 (greater than 350 g/mol) and can reach up to 1200 g/mol depending on polymer
structure. There is a clear correlation between the inferred structural rigidity of the polymer
structure(Figure 3.12) and the sharpness of the MWCO. For instance, DUGKg
hypothesized to have the most structural rigidity in the entire series due to reduced freedom
of rotation from the combation of the tetrazole linkage and the-flijphenyt9H-fluorene
in the comonomer. The resulting MWCO curve for DUGRYn toluene has the sharpest
increase in rejections at low molecular weights, where a rejection of 45% for the dimer

jumps to 90% for th trimer.
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DUCKY-3 DUCKY-§

Figure 5.14. Cross-sectionalviews of thin film -compositesof denseDUCKY polymer
layer coated on porous crosslinked polyetherimide.

The lack of sharp cutoffs for DUCK® and DUCKY:7 in toluenesuggests that the
sharp cutoff for DUCKY9 cannot be attributed to the absence of the flexible ether linkage
alone On the other hand, DUCKYO, which has the 98iphenyt9H-fluorene
comonomer but also contains an ether linkage, does not have the woditpTtis leads
to the hypothesis that the result observed for DUEKI¥ due to the combination of the
rigid tetrazole linkage (without ether group) and the rigid-diphenyt9H-fluorene
structure. An interesting observation is the drastic change BKXJ3 performance in
ethanol from the performance in toluene. The rejections of the oligostyrenes drop from

>60% for the dimer to below 20% for solutes in the entire réegfed.
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Figure 5.15. Molecular weight cut-off curves and permeancesof DUCKY polymer
seriesat 30 bar for polystyrene standards in(A) tolueneand (B) ethanolat 22 C.
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A similar observation was made for PAMwhere rejections in toluene readH#0%
for solutes > 700 g/mol but remained below 20% for solutes in methanol up to 1400
g/mol(6) In this work by Cook et al., this behaviour of RIMwvas attributed to the weak
solubility interactions between methanol and Plivwhich lowered the permeation rate.
DUCKY-4, which is similar in structure to DUCKS but lacks the additional steric
hindrance around the benzyl group from four methyl functionalities, does not exhibit the
same bbavior as DUCKY3. If the differences in thin film thicknesses of the various
membranes are accounted for basedrmure 5.14, then DUCKY-3 membranes ha
reduced ethanol and toluene permeabilitiesb{e 5.4) compared to DUCKY4. It is not
immediately clear why # increasedteric hindrancearound the phenyl linking group
would play a significant role in chaimg in ethanoland toluengpermeatio. A possible
explanationfor the rejections dropping significantly across the entire molecular weight
rangein ethanoland not toluenés that the oligostyrenes have a smaller hydrodynamic
diameter in ethanol due to poor solubilit$) and thus, a decreased ethanol permeability
could easily lead to a dramatic drop in styrene rejections if the polymer network is

flexible.(16)

The separation factors of various small molecule pairs Figure5.15A areplotted
againstoluenepermeance ifrigure5.16. These styrene markexperiments show that for
hydrocarbon separations that involve molecules > 370 g/mol, both DU kawvid
DUCKY-10 are expected to offer the most favourable properties, with the former giving
the highest separation factor and the latter offering the higkesteance with separation

factors that are comparable to the rest of the series. However, when the toluene/dimer



separation is concerned, DUCKYappears to be the least attractive candidate. DUCKY

10 remains favourable due to a high permeance and aéypgination factor.

Table 5.4. Ethanol permeabilities of the DUCKY seriesin oligostyrene marker
experimentsat an applied pressure of 30 bar.

: Ethanol Toluene
DUiKY Thz(r:]I:Tr:)e >S Permeability Permeability
(10°Lm~thtbar?) | (10°Lmthtbar?)

3 37 2.6 1.5

4 305 21.8 11.1

5 640 56.8 -

6 125 24.2 20.6

7 26 2.9 2.5

8 380 69.6 150.0

9 263 56.0 76.5

10 143 43.4 160.6
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The uniquely sharp MWCO of DUCK® makes it an attractive option for mullti
solute separations in specific molecular weight ranges. To further expéoapplicability
of this polymer in crude oifype mixtures, 11 representative hydrocarbon molecules were
tested in dilute amounts (1 mol%) in tolueRe(ire 5.17). A toluene permeance of 0.39
Lm~2htbar! was obtained, which is more than twice the value obtained for SBAD
membranes for a similar separation of nine molecules from tolukatae(5.1), even
though the thickness of the films were observed to be in a similar reigeg5.1 and
Figure5.14). The rejections of large molecules are not quite as high as those observed for
SBAD-1 in Figure5.4, but the separation factors for specific molecule pairs are greater.
Specifically, DUCKY-9 6 s -lms$ed alighatic/aromatic separation in the same weight
range is less pronounced, and instead, perhaps due to the rigidity in the polymer backbone,

it has a more evident molecular weidfaised separation.

Table 5.5 shows the separation factors for -sctane/TIPB, tetralin/TIPB, and
dodecane/TIPB, which range in molecular weight differences betwee®@4y/mol or
carbon numbers of CG815. It is in ths range that the rejection curve is the steepest for the
representative hydrocarbons. Thus, DUCGHBYvas also tested with the light shakesed
crude oil to investigate whether a better separation of small molecules can be obtained

compared to SBAEL.
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Figure 5.17. Hydrocarbon molecular weight cutoff curve for DUCKY -9 using a12-
component mixture containingl mol% concentration of solutesshown in the graph
in toluene. A cutoff could not be determined as rejections above 90% were not

observed.

Table 5.5. Separation factors for selected molecule pairs frorfrigure 5.4 and Figure

5.17.
Separation Factors
Molecule Pair SBAD-1 DUCKY -9
iIso-octane/TIPB 1.88 2.39
tetralin/TIPB 3.88 3.10
dodecane/TIPB 1.47 2.20
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5.3.2 Complex Hydrocarbon Separations

DUCKY -9 was then also tested with the same shaked crude mixture as SBAD
at a temperature of 130 °C and a pressure of 559Hmgure5.18), which was the same set
of conditions that SBAEL was tested undelPermeate was collected at a stage cut of 4%
as well as 17% ia batch/deaekend filtration processlhetotal permeancat 4% stage cut
was found to be0.012L-m?-h-bar! which is comparable with SBAD. The inset in
Figure5.18 showsthe color of the permeate samples alongside the fEleel permeate was
found to bemuch lighter. This idicates a significant loss of color bodies such as

polyaromatic moleculewith high molecular weights.

25

Feed Permeate 4% S.C.
Permeate 17% S.C. Retentate 17% S.C.

0 100 200 300 400 500 600
Temperature (°C)

Figure 5.18. Boiling point distribution of feed, permeate and retentate fromDUCKY -
9 membrane fractionation of shalebased crude oil. Inset: Picture opermeateat 4%
stage cut(left), permeate at 17% stage cu¢middle) and feed (right).

Surprisingly, an even larger fraction of the permeate at 4% stage cut was concentrated

in light molecules by DUCKY9 than SBAD1 with 71.5% of the permeate boiling below
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200 °C compared to 60%. The simulated distillation of the feed here only showelt a slig
difference from the feed used for SBADwith 35.25% of the molecules boiling below

200 °C compared to 38%. It is apparent that the selectivity suffers as stage cut is increased
and can be seen from the similarity in composition between the feed apertheate at

17% stage cut.

TheGCxGGFID chromatograms of the feed and permea# stage cut are shown
in Figure5.19, where theime scale in minuteepresents #boiling point, theime scale

in secondshows the polarityrad the zaxis shows theesponse factor

Figure 5.19. GCxGC-FID analysis of membrane fractionation of shalebased crude
oil at 130°C and 55 lar showing the feed chromatogram subtracted from the
permeate chromatogram.Green elution peaks are concentrated in the permeate,
whereas thepink elution peaks are concentrated in the membrane retentate. Tdgft:
side view of GCxGGFID showing the carbon number partition of real crude oil
obtained by DUCKY -9.
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Similar to SBAD1, there is amnrichment of molecules lighter than carbon numbers
of 12 (170 D3. However, the inset shows a less clean cut of the pegnieah the
retentate; green peaks have larger response factors and pink peaks have smaller response
factors for molecules with a carbon number greater than 12 compdragite5.10. It is
suspected that overcrowding of molecules in the stationary pialsefirst GC column
led to the appearance of alternate and equally tall permeate and retentate peaks in this
region(17) Simply put, an overconcentration of material can cause competitive sarption
the capillary colummand therefore, a shift in the retention times. If this shift is not uniform
across the range of molecules that are analyzed, then no single offset applied to the dataset

can resolve the issue in visualizing the data as presenkeglire5.19.

Instead, we may extract data from the simulation distillation experiment to plot the
rejection curves for DUCKY9 and SBAD1 by classFigure5.20 shows this comparison
for normal paraffin molecules. As in the dilutes separations, DUQKXhibits a steeper
change in rejections for the range of molecules with-C18. Abovethis carbon number,
the rejections are comparable. It is well known that the current challenge for
multicomponent organic solvent separations is the ability to fractionate feeds into groups
of distinct molecules as a result of high selectivities among#tcaules that are close in
molecular weight or siz€l8) This is more likely with a sharper molecular weight cutoff

and so DUCKY9 emerges as an attractive calade compared to SBAID for the
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separation of aliphatic molecules in the kerosene and naphtha range without suffering a

loss in permeance, despite the increase rigidity of the polymer network.

100 -

50 -

Rejection (%)

d DUCKY-9
i —— SBAD-1

Carbon Number

Figure 5.20. Rejection curves forn-paraffins obtained from GCxGC analysis of crude

oil separation by DUCKY -9 compared with SBAD1. Dotted red lines indicate slope
betweenC10 and C14 molecules.

5.4 Summary and Conclusions

The results described heteghlight that the dienzodioxin connection between
spirocyclic monomers that characterizes PlINlke materials is not necessary to enable
meaningful smatmolecule membranbased separationft. can bespeculatd that the
advantageous properties of SBAEhd DUCKY-based membranes derive from the nature
of the aromatic nitrogenarbon linkage, which has long been known to demonstrate

hindered rotatiofl9). This connection between spirocyclic and aromatic building blocks
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gives rise to bulk rigidity and low swelling, isolated and large micropores, and enough
segnental mobility to allow migration of molecules between micropores at rates influenced
by both molecular size and molecular type. Together, these properties make thai8BAD
DUCKY family promising for the separation of smalked molecules spanning the
organic solvent reverse osmosis and the lower end of the organic solvent nanofiltration
range (108850g-mol™) in complex mixtures such as crude oil. Most other membranes that
operate in similar regimes require ppsiymerization or postabrication modiftations

(e.g., crosslinking) that can be costly and difficult to scal@}up0). In contrast, the
polymers used here can be tailored with simple changes in composition and performance.
The proposed dependencepaflymer performance on both pore structure and dynamic
motionenables complex mixture fractionation that may be scalable and translatable to real

crude oil fractions.

While both SBAD1 and DUCKY¥9 demonstrate the separation of molecules in a
similar weight range (186800 g/mal), it is the nature of the separatiorfqrened by each
polymer that differs. SBAEL displays a prominent clabsised separation, favoring the
transport of aromatic molecules over aliphatic molecules. However, DUZMésents a
more classical molecular weightised separation of solutes, witlstearp cutoff among
C10-C15 moleculesThe application of eithgpolymerwould be defined byvhether the
greatedemands for purely aliphatic or aromatic streamsaotlear carbon number cutoff.
For the shaldased crude o#eparation attempted hetke desired naphtha and kerosene
products are more well deribedby tight molecular weightangesThus, it may seem that
the sharp MWCO of DUCKY9 along with its higher permeance is faadm such crude

oil applications.
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CHAPTER 6. USING A MAXWELL -STEFAN MODEL TO
PREDICT COMPLEX LIQUID HYDROCARBON TRANSPORT

IN PIM -1 AND SBAD-1

6.1 Overview

This chapteproposes &rameworkto enablevorkable predictions of permeate flux
and composition in complex hydrocarbon liquicensportedhrough SBAD1 andPIM-
1. Thischaptesadapt ed f r omd.\@dRerK.M.a'homspans.,D. Marshall,
M. G. Finn J. K. Scott,R. P. Lively, A framework forpredicting thefractionation of
complexliquid feeds vigpolymermembranesJournal of Membranectence(2021) .dhe
numerical methods and computational simulationthis work were conceptualized and

implementedyy Dylan J. Weber (Georgia liitsite of Technology).

6.2 Introduction

The ability to predict multicomponent transport in many different classes of
membranes is essential to accelerate the development of materials for such cascade systems
that would otherwise require lengthy experimentahelines for material synthesis,
membrane fabrication, and separation testi@mnificant attention has been paid to
experimental and theoretical aspects of membbased separations of dilute mixtues
2); however, there is a lack of methods available for modeling complex mixture permeation
data or predicting complex mixture permeations based on easily accessible experimental
parameters. Complex liquid permeation of similesized molecules, wherein mudke

components are present in high concentrations (such as in crude oil separations), has not
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yet been successfulljodekbd and matched with experimental data in a scalable manner
for polymer systems. The challenge is accurately describing both multicentpayuid
occupancy throughout a polymer membrane and diffusional-cogsing for multiple
species with similar physicochemical properties. Several studies have modeled liquid
transport in polymer membranes via pfieev and solutiordiffusion modelg2-4) Pore

flow models assume no change in solvent activity across the thickness of a membrane,
which does not match experental observations for microporous or dense polymer
materials, especially in the case of reverse osmosis remeéy.It is now general
consensus that the permeation of molextheough dense membranes is best described by
the solutiondiffusion model, whose driving force is a pressimguced concentration

gradient and not a pressure gradient across the membrane thigmgss.

Several researchers have published detailediest of small organic molecule flux
through OSN and OSRO membranes that provide the backdrop for understanding complex
organic transporf8-11) A number of researchers have applied Paul and-Ebrana 6 s
solutiond i f f usi on mo d e (12 tb deschkbie th&ktrdrspoit & pure molecutes
or dilute mixtures through polymeric membranes and observed a close agreement with
experimental datél3, 14 Al t hough Fickés | aw i s easily coc
requires less complex equations to solve than the Max&telhn model, the omission of
crosscoupling effects, the assumption dfetmodynamic ideality and neglecting the
dependence of Fickian diffusivity on concentration bring about significant error in
describing multicomponent transp¢t6-17) The MaxweltStefan model does not possess
the shortcomings of this classical sada-diffusion model, which is why the solutien

diffusion form of the MaxweliStefan model is prefred to describe multicomponent liquid
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separations via polymer membrari#8:20) However, such predictive studies with liquid

mixtures containing tlee or more species in >>1% concentrations are scarce.

Ribeiro et al. firstdescribed the Maxwelbtefan transport equations with volume
fraction terms in conjunction with the FleRuggins sorption model to predict the
permeation of binary mixtures of G(@:He across crosslinked polyethylene oxide
membrane$21) Krishna further developed explicit analytic expressions such that these
fluxes could be described in tvebmensional matrix notatio(22) He used this notation to
predict fl uxes f @@Hs &pebineents as wellt as wdter/adcshol C O
pervaporation via cellulose acetate and polyimide membranes. While this approach showed
potential for experimental simplicity as mutual diffusion parameters did not have to be
experimentally measured, it requires furtkialidation for complex, nonpolar feeds such
as those found i n cr udsusedas & startihyepoird to predicts hn a 6
the separation of liquid hydrocarbon mixtures containing up to nine simdary
molecules with two microporous, afsy polymer materials: a polymer of intrinsic

microporosity, PIM1, and a spirobifluorene aryl diamine, SBAQOFigure6.1).(23, 24)

It is demonstratethat complex mixture separations can be adequatetijgbed (i.e.,
permeate fluxes and compositions within 25% of experimental values) via a Maxwell
Stefan framework with single component moleguidymer sorption and diffusion
parameters as the only experimental input requirements. These values werel dtaaine
a combination of unary gravimetric vapor sorption, unary liquid swelling experiments, and
unary liquid permeation. A new sorption model that additively combines Langamdr
Flory-Hugginstype sorption contributions is proposed to fit the uniquetsm in glassy

polymers and serves as a generalizable model, capable of extensionr tmtbwwigh
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swelling polymers. Comparisons to other thermodynamic models such as classical Flory
Huggins (FH) and Duainode sorption (DMS) are made based on unaryarpjnand
ternary sorption experiments as well as unary and mixture membrane permeation
experiments. Vignes mixing rules are investigated as empirical correlations of binary
diffusion interactions amongst hydrocarbons. Finally, free volume theory and an
alternative average diffusivity concept are investigated to capture the influence of polymer
dilation and plasticization on molecule diffusivities.is demonstrated thatomplex
mixture separations can be adequately predicted (i.e., wathiaverage 010% of the
experimental values of permeate compositions and an average of 35% for permeate fluxes
via a MaxwellStefan framework with single component molegoddymer sorption and
diffusion parameters as the only experimental input requirements. Thiess veere
obtained from a combination of unary gravimetric vapor sorption, unary liquid swelling
experiments, and unary liquid permeation. A new sorption model that additively combines
Langmuir and FloryHugginstype sorption contributions is proposedfiiothe unique
sorption in glassy polymers and serves as a generalizable model, capable of extension to
low- and highswelling polymers. Comparisons to other thermodynamic models such as
classical FloryHuggins (FH) and Duainode sorption (DMS) are madedea on unary,
binary, and ternary sorption experiments as well as unary and mixture membrane
permeation experiments. Vignes mixing rules are investigated as empirical correlations of
binary diffusion interactions amongst hydrocarbons. Finally, free voline@y and an
alternative average diffusivity concept are investigated to capture the influence of polymer

dilation and plasticization on molecule diffusivities.
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Figure 6.1. Complex mixture transport via PIM-1 and SBAD1 membranes.
Exemplar non-linear chemical potential profiles of individual molecules in complex
mixtures are shown across the thickness of selective polymer membranes with
corresponding chemical structures. It is assumed that the support layedoes not
hinder transport and chemical potential is unchanged throughout the support.
Higher nonlinearity is observed for more dilute or low sorbing components, and as

the number of components is increased (i.e., the mixture becomes more complex and
eachmol ecul e Dbecomes |l ess concentrated [
insufficient to describe liquid hydrocarbon transport. Note that the membrane and
support thicknesses are not to scale.

6.3 The Maxwell Stefan Transport of Mixed Feeds

6.3.1 Volumebased MaxwélStefan Model

As described above, the Maxwé&tefan framework is appropriate for describing
coupled transport across a membrane by designating chemical potential or concentration

gradients as the driving force instead of transmembrane pressure differdie
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Maxwell-Stefan model is commonly described in terms of the penetrant and membrane
mole fractions. However, since concentration gradients in polymers are often described by
the FloryHuggins model (which is formulated with volume fractions), it hagnb
suggested that the MaxwSkefan model for polymers also be described with volume
fraction termq25) The description of transmembrane fluxes as a function of volume
fractions within a MaxwelStefan formulation was set up by Ribeiro efzdl) The two
dimensional matrix form of this from Krish(22) is followed and extended it t@

penetrants in a polymer membrane:

'Q ‘ TY "Yq’ . . ,Q %0 d° 6 1

0] 0 AEAL ¢ 04 0 W Q4

where & is the spatial dimension across the membrane thicknéss, is the € -
dimensional vector of permeant volumetric fluxes, ahd and % are ¢ p -
dimensional vectors of component chemical potentials and volume fractions in the sorbed
polymer phased), respectively, where th& p Stcomponent is the polymer itself. The
subscriptpdg refers to the firsE components of the corresponding vector (i.e., those for
the permeants only).He ¢ ¢ diffusion matrix 6 describes solvesgolymer and

solventsolvent diffusion and is defined as

%0 %0 . . %0
5 S oonh 6 — 6.2
h

whereg, rf‘ is the volumebased MaxwelStefan diffusivity of componentin the

polymer (typically assumed to be independent of concentratibng. molebased
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diffusivity typically used in MaxwellStefan equations is relatedgoﬁ by ¢,

wherew is the molar volura of componentandw is the molar volume of the mixture,

described byw B ® o .(22 The molebased MaxwelStefan diffusivities are

R R
symmetric in accor dpma:alcrelationé%)ﬂmch(hatfs—a gfe—r.ﬁs

The ¢ ¢ sorption matrix@ describes sorption interactions in the membrane and is

defined as

T %T1Q

il 6.3
T% Q1 %o

where™Q is the fugacity ofQn the sorbed polymer phaséNote that the second
equality inEquations6.1 is derived by applying the chain rule‘to as a function of the
independent variablesé 4 , leading to the terms ig. There are no derivatives with
respectt@o in3 becausé is dependentorde g through the fact that all volume
fractions must sum to on&imilarly, the system ofquations6.1 does not include an
¢ p Stequationbecause it is redundant through the Gibogem relationshipinstead,

Equatiors 6.1 is augmenteavith the independeng  p Stdifferential equation

Q %o Q %o

—— — 6.4
Qa Qaq

When only the diagonal elements are considered for the sorptiormiinsion
matrices evaluated at some constant pure component reference volume fraction.1

reducestalassicaFi ck6s Law as
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Q% 4 65

0 AEAC% ' AE AiC%o " 0a

The resulting uncoupled system of ODEs can be integrated directly; however, when
comparing with MaxwetStefan approaches here, a consistent numerical method described

in Section6.3.3is used

The diffusional crossoupling of molecular pairs in multicomponent separations has
been documentg@7-29) but is difficult to predict from first principlesThus empirical
approaches are commonly used. Vignesneated that this coupling is exponentially
dependent on the concentration of one component in a binary pair and initially introduced
an equation to describe interdiffusion in binary mixt(86s where he found the new
mixing rule to be most appropriate for Apalar molecules. This equation was later found
to be applicable to multicomponent mixtuiEs 31) with an error of around 10% for non
polar mixtures. Here, the effeaf solvent occupancy on the diffusitmased coupling of

moleculess describedising the fdbwing Vignesstyle mixing rule

(., - ) - - . J—

—— P To A () 6.6
Other empirical correlations such as the Darken exprg82ocan beused but the

Vignes mixing rule was deemed to be appropriate here.

6.3.2 A New Sorption Model: Langmuir + Floifuggins

Inspired by tle dual modesorption modelit is proposed thathe sorption of

hydrocarbon vapors and liquids in glassy polymers can be more accurately described over
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the full range of solvent activities by a combination of Langmuir micreplireg and

Flory-Huggins swelling type sorpti¢d3) (LM -FH) contributions, viz.,

o} 65 65 6.7

where0 is the total sorbed polymer phage)(molar concentration of compongei
05 is the sorbed polymer phas@ )(molar concentration in the gk&aspolymer
micropores due to Langmeliype sorption, and i8 j is the sorbed polymer

phase ¢ ) molar concentration in the swollen polymer matrix due to Fidwggins (FH)

type sorption.In fact, theconcept of additively combing Langmuir holdfilling with

lattice theorybasedlissolutionhasbeen theorized much earligy Barreret al.but with a
formulation that resembles DMS more closely than the formulation proposed in Equation
8.(34) In developing the proposddVi-FH sorption model, the dry polymer systam
conceptualizedas having polymer and void regions, while at high activitiesnas
imagine the system tcetmade up of polymer and sorbed guest molecule rediogaré

6.2). We canassume that sorbates take up the entire free volume space present in the
polymer above a certain activity corresponding to the transition of the polymer from the
Langmuirdominant regime to the Floylugginsdominant regime (which often coincides
with a glassy to rubbery transition). The volume basis for each term in Egéatismade
consistent with the Maxwebbtefan equation and this conversion is described in further
detail in theAppendix(Al). While the proposed LMFH sorgion model is similar to DMS

in that both models describe a combination of a4filireg and dissolution mechanisms,

the convexity of sorption at higher activities for certain hydrocarbon molecules is not

accurately captur ed b gntad DMS. Tie eampelitidessorgionr pt i o |



of multiple penetrants into free volume elements in a glass can be described by the multi
site Langmuir model as

Oh AwQ 6.8
o B o0

The lattice swelling of a polymer due to multiple components is described by the
expanded FlomHuggins model shown below where the polymer phase iséthep( s

component and there atesolvents in the system

W
| f%oﬁ P %oﬁ a%oﬁ
6.9
W oy ey
o Yoo, o A Pop &
w
o o

2%05 Y0,
w

where™Q is the fugacity of(as a saturated vapor at 298 K &6l %or;

is the FloryHugginscontributed solvent occupancy in the sorbed polymer system. Flory
interaction parameters are commonly understood to be compedgpendent. Yang and
Lue(35) have explicitly shown thasorption is defined more accurately wher, and

. are considered to be functions of concentration and are asymmetric such thatot
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equal to... . However, hyperbolic and polynomial functions that need to be fit to obtain
.5 T and...T relationships involve extensive mixture sorption experiments to
verify and more complex numerical methods to apply in a Max&telflan framework with

N components. For simplicity, we will assume that is constant across different
loading conditions and is equal to thg  observed at unit activity (when the polymer is
in contact with pure liquid). The binary solvesdlvent FloryHuggins interaction

parameters can be estimated using a modified form of Hansen solubility(8&owz.,

o T
ww IS o . . 810
.Y.,Y°|h‘1h MUy 15 ™ U n 1 n
Detailed multicomponent sorption experiments and analyses are required to confirm
the validity of this simplified approach and will be the focus of future wodhle 6.1
shows the Hansen solvent parameters used in this @@dyhe more alike two solvents

are, the lower the difference between the parameters will be and the lower the binary chi

parameters will be, resulting in greater binary sorption cogplin



Table 6.1. Hansen solubility parametersused to estimatet::{37)(25) Molecules in

parentheses were determined asatisfactory substitutes for épécies that dl not have
recorded solubility parameters

Hansen solubility parameters (MP&/?)

) ) ) Hydrogen
Dispersion Polarity .
Bonding
toluene 18 1.4 2
n-octane 15.5 0 0
iso-octane 14.1 0 0
methylcyclohexane 16 1
decahydronaphthalene
. 18.4 0 0
(average of isomers)
1,35
triisopropylbenzene 18 0 0.6

(mesitylene)

1-methylnaphthalene 20.6 0.8 4.7

tert-butylbenzene

_ 17.4 0.1 1.1
(n-isomer)
iso-cetane
. 16.3 0 0
(n-isomer)
heptane 15.3 0 0
p-xylene 17.6 1 3.1
o-xylene 17.8 1 3.1

6.3.3 Liquid HydrocarbornPolymer Diffusivity

Penetranpolymer MaxweliStefan diffusivities can be calculated via experimentally
measured pure molecule permeation, pure molecule sorption, and fundamental two

component transport equations that are derived Equations6t.1, 6.2 and6.3. However,
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significantly different polymer swelling in the presence of a range of solvents could result
in a wide range of mixturaccessible free volumes; these depend on the vgramssble
upstream and downstream concentration ratios for a given set otulesle This
complicates simple attempts to estimate separation performance of a multicomponent
mixture because the diffusion of each molecule through the polymer matrix could also vary
with the accessible free volume in the system. Several versions foé¢helume theory

have been previously used in gas transport studies to correlate penetrant diffusivity with
the accessible free volume of the dry polymer. Here, one such masleisedo correlate

the same, viz38)

C',Ff] 6epr_ 6.11

whered is a moleculgpolymer system dependent constantjs a moleculedependent
constant and is related with the molecule size, ands the polymer free volume.
Assuming the diffusivities of liquid species are also similarly dependent on accessible
volume due to membrane swelling, we can derive the following correlation for each

molecule:

i
¢h b exp — 2 6.12
ey ; VY

Thus, solvenpolymer MaxweliStefan diffusivities that are calculated from
permeation experiments with known polymer states (iegrek of swelling) can be used
in conjunction withEquation6.12 to estimate diffusivities in mixtures where the degree of

polymer swelling is dependent on multicompansaorption and is different from the
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swelling induced by the pure solvent. Here maytakeb as the unit activity volume
fraction of componentQand 0 to be the mixture accessible volume (i.e.,

B %o P %o ) .

Going a step further in relating diffusivities with polymer state upon sorption, Damle
and Koros observed a loss of diffusion selectivity in glassy polymers that strongly dilate
and plasticize in the presence of condensable adso(B8)€3n the feed side, the mixture
undergoes equilibrium partitioning into the membrane, which is swollen and has negligible
microvoids, so sorption is most appropriately diésd by FloryHuggins lattice
interactions. Inside the membrane, small collections of molecules act as a unit since the
membrane is sufficiently swollen or plasticized, such that they collectively diffuse together.
While the MaxweHlStefan framework natally takes the thermodynamic and cross
diffusional coupling into accounit, was noticed that setting all the penetranémbrane

diffusivities to some volume corrected average value gave the best results compared to any

S

other approach (Sed). Since¢, is proportional to the inverse drag coefficient, this

approach is setting all the friction forces experienced by the permeants to be almost
equivalent. When tracking the motion of an individual molecule, it would have a velocity
or a displacemerthat is equivalent to all other molecules as they are moving in this unit.
The mixture then partitions into the adjacent permeate phase according to the FH sorption
model again. This is different from the Maxw8&llefan approach of a single molecule
"hop" from sorption site to sorption site, which is the classic picture for gases and polymers
that have not plasticized or dilated. The cotstyte diffusivity can be calculated a using a
Vignesstyle volumecorrected interpolation formula of the pure compangiaxwell

Stefan moleculgolymer diffusivities, viz.,
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Many complex averaging and weighting approaches have been tested and this version
gave the best results for our initial description of the complex mixture permeation

framework.
6.4 Simulation and Parameter Fitting of Modeling Framework
6.4.1 Sorption Models

The Langmuir capacity can be estimated by visual observation of the curvature of the
isotherms and is typically designated as the initial step uptake at a relative pressure of ~0.3
(better fits were obtained by using the uptake at a relative pressuf® fof Go-octane
and tmethylnaphthalene in SBAID for this calculation). The Flofiduggins contribution
is then calculated by subtractinig; from the total sorption at unit activity, which
effectively removes sorption in the microvoids such thase contributions are not double
counted. For each solventy; can then be calculated based on this Fléaggins
sorption contribution via Equatio®9. This single parameter (assumed to be constant) is
sufficient to describe the Flofiuggins contribution at different solvent activities. Finally,
the Langmuir sorption parametab, is obtained by performing a leasjuares fit of
Equation6.7 to the total experimental sorption isotherm. In the case of 4Hesérption
model, where the dry polymer fractional free volume is assumed to be negligible,
R is calculated using sorption at unit activity in Equatdh For the DMS model,
the three model parameters are fit simultaneously via adqaares fit of fuation2.9 to

the experimental sorption isotherm. The error in calculated sorption model parameters was
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estimated by fitting to upper and lower bounds of the raw sorption isotherms measured

from duplicaé and triplicate data.

6.4.2 PenetrantPolymer Diffusivity¢, r?

Experimental unary fluxes at a fixed transmembrane pressure were used in

combination with each sorption model (FH, DMS, and-EM) to calculate three sets of

e h corresponding to eh sorption model. This was done via the Maxvattfan

equation reduced to a binary system of one penetrant in a polymer (Eduation p).
Theseg, " values wee then utilized in the MaxweBtefan framework along with the
respective sorption models to predict unary fluxes at higher transmembrane pressures for

model validation. These diffusivities are then used as the inputs into the multicomponent

transport modls. As described in Sectidh2.3, ¢, h

is expected to be a function of
polymer free volume ani@ adjustedor polymer swelling in multicomponent transport via
Equation6.12. The free volume theory dictates tliais unique to each molecule and is
dependent on penetrant size. Evaluating appropdiatalues for each molecule requires

at least two distinct experimentaligeasured diffusivities for each penetrant at different
accessible free volumes of the polymer. This increases the experimental effort required by
the predictive framework and is alsdffidult to calculate for molecules that do not
noticeably swell polymers. Therefore, several different possibkuesare explore@nd,

in each sorption model case, a single value was consistently applied to all penetrants for

simplicity. This methoenables modification of a single component diffusivity (measured

at a condition o ) to a case where the polymer is swollen to a much different degree

due to the sorption of many different molecules resulting i thepolymer condition.
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Figure 6.2. Sorption regimes and diffusive modes of transport in polymer membranes.
A. Dependence of sorption regime and membrane volume on solvent activity. It is
important to note that the two guest populationsare in equilibrium but Langmuir -
style sorption will dominate at low solvent activities and FloryHuggins-style sorption
will dominate at high solvent activities. B. Conventional diffusion mechanism where
a molecule makes diffusive jumps through free spacin a polymer network. C.
Maxwell-Stefan interpretation of mixture diffusion where frictional forces between
molecules cause diffusion coupling such that faster molecules are slowed and slower
molecules are sped up, leading to a loss in diffusion selediyvD. Cohort motion mode
of transport where molecules diffuse collectively as a unit and no diffusion selectivity
is obtained.
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6.4.3 Multi-component Transport Simulation Framework

The MaxweltStefan framework discussed above was implemented to obtair multi
component permeation predictions using the EMabe sorption model, the Flory
Huggins sorption model, and the proposed Langmuir + Farggins sorption model.
Additionally, several different transport models were tested, which affect hawahds
matrices are specified in the Maxw8&itefan framework. These are described in the

following scenarios:

a)Scenario 1 (Scl): Ficko6s Lasywithbilfx form

evaluated for single component permeant at 20 bar.

b) Scenario 2 (Sc2): Maxwe$tefan approach in Equation81-6.3 without

diffusional crosscoupling (i.e., 6 Y di & g

c) Scenario 3 (Sc3): identical to Sc2 but with a Vignes correlation (EquaBpho

describe diffusion crossoupling

d) Scenario 4 (Sc4): identical to Sc3 but WLt,hF‘ adjusted for polymer swelling via
the free volume theory (Equatiérl2), whered 18t ds assumed to be a constant

value for all molecules for experimental simplicity.

e) Scenario 5 (Scb): identical to Sc2 but wizhﬁ replaced via the sorpection

aveaage diffusivity concept (Equatiahl3).

The proposed framework makes the following assumptions:
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i.  the partial molar volume of each component is equivalent to its molame at

pure conditions, 298 K, 1 atm

ii. ideal solution conditions throughout the external feed and permeate fluids that are

in contact with the dense polymers

The proposed framework for modeling transport through the asymmetric membrane
involves three past First, the upstream membrane phase volume fractions are solved for

by setting the activities in the solution and membrane phase e@ligl as

AR 6.14

where @y, is the activity of componerifin the active layer andy, is the activity of

componentQn the bulk fluid phase, botbvaluated aét 1. Theactivity coefficients of

fluid mixtures on the upstream face of the membrane were calculated using ASPENTech
and UNIQUAC (or PESAFT) methods. However, the results did not affect the separation
predictions in a meaningful way, thus the ideal solution the@s used throughout the
external fluid systems. This simplification is likely valid for highly similar hydrocarbon
only streams like the ones considered here but would almost certainly need to be revisited

for more complex streams containing highly diéiet compounds.

Next, to model the permeate side, the fluid at the downstream end of the active
membrane layer is assumed to be in equilibrium with the fluid composition throughout the
porous support layer. Setting the activities of these fluids equal and assumingethat th
transmembrane pressui® occurs at the downstream interface between the active and

porouslayerg12),



©, OpAZbw gv 6.15
where @y, is the activity of componerifdn the active layer andy, is the activity of
componentQn the support layer, botevaluated atx 0. However, foll owi
approach for asymmetric membranes, the bulk permeate is assumed not to mix with the
fluid in the support layer. Therefore, the porous layer mole fractiop$ ére unknowns
andcannot be used to directly compute the composition in the active lager atvia
Equation6.15. Instead, these mole fractions are related to the partial molar thioesgh

the active layer viz(40)

Finally, transport through the active membrane layer is modeled by Eqédtion
Substituting EquatioB.16 into Equation6.1 and rearranging gives the system of ODEs
Q% ¢ . . 0
— w 0 WWw—————m 6.17
Qa B y®
where @ w is the&-dimensional vector formed by elementwise multiplication of the

support layer fluid mole fractions with the respective component molar volumes.

This creates a twpoint boundaryalue problem that is solved using a novel shooting
algorithm described ifrigure 6.3. Specifically, the¢ permeant empositions in the bulk

fluid within the support layer @t 0 is first guessedas well as the total flux, . Next,
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Equation6.17and6.4 areintegrated i . e. , fAshooto0) across the

the initial conditionsk%o;, determined by the feeside sorption equilibrium calculation
discusse@bove. This furnishes values for the component volume fractions on the permeate
side of the active layefso; 8Next, these values are used to calculate new values of the
support layer compositionsy;, . Comparing these values to the initialegaes yields

nonlinear equations

W % o n 6.18

wherew %o is the support layer composition vector calculated from the final integrator
value of the membrane phase volume fractions evalaated 0, andw n IS the solver
iterative guess of those component support layer compositions. Enforcitigetbaimole

fractions sum to one provides the p Stnonlinear equation

P Op % T 6.19

Finally, thes& p equations are solved simultaneously for&he p unknownsw and

0 . In previous work, approximation or full discretization of the above system of
ordinary differential equations has been used to obtain a so(@fidt) However, those
methods are insufficient in the case of complex multicomponent mixtures, concentration
dependent diffusivities, strong cressupling, and nonlinear sorption models. A separate
publication is currently in preparation @eibing the complete numerical method used and

detailed comparisons with alternative approaches.
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Figure 6.3. Flow diagram showing the numerical method used to solve the proposed
Maxwell-Stefan model The solution match block 1is
squared nonlinear function values (equation$.18 and 6.19) is less than the default
square root of the function tolerance of 16. Equation 6.15is used for algorithm step

I, Equation 6.16is used for algorithm step II, and Equation6.17is used for algorithm

step lll. Then Equations 6.18 and 6.19 are used for the solution match step.

6.5 Pure Molecule Sorption and Diffusion Fits

A key factor in the multicomponent transport framework is a sorption isotherm that
accurately captures the uptake of multiple penetrants in a polymer system. Unary
experimatal hydrocarbon sorption isotherms and model fits for-Blehd SBAD1 are

shown inFigure6.4. The higher experimental error observed for low sorbing molecules
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such asiso-cetane is expected as the data approaches the lower end of the instrument
accuracy range. It should be noted ttha¢ to slow transport in SBAID, certain sorption

data likely did not reach full equilibriumFigure 6.5). These include sorption of
methylcyclohexane, -inethylnaphthalee, tertbutylbenzene, 1,3;Biisopropylbenzene
andiso-cetane. Despite this, the data at each relative pressure that was collected within
reasonable timeframes (up to 2 weeks of equilibration time per point) were used to fit the
desired sorption paramesewith the understanding that the model isotherms will likely be
underpredicting the true uptakes. Beyond a relative pressure of 0.3, vapor uptakes of tert
butylbenzene were difficult to measure due to accumulation and condensation of the fluid
within the instrument chamber and so, limited experimental data is available for this
molecule. In general, LMFH and DMS enable good predictions of sorption at different
activities while the FH model with constant ~ underpredicts sorption within the entire
range of activitieskFigure6.6 shows how.;;  must vary with the volume fraction of the
penetrant to obtain more accurate predictions of sorption via the FH .nkadatertain

highly sorptive molecules, such axylene in PIM1 and tmethylnaphthalene in SBAD

1, the proposed LMFH sorption model delivers better isotherm fits than DMS. Based on
this observation, weayexpect the multicomponent sorption of liquighinocarbons to be

captured best by LNFH.
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Figure 6.4. Unary sorption in PIM-1 and SBAD1. Experimental hydrocarbon
sorption isotherms (Y3Jl (Axand SBADZE B)iat 25i°Gns f o
assuming Duaimode ¢--), Flory-Huggins (A A @4 Langmuir + Flory-Huggins (AA )

sorption models. Xaxes indicate relative pressure of the molecule and-axes

represent molecule uptake (cc STP molecule/cc polymer). Data are shown as averages

of at least twomeasurements with standard deviation error bars. Abbreviations are

shown for 1-methylnaphthalene (:MN) and 1,3,5triisopropylbenzene (TIPB).
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Figure 6.5. Kinetic sorption of toluene in PIM-1 at toluene actvity = 0.7 (left) and
methylnaphthalene in SBAD1 at I-methylnaphthalene activity = 0.7 (right).

It is essential for a model that describes the transport of complex liquid feeds to be
capable of describing permeation of simple feedbe simplest being pure liquid.
Therefore, the Maxwelbtefan modelis first appliedto unary liquid hydrocarbon
permeation at a range of different transmembrane pressures as described in6&e8tion
(Figure6.8). The membranes used in these experiments were thin film composites-of PIM

1 and SBAD1 with thickness of approximately 300 nm and 1500 nm, respectively.
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Figure 6.6. Calculation of Flory-Huggins solventpolymer interaction parameter
(k-4 ) using the FH model for composition-dependent interaction parameters,

w 5 a a e a - - z O

B i ¥ G B z”
(22), and measured sorption isotherms for PIM1 (A) and SBAD1 (B) in single
penetrant systemsyr, was assumed to be >3-: Here, k5 is not fixed at a constant
value and is allowed to vary with activity of the penetrant.
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