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ABSTRACT

Membrane separation processes are ereifggient, green and easy to
implement. They are used in a wide array of applications from waste water
treatment to pharmaceuticals food industries.However, these established
applicatiors are mostlyconstraied to separations based onsie sieving
mechanismMoreover, there are only a handful of membrane chemistries on the
market further limiting their applicationsin this dissetation, these two problems

are addressed by utilizing new approaches.

First, chemoselective membraregfabricated by selassembly of random
copolymer micelles, a simple and scalable methibds copolymesself-assembles
during coating to form atrucurewith interconnected-2 nmnanochanneldined
with functional groups. The nanoconfinement along with chemical functionality
leads to high separation efficiencyswhall organianoleculesin addition,thehigh
porosity ofthe membraneselective layeteads to higlpermeability Initially, this
approach was used to prepare membrémegparate a mixture of two solute with
similar size, but different charge in both diffusion and presdten filtration
experimentsThe membranes exhibiteshprecedemdchargebasedselectivity for
small moleculeshat wasurther enhanced in competitive experimeiisis effect
is similar tothat observed ibiological poresuch ason channelsimplying novel

selective transport mechanisms

Next, these membranagre modified to address more complex separation

of small molecules based on their aromaticky.simple and straightforward



conjugation chemistryas usedo convert thecarboxylate groups the poredo
aromatic groups. The permeation selectivity osthenembranes for separation of
two steroid hormones of similar size and changes examined Selectivity was
linked with the interactions of these solutes with functional groups on the
membrane surfagceneasuredising quartz crystal microbalanegth disspation
(QCM-D), which provides a significant insight into separation mechanism. The
functionalizedmembraneshowed exceptionallzigh selectivityfor the aromatic
solute in competitive diffusion experiments. This, in combination with additional

results, inply ahoppingtransporimechanism.

In another directiona novel methodo fabricate of membranes with a wide
range of monomer chemistries in a simple and scalable mamerfacially
initiated free radical polymerization (IIFRPis presentedWe develped this
method andexploited the applicability of this method for fabrication of ultrathin
hydrogel selective layers and its application for protein purificafid@mbrane
performance can be tuned &yperimental parameters such as UV irradiation time
monomer concentratigrand theaddition of porogen or functional comonomers.
The results illustrate successful fabrication of uniform, ddfeet and ultrathin
hydrogel layes whose dry thickness varies by UV irradiation tini@e hydrogel
membranes are éffent and stable with excellent antifouling propertiasd

suitable for protein purification.

Overall, the results presented in this dissertation illustrate simple, robust and
scalable approaches for fabrication of selective membranes for variousdargete

separatioa Both method can have a broad impact in various ardasn



pharmaceuticals, drug delivery, senstwrier materials to water filtration or gas

purification.
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1 InTRODUCTION

Overview

Membrane separations are green, energy efficient and easy to implement in
comparison to other separation processes such as distillation, extraction and
chromatography. They are used in a wide yaroé applications, from water
treatment 3 gas separatidrto the purification of biopharmaceuticats the food
industry® Despite wide range of applications, there stdimain two main
challenges toward broadening membrane applications and replacing the more
energyintensive separation processé&srst, the applicability of membranes is
often limited to removal of all solutes above a given size from a feedrs{iea
size-based separation). While there amember ofmethodsto impart chemical
selectivityto membranegheir complex antime-consumindabrication procedure
as well as low permeation prevents them from commercializationthif
dissertation these challergs are addressed by developing highly selective and
permeable membranes in a simple and scalable manner using polymer self

assembly.

Second, dspite the diversity in membrane applications, membranes today are
made of only a handful of polymer chemistr{egy.thin film polyamide, PA) due
to limited scalable and simple fabrication methaddasst thin film composite (TFC)
membranes on the market feature interfacipllymerized (IP) crosbnked
polyamide selective layef$ This method creates a very thin selective layer using

a simple, scalable retb-roll process, resulting in high flux, but is limited to a



narrow range of polymer chemistri€sirthermorelP also generates a highly cress
linked and dense laydnat limits the application of this method to desalination and
reverse osmosis (RO). In this dissertation, these challenges are overcome by
developing a novel method that enables fabrication of ultrathin selectives layer
from a wde range of monomer chemistsin a simple and reliable manner. It also
provides areasyapproach foincorporation ofdifferentnanomaterials within the

selective layerenabling fabrication of multifunctional selective layers

Developing membranes possessing new feati@.gs clemical selectivity,
catalytic activity, etc.can have a great impact in broadening the scope where
membranesare utilized This introductory chapter describes the fabrication
methods that have be utilized for fabrication of chemoselective membranes. It
also explains the methods that have been exploited to makehittdayer with a
focus on hydrogel layers. Lastly, an outline of this dissertation is provided at the

end of this chapter.

1.1.Chemical Selectivity

1.1.1.Challenge: Separation ofSmall Molecules byChemical Structure

Separation processes account for 45% of energy used by chemical and
petroleum industrie$Separation of small molecules is especially enémtgnsive,
often conducted by distillation, extraction or chromatograShin contrast,
membrane filtration is energy efficient, simpland requires no additional
chemicals'! However, membranes today can only separate solutes based on their

size Membranes capable of more challenging separations, with selectivity



controlled not only by size but also chemical feaup®uld significantly expand

the applications where membrane technology is used. These separations are not
feasible using current membrane technologies that rely solely on either morphology
(i.e. pore size) or the chemistry of a thin homogeneous polyagyer (e.g. cross

linked polyamide selective layers of RO and NF membranes, gas separation
membranes). Thus, there is an urgent need for membranes that can separate small
organic molecules that are of simitaze buthave different chemical structures

task that current filtration membranes cannot achieve. The development of such
membranes would be a transformative step that can potentially replace-energy
intensive separation processes with membrane systems, making the overall
processes more sustainabnd energyefficient. Such membranes could
potentially replace more energytensive unit operations such as distillation,
extraction and chromatography, significantly improving the environmental profile

of chemical processing.

1.12. Inspiration and Seletivity Mechanism: Biological Pores

For devising such new membranes, it is important to view membrane as more
than a passive filter and gain a better understanding of strymtoperty
relationships regarding how polymer chemistry and nanostructure affect
membranesolute interactions and subsequently its separation performance

especially when the nanostructure size is comparable with soluté size.

Commercial separation membranes operate either based on a sieving

mechanism, or on a solutiediffusion mechanism where the solubility and



diffusivity in the membrane selective layer controls permedfidine first treats
the membrane material as an inert structure. The latter relies on bulk properties

(solubility and diffusivity) for separation.

In contrast, nature uses nanostructure acitemical functionality
synergistically to modulate transport of specific molecules or ions into and out of
the cell with great efficiency and selectivity. Biological pores feature a constricted
pore comparable in diameter to the target compound, anddoakgroups lining
the pore that interact with the targ€tgure 1.1*4® The nanostructure constricts
flow and confines all components passing through, forcing them to interact with
the chemically functional Wis. The solute thatinteracs favorablyand reversibly
with the nanochannels is preferentially partitioned into the nanopores, which
prevents the entry of other solutés.fact, nature utilizes nanoconfinement and
chemical functionality, which bring abbsuperior selectivity and permeability for
the target soluteThe mechanism is valid only if the interactions are reversible;
otherwise solutes are stuck in a channel and prevent permeation through it. Models
propose a hopping mechanism through the peraphasizing the need for
reversible interactio®? This mechanism suggesthat fabrication ofmembranes
with exceptional selectivity and permeabilitgay be possibleby engineering

nanostructure and functionaljtyeading to facilitated transport of specific solutes.
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Figure 1. 1. Structures and operating mechanism of three biological pores: (a) A
bacterial porin trimer showing three pores <177 A in size (b) Maltoporin
monomer boundo maltotriose (black), showing the interaction between the sugar
molecule and pore wallReproduced with permissidrom 6. Copyright© 1998,
Academic Presgc) A model of operation for the nuclear pore complex, regulated
by binding and unbinding interactions between phenylalagiyene domains and

the carrier proteinsReprinted vith permissionfrom 7. Copyright © 2007,
American Association for the Advancement of Science

1.1.3. TransportModulation by Chemically Functional Nanostructures

Solutepolymer interactions have crucial effects in meame separations. If
a sieving style separation is desired, polys@ute interactions need to be avoided,
because they cause fouliiGigure 1.2).28° Strong interactions are desired for
chromatography and adgdion, but this also means solutes are simply adsorbed on
channel walls and do not perme#temproved transport can potentially be
achieved in the intermediate range, where solutes associate and dissociate
repeatedly with the functional groups in the chanfielowever, if polymersolute
interactions are selective and reversible, and if the pore size is only slightly larger
than the solute size, facilitated transport can potentially be achiev&the solute
that reversibly interacts with the nanochannels is preferentially partitioned into the
nanopore, which prevents the entry of other solutes. Then, it moves from interacting
site to interacting sit& This leads to exceptional selectivity. Selectivity decreases
as pore size increases. The mechanism is valid only if the interactions are

reversible; otherwise solutes are stuck in a channel and prevent permeation through
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it.12 This means that using engineered nanostructure and functionality, we can make
membranes with exceptional selectivity. The challenge is to achieve such structures
using scalable manufacturing methods.
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Figure 1. 2. Effect of solutewall interaction on transport features

1.1.4. Approaches foiFabrication of ChemoselectiveMl embranes

1.1.4.1. Topdownapproaches

Attempts have been made to mimic these biological channels and incorporate
chemical functionality ird artificial nanochannels by generating functionalized
nanopores and documenting differences in the transport rate of solutes of similar
size but differing chemical features. To date, most attempts to create functionalized
nanochannels have focused on oaing and modifying the pores of traekched
(TE) or anodized alumina membranes, which feature cylindrical thrpargs
down to 20 nm in diameter. Tipgoneeringwork by Martinand coworkerswhich
includesthe electroless deposition of gold onto pordisyas one of the most
reliable methods currently available to tune the pore size and mentwame

chemistry. In this approachfter narrowing down the pores to a desired pore size



by electroless deposition of gold, the membrane is treated with thioisng the

desired functionalityto form selfassembled monolayer (SAM) within the

membr anesd® pores. Gol d nanotube membranes
separation based on size, charge, hydrophobicity, and chitft¥hey also have

been examined for protein and DNA separations and sensing appliéafions.

Commercial and widespread application of gold nanotmeenbraness
however limited because of their cormpland lengthy(>24 h) manufacturing
method.The process involves using toxic chemicals and heavy metal salts such as
AgNOs, SnCh, and NaAu(SC).. More importantly, although this method
provides precise pore size control, functionalization of these nagrabis further
challenged because of very slowrrhation of SAM within the nanopores.
Moreover, the thiol functionalization of the gold surface inside the nanopores has
often founds to be incompletéFurthermore, the electrical doubteyker formation

due to presence of metal further complicates the prediction of sepafafibns.

Another method for narrowing down the pores uses atomic layer deposition
(ALD) within anodized aluminum oxide membradé\O) with SiOy, followed by
silane treatment to functionalize the pote¥. This method requires temperatsire
over 200 C for deposition. In this elevated temperatumeost polymeric
membransundergo structutaand morphological deformation, which makes them
unusable for this method. Inorganic membranes, on the otherararlite fragile
This limits their applicability. Also, the diffusion selectivities reported for these

membranes are not very higbg.5).



Chemical vapor deposition (CVD) is another methoaghich monomers and
initiator enters a chamber held under low vacuum as vapbes substrate to be
coated iglaced on a chilled stag€he initiator is decomposed by interaction with
a hot filament andeacs with the monomer adsorbed on the surfé&een though
high diffusion selectivity iseportedfor membranes prepared with this method for
hydrophobicity based separatiénCVD also has a number of disadvantageis
still a long procedure. Furthermornctionalization is limited to only volatile
monomes. In addition, itrequires cooling, heating (>1%C) as well as a vacuum

system which may make it difficult for scalable, fmhroll processing.

A simpler alternative for the functionalization of tragtched polycarbonate
membranes exploits vacuum filtration of a polymer that-agdiembles within
membrane pores and narrows them down to a final pore siz&aofre. Polymer
binds to the pore wallthrough ionic interaction® Polymers bearing different
functionalities (charge density, size, and hydadpbity) lead to different effective
pore sizes and selectivities. While the method is simple, tunability of the pore size
is not easy. The polymer structure determines the final pore size. Moreover, the
range of functionalities that can be obtained is &tsited. More importantly, the
pore size is still too large for separation of small molecules leading to ebasgd

selectivity of up to about 3.

All these topdown approaches shasae maindisadvantagethey all havea
very low porosity (<1% versus(f90% for typical membranes). The porosity is
further reduced during the coating process, yielding very low fluxes. This

significantly limits their use in membrane separation applica@argescale.
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Figure 1. 3. Top-down approaches for fabrication of chemoselective membranes;
(a) Electrolesplating to form gold nanotube membrane and their functionalization
with selfassembled thiol monolayerseprinted with permissiofrom?6. Crown
copyright © 2008 Published by Elsevier B) Chemical modification of porous
anodic alumina membrane by atomic layer deposition of siltdbsequen
hydroxylation step by water plasma and functionalization by fluorinated silane
reprintedwith permissiorfrom®®, Crown copyright® 2009 Published by Elsevier
B.V. (c) Polymer seHassembly within a tracktchedpolycarbonate membrane,
PCTE,by functionalizing the membrane with a PVP layer, followed by immersion
in SnCh and filtration of an anionic polymgreprintedwith permissionfrom?,
Copyright © 2008, Spriger Natureand (d) Initiated chemical vapor deposition
approach to narrow down pores @fPCTE membraneeproduced in part (with
modification) with permissiofrom®°. Copyright © 2017, Springer Nature.



1.1.42. Bottomup approaches
1.1.42.1. Slf-assemblyf organic materials

Bottom-up approaches to generating functional nanopores byssimbly
are simpler more scalablend can offer a higher pore density and thus higher
permeability. For example, compositembranes can be fabricated by immersing
an aminefunctionalized glass support membrane in a solution of gold nanoparticle,
polyamidoamine dendrimers (PAMAIDen) and carbon disulfide. This leads to
the precipitation and crodsking of the dendrimers andanoparticles on the
membrane surface. These dendrimanoparticle (DeiNP) composite membranes
provide permeation pathways in between the gold particles. Membrane pore size
can be tuned by using different dendrimer generations (as low as 7 nm). Membrane
functionality can be tailed with postfunctionalizatior® This approach is shown
to be effective in chargkased separation of both small organic molecates
proteins, but due to the relatively large pore size, small molecule selectivities were
significantly lower (separation factor of 4.2 for a pair of an anionic vs. cationic
small molecule dyes versus 8.6 for a pair of proteins of opposite charges).
Furthermore, all data reported on these membranes rely on diffusion experiments.

Pressurariven filtration performance of these membranes is not reported.

To reach smaller size scalesglfassembly oforganic materials has been
explored. For examplerosslinkable lyotropic liquid crystals (LLCs) have been
used to form ordered hydrophilic phases that act as nanopores. This approach

requires custorsynthesized surfactants and precise manufacturing conditions, but
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recent progress has shown it can be applie@ irol-to-roll system to form
composite membrané$ This approach has been specifically studied for water
desalinatiof?*® and chemical age protectior® While the structure has the

potential to be functionalized for other features, this has not yet been studied.

Another approach to membranes with small molecule selectivity involves the
custom syrtesis of cyclic peptides that form hydrogeonded nanotubules. These
nanotubes, however, need to be embedded in a lipid merfitthoe a block
copolymer (BCP) whose pores are aligned perpendicular to the fifacst? Self-
assembly of crown ether amphiphiles into long, cylindrical channels have also been
utilized to create small porealigned carbon nanotubes have also been studied in

similar context$*>3

In each of these cases, forming large scale membranes is difficult. These
systems require custom synthesis of reagents (polymerizabfghiphiles or
peptide ringsandare difficult to process into thin films with large awsaad proper
alignment. Furthermore, there are limited options for functionalizing the nanopores
due to limited stability and poor accessibility of functional groups during post
modifications This means most of these systems are limited in type of separatio

they can perform.
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Figure 1. 4. Selfassembly approaches for fabrication of chemoselective
membranes; (a) A glass filter, hybrid membrane consisting of nanoparticle
dendrimer composites, reprintadgth permissiorfrom*°. Copyright © 2012, John
Wiley and Sons(b) Formation of a TFC membrane using an imidazotomsed
LLC monomer reproduced with permissidnom®*. Copyright ©2012, American
Chemical Society.(c) Directed ceassembly of cyclic peptide and a block
copolymer reproducedwith permissionfrom?®. Copyright © 2011, American
Chemical Societyand (d)Selfassembly of crown e#in amphiphiles into columnar
structure and formation of oriented matfixed supramolecularchannel
reproducedvith permissiorform®®. Copyright © 2000, John Wiley and Sons.

1.1.42.2. Copolymerself-assembly

The selfassembly of copolymers, as opposed to surfactants, peptides or
dendrimers, is a promising appobadue to the wellinderstood synthesis and
assembly methods for these materials. Polymerassiémbly, where polymer
chemistry and physics drive the spontaneous formation of nanoscale structures, is
an especially promising tool that has the potential oy to generate better
membranes but also to do this in a scalable manner that can impact the industry.
Polymers with different compositions are generally immiscible, so mixing two or
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more together results in macroscopic phase separation. If segmaitter@nt
polymers are covalently bonded, this propensity to phase separate results in
microphase separatiefi*® with the dimensions of each domain comparable to the
size of the polymer segment{D0 nm). Microplse separation can form an array

of nanostructures, including lamellae, cylinders, spheres, and bicontinuous
structure.>”>8 For exampleblock copolymers (BCPs) naform nanostructures
between 3100 nm in siz& and highly ordered structures can be achieved by
controlling polymer structure and processing conditidingure 15.°"°8 Formation

of nanostructure and transport modulation in BCPs has been previously studied.
60 While most studies have focused on controlling pore size and the responsive
properties of the membranes, this approaah diso been utilized to improve the
selectivity of membranes between proteins of similar size based on their €harge.
But BCP selassembly is limited to size scales useful for separating
macromolecules and particles. Domain sizes are typically betwegdQlOmdue

to structural feature of the block3o our knowledge, 3 nm is the smallest
microphase separated damaize to date, too large in comparison with small

moleculeg®: 5960, 62

One of the most significant potential applications of membranes focuses on
separating small molecules. There are few researchers attgngpsi@parate small
molecules (<2000 Da) using membranes with-astfembled polymers, because
generating nanostructures at this size scale is challenging. Graft (orstapdd)
and random copolymers, on the other hand, can create bicontinuous microphase

separated structures as small as 1 nm in diafiefeThus, these copolymer

13



architectures are especially promising for preparing membranes that can potentially

separate small molecules by chemical features.

Figure 1. 5. Examples of pha&separated morphologies ini B type diblock
copolymers. Various morphologies are observed as the fraction of the A fajock (
increases, such as spherical (S), cylindrical (C), gyroidal (G) and lan(e)la
reprintedwith permissiorfrom®®. Copyright © 2009, Springer Nature.

Membranes that take advantage of this microphase separation behavior to
form effective Ananoporesodo have been prepa
porous support to form a thinril. Nanochannels with size of ~1 nm are formed by
selfassembly through microphase separation. The structure has a high nanopore
density, leading to high permeability without sacrificing selectivity. To date, these
systems have mostly been investigatedizsselective membranes for aqueous
filtration, with sidechains treated as inert pei@mers and solutes characterized
by their molecular volumé&. An example of such a copolymera graft copolymer
with a poly(acrylonitrile) (PAN) backbone and poly(ethylene oxide) (PEO) side
chains, PANg-PEO. This copolymer forms a bicontinuous microphase separated
structure with permeation occurring through the interconnected PEO phases, acting
as effective pores ~1 nm in diamet®A recent study by Phillimnd coworkers

utilized atempolymer that includeby addition ofepoxide groups tBAN-g-PEO to
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prepare such membranes with multiple functionaliffeShese moieties inhe
terpolymer lined the pore walls upon microphase separation. Both positively
charged and negatively charged moietes beintroduced through a post
modification process. These membranes match predictions from the Donnan
exclusion theory and imply thathese materials can exhibit chaiggsed

selectivity.

This indicates that polymer microphase separation can be used to impart
small molecule selectivity based on chemical features such as charge. But the small
number of these studies, complete lack of nmdd limited range of approaches
to create functional nanostructures using scalable manufacturing methods shows
that this avenue is worth investigatirig.this dissertation, this knowledge gap is
addressed by demonstrating an alternative approach eatirgg functional
nanostructures, studyingnembranesselectiviies in diffusion and filtration
experimentsexamining solutgore walls interactiondinking performance with
fundamental models of interaction (e.g. Donnan exclusion, binagibinding

equilibria), and exploring multiple modes of chemical selectivity.
1.2.Fabrication of Ultrathin Selective Layers
1.2.1. CommercialT hin Film CompositeM embranes

The most important step in the commercial and industrial success of
membranes was the developmehtethods to make membranes that feature a
very thin, dense selective layer supported by a thicker, highly porous support layer

that confers mechanical integrity. The development of such membranes from

15



cellulose acetate by Loeb and Sourirdjaransformed membrane separation and

madereverse osmosiRO) practical at an industrial scale. Another breakthrough

was the invention of interfacially polymerized (IP) TFC membranes for RO with

only a <0.1 em thick pol §Bwmihidnesssfthsect i ve |
layer enables high flux through the membrane, better energy efficiency, and lower

operating costs.

Since then, both processes have been extensively optirmzaaving flux
and energy efficiency. Yet progress in introducing new membrane materials has
been limited. Today, essentially all commercial TFC membranes utilize IR cross
linked polyamide selective layers formed by interfacial step growth polymerization
of an amine monomer and an acyl chloride monorét2* Some researchers have
prepared membrane selective layers by other step growth polymerization schemes,
such as the IP of carboxymethyl cellulose and pahy{ alcohol) (PVA) in water
with a diisocyanate in an organic ph&3é¢iowever,IP methodsare limited to
polymers formed by step growth polymerization. At least one menmeeds to
be oilsoluble, which prevents the manufacture of inherently hydrophilic selective
layers. The hydrophobicity of the resultant selective layer leads to fouling.
Furthermore, these selective layers have very small effective pore sizes, limiting
their use to nanofiltration (NF) and RDeveloping new fabrication methods that
enable formation of thin selective layers with various chemistnestunable pore

sizein a simple and scalable manner can have a great impact in many industries.
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1.2.2.Hydrogels

Literature shows many other selective layer chemistries can be designed for
membrane applications to achieve tunable selectivity, functionalized pores,
responsive materials, and/or fouling resistance. Researchers have used h§fdrogels,
87 amphiphilic copolymer&> ©: 882 and polymerizable lyophilic liquid crystéfs
54 93 as membrane selective layers. Among theserdnal selective layers are
especially promising as highly effective selective layers that are inherently fouling
resistant. Selectivity is controlled by the mesh size of the-tirde=d polymer with
the effective pore size typically in the ultrafiltratiiF) range, 45 nm8’ Hydrogel
coatings are also used to prevent foulhBEG hydrogel membranes are also very
promising for gas separations, specifically for natural gas upgré&dfifiglydrogel
selective layers are very versatile, tunable, and functionali?aBielectivity can
be modulatedby the addition of functional groups such as charged units that impart
chargebased selectivity through Donnan exclusion. Responsive properties can be
imparted by proper selection of monomers. Hydrogels are particularly suitable for
the incorporation of meomaterials that add new functionalities. Therefore, better

methods for readily creating thin hydrogel selective layers are needed.
1.2.3.Existing M ethods for Fabrication of Hydrogel L ayers

Applying hydrogels as ultrathin layers can, however, be chafignélany
researchers focus their studies on thick (10mof layers that have low flux, with

the premise of future improvemei. Others create TFC membranes by one of two
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methods: coatirty 1%%or grafting®® 1%2In each case, there are significant challenges

to overcome.
1.2.3.1.Membrane selective layers by coating

Several researchers have formed hydrogeitiogs on porous and TFC
membranes for the purpose of preventing foulihd® Most studies in this field
focus on crossinked PVA®® and PEGbased hytbgelsi®®1%4 though selective
layers that include charg¥d and/or zwitterioni€®> monomers have also been
reported. To create a hydrogel coating using this method, a monomer-or pre
polymer solution is spread on the membrane (e.g. by doctor blading), and then
crosslinked, e.g. by UV exposuiia the presence of a photoinitiaftjr% 94 10306
This approach requires a high viscosity monomeaigmer solution and specific
wetting properties to achieve a good coating that remains on top of thieramem
This makes various coating formulations unusable. The viscosity can be increased
with additives, but this can simultaneously change the coating properties such as
pore siz€* 103104 Achjeving thin (<0.5mm) defectfree coatings using this method
is also very difficult in large scale manufacturing. Spaating can form thinner

layers buis not scalable to a retb-roll proces$®: %2
1.2.3.2.Membrane selectiviayers by grafting

Grafting from membrane surfaces is a popular membrane surface
modification method® °° This approach relies on creating groups that initiate
polymer growth on the membrane surface by variouthoas including plasma

treatment®”1% UV irradiation!!®1!° or attaching initiating groups on the surface
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for atom transfer radical polymerization (ATR#Y2! or photepolymerization?*

123 The membrane is then exposed to the monomer to grow polymer chains.
Typically, this approach creates a polymer brush lining the membrane pores and
surface rather than a continuous selective 1&87et?*but there are some studies on
forming continuous croslinked and hydrogel layers on membranes by adding
poly-functional monomer&t>'1® To form a selective layer using this method, the
pore diameter has to be spanned by growing polymer chains from a limited number
of initiating sites on pores followed by cregwing. This can require long reaction
times and is pnoe to defects due to pore size polydispersity in the support
membrane. Graftinfjom approaches are also not typically amenable to
incorporating functional nanomaterials into the selective layer to create- multi
functional membranes. Thus, developmentmdéa method that enables fabrication

of ultrathin hydrogel selective layers is highly desired.

1.3. Dissertation Outline

The objectives of this dissertation are: (i) to create functional nanostructures,
studying its selectivity and structupeoperty relabnship, (i) exploring the
feasibility of introducing new functionalities to the nanostructure for targeted
separationand (iif) development of a novel method for fabrication of ultrathin

selective layers. The Dissertation is organized as follows:

Chapte 2 describesandom copolymer seissemblyandthe formation of
micelles in organic solvents which will then utilizéar fabrication of charged

nanochannelmembrane selective layerBhe nanostructure as well as separation
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mechanism has been characed indetail The work presented in this chapter
illustrates that random copolymer sadsembly can be utilizedr fabrication of
membranes witifunctional pores and size of 23 nm in a simple and scalable

manner leading to membranes with high seleityivand permeability

Chapter 3 exploits the versatility of ths method to introduce new
functionality, aromaticitybased separatioto the membrarsdescribed in Chapter
2. The solute and pore wall interaction mechassismembrane selectivity and
permeabn properties are studied thoroughly. This chapter illustrateke
exceptionallyhigh selectivity of these membranes for separation of small molecules

based on their aromaticity.

Chapter 4 presents a new method, interfacially initiated free radical
polymeization (IIFRP), forthe fabrication ofmembranes withultrathin hydrogel
selective layes. The effect of experimental parameters such as UV exposure time
and monomer concentration were studied. Also, different porogens were utilized to
tune the hydrogehembrane selectivity. The fouling properties of these membranes
were further investigated upon long term exposure to a model protein soltiten.
work in this chapter reveals that IIFRP is a simple, reprodycibleableand
scalable method for fabricatiof uniform, defecfree, ultrathin hydrogel selective

layer for protein purification.

Chapter5 summarizes the findings of this dissertation and describe future
directions that can lead to further improvement of either of these projects, as well

as opeing up new research directions.
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2 SeLecTivE  TRANSPORT T HROUGH
M EMBRANES WITH CHARGED
NANOCHANNELS FORMED BY SELE-

AssemBLY oF Ranpom CopPoLYMER

M ICELLES 22

2.1. Introduction

Today, most membrareased separations rely on differences in solute size
relative to membrane pore size. Membranes that combine thibasssl selectivity
with a capability to differentiate between solutes that feature different functional
groups can enable us to design membranes for custom applications and expand their
use in chemia | and phar maceuti cal -snalnheidtaicyted i ng
membranes also have potential applications in chemical/bioséRstiyPNA

detection and analyst$?*3 narofluidics }*4**° and drug delivery®

Biological pores such as porins, proton channels and ion channels display this
chemical selectivity exquisiteh?. For example, ion channels present in the cell

membrane are indispensable in contngjlelectrical signaling in nerves, muscles

! Repioducedin partwith permission fronreference 170Copyright© 2017 American Chemical
Society.
2 Reproducedn part with permission fromeference 169Copyright © 2017, John Wiley and Sons
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and thus maintaining cell balance through highly permeable and selective
transportation of ions. These structures have two distinctive features in common:
hydrophobic pores only slightly larger than the targey tinensport (e.g.~1 nm

for ion channels), lined with functional groups that reversibly but selectively
interact with the target (e.g. charged groups in ion channels, hydrogen bonding and
hydrophobic groups in porins}. 1% 3"Their superior selectivity and permeability
arises from the synergistic effect of nanoconfinement of permeation with chemical
functionality. The small pore diameter forces all solutes to closely interact with
functional groups on the poxealls. The interactions between the solute and the
functional groups in the pore control the partitioning and transport of the solutes in
the pores. Thus, creating a simplified membrane that mimic their behavior can
create a new generation of membranes wiiperior selectivity with a range of
applications that span water treatmé&hto the separation of small organic and

biomolecules in chemical and pharmaceutical manufacturing.

For example, membranes that can separate small organic molecules of similar
size lut differing charges have several applications, especially in the extraction and
purification of small pharmaceutical molecules such as amino *&titfsand
antibiotics#14* Membranes with pore walls that feature charged groups can
accomplish this by favoring the passage of solutes that are uncharged or of opposite

charge, but hindering the passage ofarts.

Designing such selective membranes requires the creatie@rysmall, <3
nm nanopores, and the integration of chemical functionality into the nanopores to

tailor their surface chemistry to induce desired chemical interaction with the target
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molecule. To date, most attempts to create membranes with diesge
sdectivity have focused on narrowing and modifying the pores of tesaked (TE)

or anodized alumina membranes including: electroless deposition of gold onto pore
walls followed by chemisorption of an efghctionalized thiol onto the gold
surface?¥?® or using chemical vapor deposition (C\¥P) Vertically aligned
arrays of carbon nanotubes (CNT) can also act as membranes with functional
cylindrical nanopore®®® 14 When the pore entrances are functionalized with
carboxylic acid groups, these membranes show ion excl{i&i.All these
approaches, however, require mgltiep and complicated synthesis procedures.
They also result in very low porosities (<1%, comparet W@&90% bulk porosity

for typical membrané€d) that lead to membrane fluxes that are too low for most
filtration applications. Because of these concerns, the mat@refmred using
these methods are used in microelectrotfit®nergy storage devicé®€ drug

delivery**® and sensofg’ rather than as filtration membranes.

Seltassembly is a promising tool for generating membranes with functional
nanostructures using scalable, easier to implement meffot?$!®>’ The self
assembly of welllesigned copolymedsased precursors can lead to formation of
pores that can be chemically modified for desired seigcttiirough scalable
manufacturing processes. Although amphiphilic block copolymermaaophase
separate anfibrm well-defined structures, reaching pore size smaller than 10 nm is
very difficult. This limits their application to ultrafiltration and peot

separation$>? Random and combhaped copolymers can form smaller and bi
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continuous domains down to 1 nfi®* 66 15859 gnd have shown sizeelective

screening osmall molecules.

As an alternative to microphase separation, the assembly of spherical nano
assemblies such as micelles or colloidal nanoparticles into packed arrays can create
porous systems that act as membrane selective layers. For instance, BGEs micell
have been deposited onto a silicon wafer by spin coating to form a porous film of
packed micelles that can perform skzsed separatidfi®®2 The compressibility
of these micelles cause them to deform up@napplication of pressure, causing
changes in pore siZ€ Alternatively, colloidal silica nanoparticles can be
assembled into packed arrays that can be functionalized with polymers and
modulate transpotf31%®® These membranes can also be presumably used as
membrane selective layers, though the brittleness and thickness of these layers may
be of concern in pressudziven processes. However, the large size of both BCP
micelles and silica particles (480 nm) accessible in these studies lead to pore
sizes between 7-500 nm, too large to address small molecule separations.
Furthermore, these approaches have not been explored for imparting chemical

structurebased selectity in filtration applications.

Almost all the methods mentioned above require-pudification steps that
can increase the risk of undesired side reactions or damage to the membrane
structure. The added manufacturing steps may also limit scalabili/.highly
desirable to develop a singiep, scalable approach to generate membrane
selective layers witla high density 0&3 nm nanopores lined with tailored, well

defined functional groups, to yield membranes with high permeability and good
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selectivity between solutes of similar size, but different chemical features (e.g.
charge). There is also a knowledge gap in better understanding the mechanisms of

transport and selectivity in such membranes.

In this chapter, we demonstrate the formation of novel mends that
feature a network of carboxylate functionalized nanochannels in their selective
layer by depositing random copolymer micelles in alcohol onto a porous support
using a singlestep coatingprocesgScheme?.1). These micelles are formed by the
sef-assembly of a random amphiphilic copolymer, poly(trifluoroethyl
methacrylateandommethacrylic acid) P(TFEMA-MAA), 1% and are stable in
water. The resultant membranes feature a selective layer of a packed array of
micelles with carboxylate functional surfaces. The interstices between these
micelles, calculated to be approximateh hm at their narrowest point,rge as
charged nanochannels through which water and solutes can pass. The negatively
charged carboxylate groups lead to high separation selectivities between organic
solutes of similar size but different charge, as demonstrated by diffusion and
filtration experiments. These membranes effectively retain negatively charged
solutes while allowing the passage of positively charged and neutral solutes of
similar size, and exhibit water fluxes comparable with commercial membranes of
similar pore size. Their perragon selectivity is enhanced further in competitive
diffusion experiments as the neutral solutes prevent the entrance of anionic solutes
into the nanopores. In addition to promising applications in cHaaged

separations in the industry, these membrasgesent a novel approach to creating
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membranes with carboxyl functional nanopores that can be further modified to

enable a broad range of selectivities.

Scheme 2.1. Formation mechanism of the membrane selective layer fegturi
charged nanochanneReprinted from’®. Copyright © 2017 American Chemical

Society.
Selective layer ~ 400 nm
)
'3 { ® e

e Fluorinated groups
e COOH- functional groups

*(a) The random copolymer with fluorinated and carboxylated repeat unfisr(bhtion of micelles

in methanol, (cCoated micelles onto a porous support, where they fqratked array of spherical
micelles with carboxylic acid functional surfaces. The interstices between the micelles act as
effective nanopores through which permeation occurs. lonized carboxylate groups impar charge
based selectivity through electrostatiteiractions.

2.2. Materials and Methods

2.2.1. Materials

Methacrylic acid (MAA), azobisisobutyronitrile (AIBN),-echethoxy phenol
(MEHQ), small organic molecules including Brilliant Blue R (BBR), calcein
sodium salt (CAL), Acid Blue 45 (AB45), Methyl Orga (MO), Rhodamine 6G
(Rho6G) , Basic Blue 3 (BB3), Vitamin B12 (B12), Riboflavin (RIB), and Rutin
hydrate (RTH), pyrenetetrasulfonic acid tetrasodium salif &) were purchased
from Sigma Aldrich (St. Louis, MO). 2,2, Prifluroethyl methacrylate (TFEMA)
was purchased from Scientific Polymer Products Inc (Ontario, NY). Solvents
(methanol, ethanol, dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), hexane)

and salts (NaCl, N&Qs, CaCh, CaSQ) were purchased from VWR (West Chester,
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PA). Deuterated dimethydulfoxide (DMSQde) was obtained from Cambridge
Isotope Laboratory (Tewksbury, MA). Ultrapure deionized water generated by
Biolab 3300 RO, a building wide RO/DI water purification unit by Mar Cor
Purification was used for all experiments. All chemicald solvents were reagent
grade and used as received except for MAA and TFEMA, which were purified by
passing through neutral and basic activated alumina columns, respectively-(Sigma
Aldrich, MO). PAN-400 ultrafiltration membranes purchased from Nanostone
Water, Inc. (Oceanside, CA) was used as the support membrane to provide

mechanical support.

2.2.2. Polymer Synthesis and Characterization

P(TFEMA-r-MAA) was synthesized using a free radical polymerization
mechanism. A total of 40 g of MAA and TFEMA and AIBBL02 g) were dissolved
in 100 ml DMSO in a round bottom flask. The flask was sealed and purged with
nitrogen for 30 min. Polymerization reaction occurred as the solution was heated
under stirring at 55C for about 4 h. Then, 2 g of MEHQ was added to teate
the reaction. Copolymers were recovered by precipitation in a mixture of ethanol
and hexane (1:3 v/v), 1@issolved in ethanol and washed three times in hexane to
remove all monomer residues. The final product was then air dried overnight and

dried n vacuum oven at 5@ for 24 h. The yield was approximatef0%

The synthesized copolymers were characterized dsinguclear magnetic
resonance' NMR) spectroscopy. After dissolving the copolymers in DM&D

NMR spectra were acquired on a Brukerafxge 11l 500 spectrometer. Molecular
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weight distribution measurements of the copolymers were acquired using a
Shimadzu Gel Permeation Chromatography (GPC) System equipped with a
TOSOH TSK gel GMHRM mixed-bed column and guard column, equipped with
both UV and refractive index detectors. THF was used as the mobile phase at 0.75
ml min elution rate and calibrated with low polydispersity poly(styrene) standards

(TOSOH, PSt Quick Kit).

To measure water uptake, dry samples were weighed (and then
equilibrated in deionized water for two days at room temperature. The excess water
was removed gently by dabbing with a filter paper and the sample was weighed
immediately (0 . The water uptake was then calculated from théghte
difference of the polymer in its hydrated and dry state usmg2.1)

Wwo er]ooomQ(b— pTT onc¢eg

2.2.3. Characterization ofMicelles

Micellar solutions were prepared by directly dissolving the copolymer by
stirring and heating at 4€ overnight in methanol or THF directly. Dynamic Light
Scattering (DLS) was performed using Nano Brook 90Plus PALS particle sizer
(Brookhaven Instruments, HoltsvillBlY) equipped with a H&le laser operated at
659 nm and with a 1 mm entrance aperture. Scattering measurements were
performed at 25C and 90 angle. The copolymer was dissolved in methanol or
THF at a concentration of 0.5 wt% for all experiments exaahke determination
of the critical micelle concentration, where a broad range of concentrations were
tested. Solutions containing metal ions were prepared by first dissolving the metal
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salts in methanol, and then dissolving the copolymer in this solatian final

concentration of 0.5 wt%. The concentration of metal ions in solution was
guantified by the ratio r, defined as the number of moles of MAA repeat units per

mole of metal ionA | | samples were passed through a
Teflon membrane before analysis. Average hydrodynamic diameter of micelles was

calculated using Noehegative Least Squares (NNLS).

Atomic Force MicroscopyAFM) samples were made by spin coatthg
micellar solution on a freshly cleaved mica surface using two steps including a short
spin at a slower rotation rate (5 s at 500 rpm) followed by a longer and much faster
spin (2 min, 2500 rpm). This ensures the formation of a homogenous layer on the

mica surface.

The nanescale morphologies of micelles and films were studied by
Transmission Electron Imaging (TEM, FEI Technai Spirit) operated at 80.0 kV.
TEM samples were prepared by submerging a copper grid with carbon film into a
0.3 wt% copolymer dation in methangl methanol/Cu(OAe) or THF,followed
by floating the grid on a droplet of DI water to freeze the strucfline solution
prepared in methanol/Cu(OAontained 20 moles of MAA repeat units pefCu
ion. Samples were then stained using @t% Cu(OAc) aqueous solution by
floating the TEM grid on the copper acetate solution for 5 minutes, followed by

rinsing with DI water.

To study the effect of evaporation time, on micelle -asfembly, we

prepared samples using conditions that closgiyics the membrane preparation
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procedure. Copper grids wefiest submergdinto a 0.3 wt% copolymer solution
in methanol, followed by evaporating the solution for various time&0(8) and
finally floating the grid on a droplet of DI water. The samplesre stained

afterwardusing 0.5 wt% Cu (OAeg)aqueous solution.

Fourier Transform Infrared (ATHRTIR) spectroscopywas used to
investigate the interactions of the copolymath different metal ionsATR-FTIR
spectra of solutions in different solvents reveacquired using a FT/{B200
spectrophotometer (JASCO Corp, Tokyo, Japan). The-EATR spectra were
recorded over the range of 46600 cm! at a 4 crmt resolution.The copolymer
solutions were prepared by first dissolving the metal salt (if any) ihanet, and
then dissolving the copolymer in the solution at a final concentration of 5 wt%. The
solution was placed on a ZnSe crystal using liquid chamber accessory and the
spectra were collected in attenuated total reflection (ATR) mode using pure

methanbas background.

Coordination of the copolymer with different metal ions was studied using
UV-vis spectroscopy. The UVis absorption spectra were recorded on a Thermo
Scientific Genesys10S Spectrometer (Waltham, MA) for solution of metal ions as

well as h presence of copolymer in the solution.

2.2.4. Membrane Fabrication and Characterization

The copolymer solutions for membrane preparation were prepared by

dissolving 5 wt% of the copolymer in methanol by stirring at @0for 24 h.

Afterward, t he solutions wer e filtered
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(Whatman) and kept in an oven at &0to eliminate the bubbleBubble/dustfree

solutions were cast onto a PAN400 ultrafiltration membrane taped on a glass plate
with an adjustable doctor blade (Gardco, Pompano Beach, FL) set to a gap size of
20 & m. The glass plate was i mmersed i

evaporation at room temperature.

The microstructure of the membrane was characterized by SupESEEM
at 4 kV and 10 mm working distance. Dried membranes were frozen in liquid
nitrogen and cut with a razor blade for crssstional imaging. To avoid charging,
the samples were sputter coated (Cressington 108 manual, Ted Pella Inc., CA) with

Au/Pd (6040) for 120 s at 30 mA current in an argon atmosphere.

Atomic force microscopy (AFM) measurements were performed with a
Dimension 3100 (Veeco, Plainview, NY) on a tapping mode. AFM cantilevers were

purchased from Bruker with a650-100 kHz and k=5 N m. Samples were dried

and taped on a glssmsdriaae.was 19caemmed.

transform (FFT) analysis was obtained using Gwyddion software. Membrane
hydrophilicity was measured with a RaHart contact angle goniometer

(Succasunnd\lJ) on dried membranes cut and taped onto glass plates.

2.2.5. Characterization ofM embrane Performance

Diffusion experiments were performed using a digieside glass diffusion
cell (Permegear) with a cell volume of 7.0 ml and an effective permeagaroéar
1.8 cnf. A circular membrane swatch 1 inch in diameter was mounted between the

two halves of the diffusion cell; feed and sink. A 0.1 mM solution of the desired

31

nt o

Th



solute was placed in the feed hedil, whereas the sink compartment was filled
with DI water. Both solutions were continuously stirred to minimize concentration
polarization. For measuring the diffusion rate of organic solutes, 1 ml of the
solution in the sink was periodically taken and replaced with DI water. Solute
concentration was measar by U\tvisible spectroscopy (Thermo Scientific

Genesys10S Spectrometer, Waltham, MA).

Filtration experiments were carried out using a 10 ml Amicon 8010 stirred,
deadend cell (Millipore) with filtration area of 4.1 dvand a transnembrane
pressure of @ psi. Cells were stirred at approximately 500 rpm to minimize
concentration polarization. Transmembrane fluxes were measured by collecting
each permeate in a container placed on top of a scale (Ohaus Scout Pro) connected
to a computer and observing theéaloveight increase over time. The membrane
permeancel(), defined as the flux (J) normalized by applied traresnbrane

pressure (&P), was calcul ated according to

0oy — eLS:
Riotal accounts for the resistance toward the flow of the coating and the support
membrane itself. Resistanemsseries model was used to account for the hydraulic

resistance posed by support membrane and the selective coating layer.

2 2 2 OB

The support membrane resistance against the flow is negligible due to its high
flux in comparison to the TFC membrane (820 I? m' bar') according to

manufacturer specifications, confirmed in our filtration system). Seé&dtayer
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permeability (R) was thus calculated by normalizing the permeance with the

selective layer thickness using:

0 OB ca

where U is the selective |l ayer thickness
ImageJ software, averaged over measurements on least 5 different membrane

samples.

Membrane selectivity was determined by filtering a series of organic solutes
(cationic, anioni@and neutral) at the concentration of 0.1 mM. The first ml of filtrate
was discarded, and the subsequent 1 ml was collected and used for measuring

rejection.

¢t|:tl:

2b p p T oBca

where R is the solute rejections @nd G are the concentration of feed (0.1 mM)

and permeate, respectively. The concentration of organic solutes was measured by
UV-Visible spectroscopy. Tweolute separation experiments werafq@ened

using a similar procedure, but the total solute concentration in the feed was kept at

0.1 mM.

Salt retention experiments were carried out by dissolving different
concentrations of salt (1, 5, and 10 mM) in DI water. The first mldissarded,
and the subsequent 2 ml was collected. The conductivity of the solution was
measured using a conductivity meter (CBErmer, Vernon Hills, IL). Rejections
were calculated using Equatiah5, given that in this concentration range,
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conductivity is linearly redted with salt concentratioMembranes were soaked in
DI water at least overnight between diffusion or filtration experiments to remove
any organic solute or salt residues. DI water was filtered through the membranes

before subsequent filtration experinten

2.3. Results and Discussion

2.3.1. CopolymerSynthesis andCharacterization

P(TFEMA-r-MAA) copolymer was synthesized using free radical
polymerization as shown Bcheme 2. This method is simple and scalable, which

is important for future commerciahpact of related technologies.

Scheme 22. Synthesis scheme for P(TFEMAMAA) . Reprinted with permission
from!"%, Copyright © 2.7, John Wiley and Sons.

AIBN, DMSO
R + —_— ’
~ 55°%C
=0 o =0 )=—O0
\ MAA
F- I( F’]Z
F F

F F
TFEMA TFEMA-r-MAA

Two batches of copolymer were synthesized using this method, with different
TFEMA/MAA ratios (Table 2.1). The resultant copolymer compositions were
calculated using the characteristic peaks of eashomer from'H NMR spectra
(Figure 2.1)In both cases, the resultant copolymer compositions, obtained at about
40% conversion, were slightly higher in TFEMA content compared with the

reaction mixture composition. These results are in agreement with osddliti
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studies® that indicate the monomer sequence is close to random, with few, if any,

PTFEMA blocks. While theresultant copolymers cannot be described as

completely random, their segmental order is likely close. It should be noted that

while these copolymers are truly statistical copolymers with the given caveats, we

use the term fir ando ms dissgtatibnyfonehe éaketohr oughou
simplicity, to clearly distinguish from block copolymers commonly investigated in

current literature, and to use consistent terminology with past publications in the

field where this effect was not often considered.

Table 2. 1. Compositions, molecular weights, water uptake values of synthesized
copolymers, membrane pore size, membrane pore density, membrane permeance,
selective layer permeability and water contact angle vaReprinted from?’™.
Copyright© 2017 American Chemical Society.

Properties CP40 CP50
MAA wt% in reaction mixture 50 70
MAA wt% in copolymer 45 55
(Ci::;przlé/rml)er weightaverage molar mass 1064 3G9
Copolymer dispersity 1.75 1.72
Copolymer water uptake% 26+3 51+7
Membrane pre size (hnm¥y 1-3 1-4
Pore densityx 10 pores nv) 2.3 4.1
Membrane permeance; (L m? htbart) 4.2+1.0 7.3+1.3

Selective layer permeabilitPm
1.7+0.4 3.7+0.7

(L e%hibary

Contact Angle 82+3 69+4

3 Likely underestimated due to limited solubility of CP50 in THF.
b) Measured in dry state.
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Figure 2. 1. 'H NMR spectrum of CP40 deuterated DMSO showing the
charcteristic peaks and corresponding protons. a, and d peaks are used to calculate
copolymer compositianReprinted with permission frotft. Copyright © 2017,
Jom Wiley and Sons.

GPC analysis in tetrahydrofuran (THF) showed the successful synthesis of
high molecular weight copolymers with polydispersities in agreementtyytbal
values for free radical polymerizationethod(Table2.1). We suspect, however,
tha these measurements were at least somewhat affected by the formation of
micelles in THE®® and the limited solubity of CP50 in this solvent, leading to the
measurement of very different molecular weights for the CP40 and CP50 even
though based on the similar synthesis conditions, similar molar masses were
expected. Water uptake measurements indicate that copolymietsgiher MAA

content showhigher water uptake, as expected from the hydrophilicity of this

monomer.
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2.3.2.Micelle Formation®

As mentionedn the introductionblock copolymersBCP9 are abldo create
ordered structugeandthe wide variety of morphobies that can be achieved by
manipulating block lengths and chemistrié&s'’® Random copolymers (RCPs) can
also form micelle¥*81and microphase separated domamisi®2but this requires
a much higher degree of incompatibility between segments and/or degree of solvent
selectivity due to the close proximity and short clusters of the incompatible repeat
units. When this criterion is achieved, RCPs can form an even wadge rof
micelle morphologies (spheres, rods, honeycombs, vesicle$!*atohpared with
BCPs. For example, BCPs with a charged block are typically limited to forming
sphericamicelles due to the high charge density in their corona. However, RCPs
of similar repeat units can form a broader range of morphologies due to the lower

charge density/® 183185

From a practical point of viewRCPs are much easier to synthesize than
BCPs, which require mulstep living polymerization procedures. Easier synthesis
and morphological versatility make the RCPs great candidates for many
applications, from drug encapsulatidf®'®’ to optical materials and micro

electronics'88189

To date, a large fraction of studies on micellar systems focus on solutions in
water, a highly selective media that strongly favordeh@ation of micelleg®%192

Supramolecular organization is possible but comparatively more unusual-in non

3 Regroducedn part with permission fromeference 169Copyright © 2017, John Wiley and
Sons

37



agueous solvents, because achieving sufficiently selective solvation is difficult.
While, BCPs with long orona chains (i.e. star micelles) can form micelles by direct
dissolution in a single organic solveh %3197 RCP micelles in organic solvents
have not, to our knowledge, been reporliduls, we first explore thespontaneous
selfassembly of ta randomcopolymersynthesized in this studp two organic
solvents, methanol and THFRhat are selective for either the fluorinated or the
hydrophilic segments. Additionally, we studied the effect of the additionetdim

ions on micelle size and morphology.

2.3.2.1. Micelles in methanol

The MAA repeat units in the P(TFEMAMAA) contain carboxylate
functional groups and are highly incompatible with the TFEMA repeat units.
PMAA homopolymer is a weak pclgcid, and higly soluble in methanol, which
it interacts strongly with through hydrogen bonding. In contrast, PTFEMA
homopolymer is a fluorinated, very hydrophobic polymer that is insoluble in
methanol. Our results indicate that this incompatibility leads the RCP s tive
monomers to form micelles and vesicép®ntaneously in methanol. TEM analysis
shows spherical micelles and some larger vesicles formed in me{Rranok?2.2
a and b) To identify which segment forms the micelle corona, TEM samples were
stained bycopper acetate (Cu(OAg) which complexes with carboxylate groups
in MAA repeat units®® A dark outline in the TEM image§Figure 2.2 a)
illustrating the staining of the outer surface of the micelle, indicates that MAA
groups are located in the corona. TFEM&h sections of the polymehain form
the micelle core. PTFEMA homopolymer has a high(80 C)!*° that imparts
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stability to the micellestructure by limiting polymer mobility within the cof&20!
Hydrogen bonding of MAA units with methanol also stabilizes the supramolecular

assemblied8> 202

TEM analysis show some large vesicles (D0 nm) and some much
smaller micelles (120 nm). However, sample preparation for TEM imaging may
lead to artefacts due to drying, interactions between the micelles andwbetsol
used, and the formation of a thin layer on the grid. To confirm the presence of
micelles and vesicles in solution and to better analyze the size distribution of these
structures, we performed DLS. This analysis confirmed the presence of small
micelles (715 nm) and larger vesicles @0 nm) with an average hydrodynamic
diameter of 17 nn{Figure 2.3a) for CP40 copolymer. The bimodal distribution
likely implies the formation of large compound miceftés2%?and vesicles’®: 203
204in solution upon the fusion of smaller micelles. The two segments in RCPs are
dispersed in close vicinity of each other along the polymer chain. This prevents the
formation of clear boundis that can be described as a core/shell strutture,
which leads to a thinner corona with weaker interactions with the solvent in
comparison to BCP¥2 This may lead to the clustering of smaller micelles and the
formation of large vesicles, frequently observed in both random and block
copolymers®” 2% The larger sizef the bigger aggregates in TEM image can be
attributed to the flattening of micelles on TEM grid while drying or fusion of
smaller particlesinduced by solvent evaporation and desolvation of micelle
coronat®®1®” A bimodal size distribution was also obtained for CP50 copolymer

with average dimeter of aboutrn (Figure 2.3a) The smaller micelle size for
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CP50 relative to CP40 can be attributed to the lower TFEMA content leading to

shorter TFEMA segments, and themaller micelle cores.

L | 200mm

Figure 2.2. TEM micrographs of supramolecular structures formed by P(TFEMA
r-MAA) prepared with 0.3 wt% copolyman solution (a, b) Micelles and vesicles
formed in methanol; (c, d) Reverse micellesTiHF, exhibiting the onset of
morphological transition from sphere to rods; (e, f) Micelles and vesicles formed in
methanol in the presence of Cu(OA@ polymer solution. All samples were
stained by immersion in 0.5 wt% of Cu(OAa) water after prepati@n to identify
carboxylic acid groupReprinted with permission frotft. Copyright © 2017, John
Wiley and Sons.
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Figure 2.3. DLS micellesize distribution for CP40 and CP50 in (a) Methanol, and
(b) THF.Reprintedn partwith permission fronYX. Copyright © 2017, John Wiley
and Sons.
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2.3.22. Micelles in THF

In nonpolar solvents, BCPs may form reverse micelles whose cores are
composed of the more hydrophilic compon€ft?®“We documented the formation
of reverse micelles with MAAich coresfrom P(TFEMAr-MAA) in THF. TEM
analysis showed micelles with various morphologies in THF, including spherical,
rod-like and wormlike structures with MAA cores, stained with Cu(OA@igure
2.2c, d. The bulk/core regions of these micelles were staimigidl copper and
appeared dark, confirming the segregation of MAA groups into these regions. Rods
appeared to be bent rather than straight, with hemispherical caps at the rods ends.
Higher magnification images (Figu&2d) suggest at least some of the-libe
structures could have been formed by the merger of spherical micelles. Due to the
TEM sample preparation method, these-likd assemblies may be present in
solution and/or may have formed due to drying during TEM sample preparation. In
either case heir formation is also likely enabled by the lower degree of ionization
of MAA in THF, which has a lower dielectric constant than meth&Hol.
Electrostatic repulsion between MAA segments on the micelle corona in methanol
favors spherical micelles. In contrast, weaker repulsive forces in the PTHENA
corona in THF enable the coexste of and transitions between multiple
morphologies with similar free energies, including those with lower curvature such
as cylinders and rod8?2°The micelle morphology is also affected by the fact that
MAA is partially swollen by THF, creating a softer core that is capable of
morphological transitions. Multiple morphologies may also arise from copolymer

molecular weight dispersit°
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As mentioned above, the TEM sample preparation process may introduce
artefacts to the size of the observed assemblies. It also does not generate data that
canstatistically represent the size distribution of the formed structures. We used
DLS to analyze the properties and sizes of these assemblies in solution. DLS
analysis showed a bimodal size distribution (FiguBbPwith an average micelle
diameter of ~45 nm for CP4Q larger than in methandin case of CP50also a
bimodal size distribution was observerthis distribution includednuch larger
micelles with average diameter of ~ 90 nm, twice the alserved irCP40. This

could be attributed to larger mitecoresin CP50.

The lowest copolymer concentration at which micelles are formed is termed
the critical micelle concentration (CMC). To determine this value for our
copolymer in methanol, we performed DLS on copolymer solutions at a broad
range of concemations, from 0.01 mg/mL to 1 mgL™ (Figure 24). A sudden
shift in measured hydrodynamic radius is correlated with the formation of
micelles?*22 The CMC of the copolymer was found to be 0.066 mg/ml (1.09 x
107 M) in methanol (Figure 3a). This CMC value is similar to the range reported
for block copolymers in water (typically in the order of®10 107 M), but much
lower than typical values for small molecules surfactants {a@.0* M).2% The
micelle size in methanol was relatively stable above the CMC, with only a minor
increase in micelle size thiincreasing concentratiohhe CMC in THF was found
to be around 0.026 mg/ml (4.15 x ®&0M) using DLS (Figure 2.4b). THF

preferentially solvates TFEMA segments over MAA segments, though it still
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shows weak solvency for PMAR3Thi s can swel | and plastici

resulting in larger micelles.
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Figure 2. 4. Determination of CMC by DLS in (a) Methanol and (b) THF.
Reprinted with permission frofft. Copyright © 2017, John Wiley and Sons.

2.3.2.3. Micelles morphology in a thin film

We also examined the micelle morphology using AfRWure2.5). A film
of the copolymer micelles was deposited on mica by spin coating. A bumpy film of
spherical mice#ts fused together formed upon spin coating a 0.3 wt% copolymer
solution in methanol (Figur2.5a). Spin casting a 0.1 wt% solution in methanol led
to well-dispersed individual micelles with a height of+® nm (Figure2.5b). This
measured height is low#ran that calculated through DLS, likely because micelles
flattened on the substrate upon spasting and drying** When deposited from
THF, the copolymer formed rod like aggregates. This is likely a result of the drying
process on the mica surface, where micelles merge into cylindricahologies
with lower surface energy (Figu2esc). This phenomenon is prevented in methanol

due to electrostatic repulsions between the partially ionized MAA coronas, and by
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the high rigidity of the TFEMArich core. In THF, however, the TFEM#Ach
corona isnot charged, so micelles can easily contact each other. The-dAA

core is plasticized by the solvent, which further enables the merger of micelles

during the spin coating process.

Figure 2.5. Micelles cast from copolymesolution of (a) 0.3 wt% in methanol, (b)
0.1 wt% in methanol, and (c) 0.3 wt% in THF on mRaprinted with permission
from!"%, Copyright © 2017, John Wiley drSons.

2.3.2.4. Interaction oflissolvedmetalions withmicelles

Coordination of metal ions with surfactaitfsor BCPs® 26 during the
formation of supramolecular structures can lead to new materials with tunable
properties and impart additional features. Metal ions can interact with carboxylate
groups through ionic/Coulombic interactions or through complexatioeséh
interactions have been leveraged to fabricate functional nanostructured materials
for isoporous membrané§;?® catalysis2’® biomediciné?® and precursors for

inorganic or hybrid structures?

These metal iomarboxylate interactions can also altdre size and
morphology of micelles formed by small molecule surfactahesd BCPE? 222
221 in water, dependingn the chemistry and relative size of each block. For
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example, although BCPs, especially those with ionizable blocks, have a tendency
to form spherical micelles, it is possible to access other morphologies (e.g. rods,
vesicles) by the addition of metal ®in aqueous solutioit®??° The change in
micelle size and morphology upon addition of metal ions can arise from decreased
electrostatic repulsion among charged groups in the micelle corona or from the
complexatbn of functional groups in the copolymer with metal i6f%sThese
interactions can either draw the functional grotggether to make larger micelles,

or push them apart and increase curvattir@hese effects have been extensively
studied in BCP systems, but to our knovgedthe effect of added ions on micelle
size and morphology has not been reported in micellar solutions formed by RCPs.
Furthermore, in nolaqueous media (e,gnethanol), carboxylic acid groups exhibit

a lower degree of dissociation than in water. Thisralboth the electrostatic
interactions between functional groups in the corona and the interactions between
the salt ions and the carboxylic acid groups in the mic&fdikely leading to
morphological changes in the micelles. Therefore, we would expect the size and
morphology of the RCP micelles in methanol to change upon the addition of metal
ions to solution. Tis implies that the supramolecular assembly of P(TFEMA
MAA) can be tuned by the addition of metal ions that interact with the COOH

groups in MAA unitst®
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Scheme 23. The effect of metal ions on micelle size and morphology; (a) Micelle
morphology in MeOH, If) in presence of Na(OAc), (dormation of micelle
clusters in presence of Cu(OAc{d) Transition from micelle to vesicle by addition
of Cu(OAc), and (e)intermicellar bridging by Ct. Reprinted with permission
from!’%. Copyright © 2017, John Wiley and Sons.
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We studied the effect of adding monovalent, divalent, and trivalent metal ions
on micelle morphology and size in metbarAs shown irFigure 2.6athe addition
of sodium acetate (NaOAc) at a MAA: NaOAc molar ratio of 20 (termed r =20)
causes the average micelle size to decrease to 12 nm. Both the smaller micelles and

the larger vesicles become smaller on average.
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Figure 2. 6. DLS micelle size distribution for 0.5 w% micellar solutions in
methanol (a) with Naadded in methanol, r=20, and (b) with®Cadded, r=20; r is
defined as the molar ratio of MAA groups to metal ions in solution. Replrimith
permission fron’%, Copyright © 2017, John Wiley and Sons.

To better understand the mechanism of this shift, we investigated the

interaction of the metaons with the copolymer in solution using FTIR (Figure
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2.7). When the copolymer is dissolved in methanol in the absence of metal ions,
the peak at 1700 ctcharacteristic of COOH groups, decreases while the band for
deprotonated CO@roups at 1390 crhincrease$°showing partial deprotonation

of acid groups. A triplet peak around 1730 toonfirms hydrogen bonding with
methanol (Appendix Al). When NaOAgsadded at r =20, a broad absorption peak
centered on 1575 ctappears, arising frorionic interactions of Naions with
carboxylate group¥® 23! This peak grows when the NaOAc concentration is
increased (r £0). This implies that the Naand COO groups interact through
electrostatic interactions. The decrease in micelle diameter likely arises from the
insertion of N& ions between the carboxylate groups, shielding electrostatic
repulsions and pushing themaapto increase the curvature of the cordha

(Scheme 2.2b).
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Figure 2.7. FTIR spectra for the copolymer and its solutions in methanol with the
addition of different metal ions at increasing concentrations. Reprinted with
permission fron’%, Copyright © 2017, John Wiley and Sons.
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Unlike monovalent ions (e.g. N divalent and trivalent cations can form
complexes with multiple carboxylate groups. These complexes may take on
different geometriessuch as the bridging bidentate and chelating bidentate
conformations (Figure 2)!°® 232236 |n the bridging bidentate configuration, a
binuclearcomplex is formed through the association of two metal ions twith
pairs of adjacent carboxylate groups. In the chelating bidentate configuration, both
oxygen atoms of the carboxylate are bound to one metal ion. These interactions can
affect the supramolecular assembly of carboxylate containing polymers, including
P(TFEMA-r-MAA). Indeed, when Cu(OAg)was added to P(TFEMAMAA) in
methanol (r =20), the size of both the smaller micelles and the larger vesicles
increased (Figure.@b). The average micelle diameter increased to 20 nm. TEM
images of supramolecular assdéynin the presence of Cu(OAc)n methanol
(Figure2.2e,f) also showed large vesicles. This increase in size may arise from the
complexation of the metal ions with multiple MAA units, pulling these groups
together and flattening the interface.’Caan aso link multiple micelles together
into clusters®’ The bridging of multiple carboxylate groups creates long chains of
interlinked MAA groups and screens electrostatic repulsion between them. This
allows them to pck closely and form vesicféé 2*observed in the TEM images
(Scheme 2c, d and e). To better understand the mechanism of interaction between
Cu?* ions and the MAA units, FTIR analysis was performed (Figu@. The
addition of Cu(OAcg) to the copolymer dissolved in methanol led to a new peak at
1620 cm' that grows with increasing copper acetate concentration, corresponding

to bridging bidentate complexation of the MAA groups witi?dans?3% 2%*No
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peaks associated with ionic (1575 &nor chelating bidentate interactions (1560
cmih)?*9were observed. The bridging bidentate conformation was further confirmed
using U\tvisible spectroscopyHgure2.8). Thesolution of Cu(OAc) in methanol

had two absorption peaks at 310 nm and 703 nm in the absence of the copolymer.
When the copolymer was added to the solution, the intensity of the peak at 703 nm
increased with a slight shift to lower wavelengths. Thesengg® in the UV
spectrum indicate the complexation ofCions with carboxylate groupgé® Both

the shift and intensity enhancement were more pronounced with increaging Cu
ion concentration. The spectrum also idepthe type of complexation. The only
absorption peak for copolymer solutions in methanol was in the UV region, at ~250
nm. However, when, the copolymer was dissolved in the presence of Cu(@Ac)
shoulder peak at 370 nm appeared. This correspond< tbiriiclear complex
between Cti ions and COOH groups® This indicates that, independent of the
metal bn concentration, most or even alllGIIAA interactions are in the bridging
bidentate conformation, likely favored due to short segmental distance between the

carboxylate groups along a statistical polymer cR&in.

Unlike copper, calcium and aluminum typically complex with carboxylate
groups in the chelatingidentate configuratioft® 4! This is evident by the newly
introduced peak at about 1560 ¢(fFigure 2.7) attributed to the chelating bidentate
complex of C& with carboxylic groupg3® 24! Unlike the bridging bidentate
geometry that links adjacent carboxylate groups on the same polymer chain,

chelating bidentate complexes often link carboxylate groups on separate polymer
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chains. This induces gelation upon adding exany small amounts of Ca(OAdx

=50) 242 Al%"ions from AICk created a gel at an even lower concentration of r =100.

Absorbance

200 400 600 800 1000
Wavelength (nm)

Figure 2.8. UV-visible spectra showing the complexation of carboxylate with Cu
ions; Cu(OAc) in methanol is shown by dotted éindash line corresponds to the
copolymer solution with Cu(OAg)n methanol at r=50, and solid line shows the
copolymer solution with Cu(OAg)at r=20.Reprinted with permission frotft.
Copyright © 2017, John Wiley and Sons.

The countetion to the complexing metal ions also plays a significant role.
Chloride salts of Ca and Cd* led to larger micelles compared with the
corresponding acetate salfsppendix Al). Furthermore, these salts did not form
complexes with MAA groups according to FTIR and UV spectra, even at higher
concentrations up to r=1Appendix Al. The formation of complexes may be
curtailed by the fact that when €& ions interact with cadxylate groups,
protons are released. In aqueous solution, these protons are accommodated through
interactions with water molecules. Methanol, however, does not easily get

protonated. When acetate salts are used, protons produced can bond with acetate

ions and form acetic acid, a weak acid. This removes protons from the organic
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solution, enabling further ionization of carboxylic acid groups on the micelles. In
contrast, when Caglor CuCb is used, the protons are not removed from the
solution. This can sygess the ionization of the carboxylic acid groups, preventing
the formation of adjacent CO@roups that can form bidentate compleX@snd

lead to an increase in micelle size due to weaker electrostatic repulsions in the

corona.

Based on the results obtained in this section, we selected methanol as the
solvent for membrane casting sotutimainly due to formation micelles with more
uniform size and presence of MAA groups on the corona. We expect that this
morphology will benefit the final membrane structure as it may lead to increase in
the carboxylate functional groups on the membranegpas the micelles self
assemble and form the selective layer. In addition, as shown above, membranes
havethe potential for complexation with metal ions and subsequently metal ion

removal form wastewater.

2.3.3.Formation of packedmicelle arrays

We utiized the assembly of the micelles described above to form membrane
selective layers that feature nanomeatesle channels with carboxylate functional
walls, arising from the interstices between micelles packed together. To form such
membrane selective lays, this micellar solution is coated onto a porous support (a
commercial membrane with large pore size). Methanol is allowed to evaporate
briefly to increase the local micelle concentration, forming a tightly packed micelle

array triggered by capillary foes between the micell&S:246 During evaporation,
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particles on the topmost layer arrange themselves into the most favorable ordered
structure. The coated membrane is then immersedMater. P(TFEMAr-MAA)
copolymers with 55 wt% MAA are insoluble in water, so this step causes the
micelles to precipitate out quickly, their morphology preserved due to their rigid

and hydrophobic TFEMAich core.

The water immersion step ¢sucial, because the packed micelle structure is
nat an equilibrium morphology. In general, micelles and vesicles formed in solution
(here, in methanol) are very dynamic. Micelles formed by random copolymers are
even more dynamic due to their thinner cor8ti@heir morphology changes upon
solvent evaporation and during the formation of the selective layer. With a long
enough evapation time, the capillary pressure can reach a critical value above
which patrticles are stressed above their limit of deformation. Micelles merge and
formsa continuous, dense polymer layer. Other researchers have also observed that
upon solvent evaporatig random copolymer micelles often met§€This means
that controlling and stabilizing the micellar morphology far from equilibrium is

important in this approach to bottemp nanostructureabrication.

To characterize the effect of drying time on how micelles assemble into
packed arrays, wperformed TEM on thin film samples prepared on TEM grids
using a process that simulated the membrane formation prdégase2.9). We
dipped TEM gridsnto 0.3 wt% CP40 copolymer micelle solutions in methanol to
form a thin film. After varying evaporation times in air, the grids were dipped into
water to fix the structure. When the polymer film was immediately submerged in

DI water with no evaporationrtie, isolated ~20 nm micelles and some large

52



micelles or vesicles (~200 nm) were obser{fadure2.9a). It is likely that smaller
micelles were also present in solution that either merged to form these large
structures or dispersed into the water due bk laf cohesion. Obviously, this
structure is not suitable to serve as a membrane selective layer. When the solvent
is allowed to evaporate for 10 s before immersion into water, clusters of smaller
micelles were observed in the deposited film in additicamsmall number of large
vesicles(Figure 2.9b). When the film was dried for 20 s and then dipped in DI
water, a closely packed array of micelles and vesicles of varying sizes spanning a
large area was observ@egure2.9c). The dark stained regions, gdptween these
micelles, can now act as effective nanochannels that would enable permeation

through the membrane selective layer. Longer evaporation times led to merged

micelles and continuous thin filnggppendix AJ.

Figure 2.9. TEM images of the P(TFEMA-MAA) micelle assemblies cast from

a solution in methanol by immersion into water after (a) No evaporation time (b)
10 s evaporation and (c) 20 s evaporation. The insets in (a) and (b) show higher
magnification images (salbar: 100 nm) of the smaller ~ 20 nm micelles, in
isolation or in clusters. Large vesicles and small isolated micelles cluster form
packed assemblies upon solvent evaporaReprinted fromh’®. Copyright © 2017
American Chemical Society.
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2.3.4.Membrane Formation and Morphology

These experiments showed that closely packed micelle arrays can be formed
and stabilized by spreading the micedlentaining solution as a thin film,
evaporating the solvent briefly, and then immersing the film into water to freeze
the packed array before the micelles merge. As the next step, we aimed to apply
this method to make micelle arrays on porous supports, to serve as membrane
selective layers. During the use of these membranes, the carboxylate groups on the
micelles becomeegatively charged in water due to their lowsfjBetween 3.5
for PMAA homopolymet* 249, This enables the membrane to exhibit charge
based selectivity through Coulombic interactions between these pore walls an
solutes. Furthermore, the carboxylic acid groups provide a great platform for further

functionalization of the membraid#®

Membranes were fabricated from both copolymer compositions by
depositing the copolymer micelles onto a commercial support membrane by a
coating process, designed to enable the micelles to tpgekher on top of the
membrane, but prevent their merging into a-porous film. For this purpose, a
solution of 5 wt% copolymer in methanol was spread onto a porous UF membrane
(Polyacrylonitrile, PAN 400, Nanostone) using a doctor blade to form datyen.

The solvent was allowed to evaporate for 20 s to direct theass#imbly of the
copolymer into the desired nastructured selective layer. Shorter evaporation
times typically led to poor rejection, indicating incomplete coverage of the surface
with the micelle arrays. Extended evaporation times lead to the merger of micelles

to form a uniform, dense coating lay@ppendixAl). Itis likely that when optimal

54



evaporation times are used, the resultant layer features the partial fusion of micelles
at points of contact, perhaps through copolymer chains that bridge two micelles.
Subsequently, the film was submerged into a water bath, which quickly precipitated
the micelles, whose morphology is preserved due to the hydrophobicity and high
Tg of PTFEMA coe. The seHassembled random copolymer micelles are
kinetically trapped in a packed array of spheres. Hydrogen bonding between MAA
groups on the micelle surfaces also likely reinforces the integrity of this layer. The
interconnected interstices betweennthprovide permeation pathways, lined with

carboxylic acid group6Scheme2.1).

The resultant membrane selective layer with packed micelles can be observed
by high resolution scanning electron microscopy (SEM) imaging of membrane
crosssections and surfacesSEM images for the support membrane and
membranes made from both copolymers are showfigare 210. The surface
morphology othe support membrane (Figurd @) is distinctly different than that
of the CP40 and CP50 coated membranes (Figu@ 2andc), confirming the
presence of a continuous selective layer. The surfaces of both CP40 and CP50
coated membranes feature closely packed small spherical micelless€ctiegal
images of both copolymer coated membranes (Figul€e 2nd f) exhibit a ~400
nm thick selective layer well adhered onto the support membrane, shown in Figures
2.10d and g. At higher magnification (Figured.@h and i), a nicely packed array
of spheres on top of the support can be seen for both copolymers. In case of the
membrane gepared with the CP40 copolymer (Figure 2h), the micelle size

distributions obtained from the cressction and surface images are consistent with
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both DLS and TEMAppendixAl). However, the SEM image of the CP50 coated
membrane (Figure.20i) shows largemicelles (2625 nm) in comparison to DLS

(8 nm). This can be attributed to bigger clusters forming during solvent evaporation
in case of CP50 due to its lower hydrophobic repeat unit content, providing it with

less rigidity and stability during the menalme formation process.

(e) CP40 | (f) CP50

Selective layer = 400 nm Selective layer = 400 nm
TR e e———

PAN 400

Figure 2. 10. SEM micrographs of (a) PAN 400 support membrane surface
morphology, (b) CP40 membrane surface morphology, (c) CP50 membrane surface
morphology, (d,g) PAN 400 cross section, lf,CP40 cres section, (fj) CP50

cross section. Both CP40 and CP50 coated membranes exhibit packed arrays of
micelles, interstices between which act as permeation pathRegented from?’.
Copyright © 2017 American Chemical Society.

The micelles maintain their discresg&ructure throughout the layer in both
copolymer coated membranes. The krtecellar spaces provide the path for the
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transport of solute through the selective layer. In some regions, especially in the
topmost layer, the micelles arrange themselves arto-gegular arrays and provide

a continuous path throughout the selective layer, similar to what has been reported
for block copolymer micelle assem¥/. The solute pathway is more tortuous in

the layers below. The tight packing of the micelles in the top layer was also
documented by atomic forgaicroscopy (AFM)(Figure2.11a). This image was
analyzed to determine if the packed mieslshowed significant ordering. Two
dimensional fast Fourier transform (F¥T) pattern of the AFM height image was

radially integrated for a more quantitative evaluation using ImageJ software (Figure

2.11b). This plot shows peak positionsdfiogpd) that suggest a high density of
uniform micelles with a hexagonal clepacked (HCP) structure. The packing,
however, is imperfect, with other irregular structures (pentagons, polygons)
dispersed among the HCP array (Fig@rgla). As a generatule, micellesof
monodisperse size prefer to arrange in hexagonal patterns that lead to the densest
possible packing>! The wide size distribution of the micelles observed in this case
likely leads to the defects and heptad@mal pentagonal structuré¥The position

of g* peak can further be used to calculate the lattice parameter of HCP structure
to be a=14 nm AppendixAl). Note thata corresponds to the distance between
micell esd centers and thus | arger than the
consistent with the micelle size obtained by microscopy imaging and DLS
experiments. The minor gharities between exact values can be attributed to the tip
broadening effect in AFM, resolution of the tip, and potential fusion of the micelles

on the surface during selective layer formation.
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It is worth nothing thathe TEM image in Figure2.9c is obtaned in a
condition that mimics the membrane fabrication process. The Figure shows closely
packed but notwell-organizedmicelles. Tls could arise fronthe fact that TEM
was acquired from a very thin layer formed on the TEM grid using a very dilute
soluion. Therefore, various forces that may be at play in creating the ordered
structure in the muHliayered structure on the membrane may not be as significant

in this system.

1 2

q (nm”)

Figure 2. 11 (a) AFM height image of CP40 membrapnel 0 e ml 10 em wi t h
range of 200 nm), showing spherical micelles packed in a hexagonal close packed

(HCP) array with few irregular polygons (b) 2D FFT pattern corresponding to AFM

height image (c) FFT analysis; dash markings correspond to {g/d4*)3, 37

showing almost 2D HCP structure. Reprinted ff6trCopyright © 2017 American
Chemical Society.

Based on the packing geometry and the average micelle size determined from
SEM micrographs (both surface and cresstion morphologies), we estimated the
average rambrane pore siz&'%°to be around 3 nm for the CP40 membrane and
slightly larger (4 nm) for the CP59embraneAppendix Al). It should be noted
that this estimation relies exclusively on the geometry of thikegodayer anddoes
not account for the alignment or polydispersity of the micelles. It also utilizes the

micelle size from SEM micrographs, which were obtained in the dry state. The
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effective pore size in water is likely to be smaller due to the hydratidhe

copolymer.

This multilayered assembly of micelles creating an interconnected network
of nanochannels offers significant advantages. The structure confines flow into
nanometesscale channels lined with a high density of functional gré&igs3The
HCP structure, one of two densest packing structures for spheres, provides the
narrowest pore size and hence a high density of functional groups lining the pores.
This leads to more solufmrewall interactons during permeation. Unlike
cylindrical nanochannels, this structure does not need to be aligned perpendicular
to the membrane surface. While the high tortuosity may lead to slightly lower
permeancé? it also increases solutgall contacts during permeation. This can
lead to enhanced separation selecti¥ifyThe presence of multiple permeation
paths also minimizes the negative effects of potential poregiclggduring
operation. Therefore, these interconnected nanochannels provide superior
permeation properties and selectivity Finally, since the rigid and hydrophobic
micelle core remains impervious to water and provides a rigid struth&reelf
assembled nanostructure is resistant to swelling. This permits high and more stable
permeability and selectivity in comparison with selective layers where the

functional groups are spread throughout the layer.

The polymer concentration in theoating solution affects the final
performance of the membrane. High polymer concentrations in the coating solution
(>10 wt%) with the same evaporation times resulted in low membrane permeability

(0.15 L m? h' bart). While this is at least partially die the deposition of a larger
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guantity of micelles on the membrane surface, it may also arise from the micelles
merging into a nomporous film more quickly. The porous membrane support also
had a significant impact on coating morphology and membrane penice. The
multilayered micelle structure was not seen when support membranes with larger
surface pore sizes were used (PVDF400R, Nanostéyppendix AlL. The large
surface pore size most likely allowed the intrusion of micelles into the membrane,
insteadof forming a layer on topThe penetration of micelles inside the pores
resuledin clogging the membrane pores, leading to very low permeability (<0.1 L
m? h! barl). These results demonstrate that while the proposed approach is simple
to execute overglmanufacturing parameters must be selected carefully to enable
the formation of a stable layer of packed micelles, arrested on the membrane

surface.

2.3.5.Membrane Performance

The permeation properties and selectivity of membranes prepared as above
werestudied using two types of experiments: Diffusion, and filtration. Diffusion
tests are simple. Permeation under these conditions is well understood and modeled,
and selectivity results can be linked to parameters such as solute diffusivity and
solutememiyane affinity. Furthermoremost literature in the field of chemical
selectivity in membranes reports diffusion test restiitd*3® 40 256 However,
membranes rarely operate under conditions used in thesenegpes. In realistic
applications, pressuwdriven flow through the membrane is used. Convective flow
through the membrane during such operation may influence how the membrane
behaves. Under pressure, some polymers may change their conformation or
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solubility, leading to changes in rejectiéhTransport limitations and boundary
layer features can be significantly different in the two modes of operation, affecting
performance. Thus, presstatdven filtration experiments were also performed to

characterize the performance of our membranes.

2.3.5.1 Effect of copolymer composition on membrane permeability

The permeance, () of membranes prepared from both copolymers were
measured by pressudeiven filtration experiments and are listed Table 2.1.
CP50 membranes showed higher permeance due to higher MAA content and thus
higher hydrophilicity, confirmed by their lower contact angle. Both CP40 and CP50
coated membranes maintained high permeances 7(8.2L m? h' bar?)
comparable to commerdiaavailable nanofiltration membranes (R1B.4 L m? h
! bar!) and some tight UF membranes with molecular weightotfu(MWCO)
values between 1008000 Da (1.15.7 L m? h' bar!) based on industrial
specification sheef8! We further calculated the selective layer permeability)
defined as membrane peeance nonalized by selective layer thickness, using the
resistances in series model (see Supporting Information). Selective layer
permeabilities were between 137. 7 L 2 &nbarmhigher than that of
commercial TFC nanofiltration membranes (@2 4 L 2 grinbarth?®’
calculated assuming a selective layer thickse o f  2%2°° 1while the
selectivity properties of commercial NF and UF membranes are by definition
distinct from the proposed membranes, this serves as a broad comparison regarding

their potential industrialise.
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2.3.5.2 Effect of pH on membrane permeance

The membrane permeance did not change with pH when tested between pH
3-9 (Figure 212). This is in contrast to the pH responsive behavior shown in block
copolymer membranés® 2%%in which the pores can reversibly close or open and
act as a pksensitive gate when the hydrophilic block contains weak acids or bases
such as acrylic actit?%? or pyridine?!” 243 263The difference arises due to the fact
that PMAA segments in the PTFEMAMAA random copolymer are very short,
and cannot undergo the conformational transformationsbledsir longer blocks

found in BCPs.

The rejection properties of the CP40 membrane was also studied at different
pH valuesFor this test, we prepared a 0.1 mM solution of pyrenetetrasulfonic acid
tetrasodium salt (N®TS, 8.8 A). The PTSion remains ioized over a wide range
of solution pH values. NRTS was filtered through membrane at different pH
values (pH= 46, 7, 8). Similar rejections of about (9B%) were obtained over

the pH range testgdepeated on at least three membrane swatches)
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Figure 2. 12 Effect of pH on permeance of CP40 coated membrane, pH was
adjusted by HCI or NaOHReprinted from®. Copyright © 2017 American
Chemical Society.

2.3.5.3.Diffusion experiments:charge-basedselectivity betweerganic solutes

2.3.5.3.1. Singlsolute diffusion experiments

Diffusion experiments with small organic molecules can provide insight into
the relative effects of different transport mechanisms involved during permeation.
In these membranes, electrostatic interactionstvween the solutes and the
negatively charged carboxylate groups on the pore walls are expected to play the
most dominant role on solute permeation. Thus, solute diffusion rate is expected to
strongly depend on solute charge, leading to chbaged sepatian capabilities.

In addition to the electrostatic interactions, steric effects can also contribute to
permeation selectivity given the very small31nm pores involved. Hydrophobic
interactions and the adsorption of the solutes into the membrane ao@sa play

a role.
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For these experiments, we selected a set of organic small molecules varying
electrostatic charges: Basic blue 3 (BB3, cationic), Acid Blue 45 (AB45, anionic),
and Riboflavin (RIB, neutral). All three solutes were selected to haveasimi
calculated sizes (8i8.6 A, calculated using Molecular Modeling B39
(Figure2.13). The pH of the solutions used in diffusion and filtration experiments
varied between 5.4 and 7Bigure2.13). The pky of carboxylic acid groups in the
PMAA homopolymer is reported to be betweerb®24?4° belowthe pH of all
used solutionsTherefore, the membrane is negatively charged in all reported
experiments. This is fthier supported by the fact that anionic solute rejection

remains unchanged with pH between pt84

For each membrane, we used a dgleside diffusion cell to quantify
permeation rates under a concentration gradient driving force. We measured the

total sdute transferred through the membrangstered @and normalized it by the

driving force for di f fQite obtaimthe riofmalizel eed conc
moles of solute transferred, N, defined as:
€
Y6
To quantify differences in the flux of different molecules throtigh same
me mbr ane, we calcul ated selectivity coef fi

permeation rates of two species whose charges are noted in the sybsdipt

2.2)
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/ Positive dyes \ ( Negative dyes \ / Neutral dyes
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", 5
JQ OO 2
\N
/\N o‘/ N/\ ‘ N
P N Wethyl Orange (8.0 A) Riboflavin (8.3 A)
Basic Blue 3 (8.6 A) B H. = 6.40 5= 28.39 MPa'”2
5= 21.57 MPa'2 pH=0. pH=7.48
pH = 5.64 DY
900h
\\
/ \\ o NH; HO’ O \
Acid Blue 45 (8.4 A) 0 o o
5= 40.84 MPa'2 U
pH = 6.89 R ¥
, T Rutin Hydrate (10.0 A)

u/j(m 5= 32.71 MPa'?2

. O g : pH = 6.93

Rhodamine 6G (9.4 A) 2
8= 21.86 MPa'2 Calcein sodium salt (10.0 A)
pH =6.18 5= 28.25 MPa'2

pH = 6.63

Brilliant Blue R (11.1 A) Vitamin B12 (13.1 A)
5= 23.34 MPa'2 8= 24.21 MPa'?
\ / K pH = 5.40 / K pH =7.21 /

Figure 2. 13. Structure and solubility paranees of organic molecules; molecule
size is calculated using Molecular Modeling PReprinted from’®. Copyright ©
2017 American Chemical Society.
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Table 22. Solute transfer rates and separation coefficidgjtéof PAN400, CP40
and CP50 membranes in singlelute and competitive diffusion experiments

Reprinted from’®. Copyright © 2017 American Chemical Society.

Solute transfer rate (x£0n s?)

Membrang

Singe-solute

Mixture

code

BB3 (+) AB45 (1) RIB (0)

AB45 (-) RIB (0)

Separation factor for

singlesolute Separatio
f ac tod
in mixture

(+) and €),(0) and ¢),

Ui Lbr-
PAN400 338 276 359 245 264 1.2 1.3 1.1
CP40 21+3  0.75+0.0£197+9 - 23818 28.1 263 >300"
CP50 10747 21.5+1.5 203+4 -2 2656 5.0 9.4 >400)

3 No detectable amount of AB45 was transfer@d he U v al
considering the detection limit at the end of the experiment.

To ensure all differences observed are attributable to the selective layer of

ue

S

packed micelles, we first testeceiermeation of these solutes through the porous

support membrandll three solutes had similar permeatiates(Figure 214a).

The similarpermeation rates also confirm that all three solutes have about the same
size and diffusivity. Support membraneseda delay in permeation of positively
charge molecules due to adsorpfidikely due to the presence of negatively
charged groups on the membrane incorporated by the manufacturer to prevent
fouling. Nonetheless, the pseudteadystate fluxes of all tlee molecules are very

similar. Hence, we expect that in this system, differences in ion permeation rates

will be dominated by electrostatic interactions within the nanopores.
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Figure 2. 14. Diffusion of organic molecules thrgh support membrane in (a)
Single-solute, and (b)Competitive diffusion experimentReprinted from’™.
Copyright © 2017 American Chemical Society.

Figure 2.15 shows the permeation of these three solutes through the CP40

coated membrane. The neutral solute petetethrough the membrane 263 times

faster than the negatively charged solute of similar size due to the exclusion of

negatively

charged

s ol

ut es

from t.he

value of 263 is an order of magnitude higher than tpledst value reported in the

literature for functional nanopore membranes formed by betipmethods® The

positively charged solute started permeatingugh the membrane after a delay,

pores

associated with the adsorption of these solute ions onto the membrane pores due to

Coulombic interactions. After sites are saturated, however, the positively charged

solute starts to diffuse at a faster rate than the anmmil e c u |

e s i.lvadua d i

ng

of 28. The lower separation factor for the cationic molecule in comparison to the

neutral one is likely due to several factors that slow down the permeation of cationic

groups through the membrane. First, maintaining eleetrivality during the

passage of cationic solutes across the membrane also requires the passage of

67

t

(0]

L



counterions, which are repelled by the negatively charged membrane. This slows
down the passage of cationic solutes. We also observed significant adsofption
cationic solutes onto the membrane, leading to delayed penetration of the solute
into the permeater@ble 2.3. This results in significant pore narrowing, given the
similarity between the size of the pores and the solutes. Indeed, when diffusion rate
of a neutral solute was measured again after exposing the membrane to the cationic
solute, a slower diffusion rate was recorded, indicating that some of the pore
blockage due to adsorption is not easdyersible Extensive washing is required

to obtain tke original diffusion rateThus, experiments with cationic solutes were

only run after all other experiments were complete.

(a) CP40 (c) CP40
140 140 (e)
+ BB3 Q O RIB
120 _Q o RIB 120 = = AB45
AB45 :
100 Q = 100 (%
g | =N
Zeoly Ze0p
=z : z H
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l; -_ y TUILLEL = -
0 sodeeneosrenyenerttt ) i i i L 1 1 1 1 i
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Figure 2. 15. The permeation of organic molecules through (a,c) €Bad (b,d)
CP50coated membranes (a,b) Single-solute and (c,dCompetitive diffusion
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experiments for a mixture of negative and neutral solutes. Selectivity between
neutral RIB and anionic AB45 is enhanced in competitive diffusion experiments,
as the permeation rate of AB45 through b6#40 and CP56coated membranes

is shifted below the detection limit. N is defined as the total number of moles of
solute transferred divided by feed concentratReprinted from’®. Copyright ©

2017 American Chemical Society.

Effect of copolymer composition no membrane selectivityMembrane
selective layers prepared from CP40 and CP50 have different effective pore sizes
and charge densities. The higher MAA content of CP50 can lead to higher charge
density on the micelles. This is confirmed by static adsorptésts for the
positively charged solutdembranes with known areas prepared from CP40 and
CP50 polymers, as well as the support membrane, were soaked in 10 ml solution
of 0.005 mM HB3 overnight. The adsorption of this positively charged dye was
calculatel by measuring the dye concentration before and after the immersion using
UV-Vis spectrophotometry and performing a mass balance. The support membrane
exhibited significant adsorption of thi/e (Table2.3), likely due to the surface
treatment of this comercial membrane during manufacture to improve wetting
and fouling resistance. Both coated membranes showed significantly higher dye
adsorption, however. The CP50 coated membrane adsorbed more BB3 than the
CP40 coated membrane, as expected due to therhMAA content in the

copolymer. This confirma higher BB3 binding capacity for CP50 than CP40
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Table 2.3. Static adsorption experiments for support membrane, CP40 and CP50.
Reprinted from’®. Copyright © 2017 American Chemical Setgi.

moles adsorbed/crh

Membrane
(x10°)
Support 6.4
CP40 7.3
CP50 10.0

On the other handZP50 coatednembranes have slightly larger effective
pore size and higher pure water permeabilign their CP40 coated counterparts
The combination of thse effects may influence membrane selectivity in different
ways.Significantly higher permeation rates were observed for cationic and anionic
solutes, whereas that of the riboflavin was comparable with the -Céxtéd
membrandTable 22). Selectivitiesbtwee n s ol ut es wearoendbower , wi t
a n dy- atdund 9 (Figur€.15b). This implies that the increase in the pore size
enabled easier passage of the anionic solutes despite the increase in the charge
density along the walls. The relatively slower difion rate of the positively
charged dye likely arises from the partial clogging of pores caused by more
prominent adsorption of this solute, curtailing its flux more significantly than

observed in the CP4fbated membrane.

2.3.5.3.2. Competitive diffusieexperiments

The presence of multiple solutes can affect permeation selectivity during

operation. For example, one solute may plasticize the membrane selective layer and
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decrease the rejection of all othé¥sAlternatively, the adsorption of solutes into

the pores can lead to constant variation ofdection of both species. In contrast,

in biological pores, permeation selectivity is enhanced in roatiponent systems
asthe solute with favorable interactions prevents other species from entering the
pores®>* To better understand the seleity mechanism of these membranes, we
conducted diffusion experiments for a mixture of two solutes with very similar size
but differing charge, anionic AB45 and neutral RIB, through both CP40 and CP50

coated membranes (Figuzel5c and d).

The support mmbrane showed no selectivity between the two similarly sized
solutes (Figure2.14b). This is expected behavior for most porous materials.
Interestingly, permeation selectivity through the CP40 coated membrane was
significantly higher in competitive perm&n experiments (Figur@.15c). The
normalized permeation rate of neutral Riboflavin was slightly enhanced in
comparison with single solute diffusion experiments (Tah®. Zven more
strikingly, the passage of anionic solute was even more stronglytethiSimilar
behavior was observed for the CR&tated membrane. The transport of the anionic
solute was inhibited, whereas the permeation rate of the neutral molecule was
enhanced (Figur2.15d). No detectable amount of AB45 was transferred through
eithe membrane even after 24 h. This meant that permeation selectivity could not
be accurately measured; estimateS$able 22 indicate the minimum value based

on the detection limits of our experiments.

This significantly enhanced selectivity, previously lyorrecorded in

membranes with functional nanopores prepared using complicatedowap
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methods??is believed to arise from the two solutes competing for entrance into the
very narrow nanochannei®When t he fApreferredo (in
enters the pore, it blocks the channel
(i.e. anionic) solute. Thus, it is not only more difficult for the anionic solute to enter
the channel, but also less probable for it to translocate through the chamanel du
competition for space with neutral molecules. This results in much stronger
inhibition of the permeation of the unfavorable solute compared with when it is
present alone. The ability of only one solute to fit into the pore diameter has also
beenrepdred t o | ead to the enhancement of
Although the anionic solute molecules are mostly retained, they may still
accumulate near pore entrances, hampering theditiokion of the neutral solute
molecules, thereby incasing their forward flu¥>* These results indicate that the
presence of the very narrow channels in these membranes significantly alters some

of the key transport mechanisms that dominate selectivity.
2.3.5.4 Rejectionof organic solutes infiltration experiments

2.3.5.4.1. Singksolute filtration experiments

To get a better insight into the performance of these membranes under
realistic conditions, we studied the membrane separation in prebsies
filtration. Initially, we filtered a seriesf solutions each containing one organic
solute. We surveyed cationic, anionic, and neutral solutes with various sizes and

chemical structure@=igure2.13).
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The rejections of these solutes by the CP40 coated membrane are shown in
Figure2.16a, classifiedbased on solute electrostatic charge. Similar results were
also obtained for CP5(Figure 2.16kh The rejections of anionic solutes were
significantly higher than those of neutral and cationic solutes of comparable size.
Positively charged solutese al® retained to a greater extent than the neutral ones.
This is consistent with the diffusion experiments given the fact that cationic solutes
rejected both by their size and electrostatic interaction. The passage of positively
charged solutes through the migrane requires the passage of couities bound
to it to preserve electroneutrality. The passage of these coangers strongly
inhibited by the negatively charged membrane. In contrast, neutral solutes do not
experience similar electrostatic inteiaos and their passage is solely controlled
by steric hindrance. This leads to higher rejection of positively charged molecules
in comparison to the neutral ones. Furthermore, significant adsorption of cationic
solutes observed on the membrane, resulieli@yed penetration of the solute into
the permeate. Rejection increases with increasing solute size, indicating some size
sieving effects are also in play. However, the significant differences in rejections
of solutes of similar size but different chargdicates that electrostatic interactions
dominate the selectivity of these membranes, at least for small molecule solutes.
This demonstrates that the proposed membranes are capable of-bEsede

separation of organic molecules of similar size.
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Figure 2.16. Rejections of organic molecules by the (a) CP40, and (b) CP50 coated
membranes. Negatively charged solutes (from left to right: MO, AB45, CAL, BBR)
are rejected by >85%, whereas low rejections are observed for neutraléftdo

right: RIB, RTH, B12) and cationic solutes (from left to right: BB3, Rho6G) of
similar size Reprinted from’®. Copyright © 2017 American Chemical Society.

2.3.5.4.2 Separation ofwo-solute mixtures based on solute charge

To study the separation befar of these membranes under more realistic
conditions, we filtered the same mixture as in the diffusion experiment (anionic
AB45 and neutral RIB), through the CRd@ated membrane. The membrane
retained the anionic solute by 96% while allowing the passéthe neutral dye to
a large extent, with a rejection of only 23% (Fig@r&/a). Even better separation
was achieved between solutes of larger size. The negatively charged solute Brilliant
Blue R was retained by 98%, whereas neutral vitamin B12 westee] by only
25% (Figure2.17b). Similarresults, exhibiting good separation capability between
negatively charged and neutral solutes, were also obtained for CP50 coated
membranes (Figurg.17c and d). Similar to diffusion experiments, the rejection
values for the anionic dyes in twsblute experiments with the CP40 coated
membrane were slightly higher than those measured in sipgléee experiments.
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For example, the rejection of negatively charged Acid Blue 45 increased from 89%
to 96%. All rejection viues were comparable with those measured in ssajlge
tests for the CP50 coated membramp®ssibly due to the slightly larger

nanochannels.
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Figure 2.17. Separation of mixture of negative and neutral moleculesl@&)Rd
ABA45 for CP40, (b) BR and Vitamin B12 for CP40, (c)IR and AB45 for CP50,
(d) BBR and Vitamin B12 for CP50Reprinted from’®. Copyright © 2017
American Chemical Society.

2.3.5.5.Effect of lonic Strength on Organic Solute Rejection

In all the experiments desitred above, we assumed that the separation
mechanism is primarily dominated by electrostatics. Charged groups lead to the
formation of an electrical double layer (EDL) whereigns are excluded and

counterions are enriched inside the nanopdfédonic selectivity for a chaed
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membrane depends strongly on channel size and the thickness of EDL, typically
guanti fied by d and cabuated accordirgriogGe@hapman

theory?2®®

p T TA

) 50 7 on
—wEa %V BCH

wh e n a n darelthe vacuum and relative permittivity, respectivelyiskthe
Boltzmann constant, T is the absolute temperature, e is the elementary charge, N
is the Avogadro number, z is the valeacel M is molar concentration. If the EDL
extends through the channel, the passage-wirowould be strongly inhibited due

to electrostatic repulsion. However, if the EDL thickness is smaller than the pore
radius, ceions can pass through the regiondaough from the pore walls without
being repelled. The Debye length, and hence the effect of Coulombic repulsions,
diminishes as the ionic strength of the feed increases. The effective pore size
through which anions can pass unimpeded is increasedjngsuallower rejection.
Therefore, if separation is dominated by electrostatic interactions, higher feed ionic

strength should lead to lower rejection of charged solutes.

To test this hypothesis, solutions of several solutes were prepared in 10 and
100 mMNacCIl solutions (Figur@.18). The Debye length for 10 mM and 100 mM
NaCl solutions are calculated to be 3.0 nm and 0.96 nm, respectively. All negatively
charged solutes were rejected more effectively in lower ionic strength solutions
than at higher ionicteengths. The rejection of neutral solutes was low at all three

ionic strengths, and within error margin of each other, as expected. These results
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support our hypothesis that the key separation mechanism is in fact electrostatic

repulsion, and the effectsf solute size and hydrodynamic effects are much less

pronounced.

It should be noted that in the 100 mM NacCl solution, the EDL thickness is
lower than the calculated pore radius of ~1.5 nm. Nonetheless, anionic dyes are still
rejected to a high degree. dtobtained rejection could due to the fact that
membrane pore size in wet condition is in fact much smaller than the estimated
pore size in dry state due to hydration of MAA segments. Alternatively, high
tortuosity of the nanopores network may also coantelio its high rejection. The
long tortuous path length could likely force the solute to interact with a larger

functionalized surface area during permeation even when the EDL does not

completely fill the pores®®
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Figure 2.18. Effect of ionic strength on dye rejection of the CP40 membrane,
consistent with selectivity driven by electrostatic interactiGeprinted from’.
Copyright © 2017 Arerican Chemical Society.
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2.3.5.6.Saltrejection andrejectionmechanism

To better understand the electrostatic interactions that dominate the
selectivity of these membranes, we tested the rejection of salts by the CP40
membrane andompared the result® tthose obtained by Donnan equilibrium
model. We measured the rejection of four salts with different anionic and cationic
valencesNa&SQs, NaCl, CaS®, CaCp, at different concentrations (1, 5, 10 mM).

The CP40 membrane showed 87% rejection foS@aat1 mM salt concentration
(Figure 2.19), comparable to rejection values reported for some commercial
nanofiltration (NF) membrane&® even though this memémme is not designed or
optimized for typical applications of NF such as water softening or salt removal.
Other salts are rejected to a lower degree. Salts with higher anionic charge (i.e.
SQ? as opposed to Gland lower cationic charge (i.e. Nas oppsed to C&) are
rejected better, as predicted for a negatively charged membrane. As ionic strength
increases, the rejections of all salts decrease as electrostatic interactions are

shielded.

The Donnan exclusion model describes electrochemical equiliwadved
when a charged layer, such as a membrane selective layer, is in contact with an
electrolyte solution. The presence of fixed charges on the membrane disfavors the
passage of cons and favors the passage of couines?®’ During filtration,
electroneutrality requires the exclusion of not onlyias but also countgons.
This leads to salt rejection (R), which can be predicted for a negatively charged

membyane according té°®
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whered anda are the charges on the cation and anion of the salt, respedlively,
and0 are the concentration of ¢ons in the solution and in the membrane phase,
respectively, andd is the concentration of fixed charges in the membrane
selective layer. Higher counten valency and lower fixed charge density he t
membrane leads to lower rejection. Thei@o concentration in the membrane
phased can be set equal to the permeate concentrétiofo determine if the
selectivity of the proposed membrane can be modeled by this theory, we fit the salt
rejection data to this equation using otilg membrane charge density as the

fitting parameterThe values acquired from the model (Fig@r&9) mirror the
experimental data perfectly, and strongly support the claim that electrostatic

interaction is the major separation mechanism in our membrane.

=w= 1 mM (Donnan) | 1 mM
= W= 5mM (Donnan) (15 mM
10 mM (Donnan)|—_]10 mM

100

=]
[=]

Rejection%
2]
(=]

Y
o
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Na,SO, NaCl Caso, cacCl

Figure 2.19. Rejection of four salts at different concentratibgghe CP40 coated
membrane Bars denote experimental data, and filled symbols show values
calculated by fitting the Donnan model using a single parantetegbtained.65

mM. Reprinted from’®. Copyright © 2017 American Chemical Society.
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Donnan exclusion model was specifically developed for selective layers with
a homogeneous charge distribution, not porous media with charged surfaces. Thus,
it is interesting that this motldescribes salt rejections in this membrane with a
nanostructured selective layer. The calculated valuie ofvas 3.65 mMa much
lower value than the actual density of carboxylic groups in the selective layer if all
COOH functional groups were assumed to be homogeneously distributed through
the selective layer and ionizeas calculated below:
GEGQOO®E PADENE ahé QD a'Q

POADENEAQERW B VOO pT
P e £ O

LG E O M

Packing density for HCP structure is 74%, further decreasing the charge density:

vg & £ B O B0 T oPuwW £ 0 D

This mismatch likely arises partially from the trapping of some of the
carboxylic groups inside the micelles, and from the incomplete dissociation of
weakly acidic carboxylic acid groups in water. Furthermorage do the
nanostructure, the carboxyl groups are concentrated on the edges of the channels as
opposed to evenly dispersed throughout, leading to lower charge densities in the
middle sections of the pores. Overall, while this model describes salt rej@etipn
better models need to be developed to describe the selectivity of these membranes

for organic molecules whose sizes would be more comparable with the nanopores.
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24. Conclusions

We have demonstrated a novel approach to manufacturing membranes whose
selective layers af®rmed of packed nanometer scale spherical polymer particles
with carboxylate functionagjroups andgshowed they can be used for separating
small molecule solutes based on their electrostatic charge. We have found that
micelles formed 1 random copolymers of fluorinated TFEMA and carboxyl
functional MAA in methanol can be deposited onto porous supports in a densely
packed array if the support and the manufacturing methods are selected carefully.
The interstices between these micellesasctarboxyfunctional nanopores,-3
nm in diameter at their narrowest point, through which water and other solutes can
pass. Due to electrostatic interactions between solutes and deprotonated
carboxylate groups, these membranes can sepamga®ic moleules based on
charge, allowing the passage of neutral and positively charged solutes while
retaining negatively charged solutes of similar sidgese membranes exhibited
significantly high permeation selectivity (up to 263, between neutral and anionic
sdutes) Furthermore, this selectivity is enhanced in competitive diffusion
experiments performed with a mixture of neutral and anionic solutes. The passage
of anionic solutes is completely blocked within thetur time frame of this
experiment while th@ermeation rate of the neutral solute is enhanced. Due to the
very small effective pore size of the membrane, the entry of favored neutral solutes
into the nanochannels prevents the entry of the unfavored anionic solute molecules.
Chargebased selectivityis also observed in filtration experiments as anionic

solutes are highly retained, neutral solutes are easily permeated, and cationic solutes
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heavily adsorb on the membrane. The rejection of charged organic compounds
decreases with increasing ionic strénghereas that of neutral solutes remains the
same, consistent with a separation mechanism dominated by electrostatic
interactions. Saltetention properties of these membranes can be described by the
Donnan exclusion model, though further studies areatetxbetter understand the
implications of the presence of the nanoscale structures described. These
membranes are promising for applications where charged and uncharged small
molecule solutes are separated, such as the manufacture of pharmaceuticals or
purification of naturally occurring compounds. Furthermore, the interesting
nanostructured selective layer morphology obtained by this method can serve as a
platform for the preparation of a wide range of membranes whose selective layers
feature networks dfinctionalized nanochannels, promising for an even wider array

of separations.
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3 CHEMOSELECTIVE NANOPOROUS

M EMBRANES FOR AROMATICITY -BASED

SepARATION OF SvaLL M OLECULES

3.1 Introduction

Chemical separations account for approximately 10% of the wald e ner gy
consumptiort’® Separation of small molecules is even more engrgnsive,
often conducted by distillation, extraction or chromatografhin contrast,
membrane filtration 9 energyefficient, simple, and requires no additional
chemicals'* However, the applicability of membranes today is often limited te size
based separation of molecules. Developing new membranes with high specificity
and selectivityhat can discriminate between molecules of similar size on the basis
of their structure would transform chemical and pharmaceutical manufacturing,
significantly cutting the energy use and carbon emissions associated with
separation$’* Membranes with suobapability would also impact technologies for

drug delivery, sensors, and barrier mated&s’

Most attempts to construct membranes that perform chemical structure
based separations derive their inspirati@mt biological pores like porins and ion
channels, which exhibit exceptional selectivity combined with efficient and fast

permeation. These features arise from confining flow into constricted pores lined

83



with functional groups® 137:2The small pore size, on the order of the target solute
(~1 nm for small molecules), forces all solutes to closely interact with the pore
walls. Solutes that favorably but reversibly interact with the nanochannels are
preferentialy partitioned into th@anopores andrevent the entry of other solutes.
This implies that synthetic membranes that feature very small pores (<3 nm for
small molecule separations) lined with properly selected functional groups that
selectively but reversip interact with specific solutes can potentially separate

organic molecules of similar size but different chemical features.

Most approaches to prepare such membranes involve modifying
membranes with cylindricahroughpores by narrowing down and furantializing
their pores. These modification methods include electroless gold depgsitioft:
276 atomic layer depositigfr 2’“and initiated chemical vapor deposititf These
approaches have shown that separations basezeomisarge, hydrophobicity, and
chirality can be achieved. However, broader use of these methods is limited due to
complexity of the fabrication process and the very low porosity of the resultant

membranes.

In contrast, generating functional nanoporesskifassembly can offer
simpler, more scalable manufacture along with higher pore density and
permeability. Block copolymers (BCPs) can form membranes with ordered
structures and can be functionaliZétbut dueto their inherent size scale of
microphase separation, it is extremely difficult to create < 5 nm pores needed for
enhancing the separation of small molecdl&é$maller nanopores can be formed

by the sefassembly of other organic materialgch as small molecule amphiphiles
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with crown moietieg’”® macrocyclic peptide€® nanoparticle/dendrimer
mixtures*® crosslinkable lyotropic liquid crystalg®® and carbon nanotubéd
However, these approaches require custom synthesis of reagents (polymerizable
surfactants, peptide rings). Manysudt in cylindrical nanopores that need to be
aligned vertically to the surface, challenging to achieve in large scale
manufacturing® 282284 Thus, it is highly desired to develop functional membranes

that offe more scalable manufacture, higher flexibility and porosity.

Furthermore, many of these systems show limited chemical
functionalizability due to limited stability and/or poor accessibility of functional
groups during posmnodification step$® 22°This means most of these systems are
limited in the types of separations they can perform. Indeed, onhesidecharge
based selectivity has been demonstrated in membranes formed-bgsseifbly.

For most applicatios) separations on more complex criteria are neéttautrolled
selectivity requires membransystems with tunable, customizable pore surface

chemistry.

A potentially important application is the separation of solutes based on
aromaticity orbased ortheele ct r on density in an-aromatic
interactions with other aromatic groups. These interactions are ubiquitous in
biological processes such as protkgand complexation, protein folding and
stacking in duplex DNA®2%” and in chemical processes that govern-self
assembly, catalysis and transpgéfHo we ver , t he -poissi &t actriobes c
in chemical selectivity of small molecules has not been explored in the context of

membranebased separations. Developing membranes that separate compounds
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based on the presence and electron density of aromatic rings is of great interest for
a wide range of applications from separation of aromatic amino acids for nutritional
applications to cosnties, pharmaceutical and drug delivéfy?®°. It also has the
potential to influence one of the highest volume separations in petrochemical

industry, dewaxing of aromatic compounds.

In this chapterwe demonstrae the first membranes that can separate two
organic molecules of similar size and charge based on their chemistry, specifically
the presence of an aromatic group. These membranes are manufactured using
simple methods that are easily translatable to-toeibll manufacturing, by
functionalizing the walls of -B nm membrane pores formed by the-ssembly
of a random copolymer during coating. Thikapterbuilds onthe membrane
fabrication processlescribedin chapter 2 which can be used to manufacture
membranes whose selective layers consist of a packed array of micelles with
carboxylic acid functional surface¥his nanostructure ispontaneously formed
during the coating of a porous support watlandomcopolymer solutiort’® The
interstices between the micelles serve as permeation pathw&ysm in diameter,
lined with carboxylate functial groups that were used to perform chargeed

separations§cheme3.1).

Here we demonstrate that these pore walls can be functionalized using
straightforward, mild and highly efficient conjugation chemistry to control solute
wall interactions and cusmize the selectivity of the membrane for desired
separations while maintaining high surface pore density and water permeability.

We then describe the manufacture of membranes that can effectively separate an
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aromatic compound, specifically an estrogenivdg¢ive, from a noraromatic
compound of similar size and chargectelesterol metabolijemediated through
-~ i nteractions that provide strong
pore walls, by functionalizing these membranes with tyrosinol (TY®R).study

the effect of the functional groups lining the pore walls through diffusio
experiments, and link this with quantitative information on wsalute interactions
measured by quartz crystal microbalance with dissipation (@FZMNe also
analyze transport in singkolute and competitive diffusion experiments to gain
deeper insighinto transport mechanisms occurring in this system. This study
introduces a novel method with the potential for custtasigning functional
membranes for membrai@sed separation of organic compounds and
demonstrates new transport phenomena that enhamemicaistructurebased

selectivity upon the confinement of solute diffusion to nanoscale functional pores.

Scheme 3.1. (a) Polymer chemistry, (b) Membrane structure, (c) Membrane
nanopores lined with COOH groups (unfunctiezed membrane); and (d)
Functionalized membrane selectivity mechanism in a competitive diffusion
experiment.
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3.2. Materials and Methods

3.2.1. Materials

Methacrylic acid (MAA), azobisisobutyronitrile (AIBN),-shethoxy phenol
(MEHQ), hormones includingestrone sulfate sodium salt (ESTR) and
Pregnenolone sulfate sodium salt (PREG)ytosinol hydrochloride (TYR), 2
Amino-3-cyclohexytl-propanol hydrochloride (ACP), -Nydroxysuccinimide
(NHS), 2(N-Morpholino)ethanesulfonic acid (MES), Ammonium hydroxide
solution (28% NH in H20O), Salinesodium citrate (SSC) buffer (20x concentrate)
and sodium hydroxide (NaOH) were purchased from Sigma Aldrich (St. Louis,
MO). 2,2,2Trifluroethyl methacrylate (TFEMA) was purchased from Scientific
Polymer Products Inc. (Qantio, NY). lethyl3-(3-
dimethylaminopropyl)carbodiimide  hydrochloride  (EDC), HRgG@&de
Acetonitrile (ACN), hydrogen peroxide ¢B>) and ultrapure distilled water were
purchased from Thermo Fisher Scientific (Waltham, MA). Solvents (methanol,
ethanol, dinethyl sulfoxide (DMSO), tetrahydrofuran (THF), hexane) and sodium
chloride (NaCl) were purchased from VWR (West Chester, PA). Deuterated
dimethyl sulfoxide (DMS@ds) was obtained from Cambridge Isotope Laboratory
(Tewksbury, MA). All chemicals and solvenigere reagent grade and used as
received except for MAA and TFEMA, which were purified by passing through
neutral and basic activated alumina columns, respectively (Siddnzh, MO).
PAN-400 ultrafiltration membranes purchased from Nanostone Water, Inc.

(Oceanside, CA) was used as the support membrane to provide mechanical support.
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3.2.2. Polymer Synthesis and Characterization

P(TFEMA-r-MAA) was synthesized using a free radical polymerization
method. 20 g each of TFEMA and MAA, and 0.02 g AIBN, were dlissce d 1 n
mL DMSO in a round bottom flask. The
for 30 min, and then placed in an oi
occurred under stirring at 55 C for
removed from the oil bath and unsealed, and 2 g of MEHQ was added. Copolymer
was recovered by precipitation in a mixture of ethanol and hexane (1:3 v/v),
redissolved in ethanol and washed three times in hexane to remove all monomer
residues. The final pratt was then air dried overnight and dried in vacuum oven
at 50°C for 24 h. The yield was about 40%.

The synthesized copolymer was characterized u$thgiuclear magnetic
resonance'd NMR) spectroscopfollowing peak assignments in Figure 24fter
dissolving the copolymers in DMS@, NMR spectra were acquired on a Bruker
Avance 1l 500 spectrometer. Molecular weight distribution measurement of the
copolymer was acquired using a Shimadzu Gel Permeation Chromatography (GPC)
System equipped with a TOSOKSK gel GMHRM mixed-bed column and guard
column, equipped with both UV and refractive index detectors. THF was used as
the mobile phase at 0.75 ml rtialution rate and calibrated with low polydispersity

poly(styrene) standards (TOSOH, PSt Quick Kit).
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3.2.3. Membrane Fabrication and Characterization

The <copol ymer solutions for me mbr ane p
di ssolving 5 wt % of the copolymer i n methar
Af terward, the solutionss werberfisyeredeth
(What man) and kept i n an o \Babble/dustres 0 C to
solutions were cast onto a PAN40O ultrafiltration membrane taped on a glass plate
with an adjustable doctor blade (Gardco, Pompano Beach, FL) sgajpsaze of
20 & m. The gl ass plate was 1 mmersed into
evaporation at room temperature.

The microstructure of the membrane was characterized by Supra 55 FESEM
at 3 kv and 7 mm working distance. Dried membranes were froediquid
nitrogen and cut with a razor blade for crssstional imaging. To avoid charging,
the samples were sputter coated (Cressington 108 manual, Ted Pella Inc., CA) with
Au/Pd (60/40) for 120 s at 30 mA current in an argon atmosphere. Attenuated tota
internal reflectancé&ourier transform infrared (ATIRTIR) spectroscopy was used
to identify the chemical composition of the membranes using a FEROR
spectrophotometer (JASCO Corp, Tokyo, Japan) over the range 668000m*

at a 4 crmt resolution Prior to analysis, membranes werediied overnight.

3.2.4. Membrane Functionalization

Membranes were first immersed in 50 mM MES buffer at pH 6 for 1 h to
deprotonate carboxylic acid groups. Next, to convert the carboxylate ions on the

membrane to reége intermediates, the membranes were immersed in EDC/NHS
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solution with selectedconcentrations and molar ratios in MES buffer at room
temperature on a nutating mixer varying times. Unreacted EDC and NHS were
removed by rinsing the membrane with 50 iW&S buffer (pH 6) for three times.

For amine conjugation, the membrane was immersedsaiution containinghe
selectecconcentration of desired amino compound in 5x SSC buffer (adjusted pH
to 8 with 0.1 M NaOH) on a nutating mixer at varying time. @oted amines were
removed by rinsing the membrane with 2x SSC buffer twice and final rinsing with
DI water. Samples were taken out at different time intemrating each step for

infrared measurements.

3.2.5. Characterization ofM embrane Performance
3.2.51. Filtration experiments

Water permeability was measured using a 10 ml Amicon 8010etwhsdtirred cell
(Millipore) with a filtration area of 4.1 cfstirred at 500 rpm, at a tranmeembrane
pressure of 40 psi. Flux were calculated by monitoring thes méagpermeate,
collected on a scale (Ohaus Scout Pro) connected to a computer. The membrane
permeance (}), defined as thewater flux (J) normalized by applied trans

membr ane pressure (&P), was calcul ated as:

Riotar accounts for the resistanteward the flow of the coating and the support
membrane itself. Resistanemsseries model was used to account for the hydraulic

resistance posed by support membrane and the selective coating layer.
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The resistance against flodue to the support membranesufgort membrane IS
negligible due to its high flux in comparison to the TFC membrane (826 hrim
barl) according to manufacturer specifications, confirmed in our fittinatystem).
Selective layer permeability (fPwas thus calculated by normalizing the permeance

with the selective layer thickness using:

o0 -— OB o’

where U0 is the selective | ayer thickness
ImageJ software, averaged over measurementt l@ast 5 different membrane

samples.
3.2.5.2 Diffusion experiments

Permeation studies were performed in ashaped two compartment cell
(Permegear) with a cell volume of 7.0 ml and an effective permeation area of 1.8
cn?. A circular membrane swatch 1 inch in diameter was mounted between the two
halves of the diffusion celbne acting as tfeedcompartment anthe other as the

permeateompartment

The feed compartmentcontained 100 ppm solution of desired solute (ESTR,
PREG) and permeate hailéll was filled with DI water. The flux dhe permeating
solute through the membrane and itlte permeatecompartmentvas monitored
by periodicallyby removingan aliquot (1 ml) of the permeate solutiogplacing it

with 1 ml DI water, and assaying the aliquaising highpressure liquid
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chromatography coupled with mass spectroscopyNIS; Finnigan Surveyer LC
systemad Fi nni gan LTQ, Thermo Scientific, Wal
standards were injected into a C18 Anal yti
em particle size, 100 mm | engt h, 2.1 mm in
Waltham, MA) equilibrated with95:5 water:ACN containing 0.02 v/iv%
ammonium hydroxide. A gradient was started to 60:40 water:ACN over,5ham

ramped up to 95:5 water:ACN, followed By min equilibration step.

The quantification was performed by tracking m/z values of 349.16 &n@ffbr

ESTR and PREG, respectively. XcaliburE Sof"
for data acquisition and quantification of the area under the curve for both ESTR

and PREG peaks. A standard curve for each solute was generated to convert the

area valus to concentrations.

Membranes were soaked in DI water at least overnight between diffusion

experiments to remove any organic solute or salt residues.
3.2.6.Quartz Crystal Microbalance with Dissipation (QCM-D) Studies
3.2.6.1 Preparation andcoating of he quartz crystal sensor

To study the interaction betweeachsolute and selective layer, we used Quartz
Crystal Microbalance with Dissipation (QGBI, Q-Sense, Frolunda, Sweden).-0.3
mmrthick AT-quartz crystals coated with a X@fnthick gold layer (QSX G1)

with a fundamental frequency faf= 4.95+0.05 MHz were used as substrates. Prior
to use, Audcoated crystals were cleaned by UV/ozone treatment for 10 min. They
were then heated in a 5:1:1 mixture of ultrapure water, 25 v/v% Ammonia and 30
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viv% H20O2 to 75 C for 5 min. They were rinsed with ultrapure water afterward,

dried with nitrogenand placed under UV/ozone treatment for another 10 min.

To obtain a thin and uniform film on the crystal sensor, a solution containing 1 wt%
copolymer in methanol waspin-coated at 2000 rpm for 1 min. The samples were

then dried ilamvacuum oven at 7@ for 30 min to remove the solvent residue.
3.2.6.2.Measuringcoatinglayerthickness

The areal mass (ng cHhof the selective layer was also measured using @CM
through analysis ofhefrequency shift. First, the frequency shift of the bare sensor
was monitoredintil a stable baseline was obtained (1 Hz) upon gas injection. The
sensor was then taken out and spiated as described above. The quartz crystal
was againplaced into the measurement chamber and frequency change upon
coating was recorded. The mass of the solute adsorbed on the quartz crystal surface

over time was estimated by Sauerbreyods Equ

o, . YQ ,
Ya o T OB o0&
where C is the sensitivity consta@t= 17.7ngmfHzL, ni s t he ovfertone, a

is frequency change.

Thickness can be obtainedthyy vi di ng t he mass change to th

(1.1 g cn¥):

1 5 O 1B od)
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3.2.6.2.Adsorption/Desorption ofolute on theselectivelayer

For tracking the adsorption and desorption of the solute, frequency change at
di fferent harmonics (n= 1, 3, 5, 7, é
solutesThesensor was first equilibrated with ultrapure water until a staddeline

was stablished. Next, a solution containing 50 ppm of desired solute (e.g., PREG)
was introduced to measurement cell using a peristaltic pump (Ismatédd 4@t

a flow r at e atadom ®r@perature. Whiem the adsorption reached
saturaton, as evidenced by a plateau in the signal, the solution was again substituted
with ultrapure water to track desorption of the solute and hence the reversibility of
the interactions. The next solute (e.g., ESTR) was injected afterward and its
adsorption/dsorption was compared. QSoft 401 and QTools Software were used

for data acquisition and data analysis, respectively.

3.3. Results and Discussion

3.3.1. Copolymer Synthesis and Unfunctionalized Membrane Formation

In the previous chapterye described aawvel, scalable approach for creating
membranes whose selective layers contain a network of carboxylic acid
functionalized nanochannels by safsembly of the random copolymer as it is
coated onto a porous suppbft. This copolymer, poly(trifluoroethyl methacryat
randommethacrylic acid), P(TFEMA-MAA), is synthesized by free radical
copolymerization. The extreme incompatibility between the highly hydrophilic
MAA units and very hydrophobic, fluorinated TFEMA segments leads to the

formation of micelles in methah®® When a solution of these micelles is coated

95



onto a poous support under preferred conditions, they create a selective layer of
closely packed micelles on top of the support, with pore size of ab®uind. In

this chapterye leverage the versatility of the carboxylic acid groups that line these
pores, andheir easy conversion to humerous functionalities using conventional
conjugation techniques. This includes the formation of reactive intermediates that
are then coupled to an amine to form an amide, often termed EDC/NHS

chemistry?®?

P(TFEMA-r-MAA) was synthesized as described in the previous ehapt
following previously reported procedur&81’° The copolymer used in this study
was found to have a numbefaverage molecular weight of 606 kg mand
dispersity of 1.75 by GPC based on polystyrene standaisiagH NMR, the
MAA content of the resultant copolymer was measured to be 45 + 3 wt% at 40%
conversion. A 5 wt% solution of the copolymer in methanol was spread onto a
porous UF membrane (polyacrylonitrile, PAN 200 kDa, Nanostone) by a doctor
blade toform a thin and uniform film. After a brief solvent evaporation time of 20
s to direct the selassembly of the micelles, the film was immersed in DI water to
freeze the structure. As a result, the -sslfembled random copolymer micelles
were kineticallytrapped in a nicely packed array of sphefidse interconnected
interstices between the micelles act as nanochannels that are all lined with
carboxylic acid functional groups, accessible for further functionalization. This
membrane, essentially identicad the one used for chartpased separations

(previous chapted®i s descri bed iaoanatlh e efdwn fmembr ane.

3.3.3.Selection of Surface Functionality and Membrane Functionalization
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In this study we aimed to demonstrate that this membrane can serve as a
platform for separations based on more complex chemical criteria by converting
the caboxylic acid groups to other functionalities selected to preferentially interact
with one molecule over another. This feature makes them ideal for addressing a
broad range of separation challeng&s.an initial demonstration of this approach
for designilg chemoselective membranege chose to focus on leveraging’
interactions between t he pirnetfeerrarcetdi osnosl uatree :
reversible with fast time constartf8. Their strength can be predictably tuned by
selecting substituents on aromatic rikYfg>*The most -f avorabheti ons

occur between an electroich aromatic ring and an electrgoor aromatic ring>*

297

Efficient separation and purification of hormones from others with similar
chemical stuctures is essential for drug manufacture and in analytical applications
for clinical diagnosig®®?%. Therefore, we selected two steroid hormones as an
example of a pair of soludevith similar size and chargaubdifferent aromaticity.
Estrone sulfate (ESTR), the most abundant estrogen precursor in the blood stream,
has an aromatic ring. Pregnenolone sulfate (PREG), a relative of progesterone
derived from cholesterol, does not have any aromatic ringblé 3.). Besides
this, ESTR and PREG are very similar in size (8.4, 8.9 A, respectively), charge (
1), and functional groups. This means that variations in their diffusion rates would

likely be due to solutgpore wall interactions.
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Table 3. 1. Structure, size and van Krevelen solubility parameters of organic
molecules used in this study.

o . size 8y &p &y
Name Abbreviation Chemical structure A) (MPa'?) | (MPa'?) | (MPa'?)
OH
Tyrosinol TYR w 6.7 24.4 7.6 31.3
HO
2-Amino-3-cyclohexyl-1- ACP \Niz\\/o 68 6.8 45 216
propanol HO
[¢]
|
Estrone Sulfate ESTR 8.4 229 7.8 253
o
o=t
Il
a
=0
Pregnenolone Sulfate PREG /d;(/;rg oe i oa i
[¢]
n:sl—m
4

We hypothesized that if there are aromatic groups lining the pores, only

ESTR can
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densities in the aroatic ring. Rings that have electron donating groups as

substituents have a partial negative charge on the aranngtigndtend to interact

more strongly with solutes containing electron withdrawing substituents. This is

typically quantified by Hammett &stituent constants measured at the para

posi tP'CH?2Thé/ 3 /group on ESTR is electron withdrawing, with=

0.42 (calculatedy Molecular Modeling Pro Softwarel.hei OH substituent on

phenol goupsise | ect r on

d @7-a.371%Tlgus,if theiporehwalls are

functionalizel with a phenol containing groupye would expect attractive-’

interactions between them and ESTR molecules.
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To test this hypothesisye functionalized the membrane pores with phenol
containing groups using EDC/NHS chemistry to covalently attach the phenol
containing molecule tyrosinol (TYR) to the pore wallslfle 3.1). As a controlye
functionalized another membrane with a favomatic molecule with similar
functional groups, -Amino-3-cyclohexytl-propanol (ACP) Table 3.}. TYR-
functionalized surfaces are expected to preferentially interact with ESTR over
PREG, whereas unfunctionalized or A@ihctionalized surfaces would not exhibit
as prominent a difference in interactions.

The functionalization reaction is conducted in agueous solution under very
mild conditions.It involves the activation of the carboxytoups to form reactive
intermediatesKigure 31) that then react with a primary amine group to form a
covalent amide bond. To achieve high degrees of functionalizat®screened
different parameters by performing attenuated total refleétibauriertransform
infrared spectroscopy (ATRTIR) and tracking relevant peaks after activation and
amidation steps.Infrared spectrum for unfunctionalized membrane (bottom
spectrum) is shown in Fige 31a. The two interconnected peaks at about 1738 and
1705 cm'® are assigned to thieC=0 stretching vibration of ester carbonyl (i.e.,
TFEMA unit) and carboxylic acid (i.e. MAA unit), respectively. The smaller peak
at 1565 crrt is attributed to the fraction of acid groups that are deprotoin@ed
. Membranes were é&m activated using EDC/NHS chemistry that leads to formation
of reactive intermediates-igure 31a, top spectrum) that can react with amino
compound in the next step. The peaks from these intermediates containing carbonyl

groups overlaps in the range afdD-1800 cm! andobscuresome smallepeals.
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For a clearer observation and assignment of the peaks, we deconvoluted the
carbonyl peak coming from these intermediate species:-&8t83, and anhydride
using Fityk software (Figre 31b). The formation ofthe succinimidyl ester is
evidenced by prominent triplet bands of 1745, 1775 and 181Gtmibuted to the
antisymmetric and symmetric vibration of the carbonyl groups of the succinimide
C y c | ec=oardkthgvimation of the ester unit, respectively. Although the NHS
ester peak dominates ovitie anhydride,a large amount of anhydride was also
formed with daracteristic doublet bands at 1760 and 1800, @ssociated with
anti symmet r i Cc-oadndgibsaiom Bah NH®ester and anhydride
can directly react with primary amine containing molecules and form covalent
amide bond, with NH®ster leing a more reactive species.

Another product that can potentially form as a result of EDC/NHS activation
is N-acylurea. The formation of ddcylurea is undesirable, since it is a stable
product and will not react with amino compounds. The minimal inteakdgublet
peaks at 1550 and 1650 ¢éisignature of amide bond of-atylurea confirms minor

formation of side products at the conditions enlisted here.
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Figure 3.1. FTIR spectra of (a) membrane before and after EDC/NH Sadictiy
(b) deconvolution of the carbonyl stretching region of the activated membrane;
NHS-ester and anhydride intermedsteere formed.
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The ATRFTIR spectrawas also collected after amidation. FigiBRa
depicts the spectrdor unfunctionalized and TYRunctionalized membrase
prepared using the optimal procedffeigure 32a, bottom and middle spectrum)

The figure shows almost complete conversion of the carboxylic acid groups, and
the formation of new aromatic and amide bonds. This demonstrates $ulccess
attachment of TYR molecules. The spectrum of the membrane functionalized with
ACP also showed evidence of functionalization, as indicated by peaks
corresponding to amide group&idure 32a, top spectrum). Field Emission
Scanning Electron Microscopy FISEM) imaging showed that the closely packed
micelles forming the membrane selective layer remain intact after functionalization
with TYR (Figure3.2b, 0. This confirms that this simple, straightforward approach

allows functionalization without damagettee membrane structure.

(a)

(b) Selective Layer

N-H
(amide Il)

C
C=0
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Figure 3.2. (a) Infrared spectra of unfunctionalized and functionalized membranes.
Formation of new amide bonds upon functionalization confirms covalent
attachment of amino compounds. SEM micrograytib) Membrane cross section,
and (c)Membrane surface; showing the packed micelle structure is intact upon
membrane functionalization.
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3.3.4. Solute/Pore Wall Interactions that Control Permeation

To confirm our predictions regarding the selectivity oforp-solute
interactions and to obtain quantitative evidence of adsorption/desorption equilibria,
we used quartz crystal microbalance with dissipation, Q@Mror this purpose, a
guartz crystal resonator was coated with a thin film of the copoly®&d im,
Appendix A2) to mimic the surface chemistry of the pore walls. The surface was
functionalized with TYR or ACP using the same procedure used for membranes.
Frequency change, which is directly proportional to the mass of solute adsorbed on
the surfacé®was recorded upon exposing the crystal to a solution of either PREG

or ESTR.

Figure 33 displays the frequency shifts for unfunctionalized, FYR
functionalized and ACRunctionalized films upon exposure to each solute,
followed by its desorptianFor all membranes, a larger frequency shift was
observed for ESTR in comparison to PREG solution, corresponding to higher
adsorbed mass of ESTR. To evaluate the QCM results morgitgtigely, we
defined a heuristic parameter, fAadsorption

Y&
\Z3

w h e rnés theamoles of solute whose name is noted in the subscript adsorbed on

the surface measured bhgquency shif(f) of the gold sensor.

For the unfunctionali zed memBwasne, an a

obtained. Whileng-" i nt er act i thenphend greups pnrESERecant ,
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interact more strongly with theCOOH groups on the surface through hydrogen
bonding than PREG moleculeas evidenced by the hydrogen bonding solubility

parameters of these solu(@able 3.1).

When the surface was functionalized with TYR, a much larger frequency
change was observed upon the injection of ESTR. This clearly illustrates ESTR has
higher affinty to the TYRf unct i onal i zed "sumfteecect hooasggh
contrast, the adsorption of PREG decreased in comparison to the unfunctionalized
surface. The TYRunctionalized surface was much more selective for ESTR, with

a b vall7fue of 1

The ACRfunctionalized surface did not include any aromatic ringsj, Oit
groups similar to the TYR groups. Frequency shift due to ESTR adsorption was
lower than that observed on the unfunctionalized and -Tofftionalized films.
The ACRfunctionalized surface hdswer hydrogen bonding potential and no
aromatic groups to enhance this interaction. The amount of PREG adsorbed on this
surface was comparable to the unfunctionalized fillvis resultedirm b v al ue of
1.7, indicating that ACHunctionalized membranes have limited preference for

ESTR.
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Figure 3. 3. Frequency shift upon injection of hormones for unfunctionalized and
functionalized films.

For all the membranesnsing with DI water lead to immediate and complete
desorption of bound solutes, indicated by an increase in frequency to its initial value
(Appendix A2. This shows that the interactions of solutes with functional groups

on all the membranes are fullywegsible.

3.3.5.Membrane Permeance

3.3.5.1. Watepermeancepressuredriven filtration

Most membranes are utilized in pressdreven filtration applications. Water
permeance, defined as the flux of pure water normalized by applied trans
membrane pressg, is a crucial performance criterion for membrane use. Yet, this
value is rarely reported for membranes designed for chemical strbctsee

selectivity. The very low porosity of membranes prepared bydtapn methods
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often results in very low flux. Themnembranes reported here are expected to have
much higher pore density, leading to measurable water permeance. To document
this, | measured the water permeance of the membranes using-ardkefitration

cell at transmembrane pressure of 40 plie wate permeance of unfunctionalized
membranes was 4.5 + 0.8 2! barl. This is significantly lower than that of
support membrane, 820 L'hint bar?, confirming the presence of a coating layer.
Upon TYR functionalization,we expect a slight decrease the membrane
permeance as the TYR molecule (6.7 A) partially fills th8 Am nanopores.

Indeed, a decline on membrane permeance to 3.1 + 08! ivar! was observed.

Membrane permeance is strongly dependent on selective layer thickness,
which can bdurther optimized by adjusting manufacturing parameters upon-scale
up. Selective layer permeability is defined as membrane permeance normalized by
the selective layer thickness. We calculated the selective layer permeability to be
1.8 +0.3and 1.3 + 0.2 ¢ m 2’ bar!for unfunctionalized and functionalized
membranes, respectively, using the resistaiteseries modelHKqg. 3.3. These
values are comparable to that of commercial TFC nanofiltration membranies (0.2
1. 4 L ?rtiar)y@® calculated assuming a selective layer thickness of 0.1
e nt°%2%° While the selectivity properties of commercial NF membranes are by
definition distinct from the proposed membranes, this serves as a broad comparis
regarding their potential industrial use. This data implies that if these membranes
were manufactured at largeale with thin selective layers, modules that operate at

industrially relevant fluxes can be built and utilized in manufacturing.
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3.3.5.2. Rrmeation of Aromatic and NotAromatic Organic Molecules
3.3.5.2.1. Singlsolute diffusion experiments

We initially studied the transport of organic molecules through these
membranes using diffusion experiments with a feed containing only one type of
solute at a time, in aqueous solutidle hypothesized that given the small pore
size of these membranes, molecular interactions between the solutes and pore walls

would control the relative permeation rates of solutes of similat&iz8.

To determine how these differences in sclubee interactions affect
permeationwe conducted diffusion experiments in a swompartment cell. The
feed halfcell was filled with 100 ppm solution of desired solute, one at a time.
Samples were taken periodically from permeate-tellifand solute concentration
was assayed using higiiessure liquid chromatography coupled with mass
spectroscopy (LEMS). Figure 3.4a shows nanomoles of the permeating solute
through thesupporimembrae versus time (i.e. permeation rate) for both hormones,
ESTR (pink) and PREG (blue), through thepportmembranes. To quantify the
ratio between diffusion rates tife two solutes, we defined theoretical permeation
s e | e c t dsthe tatio oflthe permeation rate of ESTR to that of PREG. Both
solutes showed very similar diff=d)si on
as expected given its large pore sizesTdonfirms that these solutes have similar
diffusivity and indicates any selectivity in the coated membranes results from

selective layer.
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Figure 3. 4. Diffusion of steroid hormones through support membrane (PAN400)
in (a) Sirgle-solute, and (b) Competitive diffusion experiment.

Figure 35 depicts the nanomolesf each solutedransferred through the
unfunctionalized, TYRunctionalized and ACP functionalizedembranesThe
diffusion rate of PREG, the nearomatic molecule, tbugh the unfunctionalized
membranewa®l . 9 ti mes higher t ha3053 (Rigquee of
3.5a). ESTR interacts slightly more strongly with th€ OOH groups on the
unfunctionalized membrane than PREG, as indicated by the-QGlslita. These
interactions appear to slow down the passage of this molecule as ibéwgen
neighboring bindingites while PREG molecules can pass through the membrane

unhindered?>306

Upon functionalization with TYRKigure 35b), the transport rate of PREG
was significantly enhanced despite the slightly smaller pore size relative to the
unfunctionalized membrane. This is consistent with the lower degree of adsorption
measured in QCMD experiments. The overall negative chanfjthe membrane is
also reduced upon the conversion of most of the acid groups to phbersvesults

in less repulsion between the pore wall and PREG molecules and thus easier
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passage through the membrane. The transport rate of ESTR increased oy slight

in comparison tothe unfunctionalized membrane. Although the electrostatic

repul sion was signi i ciamtte rya crteidouncse db, e tf vaeveonr
groups in TYR and ESTR appears to slow down the permeation of ESTR. These

results are consistent with hopping transpornechanism, where
adsorption/desorption equilibria dominate the time a solute takes to reach the

permeate sid& In single solute experiments, theast interactive solute transfers

most quickly Transient trappig of the preferred solute as it hops through the

binding sites inside the pores retards its permedtfoks a reslt, PREG diffused

11.2 times faster than=&E®BI)R t hrough this m

To confi-rm ntheartac'ti ons and favorable bin
groups of the pores cause this change in transport rates, we performed an analogous
experiment with tb ACRfunctionalized membrane (FiguB5c). The diffusion
rate of both PREG and ESTR were increased compared with the unfunctionalized
membrane upon the decrease in membrane surface charge. ESTR diffused slightly
mor e sl owl yr=0.68)ain agredst @ith (prévious results and QGM
D data. This confirms that the significant changes in membrane selectivity observed
inthe TYRf uncti onalized mémbmaree aati saesframd’ 1
simple changes in surface charge. Flux of both solutes andetital selectivities

(Gr) for all membranes are summarized in Bigd.
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3.3.5.2.1. Competitive diffusion experiments

Singlesolute diffusion experiments are often used to estimate the ability of a
new membrane material to separate a mixture. Resgartypically calculate a
theoretical selectivityr as above, by dividing the permeation rates of the two
solutes measured isolation anchypothesize this ratio will be maintained when a
mixture is fed to the membrane. However, in real applicationsatbet molecule
will be present in the feed with at least one other molecule. This might affect the
permeation selectivity of the membrane in different ways depending on how the
solutes interact with the membrane material. In most cases, selectivity eithe
remains similar or decreases (e.g. due to plasticization). In contrast, when the
membrane pores are small and comparable to the size of molecules being separated,
the solute with higher affinity to the pore walls (i.e., preferred solute) can prevent
theentry of others into the pore. This results in higher transport selectivity for the
preferred solute in compar-calaulatedront h t he t h
single solute experiments. Therefore, in addition to more accurately simulating
realisticoperation conditions, comparing data from sirgddute and competitive

diffusion experiments can illuminate transport mechanisms in these membranes

To explore this pointwe performed competitive diffusion experiments with
feed solutions containing 1@pm of each solute, ESTR and PREG. Competitive
s e | e c tis definedyas the ratio of the fluxes of ESTR to PREG, analogous to
Ur from single solute experiments. The support membrane showed no selectivity
bet ween the tcwhb.l;Higare B4b)nFégares §.58-g depict the
diffusion of the two solutes in these competitive diffusion experiments through the
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three membranes studied. Interestingly, all three membranes preferentially

permeated ESTR, reversing the selectivity observed in single sol@eregpts.

For the unfunctionalized membrane (fig 35€), the diffusion rate of both
solutes decreased in the competitive experiment in comparison to single solute
experiments as expected since the two solutes are competing over the narrow space
of the res. This decrease was much more pronounced for PREG, making its
per meation slightly slcele ThisimplesthaBl®T and | e
ESTR molecules, which interact more with the pore walls in comparison to PREG,
permeate through the membeasimilar to before, but also inhibit the permeation
of the unpreferred PREG molecules. The Ai@Rctionalized membrane also
shows a slowdown of PREG permeation rate and a reversal of selectivityr@ig
359) , but to a=12 Fhséesn ageanter with th¢ QT data,
which shows the ACRunctionalized membrane is less selective towards ESTR

than the unfunctionalized membrane.

The most prominent change in selectivity was observed for the- TYR
functionalized membrane, which interactsnogt | ect i vel y wi'th ESTR t
interactions as indicated by QGDlexperiments. In competitive permeations with
this membrane (Fige 35f), the diffusion rate of PREG dropped dramatically in
comparison to singisolute experiments. The permeation rdte®TR was slightly
enhanced. Overall, ESTR permeated through this membrane 7.1 times faster than
PREG(Fig. 35h). At the end of the 30 h long experiment, the sink compartment
contained about 8 times as much ESTR as PREG, demonstrating the enrichment of

the preferred solute in the permeate sides is a successful separation of a mixture
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of two very similar molecules, based on a relatively minor chemical structure

difference.

The enhanced permeation of the preferred solute (in this case ESTR) and
inhibition of unpreferred solute (i.e., PREG) in competitive permeation
experiments is in close analogy to biological pores. | hypothesize that this effect
arises from competition between the two solutes for narrow space inside the
nanochannels, whose diametet-3-nm) is comparable to the size of the solutes
(~1 nm). The confined space limits the entry of other solute molecules once a
channel is occupied. ESTR which the pore walls preferentially interact with, has a
higher probability of partitioning into the pgs. ESTR molecules also spend a
longer time in the pores, as indicated by their slower permeation in single solute
experiments. This excludes the unpreferred solute, PREG, from entering the pores
and slows down its permeation drastically. As a result,FESd@rmeates through
the membrane faster than PREG when they are both present. Furthermore, it is
possible that the PREG molecules that are excluded from the pores accumulate near
pore entrance, circumventing the balifusion of ESTR molecules and increas

their forward flux relative to singisolute experiment&*
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Figure 35. Permeation of steroid hormones through (&lejunctionalized and
(b,f) TYR-functionalized and (c,g) AGRinctionalized membrane in-@ single
solute and (&) Competitive diffusion experiments. Permeation flux and selectivity
in (d) Single-solute, and (h)Flux in competitive diffusion experiments. All
experiments demonstrate aromatidaiiyven selectivity. The selectivity pattern is
switched in competitive experiments.
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3.4. Conclusions

These results demonstrate that in a membrane whose pores am@m-in
diameter, comparable in size with small organic molecules, sptute wall
interactions can dominate solute transport selectivity. Tihesual transport
phenomena arising from the confinement of permeation into nanoscale pores leads
to a large mismatch in singkolute and competitive transport selectivities.
Furthermore, this membrane manufacturing method enables the customization of
pore chemistry through an easy conjugation reaction, enabling us to screen a variety
ofsolutewal | i nteracti onsi ntneraaddti itd ms ttloatt hies
study.We also demonstrated that QCDIis an effective method to screen these
surface/solute pairs in terms of preferential interactions to guide these studies. As
such, this initial work opens up the way to many investigations focused on studying

the effect of nanoconfinement and solute/wall interactions on permeation.

The results coifm that incorporation of phenol groups on the walls of the
nanopores created in this membrane system leads to membranes with
unprecedentettansport selectivity, up to ~7 times, between two steroid hormones
with similar size and charge based on their aieity. This isavery high diffusion
selectivity for small molecules with similar size and charge using a clean, and
energy efficient membrane separation process. In fact, this egyrknowledge,
the first demonstration of membrahased separation femall molecules based
on their aromaticity. The functional groups were introduced on the membrane pore
walls using a straightforward conjugation chemistry. It is not hard to imagine

designing membranes for each targeted separation by identifying dasicédnal
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groups on pore walls, screening them by QDIVand easily functionalizing these
membranes through EDC/NHS chemistry. Furthermore, the membranes used in
this study are manufactured through simple and scalable methods that can be
adapted to rolto-roll manufacturing, taking advantage of the ssfembly of
random copolymer micelles. They exhibit industrially relevant water permeances.
As such, this new membrane technology has the promise to become a platform for
designing custom membrane filtefer complex separations that cannot be

addressed by todayobés membranes.
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4 A NoveL M ETHOD FOR FABRICATION
oF ULTRATHIN SeLECTIVE L AYERS:
| NTERFACIALLY | NITIATED FREE

RaDpicAL POLYMERIZATION (IIFRP) 4

4.1. Introduction

Protein purificationis of great importance in a wide range of applications
including the pharmaceutical, biotechnology, cosmetics and food industries as well
as in enzymatic catalysi€3%° Membrane separation processes are ateadtir
these applications due to their high throughput, ease of implementation and cost
effectiveness$i®3! However, critical challenges remain in the use of membranes
for protein purification. Firstprotein seprations requireanembranes with well
controlledselectivity3'#315 Second, foulinglue to the adsorption of thEoteins
and other biomolecules in the feéghds to substantial decline in membrane
permeance andféitime31¢37 and can cause shifts in membrane pore®fz&e319
Addressing these concerns can broaden the use of membrane processes in the

manufacture and purificatn of biopharmaceuticals.

4 Repoducedwith permission fromeference 333Copyright © 2018, American Chemical
Society.
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Hydrogels are especially promising materials for membranes targeted at
protein purification, because they are effective, versatile, tunable, functionalizable,
and inherently fouling resistaft Selectivity ca be controlled by the mesh size of
the crosdinked polymer, with effective pore sizes typically in the ultrafiltration
(UF) range (35 nm), suitable for protein purificatio®’ Functional groups can be
easily integrated into these selective layers, enabling more targeted control of
membrane selectivity and broadening their potentialliegipns to protein
separations. Moreover, hydrogels are inherently hydrophilic, which makes them
very fouling resistant® 100 32822 Degpite these promising features, if the hydrogel
will serve as the selewi layer of a membrane, it has to be as thin as possible,
because membrane flux is inversely proportional to the layer thickness. However,
the fabrication of hydrogels as thin, deféete membrane selective layers remains

a major challenge.

Existing liteature on hydrogel membranes focus mainly on-$taeding
films.100. 320, 32824 Thege hydrogel films are prepared by dissolving the monomer
and initiator in an aqueous solution, spreading this mixture into dayen, and
initiating polymerization, typically by UV illumination. This results in the
formation of a very thick hydrogelayer (1069 0 0 & m) , and t he
membranes have very low flux. To decrease film thickness while maintaining
mechanical integrity,- L 0 e m hydr ogel | ayers can be
by carefully designed coating methd@s>>However, this approach requires a high
viscosity monomer solution and specific wetting properties to achieve a good

coating that remains on top of the membrane. The viscosity can be increased with
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additives (e.g. high molecular vggit inert polymers}, but ths can simultaneously
change coating properties such as pore%iz&31%* Another surface modification
approach, graftiny' 1°>from the membrane surface, creates gper brush lining

the membrane pores and surface rather than a continuous selecti&?13sfro

form a selective layer by grafting, the pore diameter has to be spanned by growing
polymer chains from a limitesumber of initiating sites on pores followed by cross
linking. This can require long reaction times and is prone to defects due to pore size
polydispersity in the support membrane. Thus, there is a critical need for a simple
and reproducible fabrication ethod that enables the formation of a very thin,
defectfree hydrogel selective layer using processes that can be easily integrated
into large scale manufacturing schemé&ch a method would enable the
development of a wide range of membrane materials amby for protein
purification, but also for wastewater treatn?nt'®® and gas separation

applications3?6327

The most common method for the laigmEale fabrication of embranes with
ultra-thin selective layers is interfacial polymerization ({#??° Thin film
composite (TFC) membranes fabricated using this method featuegyathin
selective layer (typically <100 nm) on a porous support that provides mechanical
integrity 339332 |P involves the polymerization of two highly reactive monomers
segregated in two immiscible phases @.diamine in aqueous solution and a diacyl
chloride in an organic phase). The polymer forms as a thin film at the interface of
the two phases covering the surface of the porous support. Although this method is

established, simple, and scalable to atmHoll process, it is limited to a narrow
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range of polymer chemistries that are formed by condensation polymerizBtion
cannot be applied to polymers prepared by free radical polymerization (FRP) such
as hydrogelslit also cannot be used fabricate inheently hydrophilic layers,
because one of the monomers has to bsabilble. FurthermordP also generates

a highly crosdinked and dense layer that limits the application of this method to
desalination and reverse osmosis (RO). Larger pore sizes |suitabprotein

purification are typically not easily accessible.

Ourapproach to addressing these challenges centers on a novel, scalable and
robust fabrication method inspired by IP, called Interfacially Initiated Free Radical
Polymerization (IIFRP). Theovelty of this approach arises from its ability to
create ultrathin, fully hydrophilic selective layers from a wide range of water
soluble monomers that propagate by free radical polymerization (e.g. acrylates,
methacrylates, acrylamides). In IIFRP, dtustrated in Scheme 4.1, the
monomer(s) and initiator are segregated into two immiscible phases: an aqueous
monomer, and an organic/oil phase containing photoinitiator. The support
membrane is first immersed in the aqueous monomer solution, whichsfilisris
and leaves a thin layer on its surface. The organic/oil layer containingsoluble
photoinitiator is then added to cover the top of the membrane. Upon irradiation with
a UV lamp, a uniform and thin hydrogel layer is formed at thevatker inerface
spanning the surface of the support membrane. Limited solubility of the initiator in
the monomer layer, and the interfacial tension between the aqueous and oil layers

creates a uniform, continuous, deféete selective layer at the interface.
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Thisis the first demonstration of a new, simple, scalable, reliable and robust
technique for manufacturing membranes with dihia, defectfree hydrogel
selective layers. In this chapterfirst show that IIFRP can be used to create layers
as thin as <1006m on commercially available porous supports. Thendepict
that the permeance and pore size of selective layers formed by IIFRP can be readily
altered through simple parameters (e.g. monomer concentration, UV exposure
time) or through the addition obmonomers or inert polymers in the monomer
solution. Finallywe demonstrate the stability and extremely high fouling resistance
of the hydrogel layer in filtering protein solutionBhis new technique, IIFRP,
could serve as a platform for manufacturingembranes with a broad range of
properties (e.g. selectivity, affinity) for several applications beyond protein
purification, such as wastewater treatment, natural gas upgrading, and water

purification.

Scheme 4.1. Schematic shoimg fabrication of membranes with uktiain
hydrogel selective layers by interfacially initiated free radical polymerization
(IIFRP)." Reproduced with permission fréfd Copyright © 2018, American
Chemical Society.
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"A porous support membrane is immersedan aqueous monomer solution, which fills its pores

and leaves a thin layer on its surface. The membrane is then covered with an oil phase containing a
photoinitiator (P) andirradiated with UV light. The hydrophobic photoinitiator dissociates and
reactswith the aqueous monomer at the interface, forming a thin hydrogel layer covering the
support. The monomer solution can contain PEGDA with or without porogens or comonomers,
which can alter layer permeability and control selectivity.

4.2. Materials and Methods

4.2.1. Materials

Poly(ethylene glycol) diacrylate (PEGDA, average Mn 700 Da),
poly(ethylene glycol) methyl ether acrylate (PEGMEA, average Mn 480 Da),
poly(ethylene glycol) (PEG, average Mn 200, 600),-hy#roxy-2-
methylpropiophenone also known asr@aur® 1173 (photoinitiator, Pl), and
bovine serum albumin (BSA) were purchased from Sigdalaich (St. Louis, MO).
N-hexadecane (99%), were purchased from ACROS OrganicsTM. Cytochrome C,
equine heart, +90%, and Aprotinin, from bovine lung were purchaeed Alfa
Aesar (Ward Hill, MA). Phosphate buffered saline (PBS) packs (0.1 M sodium
phosphate, 0.15 M sodium chloride, pH 7.2) was purchased from Thermo Scientific
(Rockford, IL). Reagent alcohol was obtained from VWR (West Chester, PA).
Ultrapure deionize water generated by Biolab 3300 RO, a building wide RO/DI
water purification unit by Mar Cor Purification was used for all experiments. All
the chemicals were analyticgrade andused without further purification.
Polysulfone (PS35, 20 kDa) ultrafiltrati membranes purchased from Nanostone
Water, Inc. (Oceanside, CA) were used as the support membrane to provide

mechanical stability.
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4.2.2. Fabrication ofUltrathin Hydrogel L ayer

The support membrane (Polysulfone, PS, Nanostonefirgagiashed with
ethanol, dried, and thetaped along all edges onto a glass plate. An aqueous
solution containing 20 v/v% PEGDA (700 g md), with or without additives
(PEG200, 600, or PEGMEA), was poured on the support membrane. The support
membrane was equilibrated Wwithis aqueous monomer solution for 3 min to
provide enough time for monomers, comonomers and porogens to diffuse into the
pores. The aqueous solution was then poured out and the membrane surface was
gently dabbed using a filter paper to remove any resilagplets. A solution of
0.1 viw% of oitsoluble PI (Darocur®)in n-hexadecane was poured on the
membrane surface. The membrane surface was covered with a glass plate to prevent
initiation from PS support membraf&3*® Subsequently, the membrane was
exposed to 365 nm UV light with an 8 W halneld UV lamp (Spectronics Corp.,
Westbury, NY) for varying times (20 min). The excess solution covering the
membrane was then poured out and the membrane surface wasl wadithal:l
waterethanol mixture several times and kept in DI water overnight to ensure the

complete removal of unreacted monomer, additives, initiator, and hexadecane.
4.2.3.Membrane Characterization

The microstructure of the membrane was charae@rzeld-Emission
Scanning Electron Microscopy (FESEMupra 55) at 4 kV and 7 mm working

distance. Dried membranes were frozen in liquid nitrogen and cut with a razor blade
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for crosssectional imaging. Samples were sputter coated (Cressington 108 manual,

Ted Pella Inc., CA) with Au/Pd (60/40) in an argon atmosphere.

Attenuated Total Internal ReflectanEeurier Transform Infrared (ATR
FTIR) spectra of membranes were collected using a FG2IB0 spectrophotometer
(JASCO Corp, Tokyo, Japan) over the range40600600 cm! at a 2 crrt

resolution. Prior to analysis, membranes weraaed for 24 hours.
4.2.4.Membrane Performance.

Filtration experiments were performed using an Amicon 8010 -dedd
stirred cell (Millipore) with a cell volume of 10 mL and difeetive filtration area
of 4.1 cnt attached to a-fallon reservoir. The cell was stirred at 500 rpm. Tests
were conducted at an applied tranembrane pressure (TMP) of 40 psi. Water
flow rate through the membranes was measured by collecting the peimeate
container placed on a scale (Ohaus Scout Pro) connected to a computer and
recording the increase in permeate weight over time. The membrane permeance
(Lp) was calculated by normalizing flux (J), defined as the water flow rate divided

by active membnae area, with applied tramse mbr ane pressure ( a&P):

0
0 A OBt
Vi BTH
Membrane performance in protein filtration was studied bsriiig solutions
of a series of proteins with different sizes at a concentration of 100 ppm in PBS

buffer one at a time. The first 1 mL of filtrate was discarded, and the subsequent 1

mL was collected. The concentration of protein in this filtrate was unedsising

123



UV-Visible spectroscopy (Thermo Scientific Genesys 10S Spectrometer, Waltham,
MA) at 285 nm for BSA and Aprotinin and 410 for Cytochrome C. Protein rejection

was calculated according to:

Yb p pTIT oty

where R is the solute rejection, and &hd G are the concentration of feed (100
ppm) and permeate, respectively. Membramexe washed (soaked in DI water and

DI water was filtered through overnight) before subsequent protein filtration
experiments. No significant shift in water permeance was noted between protein

filtration experiments.

The fouling properties of the membramas investigated in a crofisw
system with a flaframe membrane module (Sterlitech CF016A, Kent, WA)
integrated with a KrosFlo® Research Il TFF System (Spectrum Laboratories, Inc.,
Compton, CA). The CF016 cell, with anesnufactured effective membrazea
of 20.6 cn? and a channel depth of 2.3 mm, was fitted with an impermeable plastic
mask that allowed the installation of round membrane swatches with an effective
filtration area of 4.1 cf Experiments were performed at tranembrane pressure
(TMP) of 40 psi and feed flow rate of 135 ml rifincorresponding to a shear rate
of 9.4 s! and aReynolds number of 12(ndicating laminar flow. This value was
selected based on literature that reports more severe irreversible fouling occurring

at low Re numbrs336338
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4.3. Results and Discussion

4.3.1. Hydrogel Layer Morphology

As the first demonstration of the IIFRP method to manufacture membranes
with hydrogel selective layers, we first immersed a commercial Ufbrane
(PS35, Nanostone), which will act as the porous support, into an agueous solution
containing the poly(ethylene glycol) diacrylate (PEGDA) monomer. In most cases,
we added an inert hydrophilic polymer, poly(ethylene glycol) with an average
molar mas®f 200 g mof', PEG200, as an additive. The selection was based on the
previous literature stating that inert short chain PEG can create a porous
network?3*341which in turn would be expected to lead to an iasegin membrane
permeance. The effect of additives on membrane permeance and selectivity is
further discussed in the following section. Next, we removed the support from the
agueous solution, dabbed off the excess, and covered it with the oil solution, n
hexadecane containing 0.1 v/v% of the hydrophobic photoinitiator PRfpcur®
1173. We then exposed it to UV light, which caused the initiator to form free
radicals in the oiphase that then diffused to the aqueous phase and started the
polymerization oPEGDA (Scheme 4.1)The membrane surface was covered by a
glass plate during UV exposure to prevent initiation from PS support membrane
upon exposing to UV light, as reported in previous stutiies® A control
experiment performed without the addition of Pl into the oil phase did not lead to a

significant change in permeance.
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Our approach, IIFRP, is in direct contrast to the established johit&ted
free radical polymerization (FRP) methods for preparing ¢yelr layers, where
monomers and Pl are both in the aqueous phisiag this method, a solution
containing only the monomer and the Pl cannot typically be coated onto a porous
support. The solution is instantly absorbed into the membrane pores through
capilary action and the whole support is filled with hydrogel. Indeed, when the
above procedure was performed using a monomer solution containing a water
soluble initiator, this was the resiiRigure 4.1) The viscosity of the solution can
sometimes be incased by increasing the concentration of the solution or adding
high molecular weight polymePé but this often results in the formation of a very
thick layer and changes the resultant membrane properties. Furthermore, the
uneven exposure to UV light and polymerizatinduced phase paration (PIPS)

can lead to macrscale porosity in the filnd23: 342

Figure 4. 1. Membrane prepared using single phase agueous solution containing
40 viv% PEGDA and 1 wt% wataolulde PI (Irgacure 2959) showing formation

of a very thick and nonniform hydrogel layer on the PS supp&e&produced with
permission fror3. Copyright © 2018, American Chemical Society.

In contrast, IIFRP segregates the reactants (i.e. monomers and R#yanto

separate phases. Free radicals formed by Pl upon UV exposure diffuse to the

126



oil/water interface and react with the monomers in the agueous monomer solution
to initiate polymerization. Since the Pl is insoluble in water, the polymer layer starts
forming at and growing from the oil/water interface. When UV irradiation is
stopped, the polymerization process also ends, arresting the growth of the selective
layer. Thus, longer UV irradiation times are expected to result in thicker selective
layers. This wold not necessarily be the case for homogeneous FRP, where longer
exposure would likely increase the degree of climging but not necessarily the
coating thickness once the gel point is reached. It is also in contrast to traditional
IP, where the formatin of the highly crosinked selective layer at the interface
hinders the diffusion of the monomers, leading to alselfing reaction. The mesh

size of the hydrogel layer that forms in [IFRP is much larger in comparison to the
monomer size. This meanwnomers easily diffuse to the interface and react with
the initiating radicals, enabling the hydrogel layer to build as long as radicals are

generated through UV irradiation.

10 min UV

Hydrog:l layer Hydrogel layer

5 min UV 10 min UV

Hydrogel layer ~ 80 nm Hydrogel layer ~ 130 nm

Figure 4. 2. Morphology of (a) Support membrarfeS, (b) Higher magnification
of PS support, (c) Hydrogel layer at 5 min UV exposure time (d) Higher
magnification of hydrogel at 5 min UV exposure time, (e) Hydrogel layer after 10
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min UV exposure time, (f) Hydrogel layer at 10 min UV exposure time athigh
magnification. Continuous and uniform hydrogel layers are formed on the support
membrane upon exposure to UV at varying times. Longer UV exposure time leads
to formation of a thicker layer. Reproduced with permission fér€opyright ©

2018, American Chmaical Society.

To test this hypothesis, we prepared membranes with varying UV irradiation
times and analyzed the resultant membrane morphology by Field Emission
Scanning Electron Microscopy (FESEMEigures 4a and 4.2b show the
commercial polysulfone @ membrane with nominal molecular weight-oit
(MWCO) of 20 kDa that we utilized as the porous support throughout the study.
Typical of asymmetric ultrafiltration membranes, the membrane has smaller pores
on top and larger macrovoids in the sublayerfieWIIFRP was applied to this
support membrane using 5 v/iv% PEGDA as the monomer solution and a UV
exposure time of 5 min, a very thin hydrogehting layer was formggFigure 42c,

d). The higher magnification image of this membrgregure 42d) shows he
presence of the layer more clearly. The layer is-iédigrated into the support,
penetrating slightly below the top surface pores and anchoring into the support as
envisioned. This morphology prevents the delamination of the layer, but also makes
it difficult to clearly identify the boundaries of this layer and determine the
thickness. To further confirm the evenness and uniformity of the hydrogel layer
formed on the support membrane, we dissolved the support layer in
dichloromethane and transferrea thydrogel layer to a wire lasgbigure 43).
Although, the layer is very thin, it formed artegral surface across the whole 1

cm diameter of the lasso, providing solid evidence of the uniform and continuous

nature of the hydrogel layer.
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Figure 4. 3. Photograph of a smooth hydrogel (5 viv% PEGBAnin UV

exposure) transferred to a wire las$eproduced with permission frof
Copyright © 2018, American Chemical Society.

When [IFRP was performed using 10 min UV exposure urdientical
conditions, a more distinct layer is formed compared with the shorter irradiation
time of 5 min (Figured.2e). Notably, the layer appears to be uniform throughout
the membrane imaged along thdikection labeled in the figure. This uniform laye
is maintained throughout the entire membrane sample, imaged in different frames
sampling the length of the sample (data not shown), clearly indicating the consistent
nature of this simple method. A higher magnification image of this membrane
(Figure 4.2f) shows that the layer is also uniform across the layer thickness (y
direction). The coating is thicker and more distinct in this sample compared to 5
min UV exposure time, allowing a rough estimation of the thickness to be around
130 nm. Longer UV exposearppears to increase the dry thickness of the hydrogel
layer. For example, an even longer exposure time of 20 min led to the formation of
a hydrogel layer with thickness of 260 nm, about twice the one formed at 10 min
UV exposuretime (Figure 4.4). Accourting for the uniform thickness of the
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agueous prepolymer layer during the polymerization and the status of the
membrane sample during SEM imaging (i.e. dried), the observed difference in the
thickness is likely due to the polymerization process penetratinghe membrane

to different extents. Importantly, this result suggests that simple fabrication
parameters such as UV irradiation time can be used to impart various membrane

properties (e.g. layer thickness and penetration).

20 min UV

Hydrogel layer ~ 260 nm

Figure 4.4. FESEM image of a membrane formed with 20 min UV exposure time,
with a thicker hydrogel layeReproduced with permission fréfd Copyright ©
2018, American Chemical Society.

4.3.2.Chemical Structure of the Hydrogel Layer

In order to furtheconfirm the formation of the ultrthin hydrogel layers, we
performed attenuated total reflectionFourier transform infrared spectroscopy
(ATR-FTIR) on membranes prepared by IIFRP using a monomer solution
containing 5 v/v% PEGDA, 2.5 v/iv% PEG200 and a&Xposure of 5 min (Figure
4.5). PEGDA (Figured.5a) forms a crosinked network upon photmduced free

radical polymerization on the membrane surface. This leads to an increase in the

130



density of CH bonds (blue) in comparison with the support membraatemal PS,

and also introduces ester groups (pink).

Indeed, upon the deposition of the crieked PEGDA selective layer by
IIFRP, the broad absorbance peak around Z8@D cm' (top spectrum)
corresponding to the-8 stretching vibration increasesiitiensity>*>*#4This peak
is very weak in the support membrane (bottom spectrum), which does not contain
as high a concentration oti& groups (labeled blue in Figu&e59. This clearly
confirms the presence dhe PEG hydrogel layer. The presence and chemical
structure of the coating layer is also confirmed by the appearance of the C=0
stretching peak at 1723 crarising from the ester bond at each end of the PEGDA
(labeled pink}*3while the IR spectrum of the support membrane (bottom) shows

no such peak.

In addition, the coating shows no significant absorbance atil&8@0 cm
1 This wavelength range corresponds to the vinyugsoin PEGDA that are
converted to single bonds upon polymerizafitiThe lack of a peak in this range
in the spectrum of the coated membrane suggests that the formed hiaregis
mostly or fully polymerized, mostly free of unpolymerized or partially polymerized

PEGDA monomer.
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Figure 4. 5. (a) Chemical structure of PEGDA and PS, (b) AFRR spectra of

PS support membrane (bottom) and coated an ultrathin hydrogel layer (top)

with 5 min UV exposure. Absorption bands corresponding to CH (blue) and ester
(pink) groups are marked to demonstrate the formation of a-linkesl PEGDA
hydrogel selective layer in the PS supp&eproduced witlpermission frorf’s.
Copyright © 2018, American Chemical Society.

Given the chemical structure and low thickness of these selective layers, the
resultant membranes are expected to be highly permeable. However, this needs to
be verified by filtration experinrégs that demonstrate their performance in more
realistic situations. Thus, next the permeation properties of the hysarogield

membranes ereexamined.
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4.3.3. Membrane Permeation Properties

To characterize how membranes prepared by IIFRP perform ieoagu
filtration applications, we performed filtration experiments using a -ésad
system. First, we aimed to understand the effect of IIFRP process parameters such
as the UV exposure time on membrane permeance. For this, monomer solution
containing 5 viviEGDA and 2.5 v/iv% PEG200 was used to form hydrogel layers
by IIFRP at different UV exposure times-28 min) on identical support
membranes. Deionized water was filtered through the membrane until the flow rate
stabilized. Pure water permeance, definretha water flux through the membrane
normalized by the applied pressure difference of 40wes, calculated. ABigure
4.6 showspermeance was stable over a wide range of transmembrane pressures, up
to 60 psi. This indicateand no irreversible collapsd pores upon exposure to high

transmembrane pressufé&’
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Figure 4. 6. Effect of transmembrane difference on flux for hydrogel membrane
prepared with monomer solution containing 5%/NPEGDA, 2.5 viv% PEG200.
Reproduced with permission fréf@ Copyright © 2018, American Chemical
Society.
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The support membrane was measured to have a water permea@60-bf

60L h' m? bar!. Figure4.7 showsthe water permeances of these hydrageitel
membranes. Even the membrane prepared with the shortest UV exposure time of 4
minutes had a substantially lower permeance than the support membrane}6.2 L h
m bar?. This indicates the formation of the hydrogel layer. Membranes prepared
with 5 to 20min UV exposure times also showed substantially lower permeances
compared with the support membrane. Longer UV exposure initially lead to lower
permeance, but the values reached a plateau after 10 minutes, indicated by the
dotted line (BSpline fitting). Aminimum UV exposure time of 4 min was needed

for the formation of a uniform hydrogel layer with permeation properties that are
distinctly different from the support membrane. Shorter exposure tir@sn(h)

lead to membranes with permeances comparabile the support membrane,
indicating that a complete hydrogel layer integrated into the support had not yet
formed at this time. These results correlate well with and further confirm the
morphological results acquired via FESEWVhe membrane featuring a rimer
hydrogel layer (5 min) exhibits 1.4 times higher permeance than the ones with
thicker layers (20 min)The error bars shown in Figure 3 represent the maximum
and minimum permeance values measured during the test of at least 5 samples for
each conditio. The narrowangeof resultant permeances, indicated by the small
error bars, clearlgepicts the reproducible, consistent, robust and reliable nature of

our simple IIFRP method.

The permeance range we have achieved in this study is comparable to

commerdal thin film composite (TFC) membranes with crosslinked selective
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layers prepared by IP with the largest available pore size. These membranes are
tight ultrafiltration (UF) membranes, typically designed for nominal molecular
weight cutoff (MWCO) values ltweenl1000- 3000Da. For example, according

to industrial specification sheets, UF membranes manufactured byitBE
nominal MWCOs between 106000 Da have permeances between-151&5 L

m? h' barl3® It is also significantly higher #n freestanding hydrogel

membranes reported in the literatu@€)02 to 0.3 | it h't bar.

¥

Permeance (L/m°.h.bar)
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Figure 4.7. Effect of UV exposure time on membrane permeance; all membranes
are prepared with monomer solution containing 5% PEGD& 2.5% PEG200.
Significant difference between the permeance of the support membrane and
hydrogetcoated membranes indicates the formation of the hydrogel layer, with
permeances depending on UV exposure time. Reproduced with permissidti.from
Copyright ©2018, American Chemical Society.

At this stage, the water permeance of our membrane is lower than values
listed for commercial membranes commonly used for bioseparations such as
regenerated cellase UF membrane$® However, as discussed below, the fouling

behavior of hydrogel membranes are significantly different from most commercial
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membranes, which are prone to severe fouling upon exposure to solutions
containing organic macromolecules (e.g. protepudysaccharides) and dif 347

The IIFRP method presented here enables the preparation of membranes with
highly hydrophilic hydrogel selective layers with excellent-&mtling properties.
These membranes retain their initial permeance fully even when filteringrprotei
solutions, as demonstrated in the data below. In contrast, commercial membranes,
including those made of the relatively hydrophilic regenerated cellulose, often
exhibit severe declines in permeance during the filtration of protein solutions due
to fouling. For example, even though tdkracel PLCGC membramaanufactured

by EMD Millipore with MWCO of 10 kDa hasa higher permeance when tested
with pure water, its permeance declines severely during the filtration of protein
solutions. Some reported permeesduring the filtration of representative protein
solutions (lmvine skim colostrum wheyr surfactin) range between7 L m2 ht
bartand 7 L n? h! bar? 348349 comparable with the permeances documented for
membranes reported her@imilarly high flux decline has also been reported for
larger MWCO Ultracel membrané®:3>? Thus, the exceptional fouling resistance

of membranes prepared by IIFRP can enable comparaldenwre stable
membrane permeance during the filtration of protein solutions encountered in

bioseparations.

Furthermore, we believe that the IIFRP process has the potential to be tuned
and optimized by changing other parameters (e.g. photoinitiator costo@mtr
monomer concentration, additives) to further improve the permeance of resultant

membranes. Improved flux can also be achieved by identifying the optimal support
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membrane for each applicatiomhe iterature shows that the selection of the
support menbrane can change the permeance of the TFC membranes by up to an
order of magnitudé> Therefore, highly competitive and stable permeances can be
achieved upon the optimization of the IIFRP process for each targeted

bioseparation.
4.3.4.Membrane Selectivity and Protein Rejection

Next, the performance of hydrogebated membranes prepared by IIFRP was
examined for the filtration of protein solutions in a dead filtrationsetup(Figure
4.8). Forthis, different protein solutions were filterddrough the hydrogetoated
membranes prepared with a monomer solution of 5 v/v% PEGDA and 2.5 v/v%
PEG200 at different UV exposure timesd® min). The membranes were first
compacted by filtering deionized water for at least 3 hours. Three proteins with
different molecular weights and hydrodynamic radikRvere tested: Aprotinin
(6.5 kDa, R ~ 1.3 nm), Cytochrome C (12 kDayR 1.7 nm), and bovine serum
albumin (BSA, 66 kDa, R~ 3.5 nm)®*Each protein was dissolved in phosphate
buffered saline (PBS) at a concentration of 100 ppm aretddt through the
membrane one at a time. Rejection (R) was calculated by measuring the UV
absorbances of feed and permeate at 280 nm for BSA and Aprotinin and 410 nm

for Cytochrome C according tq. (4.2).
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Figure 4. 8. Rejedion properties of hydrogaloated membranes. The PS support
membrane shows limited rejection for all three proteins, whereas-lorked
PEGDA coated membranes prepared by IIFRP reject Cytochrome C and BSA by
>90%, indicating a MWCO around® kDa.Repoduced with permission frottr.
Copyright © 2018, American Chemical Society.

Figure 4.8 shows the rejection of these three proteins by the support
membrane and three hydrogmlated membranes prepared by IIFRP using
different UV irradiation times. All hydrag-coated membranes exhibit similar
rejection properties, with an effective pore size significantly smaller than the
support membrane. For the smallest protein Aprotinin (6.5 kDa), all the membranes
prepared by IIFRP show moderate rejection {685%). In contrast, Aprotinin
passes through the support membrane with no measurable rejection. All three
hydrogetcoated membraneshow higher rejection (90 99.9%) forthe slightly
larger Cytochrome C (12 kDa) than the support membrane, which shows only 6%
rejecton. Finally, for the largest protein, BSA (66 kDa), complete rejection within
the detection limit (>99%) was obtained for all the three hydrogated

membranes, whereas 55% rejection was observed for the support membrane. This
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is consistent with a MWCOf about 810 kDa for the hydrogatoated membranes,
clearly illustrating the formation of a selective layer that controls membrane

selectivity and protein rejection.

All three hydrogel coated membranes had similar rejections, within error
margins of eacbther. This suggests that UV exposure time mainly affects hydrogel
layer thickness and not the hydrogel mesh size. Importantly, all the consistent
protein rejection results with small error bars (indicating the rejection range from
minimum 3 membrane sangd per condition) confirm minimal defects throughout
the membrane area (4.1 ®nproviding evidence of the reliable and robust nature
of IIFRP for preparing membrane selective layers. Furthermore, the hydrogel
selective layer shows a much sharper sizasd cutoff in comparison to the

support membrane.
4.3.5.Effect of Drying on Membrane Performance

Since membranes are usually delivered in dry state, we investigated the effect
of drying and rehydration on membrane permeance and rejection progeoties.
this, membrane composition of 5 v/iv% PEGDA and 2.5 v/v% PE200 was selected
as an exampleThe membrane waair-dried overnight and soaked in water
afterward. Then, membrane permeance and rejection were measured. Both
permeance andytochrome C rejectionf the membranes remained unchanged
after two drying and rehydration cysl€eThis confirms the absence of any cracks,

pore collape or defects upon loss of water.
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4.3.6. Effect of Monomer Solution Composition on Membrane Selectivity and

Permeance

Membrane slectivity and permeance is affected by various parameters that
can be adjusted in the IIFRP process, including the composition of the aqueous
monomer solution. These parameters can be used to tune membrane pore size,
optimize the process to achieve higlermpeance while maintaining desired
selectivity, and to incorporate desired functional groups in the selective layer for
various purposes. For example, the PEGDA concentration in this solution can be
changed. Alternatively, other components can be addetligosolution. Inert
polymers such as low molecular weight poly(ethylene glycol) (PEG) can act as
porogens by altering the creisk density and hence mesh size, or create larger
scale voids through PIPS. Comonomers can also alter the mesh size byngcreas
the distance between crelssks, but also incorporate functional groups in the
selective layer. The IIFRP process allows a wide selection of such components; as

long as these components are watduble, they can be used.

To demonstrate this, we ma&red PEGDA hydrogaioated membranes by
IIFRP using different PEGDA concentrations-48 v/v%) in the monomer
solution, and also using PEG200 as an additive at a volume ratio of 2:1
PEGDA:PEG200. The pure water permeance of these membranes, prepaBed with
min UV exposure, was measured in a dead filtration system at a trans

membrane pressure (TMP) of 40 psi.
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Figure 4. 9. Effect of PEGDA concentration on membrane permeance. Error bars
indicate the range of permeances olgdifor a minimum of three samples.

Figure 4.9 shows the change in membrane pure water permeance with
varying PEGDA concentration in th@onomer solution. When the PEGDA
concentration increased from 5 v/v% to 10 v/v%, membrane permeance decreased
by 5 times. The permeance decreased further upon increasing PEGDA content to
20 viv%.This trend could be attributed to the formation of a selective layer with
higher polymer content and crelask density, and therefore a smaller effective
pore size of the hydrofjeetwork. These results are consistent with the literature
on freestanding PEG hydrogels in that monomer content directly controls the
hydrogel layer crosink density, which would in turn determine the effective mesh
size and MWCG?>%°¢ The IIFRP hydrogetoated membranes also show thicker
dry thickness upon increased PEGDA concentration due to faster polymerization

achieved at higher monomer concentrations, and to higher polymer content in the
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resultant hydrgel layer leading to a thicker film when dried for SEM imaging

(Figure 4.10)

Hydrogel layer ~ 130 nm

Figure 4. 10. Membrane prepared with monomer solution containing 10 v/v%
PEGDA and 5 min UV exposure time; a thicker layer is formed compared to
moromer solution with 5 v/iv% PEGDA at same UV exposure tiReproduced
with permission fror#*3. Copyright © 2018, American Chemical Society.

We next examined the effect of different inert additives such as low
molecular weight PEG (PEG200 and PEG600, with ayemolar masses of 200
Da and 600 Da, respectively) on the permeation and rejection properties of
membranes prepared by IIFRP of PEGDA (Tablg. For thiswe added the PEG
oligomers at varying concentrationsi(B0 v/v%) to the monomer solution and
performed IIFRP using a 5 min UV exposure time. The presence of PEG oligomers
during the gelation of PEGDA in water is reported to cause phase separation
between PEG and PEGDA during photopolymerization, termed polymerization
induced phase separation (PIPS)YPEG oligomers are inert porogens that do not
polymerize with PEGDA, and arwashed away upon rinsift). This leads to the
formation of pores or void®> %839 The presence of voids within the seieet
layer leads to an increase in the permeance and/or pore size of the resultant
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membranes, enabling us to tune their separation properties to the desired

application.

Table4.1 shows the pure water permeances of these membranes, and the
rejections of twgroteins, BSA and Cytochrome C, as an indicator of their effective
pore size. The two top rows of Taldld show that a small amount of PEG200 (2.5
vIv%) increases the permeance by 1.8 times over the hyetogtdd membrane
without the PEG200 while maimning similar protein rejection properties.
Increasing PEG200 content further to 10 v/v% increases the membrane permeance
to about 3 times the value for the membrane prepared wite@200 butauses
no significant change in rejectio®ur hypothesis ighat PIPS during this process
does not create interconnected large pores, but discrete voids, or cells, similar to
those observed in closegll foams. The voids are enclosed with continuous
hydr ogel Awall so within thatyisuadhanged.i ve | aye
However, the enclosed voids do not pose re
film thicknesso, or the net thickness that
the depth polymerization progresses fibhis can improve the permeanc
subsequently, without changing the mesh size of the PEGDA netfifokk an
interesting parallel, recent studies have reported the presence of interspersed voids
within the thin polamide selective layers of RO membranes manufactured by IP
method®3® 31 These voids are filled with water during filtration and result in the
creation of a shorter diffusion path and thus higher permeance. Lditsriedicate
that a similar mechanism of increased permeance may be at play when PEG200 is

used as an additive at low to moderate concentrations, though these results warrant
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further morphological characterization as a future sturdgddition, PIPS malead
to an increase in the fractional free volume of the selective layer by creating voids
smaller than the size of the protein within the layer, again leading to a higher

permeance without a change in selectivity.

Table 4. 1. Effect of comonomer/porogens as additives in monomer solution on
hydrogelc o at ed membr anesd per meRepracieedavithd r ej ect i
permission fror?3. Copyright © 2018, American Chemical Society.

Membr a| Per meg BSA Cytochr

Sampl e[( L?mMbay Rgecti|l Reject
5% PEGL 1. 0. >00* 92.5 N
5% PEGO N N

> 59 PE 3.6 0. >909 93N42.
5% PEGO N N
10% PEG 5.9 0. >909 96 N71.
5% PEGO N N
20% PEG 3.8 1 >909 94N9O0.
5% PEGO N - -
30% PEGQ 6.3 N 85 N 71 N
5% PEGLO N - -
30% PEG 8.1 N 70 N 65 N
5% PEGLO N N
> Eo% PEI 2.6 0. >909 95N00.
7.5% PEl 1.1 N >9009 99.5 N

* Detection limit
Error margins indicate standard deviation from at least three samples.

Upon further addition of PEG20@( v/v%), the permeance decreases, yet
similar rejection properties are obtained. This decrease in permeance could be
explained by the fact that Y»cantincreaseount of |
the solubility #fcaldulated ushy MdletulamsMo@eling Bro MP a
Software) in the w&F£%Thisnpahessesorfeloftre PU7. 9 MPa
to partition into the monomer solution before UV exposure, leading the
polymerization reaction to no longer occur just at the interface, allowing the

hydrogel layer to penedte intothe membrane poreslowever, wherB0 v/iv%
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PE&00 was used in the monomer solutidhe resultantpermeancevas about
three timeghe value for the membrane prepared without any PEG200. This was
accompanied with a decrease in the rejection of B8# and Cytochrome (T his

is likely due to theformation of interconnected pordsy PIPS at this high
concentration of PEG20Mert additives such as PEG oligomers can also interfere
with the polymerization reaction when present at high concentra&fibfisis could

also have resulted in the observed decrease in protein rejection.

PEG600 has been documented to create larger pores ifiokessPEG gels
than PEG200 due #®IPS occurring more significantly than with PEG2¢0vet,
our results indicate that addition of-20 v/v% PEGG600 leads to similar results as
those obtained with similar amounts of PEG2@@milar to PEG200, higher
permeance (more than four times onyarison to the one without porogen) and
lower protein rejections were obtained at 30 v/iv% PEG600. These changes,
however, were more significant than those observed for PEG200. The formation of
larger pores by PEG600 can be attributed to either PIPSroarto a larger extent
in comparison to the PEG200 porogéher to PEG600 inhibiting polymerization
to a greater extent than PEGZ60This shows that the hydrogel network can be

easily tuned using different porogens.

Crosslink density and PIPS can also be influenced by the presence of a
monacfunctional comonomer such as poly(ethylene glycol) methyl ether acrylate
(PEGMEA) mixed with PEGDA in the monomer solutitfdThe results in the two
bottom rows of Tabld.1 show that copolymerization of PEGMEA with PEGDA

leads to a higher membrane permeance in comparison with a membrane made with
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PEGDA only (7.5 viv%). BSA is fully retained by batembranes, whereas the
rejection of smaller Cytochrome C decreases somewhat, indicating a slight increase
in the effective pore size of the membrane. The replacement of some PEGDA with
PEGMEA would decrease the crdsk density in comparison with the ménmane
containing only PEGDA, leading to this higher mesh size that controls protein
selectivity3?® 3#2 ong pendant chains introduced by the addition of PEGMEA to
the hydrogel network can disrupt polymer chairckhiag and thus decrease
crosslink density®® Also, PEGMEA with free methoxghain enegroups decrease

the crosdink density by decreasing the fraction of péiyctional monomers that
create crostinks and providing more fractional free volume in the netwd#c*?

Unlike PEG porogenf?EGMEA also patrticipates in the polymerization reaction.
This increases the effective monomer concentration in solution (compared with, for
example, the membrane prepared from 5% PEGDA and 2.5% PEG200) and hence
leads to a highepolymer contentand lower permeance in comparison with

membranes prepared with inert porogens from 5% PEGDA.

Finally, consistently small deviations (i.e. permeance range shown by error
bars in Figure4.9 and standard deviations in Tallld) were obtained for each
condition testd using these additives. This indicates the robustness and reliability
of our simple process for forming hydrogel membrane selective la&yensbined,
the results in Figurd.9and Tablet.1 demonstrate théihe IFRP technique yields
readily tunable membne parameters widening the scope for various protein
separation applications. Also, while not fully explored in this study, the selective

layer can be modified to include any otheatersoluble components (e.qg.
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comonomers, porogens, nanomaterials). Byefcdly tuning the parameters,
hydrogel selective layer can be designed for targeted separations (e.g.-cbarged

affinity-based separations).
4.3.7.Fouling Resistance

Fouling resistance is crucial for the successful use of membi&resiling
is a particularly prominent challenge in protein separation applications, because
proteins are especially prone to adsorb on the membrane surface and inside the
pores®'®3l' Thiscan cause substantial flux decline and cause changes in membrane
selectivity due to pore narrowiridf 318319 Therefore, it is crucial for newly
developed membrane materials to resist fouling to ensure reliabig,term
operation, especially for such hifbuling applicationsWe thus examined the
fouling of hydrogelcoated membranes prepared by IIFRP during the filtration of a
protein solution over an extended period of time. For thésperformed a cyclic
fil tration experiment with 100 ppm BSA solution as a model protein in aftooss
set up at a TMP of 40 psi, feed flow rate of 135 ml-morresponding to a shear
rate of 9.4 3 over two 6hour periods of protein filtration, between which deionized
waterwas filtered through the membrane for two hours (Figuté). Experiments
were performed using a round membrane swatch with an effective filtration area of
4.1 cnt. For the fouling experiment, we chose the membrane prepared with 5 v/iv%
PEGDA and 2.5 vivVd®EG200 at UV exposure time of 5 min as an example. This
membrane showed high permeance and high rejection for BSA (>99%), so no
internal pore fouling was expected, emphasizing the fouling resistance of the

hydrogel layer covering the surface.
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The membraa was first equilibrated and compacted by filtering DI water for
5 hours. The initial water flux at the end of this periedned d, was measured to
be 12.5 L n? h'l, corresponding to a permeance of 4.6 £ it bar!. Next, BSA
solution was filteredhrough the membrane for 6 hours. The membrane initially
showed <2% reduction in flux during the filtration of this solution, and no further
noticeable decline in flux throughout the-$igur period. It is worth noting that the
2% drop in the flux of protei solution could arise from the osmotic pressure
difference caused by the presence of retained solutes in the feed and from
concentration polarization rather than an indication of any fodfit§® The lack
of further flux decline during operation implies no builg of foulants occurs on
the membrane surface, due to the adsorption of proteins or due to cake
formation3%%37% Next, to test the rearsibility of this minor decline in flux and
confirm its cause, the feed was switched to DI water for two hours. The membrane
immediately returned to its initial flux without the need for backwashing or
chemical cleaning, clearly indicating excellent risise to fouling by this protein.
Comparable results were achieved during the second protein filtration cycle. No
fouling was observed in this second protein filtration cycle either. BSA molecules
were retained by >99%. The membrane immediately returnéd toitial water
flux upon water filtration. This result clearly illustrates the excellentfanting
property and robustness of our hydregehted membrane over extended exposure
to protein solutions. In contrast, commercial UF membranes used ieinprot
separations (e.g. made of PS) are known to foul extensively and immediately upon

exposure to protein solutions, often leading to severe flux decline during the
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filtration of the solution, as well as flux declines of more than 50% that cannot be
reversé even by more complex physical cleaning procedures compared with those
used in this experimefit. 31° 3"'The excellent fouling resistance demonstrated in
this experiment illustrates the potential of [IFRP tegare highly fouling resistant

membranes for protein separation.
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Figure 4. 11. Longterm fouling resistance of hydrogebated membrane upon
exposure to a model protein (BSA) solution. Testsgoeréd in a crosfow set up

at a TMP of 40 psi; flux is normalized by average initial water flux. Hydrogel
coated is extremely fouling resistant suitable for protein purificaReproduced
with permission frorf?3. Copyright © 2018, American Chemical Sogiet

4.4.Conclusiors

This report is the first demonstration of a new, robust interfacial
polymerizationbased technique, IIFRP, to manufacture membranes withthitra
hydrogel selective layers, their key performance parameters in relevant to protein

purification and separation applications. As an initial demonstration of this
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technique, this study focused on membranes with dnussd PEGDA selective
layers, prepared using varying UV irradiation times and with comonomers or inert
additives. The formatiorof uniform hydrogel layers as thin as <100 nm was
documented at different UV exposure times usiB$EM andconfirmed via FTIR.
Water filtration experiments showed that membranes prepared by IIFRP exhibited
reliable and consistent performance. UniformestVe layers with complete
coverage were formed at a UV irradiation time o5 4ninutes, with longer
exposures leading to thicker selective layers and lower permeance without any
significant shift in selectivity. The filtration of proteins with differanblecular
weights revealed the formation of deféae and uniform selective layers,
indicated by complete rejection of higher molecular weight solutes. Initial
membranes prepared with solutions containing 5 viv% PEGDA and 2.5 v/v%
PEG200 had a MWCO of aund 810 kDa. The permeance can be further
improved, and MWCO can be adjusted, by adjusting simple fabrication parameters
such as the monomer concentration or by the incorporation of comonomers or inert
additives that act as porogens in the monomer solutiastly, extended protein
filtration experiments showed that the membranes exhibit excellertoalitig

properties and stability for protein purification.

Taken together, these results indicate that the newly described IIFRP is a
facile and robust farication strategy to manufacture membranes with uniform and
defectfree hydrogel selective layers with tunable protein filtration properties.
Unlike common singlghase polymerization methods used to prepare membranes

with hydrogel selective layers, IIFRBllows for the formation of ultréhin
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hydrogel layers. Furthermore, IIFRP leads to uniform selective layers due to the
formation of the hydrogel layer at an interface spanning the surface of the support,
minimizing defectsWe envision that this novel Baication method can open up
promising routes for industrial scale fabrication of uttren hydrogel selective
layers. Furthermore, IIFRP can be readily extended to the fabrication of hydrogels
with additional functionalities via incorporation of diffetecomonomers (e.g.
charged monomers, zwitterions, etc.) in a reliable and reproducible manner for a

variety of applications
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5 CONCLUSIONS  AND FUTURE

ProsPECTS

The main theme of this thesis was the development of fabwcation
methodsthat would addess two key challenges of membrane systems today:
limited selectivity, andestrictedmembrane chemistriedly work used tools of
polymer chemistry and sedtssembly t@ropose novel solutions to thgz®blems
and has led to the development of new platfie for preparing functional

membranes.

In chapter 2,Fabrication of charged nanochannels membranes by self
assembly of random copolymer micelles was shown. An amphiphilic copolymer
was synthesized using free radical polymerization, a simple and scaletbhledm
which is important for future scale up of these membranes. The high incompatibility
between the two segments of the copolymer led to spontaneous formation of
micelles in alcohol. The membrane is then fabricated using thessdfmbly of
these micels by a simple and scalable coating process on a commercial porous
support. The interstices between these packed array of micelles serves as charged
nanochannels (& nm) through which water and solutes can pass. The high density
of negatively charged cavkylate groups along the pores led to unprecedented
separation selectivities between sudnometer organic solutes of similar size but

different charge. Similar to biological pores (e.g., ion channels), the selectivity was
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further enhanced in competitive iffdsion experiment as a result of
nanoconfinement. At high ionic strength, the rejection of negatively charged solutes
decreased suggesting Donnan exclusion mechanism is effective. This further
confirmed by filtration of salt solutions with different cemtrations and valences.
Importantly, the membranes showed high permeability, comparable to industrial
membranes. Overall, the results in chapter 2 present a promising approach for
scalable fabrication of membranes that can separate solutes based cimatigeir

The applications for such selective separations include purifying pharmaceutical
ingredients, such as amino acids and antibiotics, and also biofiaelsfacturing

processes that use emerging solvents, such as ionic liquids.

Table5. 1 s u mmaerent etlsods dléscribed in the literature for this
purpose, including the approach described in this dissertation. Compared with other
approaches described in the literature, the membranes developed here had much
higher permeance and selectivity and weranuafactured using an easier and

scalable approach.

Carboxylic acid groups are we&thown to form complexes with metal
ions’ Presence of heavy metals is a major environmental cotitamthey are
released into the environment by various industries such as battery manufacturing,
nonferrous metallurgical manufacturing, and electrical, paper and mining
industries’’* They are also at times present as natural components of water, as they
are found naturally in the earthdds crust

by soil erosion and mining?
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Table 5. 1. Comparison of the work describdgre with other membranes for
chargebased separation of small organic molecules reported in literature.

Highest
reported
Smallest| Range of Ease of selectvity for
Method pore available | manufacture| Porosity/ a charge
size functional and Permeability based
(nm) groups scalability separation of
small
molecules
Gold
nanotube 0.9 Very high Very low Very Low 13.3
membrane$?
Polymer sel
assembly Very :
inside the 4.5 limited Very high Very Low 3.5
PCTE"
NP-Den 7 High Medium Medium 11
assemblfP
Micelle self
assembly (this 1-3 Very high | Very high Very high 263
work)

The high density of ¢hoxylate groups lining the pores of the membranes
presented here, make them very promisingtiiercapture of heavy metal ions.
Given the small size of metal ions, reverse osmosis (RO) which makes use of a
sizeselective membrane can be used to efficer@move metal ions from water.
However, RO membranes require high operational pressure. They are also unable
to separate metal ions from one another, as they operate solely based on size
sieving. Carboxylic groups lining the pores can capture the matabipselectively

binding to them, while it operates at much lower pressure.

Our preliminary results showed high adsorption capacity for several metal
ions (e.g., Cu, Al, Fe, etc.). This can be widely expanded for various metal ions

(i.e., membrane funahalization) within future studies.
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In chapter 3 the versatility of these membranes for aromatibiged
separation was demonstrated. The carboxylic acid groups on the pore walls can be
readily converted into phenol groups using a straightforward camungehemistry
(EDC/NHS), which can in turn, separate molecules with similar size and charge
based on their aromaticity. The functional group is selected to have favorable
interactions with the solute. These membranes showed excellent transport
selectivity(up to 7 timeybetween two steroid hormones of similar size and charge
following the hopping mechanism. The interactions between solute and functional
groups on the membranes were studied using €BCMhis report is the first
demonstration of membratt@sed separation for small molecules based on their

aromaticity.

This proof of concept shows that we can design membranes for each targeted
separation by identifying desired functional groups on pore walls, screening them
by QCMD, and easily functionalimg these membranes through EDC/NHS
chemistry. Thus, the membrane functionality can be easily leveraged for a variety
of separations. This indicates a promising future project direction for even more

complex separations such as chirabgsed separation.

Because the selectivity of these membranes is a result of sequential binding
and unbinding between solute and functional groups, feed concentration might play
a role in membrane selectivity. According to facilitated transport thadrnghwe
believeis in effect forthesechemoselective membranes, flux of preferred solute
initially increases linearly with feed concentration and the plot of flux versus feed

concentration should then flatten at higher concentration. Future studies are needed
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to study if thefacilitated transport mechanism is in effect for membranes developed

here.

To further improve membrane selectivity the copolymer compositions and
molecular weight can be altered. In addition, selectivity of these membranes will
likely increase with graftig from the carboxylic acid groups. This is because
grafting from COOH groups that line the pores will decrease pore size while the
functional group density increases in the pores, both of which are expected to
enhance membrane selectivity. Grafting me#®uth as Activators ReGenerated
by Electron Transfer Atom Transfer Radical Polymerization (ARGET ATRP) can
be utilized to initiatgpolymerizationfrom the functional groupsn the membrane
poresurfacasand grafipolymer chains ofariousfunctionalitiesinto the membrane
pores. Initial experiments confirmed successful grafting, while the selectivity of

these membranes warrant further studies.

Stimuli-responsive membranes respond to changes in feed conditions (e.g.,
temperature, pH, ionic strength, preseatspecific analytes) or external fields or
stimuli (e.g., electric or magnetic fields, light exposure) and exhibit a change in
performance parameters such as permeability and/or seleétfvitguch
membranes caact as smart valves that increase or constrict flow without the need
for external control, enabling the user to control and tune parameters such as pore
size to suit specific application it is used for. This capability may enable automated
regulation of pecific compounds or reactants upstream from the membrane without
external intervention. This can be of great use in water and wastewater treatment or

biomanufacturing. In additigrthangesnay be used in controlling the binding and
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release of a target cqround, opening up opportunities for the design of membrane
adsorbers, most commonly used in removing trace compounds for water treatment
and for the downstream processing of biopharmaceuticals. As previous studies
show, also partly studied in chapter 2ndam copolymers do not possess
responsive behavior do to their structural feature. Grafting from the pores can also

impart responsive behavior to the membrane.

In chapter 4,a novel method fothe fabrication of ultrathin hydrogel layer
was presented, IIHR The layer performance was studied in relevant to protein
purification. By altering simple experimental parameters (e.g., UV exposure time,
monomer concentration, porogen, comonomer) the hydrogel layer properties can
be tuned. The membranes showed sopdduling resistant property upon long

term exposure to protein solution.

Table 5.2 compares the approach presented in this dissertation with other
available approaches. The IIFRP technique enables ultrathin coatings from a wide
range of monomer solutioniscosities, is fast and easily scalable to-toiioll

processing and can incorporate functional nanomaterials.

This new, robust and consistent method can open up a whole new direction
for the fabrication of ultrathin membranes for various applicationshapter 4ywe

used porogens to increase membrane permeance.

157



Table 5. 2. Comparison ofour approach with alternative TFC membrane
preparation techniques

. . Grafting from
Interfacial step |Coating (e.g
membrane Our
growth doctor
Feature o Surface approach
polymerization blade, o
Plasma initiated (IFRP)
(1IP) spray) o
polymerization

Ultrathin coating

. Vv Vv Vv Vv
possible (<200 nn v
Hydrpgel layers U Vv Vv Vv Vv
possible
Uniform, defect Vv U U U Vv
free layer
Wide range of
MWCO U \Y \Y, \Y, Vv
Well-gontrolled Somewhat Vv U Vv \%
chemistry
Easy mcorpor.atlor U Vv U U Vv
of nanomaterials
No damage to Vv Vv U U Vv
support layer
Time f .

me_ or Short Short Varies Long Short

continuous layer
V\./orks.wnh Iow Vv U Vv Vv Vv
viscosity solution

The membrane permeancan be enhanced by different approaches. One of
the most importanfactors that can play a major roleimerfacial polymerization
and subsequently the membrane permeance is the type of support membrane and
its MWCO. Literature shows a significant impggctp to an order of magnitude) of
the support membrane on the permeance of the TFC memBraus.initial
experiments showed different results for various support membranes (PAN, PVDF,
PS with different MWCOSs). Thus, optimizing the supportnmbeane would be

beneficial for future projects.
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The hydrogelmesh size can be further tuned using different PEGDA
molecular weights. Different comonomers with different functionalities can be

readily added to the hydrogel selective layer to impart newatifumalities such as:

- Sulfopropyl methacrylate (SPMAD impart negative charge into the
selective layer for chargeased selectivity, increase charged solute
rejection, and prevent fouling by negatively charged foulants.

- Sulfobetaine methacrylate (SBM#&) impart zwitterionic groups into the
selective layer to improve hydrophilicity, permeability and fouling
resistancé? 37%3"° change selectivity’” 3’ and create mennanes that
respond to feed ionic streng'th. 314. 37884

- Poly(ethylene glycol) acrylat®®EGA)to increase mesh si¥é 38

Furthermore, literature shows amorphous €tiwked hydrogel networkare
very promising for removal of C{and BS from mixture of light gases such ag H
N2, CHs. Because polar ether groups in PEGDA have high affinity for@@©ther
polar gases such as,$] which results in high permeation saieity, 326327 386
However, the current method for manufacturing hydrogel layers result in a very
thick layer with very low permeanc®urnew method, IIFRP enables formation of
very thin layer.My preliminary reults confirmed orders of magnitude higher
permeation of Cewith very high selectivity for Ce)N». This could potentially be
a step forward toward processing this large quantity of emitted &ording to
the EPA, approximately 6.87 billion metric toref CO; are released in the U.S,

accounting for 81% of all greenhouse gas emis&ibRurthermore, incorporation
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of functional groups with higher affinity to GQe.g., amines, ionic liquids) within

the hydrogel selecterlayer, may enables even higher permeation selectiity.

This new method is not limited to hydrogels. In fact, it can be extended to
new emerging applications such as organic solvent separations. This isgpogsibl
appropriate selection of a polyfunctional monomer that does not swell in organic
solvents such as alcohol. Also, the same method could be applied for fabrication of
hydrophobic layer on a porous support by using an oil soluble monomer and water
solubk initiator. In essence, the method presented in this dissertation is very

versatile for all various applications and can opens up a whole new direction.
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APPENDICES

Al SeLECTIVE T rRANSPORT T HRrROUGH

Meveranes witH CHarGeD NANOCHANNELS

ForveD BY SeLr-AssemBry oF Ranpowm

CoproLYMER M ICELLES

Al.1. Documentation of Hydrogen Bonding in Methanol Using FTIR

Spectroscopy

To document micelle stabilization through hydrogen bonding between MAA
groups and methanol, FTIR experiments were performed on micellar solutions i
methanol and copolymer powder (Figure A1THe hydrogen bonding is evident
by carboxylic acid peak broadening at ~1730"cthat is visible only in the
methanol solution. A broad peak in the absorbance range of3@@Mcm’ is also
an indication of gdrogen bond formation between hydroxyl groéf3sThese

peaks, highlighted in yellow, are not present irypar in solid powder form.
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PMAA homopolymer in methanol
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Figure Al. 1. FTIR spectra of the copolymer solution in methanol and solid
copolymer powder. Yellow highlighted regions correspond to hydrogen bonding
between copolymer and methanol.

Al.2. Effect d Metal lons on Micelle Size Quantified by DLS

DLS analysis was used to measure the average effective hydrodynamic
diameter of micelles in solution (Table A1.1). All measurements were performed
in solutions containing 0.5 wt% copolymer in methanol, withowes salts added
to the solution. Here, r is the molar ratio between COOH groups in the copolymer

to metal ions.
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Table Al. 1. Effective hydrodynamic diameters measured in P(TFEIMAAA)
solutions in methanol in the prese of different metal salts.

Metal salt r Average micelle size
(nm)
) - 17.1
NaOAc 20 124
NaOAc 10 114
Cu(OAcY 20 503
Cu(OAck | 10 506
CuCbk 20 28.7
CuCbk 1 34.01
CaCb 20 32.0
CaCb 1 35.79

A1.3. Characterization of Complexation Gemetries Using U\vis and FTIR

Spectroscopy

The coordination geometries upon addition of metal ions were further
confirmed using UWisible spectroscopy. A solution of 5 wt% copolymer with
CuCb at a molar ratio MAA:CuClof 20 (i.e. r=20) was prepared irethanol. The
control sample prepared was with same Gugincentration in methanol but

without the copolymer.
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— Copolymer with CuCl,, r=20
ﬂ ------- CuCl, in MeOH

Absorbance

200 400 600 800 1000
Wavelength (nm)

Figure Al. 2. UV-visible spectra of the copolymer solution with CuCl

Solutions of 5 wt% copolymer with CundCaCk (r=20) in methanol were
used for FTIR analysis. They showed no peaks at about 162@cib650 cmt
corresponding to bridging and chelating bidentate complexation, respeétively.
This further confirms that counterions bound to metal icas affect the

complexation of metal ions with carboxylates.

Absorbance

CaCl,, r=20

1850 1750 1650 1550 1450 1350
Wavenumber (cm-')

Figure Al. 3. FTIR spectra of copolymer solution in methanol in presence of.CuCl
and CaCl.
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Al.4. Effect of Solvent Evaporation Time on Membrane Morphology

We examined the effect of solvent evaporation time before submerging in
water for membrane by imaging a membrane coated with a solution of CP50 and

immersed in water after a 2 minute evaporation time. As can be seen from Figure

Al.4, the coating layer is denaed uniform, with no distinct micelles visible.

Figure Al. 4. Effect of solvent evaporation time on selective layer structure of
CP50coated membrane (a) 20 s and (b) 120 s evaporation time.

A1.5 Effect of Support Membrane Surface Morphology

Figure Al5a and b shows two commercial membrane surface morphologies.
As the Figure illustrate® DVF membrane has much bigger pores on the membrane
surface resultingn the penetration of micelles into the pores atwhging the
membrae instead of forming a uniform coating layer on top as the case of PAN
400. Thus, he multilayered micelle structure was not seen when support
membranes with larger surface pore sizes were used (PVDF400R, Nanostone). The
penetration of micelles inside tipores result in clogging the membrane pores,

leading to very low permeability (<0.1 L*fi?! bar?).
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Figure Al. 5. Surface morphology of (a) PVDF 400R (MWCO: 250K), (b) PAN
400 (MWCO: 200K), (c,e) crossection of PVDF 40R support membrane, (d,f)
Crosssection of PVDF 400R membrane coated with CP40 polymer. No coating is
visible when PVDF 400R was used as the support membrane.
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