
 

 

Novel Approaches to Manufacturing Membranes with 

Controlled Selectivity 

 

 

 

A dissertation submitted by 

Ilin Sadeghi 

 

 

 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

in 

Chemical & Biological Engineering 

Tufts University 

May 2018 

 

 

Advisor: Ayse Asatekin 

Copyright (2018) by Ilin Sadeghi 

 



ii  

 

ABSTRACT 

Membrane separation processes are energy-efficient, green and easy to 

implement. They are used in a wide array of applications from waste water 

treatment to pharmaceuticals to food industries. However, these established 

applications are mostly constrained to separations based on a size sieving 

mechanism. Moreover, there are only a handful of membrane chemistries on the 

market, further limiting their applications. In this dissertation, these two problems 

are addressed by utilizing new approaches.  

First, chemoselective membranes are fabricated by self-assembly of random 

copolymer micelles, a simple and scalable method. This copolymer self-assembles 

during coating to form a structure with interconnected 1-2 nm nanochannels, lined 

with functional groups. The nanoconfinement along with chemical functionality 

leads to high separation efficiency of small organic molecules. In addition, the high 

porosity of the membrane selective layer leads to high permeability. Initially, this 

approach was used to prepare membranes to separate a mixture of two solute with 

similar size, but different charge in both diffusion and pressure-driven filtration 

experiments. The membranes exhibited unprecedented charge-based selectivity for 

small molecules that was further enhanced in competitive experiments. This effect 

is similar to that observed in biological pores such as ion channels, implying novel 

selective transport mechanisms.  

Next, these membranes were modified to address a more complex separation 

of small molecules based on their aromaticity. A simple and straightforward 
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conjugation chemistry was used to convert the carboxylate groups in the pores to 

aromatic groups. The permeation selectivity of these membranes for separation of 

two steroid hormones of similar size and charge was examined. Selectivity was 

linked with the interactions of these solutes with functional groups on the 

membrane surface, measured using quartz crystal microbalance with dissipation 

(QCM-D), which provides a significant insight into separation mechanism. The 

functionalized membrane showed exceptionally high selectivity for the aromatic 

solute in competitive diffusion experiments. This, in combination with additional 

results, imply a hopping transport mechanism. 

In another direction, a novel method to fabricate of membranes with a wide 

range of monomer chemistries in a simple and scalable manner, interfacially 

initiated free radical polymerization (IIFRP), is presented. We developed this 

method and exploited the applicability of this method for fabrication of ultrathin 

hydrogel selective layers and its application for protein purification. Membrane 

performance can be tuned by experimental parameters such as UV irradiation time, 

monomer concentration, and the addition of porogen or functional comonomers. 

The results illustrate successful fabrication of uniform, defect-free and ultrathin 

hydrogel layers whose dry thickness varies by UV irradiation time. The hydrogel 

membranes are efficient and stable with excellent antifouling properties, and 

suitable for protein purification. 

Overall, the results presented in this dissertation illustrate simple, robust and 

scalable approaches for fabrication of selective membranes for various targeted 

separations. Both methods can have a broad impact in various areas from 
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pharmaceuticals, drug delivery, sensors, barrier 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 array of applications, from water 

treatment,1-3 gas separation4 to the purification of biopharmaceuticals5 to the food 

industry.6 Despite wide range of applications, there still remain two main 

challenges toward broadening membrane applications and replacing the more 

energy-intensive separation processes. First, the applicability of membranes is 

often limited to removal of all solutes above a given size from a feed stream (i.e. 

size-based separation). While there are number of methods to impart chemical 

selectivity to membranes, their complex and time-consuming fabrication procedure 

as well as low permeation prevents them from commercialization. In this 

dissertation, these challenges are addressed by developing highly selective and 

permeable membranes in a simple and scalable manner using polymer self-

assembly. 

Second, despite the diversity in membrane applications, membranes today are 

made of only a handful of polymer chemistries (e.g. thin film polyamide, PA) due 

to limited scalable and simple fabrication methods. Most thin film composite (TFC) 

membranes on the market feature interfacially-polymerized (IP) cross-linked 

polyamide selective layers.7-8 This method creates a very thin selective layer using 

a simple, scalable roll-to-roll process, resulting in high flux, but is limited to a 
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narrow range of polymer chemistries. Furthermore, IP also generates a highly cross-

linked and dense layer that 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 selective layers 

from a wide range of monomer chemistries in a simple and reliable manner. It also 

provides an easy approach for incorporation of different nanomaterials within the 

selective layer, enabling fabrication of multifunctional selective layers. 

Developing membranes possessing new features (e.g. chemical selectivity, 

catalytic activity, etc.) can have a great impact in broadening the scope where 

membranes are utilized. This introductory chapter describes the fabrication 

methods that have been utilized for fabrication of chemoselective membranes. It 

also explains the methods that have been exploited to make ultra-thin layer 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 of Small Molecules by Chemical Structure  

Separation processes account for 45% of energy used by chemical and 

petroleum industries.9 Separation of small molecules is especially energy-intensive, 

often conducted by distillation, extraction or chromatography.10 In contrast, 

membrane filtration is energy efficient, simple, and requires no additional 

chemicals.11 However, membranes today can only separate solutes based on their 

size. Membranes capable of more challenging separations, with selectivity 
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controlled not only by size but also chemical features, could 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 polymer layer (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 similar size but have different chemical structures ï a 

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 sustainable and energy-efficient. Such membranes could 

potentially replace more energy-intensive unit operations such as distillation, 

extraction and chromatography, significantly improving the environmental profile 

of chemical processing. 

1.1.2. Inspiration and Selectivity 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 structure-property 

relationships regarding how polymer chemistry and nanostructure affect 

membrane-solute interactions and subsequently its separation performance 

especially when the nanostructure size is comparable with solute size.12 

Commercial separation membranes operate either based on a sieving 

mechanism, or on a solution-diffusion mechanism where the solubility and 
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diffusivity in the membrane selective layer controls permeation.13 The 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 and chemical 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, and functional groups lining 

the pore that interact with the target, Figure 1.1.14-16 The nanostructure constricts 

flow and confines all components passing through, forcing them to interact with 

the chemically functional walls. The solute that interacts favorably and reversibly 

with the nanochannels is preferentially partitioned into the nanopores, which 

prevents the entry of other solutes. In fact, nature utilizes nanoconfinement and 

chemical functionality, which bring about superior selectivity and permeability for 

the target solute. The 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 pore, emphasizing the need for 

reversible interaction.12 This mechanism suggests that fabrication of membranes 

with exceptional selectivity and permeability may be possible by engineering 

nanostructure and functionality, leading 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 ~ 7-11 Å in size, (b) Maltoporin 

monomer bound to maltotriose (black), showing the interaction between the sugar 

molecule and pore walls. Reproduced with permission from 16. Copyright © 1998, 

Academic Press. (c) A model of operation for the nuclear pore complex, regulated 

by binding and unbinding interactions between phenylalanine-glycine domains and 

the carrier proteins. Reprinted with permission from 17. Copyright © 2007, 

American Association for the Advancement of Science. 

 

 

1.1.3. Transport Modulation by Chemically Functional Nanostructures 

Solute-polymer interactions have crucial effects in membrane separations. If 

a sieving style separation is desired, polymer-solute interactions need to be avoided, 

because they cause fouling (Figure 1.2).18-19 Strong interactions are desired for 

chromatography and adsorption, but this also means solutes are simply adsorbed on 

channel walls and do not permeate.20 Improved transport can potentially be 

achieved in the intermediate range, where solutes associate and dissociate 

repeatedly with the functional groups in the channel.12 However, if polymer-solute 

interactions are selective and reversible, and if the pore size is only slightly larger 

than the solute size, facilitated transport can potentially be achieved.12, 14 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 site.12 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. 

 

Figure 1. 2. Effect of solute-wall interaction on transport features. 

 

1.1.4. Approaches for Fabrication of Chemoselective Membranes 

1.1.4.1. Top-down approaches 

Attempts have been made to mimic these biological channels and incorporate 

chemical functionality into 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 narrowing and modifying the pores of track-etched 

(TE) or anodized alumina membranes, which feature cylindrical through-pores 

down to 20 nm in diameter. The pioneering work by Martin and coworkers, which 

includes the electroless deposition of gold onto pore walls, is one of the most 

reliable methods currently available to tune the pore size and membrane pore 

chemistry. In this approach, after narrowing down the pores to a desired pore size 
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by electroless deposition of gold, the membrane is treated with thiols carrying the 

desired functionality to form self-assembled monolayer (SAM) within the 

membranesô pores. Gold nanotube membranes have been used for small molecule 

separation based on size, charge, hydrophobicity, and chirality.21-28 They also have 

been examined for protein and DNA separations and sensing applications.29-32 

Commercial and widespread application of gold nanotube membranes is 

however limited because of their complex and lengthy (>24 h) manufacturing 

method. The process involves using toxic chemicals and heavy metal salts such as 

AgNO3, SnCl2, and Na3Au(SO3)2. More importantly, although this method 

provides precise pore size control, functionalization of these membranes is further 

challenged because of very slow formation of SAM within the nanopores. 

Moreover, the thiol functionalization of the gold surface inside the nanopores has 

often founds to be incomplete.33 Furthermore, the electrical double layer formation 

due to presence of metal further complicates the prediction of separations.33-34 

Another method for narrowing down the pores uses atomic layer deposition 

(ALD) within anodized aluminum oxide membrane (AAO) with SiO2, followed by 

silane treatment to functionalize the pores.35-36 This method requires temperatures 

over 200 ęC for deposition. In this elevated temperature, most polymeric 

membranes undergo structural and morphological deformation, which makes them 

unusable for this method. Inorganic membranes, on the other hand, are quite fragile. 

This limits their applicability. Also, the diffusion selectivities reported for these 

membranes are not very high (Ḑ5.5). 
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Chemical vapor deposition (CVD) is another method in which monomers and 

initiator enters a chamber held under low vacuum as vapors. The substrate to be 

coated is placed on a chilled stage. The initiator is decomposed by interaction with 

a hot filament and reacts with the monomer adsorbed on the surface. Even though 

high diffusion selectivity is reported for membranes prepared with this method for 

hydrophobicity based separation,37 CVD also has a number of disadvantages. It is 

still a long procedure. Furthermore, functionalization is limited to only volatile 

monomers. In addition, it requires cooling, heating (>150 ęC) as well as a vacuum 

system which may make it difficult for scalable, roll-to-roll processing.  

A simpler alternative for the functionalization of track-etched polycarbonate 

membranes exploits vacuum filtration of a polymer that self-assembles within 

membrane pores and narrows them down to a final pore size of 6-9 nm. Polymer 

binds to the pore walls through ionic interactions.38 Polymers bearing different 

functionalities (charge density, size, and hydrophobicity) 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 also limited. More importantly, the 

pore size is still too large for separation of small molecules leading to charge-based 

selectivity of up to about 3. 

All these top-down approaches share one main disadvantage: they all have a 

very low porosity (<1% versus 70-90% for typical membranes). The porosity is 

further reduced during the coating process, yielding very low fluxes. This 

significantly limits their use in membrane separation applications at large-scale. 
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Figure 1. 3. Top-down approaches for fabrication of chemoselective membranes; 

(a) Electroless plating to form gold nanotube membrane and their functionalization 

with self-assembled thiol monolayers; reprinted with permission from26. Crown 

copyright © 2008 Published by Elsevier B.V. (b) Chemical modification of porous 

anodic alumina membrane by atomic layer deposition of silica, subsequent 

hydroxylation step by water plasma and functionalization by fluorinated silane; 

reprinted with permission from35. Crown copyright © 2009 Published by Elsevier 

B.V. (c) Polymer self-assembly within a track-etched polycarbonate membrane, 

PCTE, by functionalizing the membrane with a PVP layer, followed by immersion 

in SnCl2 and filtration of an anionic polymer; reprinted with permission from38. 

Copyright © 2008, Springer Nature and (d) Initiated chemical vapor deposition 

approach to narrow down pores of a PCTE membrane; reproduced in part (with 

modification) with permission from39. Copyright © 2017, Springer Nature. 
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1.1.4.2. Bottom-up approaches 

1.1.4.2.1. Self-assembly of organic materials 

Bottom-up approaches to generating functional nanopores by self-assembly 

are simpler, more scalable and can offer a higher pore density and thus higher 

permeability. For example, composite membranes can be fabricated by immersing 

an amine-functionalized glass support membrane in a solution of gold nanoparticle, 

polyamidoamine dendrimers (PAMAM-Den) and carbon disulfide. This leads to 

the precipitation and cross-linking of the dendrimers and nanoparticles on the 

membrane surface. These dendrimer-nanoparticle (Den-NP) 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 tailored with post-functionalization.40 This approach is shown 

to be effective in charge-based separation of both small organic molecules and 

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. 

Pressure-driven filtration performance of these membranes is not reported. 

To reach smaller size scales, self-assembly of organic materials has been 

explored. For example, cross-linkable lyotropic liquid crystals (LLCs) have been 

used to form ordered hydrophilic phases that act as nanopores. This approach 

requires custom-synthesized surfactants and precise manufacturing conditions, but 
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recent progress has shown it can be applied in a roll-to-roll system to form 

composite membranes.41 This approach has been specifically studied for water 

desalination42-45 and chemical agent protection.46 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 synthesis of cyclic peptides that form hydrogen-bonded nanotubules. These 

nanotubes, however, need to be embedded in a lipid membrane47-48 or a block 

copolymer (BCP) whose pores are aligned perpendicular to the film surface.49 Self-

assembly of crown ether amphiphiles into long, cylindrical channels have also been 

utilized to create small pores. Aligned carbon nanotubes have also been studied in 

similar contexts.50-53 

In each of these cases, forming large scale membranes is difficult. These 

systems require custom synthesis of reagents (polymerizable amphiphiles or 

peptide rings) and are difficult to process into thin films with large area and 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 separation 

they can perform.  
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Figure 1. 4. Self-assembly approaches for fabrication of chemoselective 

membranes; (a) A glass filter, hybrid membrane consisting of nanoparticle-

dendrimer composites, reprinted with permission from40. Copyright © 2012, John 

Wiley and Sons. (b) Formation of a TFC membrane using an imidazolium-based 

LLC monomer, reproduced with permission from54. Copyright © 2012, American 

Chemical Society. (c) Directed co-assembly of cyclic peptide and a block 

copolymer, reproduced with permission from49. Copyright © 2011, American 

Chemical Society, and (d) Self-assembly of crown ether amphiphiles into columnar 

structure and formation of oriented matrix-fixed supramolecular channel, 

reproduced with permission form55. Copyright © 2000, John Wiley and Sons. 

 

1.1.4.2.2. Copolymer self-assembly  

The self-assembly of copolymers, as opposed to surfactants, peptides or 

dendrimers, is a promising approach due to the well-understood synthesis and 

assembly methods for these materials. Polymer self-assembly, where polymer 

chemistry and physics drive the spontaneous formation of nanoscale structures, is 

an especially promising tool that has the potential not only 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 segments of different 

polymers are covalently bonded, this propensity to phase separate results in 

microphase separation56-58 with the dimensions of each domain comparable to the 

size of the polymer segment (1-100 nm). Microphase separation can form an array 

of nanostructures, including lamellae, cylinders, spheres, and bicontinuous 

structures.57-58 For example, block copolymers (BCPs) can form nanostructures 

between 3-100 nm in size58 and highly ordered structures can be achieved by 

controlling polymer structure and processing conditions, Figure 1.5.57-58 Formation 

of nanostructure and transport modulation in BCPs has been previously studied.59-

60 While most studies have focused on controlling pore size and the responsive 

properties of the membranes, this approach has also been utilized to improve the 

selectivity of membranes between proteins of similar size based on their charge.61 

But BCP self-assembly is limited to size scales useful for separating 

macromolecules and particles. Domain sizes are typically between 10-100 nm due 

to structural feature of the blocks. To our knowledge, 3 nm is the smallest 

microphase separated domain size to date, too large in comparison with small 

molecules.49, 59-60, 62 

One of the most significant potential applications of membranes focuses on 

separating small molecules. There are few researchers attempting to separate small 

molecules (<2000 Da) using membranes with self-assembled polymers, because 

generating nanostructures at this size scale is challenging. Graft (or comb-shaped) 

and random copolymers, on the other hand, can create bicontinuous microphase 

separated structures as small as 1 nm in diameter.63-76 Thus, these copolymer 
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architectures are especially promising for preparing membranes that can potentially 

separate small molecules by chemical features. 

 

Figure 1. 5. Examples of phaseȤseparated morphologies in AïB type diblock 

copolymers. Various morphologies are observed as the fraction of the A block (fA) 

increases, such as spherical (S), cylindrical (C), gyroidal (G) and lamellar (L), 

reprinted with permission from56. Copyright © 2009, Springer Nature. 

 

Membranes that take advantage of this microphase separation behavior to 

form effective ñnanoporesò have been prepared by coating the copolymer onto a 

porous support to form a thin film. Nanochannels with size of ~1 nm are formed by 

self-assembly through microphase separation. The structure has a high nanopore 

density, leading to high permeability without sacrificing selectivity. To date, these 

systems have mostly been investigated as size-selective membranes for aqueous 

filtration, with side-chains treated as inert pore-formers and solutes characterized 

by their molecular volume.77 An example of such a copolymer is a graft copolymer 

with a poly(acrylonitrile) (PAN) backbone and poly(ethylene oxide) (PEO) side-

chains, PAN-g-PEO. This copolymer forms a bicontinuous microphase separated 

structure with permeation occurring through the interconnected PEO phases, acting 

as effective pores ~1 nm in diameter.66 A recent study by Phillip and coworkers 

utilized a terpolymer that includes by addition of epoxide groups to PAN-g-PEO to 



15 

 

prepare such membranes with multiple functionalities.78 These moieties in the 

terpolymer lined the pore walls upon microphase separation. Both positively 

charged and negatively charged moieties can be introduced through a post-

modification process. These membranes match predictions from the Donnan 

exclusion theory and imply that these materials can exhibit charge-based 

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 models, and limited range of approaches 

to create functional nanostructures using scalable manufacturing methods shows 

that this avenue is worth investigating. In this dissertation, this knowledge gap is 

addressed by demonstrating an alternative approach to creating functional 

nanostructures, studying membranes selectivities in diffusion and filtration 

experiments, examining solute-pore walls interactions, linking performance with 

fundamental models of interaction (e.g. Donnan exclusion, binding-unbinding 

equilibria), and exploring multiple modes of chemical selectivity. 

1.2. Fabrication of Ultrathin Selective Layers 

1.2.1. Commercial Thin Film Composite Membranes 

The most important step in the commercial and industrial success of 

membranes was the development of methods 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 
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cellulose acetate by Loeb and Sourirajan79 transformed membrane separation and 

made reverse osmosis (RO) practical at an industrial scale. Another breakthrough 

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

only a <0.1 ɛm thick polyamide selective layer by Cadotte.80 The thinness of this 

layer enables high flux through the membrane, better energy efficiency, and lower 

operating costs.  

Since then, both processes have been extensively optimized, improving flux 

and energy efficiency. Yet progress in introducing new membrane materials has 

been limited. Today, essentially all commercial TFC membranes utilize IP cross-

linked polyamide selective layers formed by interfacial step growth polymerization 

of an amine monomer and an acyl chloride monomer.7-8, 81-84 Some researchers have 

prepared membrane selective layers by other step growth polymerization schemes, 

such as the IP of carboxymethyl cellulose and poly(vinyl alcohol) (PVA) in water 

with a diisocyanate in an organic phase.85 However, IP methods are limited to 

polymers formed by step growth polymerization. At least one monomer needs to 

be oil-soluble, 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 RO. Developing new fabrication methods that 

enable formation of thin selective layers with various chemistries and tunable pore 

size in 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 hydrogels,86-

87 amphiphilic copolymers,63, 65, 88-92 and polymerizable lyophilic liquid crystals44, 

54, 93 as membrane selective layers. Among these, hydrogel selective layers are 

especially promising as highly effective selective layers that are inherently fouling 

resistant. Selectivity is controlled by the mesh size of the cross-linked polymer with 

the effective pore size typically in the ultrafiltration (UF) range, 1-5 nm.87 Hydrogel 

coatings are also used to prevent fouling.94 PEG hydrogel membranes are also very 

promising for gas separations, specifically for natural gas upgrading.95-98 Hydrogel 

selective layers are very versatile, tunable, and functionalizable.99 Selectivity can 

be modulated by the addition of functional groups such as charged units that impart 

charge-based selectivity through Donnan exclusion. Responsive properties can be 

imparted by proper selection of monomers. Hydrogels are particularly suitable for 

the incorporation of nanomaterials that add new functionalities. Therefore, better 

methods for readily creating thin hydrogel selective layers are needed. 

1.2.3. Existing Methods for Fabrication of Hydrogel Layers 

Applying hydrogels as ultrathin layers can, however, be challenging. Many 

researchers focus their studies on thick (10s of mm) layers that have low flux, with 

the premise of future improvement.100 Others create TFC membranes by one of two 
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methods: coating99, 101 or grafting.99, 102 In each case, there are significant challenges 

to overcome. 

1.2.3.1. Membrane selective layers by coating 

Several researchers have formed hydrogel coatings on porous and TFC 

membranes for the purpose of preventing fouling.18, 99 Most studies in this field 

focus on cross-linked PVA86 and PEG-based hydrogels,103-104 though selective 

layers that include charged103 and/or zwitterionic105 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 

cross-linked, e.g. by UV exposure in the presence of a photoinitiator.86, 92, 94, 103-106 

This approach requires a high viscosity monomer/pre-polymer solution and specific 

wetting properties to achieve a good coating that remains on top of the membrane. 

This makes various coating formulations unusable. The viscosity can be increased 

with additives, but this can simultaneously change the coating properties such as 

pore size.94, 103-104 Achieving thin (<0.5 mm) defect-free coatings using this method 

is also very difficult in large scale manufacturing. Spin-coating can form thinner 

layers but is not scalable to a roll-to-roll process.86, 92  

1.2.3.2. Membrane selective layers by grafting 

Grafting from membrane surfaces is a popular membrane surface 

modification method.18, 99 This approach relies on creating groups that initiate 

polymer growth on the membrane surface by various methods including plasma 

treatment,107-109 UV irradiation,110-119 or attaching initiating groups on the surface 
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for atom transfer radical polymerization (ATRP)120-121 or photo-polymerization.122-

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 layer,102, 124 but there are some studies on 

forming continuous cross-linked and hydrogel layers on membranes by adding 

poly-functional monomers.115-119 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 cross-linking. This can require long reaction 

times and is prone to defects due to pore size polydispersity in the support 

membrane. Grafting-from approaches are also not typically amenable to 

incorporating functional nanomaterials into the selective layer to create multi-

functional membranes. Thus, development of a new 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 structure-property relationship, (ii) exploring the 

feasibility of introducing new functionalities to the nanostructure for targeted 

separation, and (iii) development of a novel method for fabrication of ultrathin 

selective layers. The Dissertation is organized as follows: 

Chapter 2 describes random copolymer self-assembly and the formation of 

micelles in organic solvents which will then utilized for fabrication of charged 

nanochannels membrane selective layers. The nanostructure as well as separation 
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mechanism has been characterized in detail. The work presented in this chapter 

illustrates that random copolymer self-assembly can be utilized for fabrication of 

membranes with functional pores and size of 1-3 nm in a simple and scalable 

manner, leading to membranes with high selectivity and permeability. 

Chapter 3 exploits the versatility of this method to introduce new 

functionality, aromaticity-based separation, to the membranes described in Chapter 

2. The solute and pore wall interaction mechanisms, membrane selectivity and 

permeation properties are studied thoroughly. This chapter illustrates the 

exceptionally high selectivity of these membranes for separation of small molecules 

based on their aromaticity. 

Chapter 4 presents a new method, interfacially initiated free radical 

polymerization (IIFRP), for the fabrication of membranes with ultrathin hydrogel 

selective layers. The effect of experimental parameters such as UV exposure time 

and monomer concentration were studied. Also, different porogens were utilized to 

tune the hydrogel membrane selectivity. The fouling properties of these membranes 

were further investigated upon long term exposure to a model protein solution. The 

work in this chapter reveals that IIFRP is a simple, reproducible, tunable and 

scalable method for fabrication of uniform, defect-free, ultrathin hydrogel selective 

layer for protein purification.  

Chapter 5 summarizes the findings of this dissertation and describe future 

directions that can lead to further improvement of either of these projects, as well 

as opening up new research directions.  



21 

 

2 SELECTIVE  TRANSPORT THROUGH  

MEMBRANES WITH  CHARGED  

NANOCHANNELS  FORMED  BY SELF -

ASSEMBLY OF RANDOM  COPOLYMER  

M ICELLES 12 

 

2.1. Introduction 

Today, most membrane-based separations rely on differences in solute size 

relative to membrane pore size. Membranes that combine this size-based 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 chemical and pharmaceutical manufacturing. Such ñchemo-selectiveò 

membranes also have potential applications in chemical/biosensing,125-128 DNA 

detection and analysis,129-133 nanofluidics,134-135 and drug delivery.136  

Biological pores such as porins, proton channels and ion channels display this 

chemical selectivity exquisitely.14 For example, ion channels present in the cell 

membrane are indispensable in controlling electrical signaling in nerves, muscles 

                                                           
1 Reproduced in part with permission from reference 170. Copyright © 2017 American Chemical 

Society. 
2 Reproduced in part with permission from reference 169. Copyright © 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 target they transport (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).14, 16, 137 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 pore walls. 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 with superior selectivity with a range of 

applications that span water treatment138 to the separation of small organic and 

biomolecules in chemical and pharmaceutical manufacturing. 

For example, membranes that can separate small organic molecules of similar 

size but differing charges have several applications, especially in the extraction and 

purification of small pharmaceutical molecules such as amino acids139-141 and 

antibiotics.142-143 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 of co-ions. 

Designing such selective membranes requires the creation of very small, <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 charge-based 

selectivity have focused on narrowing and modifying the pores of track-etched (TE) 

or anodized alumina membranes including: electroless deposition of gold onto pore 

walls followed by chemisorption of an end-functionalized thiol onto the gold 

surface 21-28 or using chemical vapor deposition (CVD)35-37 Vertically aligned 

arrays of carbon nanotubes (CNT) can also act as membranes with functional 

cylindrical nanopores.52-53, 144 When the pore entrances are functionalized with 

carboxylic acid groups, these membranes show ion exclusion.144-145 All these 

approaches, however, require multi-step and complicated synthesis procedures. 

They also result in very low porosities (<1%, compared with 70-90% bulk porosity 

for typical membranes146) that lead to membrane fluxes that are too low for most 

filtration applications. Because of these concerns, the materials prepared using 

these methods are used in microelectronics,147 energy storage devices,148 drug 

delivery149 and sensors150 rather than as filtration membranes. 

Self-assembly is a promising tool for generating membranes with functional 

nanostructures using scalable, easier to implement methods.88, 151-157 The self-

assembly of well-designed copolymer-based precursors can lead to formation of 

pores that can be chemically modified for desired selectivity through scalable 

manufacturing processes. Although amphiphilic block copolymers can microphase 

separate and form well-defined structures, reaching pore size smaller than 10 nm is 

very difficult. This limits their application to ultrafiltration and protein 

separations.152 Random and comb-shaped copolymers can form smaller and bi-
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continuous domains down to 1 nm, 63-64, 66, 158-159 and have shown size-selective 

screening of small 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, BCP micelles 

have been deposited onto a silicon wafer by spin coating to form a porous film of 

packed micelles that can perform size-based separation.160-162 The compressibility 

of these micelles cause them to deform upon the application of pressure, causing 

changes in pore size.162 Alternatively, colloidal silica nanoparticles can be 

assembled into packed arrays that can be functionalized with polymers and 

modulate transport.163-168 These membranes can also be presumably used as 

membrane selective layers, though the brittleness and thickness of these layers may 

be of concern in pressure-driven processes. However, the large size of both BCP 

micelles and silica particles (45-200 nm) accessible in these studies lead to pore 

sizes between 7.5-100 nm, too large to address small molecule separations. 

Furthermore, these approaches have not been explored for imparting chemical 

structure-based selectivity in filtration applications. 

Almost all the methods mentioned above require post-modification steps that 

can increase the risk of undesired side reactions or damage to the membrane 

structure. The added manufacturing steps may also limit scalability. It is highly 

desirable to develop a single-step, scalable approach to generate membrane 

selective layers with a high density of <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 membranes 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 single-step coating process (Scheme 2.1). These micelles are formed by the 

self-assembly of a random amphiphilic copolymer, poly(trifluoroethyl 

methacrylate-random-methacrylic acid) P(TFEMA-r-MAA), 169 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 approximately 1-3 nm at their narrowest point, serve 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 permeation 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 charge-based 

separations in the industry, these membranes represent 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 featuring 

charged nanochannels. Reprinted from170. Copyright © 2017 American Chemical 

Society. 

 
*(a) The random copolymer with fluorinated and carboxylated repeat units (b) Formation of micelles 

in methanol, (c) Coated micelles onto a porous support, where they form a packed array of spherical 

micelles with carboxylic acid functional surfaces. The interstices between the micelles act as 

effective nanopores through which permeation occurs. Ionized carboxylate groups impart charge-

based selectivity through electrostatic interactions.  

 

2.2. Materials and Methods 

2.2.1. Materials 

Methacrylic acid (MAA), azobisisobutyronitrile (AIBN), 4-methoxy phenol 

(MEHQ), small organic molecules including Brilliant Blue R (BBR), calcein 

sodium salt (CAL), Acid Blue 45 (AB45), Methyl Orange (MO), Rhodamine 6G 

(Rho6G) , Basic Blue 3 (BB3), Vitamin B12 (B12), Riboflavin (RIB), and Rutin 

hydrate (RTH), pyrenetetrasulfonic acid tetrasodium salt (Na4PTS) were purchased 

from Sigma Aldrich (St. Louis, MO). 2,2,2-Trifluroethyl methacrylate (TFEMA) 

was purchased from Scientific Polymer Products Inc (Ontario, NY). Solvents 

(methanol, ethanol, dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), hexane) 

and salts (NaCl, Na2SO4, CaCl2, CaSO4) were purchased from VWR (West Chester, 
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PA). Deuterated dimethyl sulfoxide (DMSO-d6) 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 chemicals and 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 AIBN (0.02 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 55 C for about 4 h. Then, 2 g of MEHQ was added to terminate 

the reaction. Copolymers were recovered by precipitation in a mixture of ethanol 

and hexane (1:3 v/v), re-dissolved in ethanol and washed three times in hexane to 

remove all monomer residues. The final product was then air dried overnight and 

dried in vacuum oven at 50 C for 24 h. The yield was approximately 40%.  

The synthesized copolymers were characterized using 1H nuclear magnetic 

resonance (1H NMR) spectroscopy. After dissolving the copolymers in DMSO-d6, 

NMR spectra were acquired on a Bruker Avance III 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 GMHh-M 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-1 elution rate and calibrated with low polydispersity poly(styrene) standards 

(TOSOH, PSt Quick Kit).  

To measure water uptake, dry samples were weighed (ὡ  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 (ὡ . The water uptake was then calculated from the weight 

difference of the polymer in its hydrated and dry state using Eq. (2.1): 

ὡὥὸὩὶ όὴὸὥὯὩ Ϸ
ὡ ὡ

ὡ
ρππ                                                  Ὁή ςȢρ   

2.2.3. Characterization of Micelles 

Micellar solutions were prepared by directly dissolving the copolymer by 

stirring and heating at 40 C overnight in methanol or THF directly. Dynamic Light 

Scattering (DLS) was performed using Nano Brook 90Plus PALS particle sizer 

(Brookhaven Instruments, Holtsville, NY) equipped with a He-Ne laser operated at 

659 nm and with a 1 mm entrance aperture. Scattering measurements were 

performed at 25 C and 90 angle. The copolymer was dissolved in methanol or 

THF at a concentration of 0.5 wt% for all experiments except for the 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 solution at a final 

concentration of 0.5 wt%. The concentration of metal ions in solution was 

quantified by the ratio r, defined as the number of moles of MAA repeat units per 

mole of metal ion. All samples were passed through a 0.45 ɛm syringe filter with 

Teflon membrane before analysis. Average hydrodynamic diameter of micelles was 

calculated using Non-Negative Least Squares (NNLS). 

Atomic Force Microscopy (AFM) samples were made by spin coating the 

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 nano-scale 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 solution in methanol, methanol/Cu(OAc)2, or THF, followed 

by floating the grid on a droplet of DI water to freeze the structure. The solution 

prepared in methanol/Cu(OAc)2 contained 20 moles of MAA repeat units per Cu2+ 

ion. Samples were then stained using 0.5 wt% Cu(OAc)2 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 self-assembly, we 

prepared samples using conditions that closely mimics the membrane preparation 
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procedure. Copper grids were first submerged into a 0.3 wt% copolymer solution 

in methanol, followed by evaporating the solution for various times (0-20 s) and 

finally floating the grid on a droplet of DI water. The samples were stained 

afterward using 0.5 wt% Cu (OAc)2 aqueous solution. 

Fourier Transform Infrared (ATR-FTIR) spectroscopy was used to 

investigate the interactions of the copolymer with different metal ions. ATR-FTIR 

spectra of solutions in different solvents were acquired using a FT/IR-6200 

spectrophotometer (JASCO Corp, Tokyo, Japan). The ATR-FTIR spectra were 

recorded over the range of 4000-600 cm-1 at a 4 cm-1 resolution. The copolymer 

solutions were prepared by first dissolving the metal salt (if any) in methanol, 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 

methanol as background. 

Coordination of the copolymer with different metal ions was studied using 

UV-vis spectroscopy. The UV-Vis absorption spectra were recorded on a Thermo 

Scientific Genesys10S Spectrometer (Waltham, MA) for solution of metal ions as 

well as in 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 40 C for 24 h. 

Afterward, the solutions were filtered through 1 ɛm glass fiber syringe filter 
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(Whatman) and kept in an oven at 50 C to eliminate the bubbles. Bubble/dust-free 

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 ɛm. The glass plate was immersed into a water bath after 20 s of solvent 

evaporation at room temperature.  

The microstructure of the membrane was characterized by Supra 55 FESEM 

at 4 kV and 10 mm working distance. Dried membranes were frozen in liquid 

nitrogen and cut with a razor blade for cross-sectional 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.  

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 a f0=50-100 kHz and k=1-5 N m-1. Samples were dried 

and taped on a glass slide. A 10 ɛm  10 ɛm area was scanned. The fast Fourier 

transform (FFT) analysis was obtained using Gwyddion software. Membrane 

hydrophilicity was measured with a Ramé-Hart contact angle goniometer 

(Succasunna, NJ) on dried membranes cut and taped onto glass plates.  

2.2.5. Characterization of Membrane Performance  

Diffusion experiments were performed using a side-by-side glass diffusion 

cell (Permegear) with a cell volume of 7.0 ml and an effective permeation area of 

1.8 cm2. 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 
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solute was placed in the feed half-cell, 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 measured by UV-visible spectroscopy (Thermo Scientific 

Genesys10S Spectrometer, Waltham, MA).  

Filtration experiments were carried out using a 10 ml Amicon 8010 stirred, 

dead-end cell (Millipore) with filtration area of 4.1 cm2 and a trans-membrane 

pressure of 40 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 the total weight increase over time. The membrane 

permeance (Lp), defined as the flux (J) normalized by applied trans-membrane 

pressure (æP), was calculated according to: 

ὒ
Ў

                                                                                                      ὉήȢςȢς  

Rtotal accounts for the resistance toward the flow of the coating and the support 

membrane itself. Resistances-in-series model was used to account for the hydraulic 

resistance posed by support membrane and the selective coating layer.  

2 2  2                                                      ὉήȢςȢσ 

The support membrane resistance against the flow is negligible due to its high 

flux in comparison to the TFC membrane (820 L m-2 h-1 bar-1) according to 

manufacturer specifications, confirmed in our filtration system). Selective layer 
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permeability (Pm) was thus calculated by normalizing the permeance with the 

selective layer thickness using: 

ὖ
‏

2  
                                                                                              ὉήȢςȢτ 

where ŭ is the selective layer thickness (ɛm) obtained from SEM images using 

ImageJ software, averaged over measurements on least 5 different membrane 

samples. 

Membrane selectivity was determined by filtering a series of organic solutes 

(cationic, anionic 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. 

2Ϸ ρ
#

#
 ρππ                                                                                        ὉήȢςȢυ 

where R is the solute rejection, CF and CP are the concentration of feed (0.1 mM) 

and permeate, respectively. The concentration of organic solutes was measured by 

UV-Visible spectroscopy. Two-solute separation experiments were performed 

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 ml was discarded, 

and the subsequent 2 ml was collected. The conductivity of the solution was 

measured using a conductivity meter (Cole-Parmer, Vernon Hills, IL). Rejections 

were calculated using Equation 2.5, given that in this concentration range, 
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conductivity is linearly related with salt concentration. Membranes 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 experiments. 

2.3. Results and Discussion 

2.3.1. Copolymer Synthesis and Characterization 

P(TFEMA-r-MAA) copolymer was synthesized using free radical 

polymerization as shown in Scheme 2.2. This method is simple and scalable, which 

is important for future commercial impact of related technologies.  

Scheme 2. 2. Synthesis scheme for P(TFEMA-r-MAA) . Reprinted with permission 

from171. Copyright © 2017, John Wiley and Sons. 

a

 

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 each monomer from 1H 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 additional 
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studies169 that indicate the monomer sequence is close to random, with few, if any, 

PTFEMA blocks. While the resultant 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 ñrandom copolymerò throughout this dissertation for the sake of 

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 values. Reprinted from170. 

Copyright © 2017 American Chemical Society. 

Properties CP40 CP50 

MAA wt% in reaction mixture 50 70 

MAA wt% in copolymer 45 55 

Copolymer weight-average molar mass 

(kg mol-1) 
1064 39a) 

Copolymer dispersity 1.75 1.72 

Copolymer water uptake% 26±3 51±7 

Membrane pore size (nm) b) 1-3 1-4 

Pore density (×1014 pores m-2) 2.3 4.1 

Membrane permeance, Lp (L m-2 h-1 bar-1) 4.2±1.0 7.3±1.3 

Selective layer permeability, Pm  

(L ɛm m-2 h-1 bar-1) 

1.7±0.4 3.7±0.7 

Contact Angle 82±3 69±4 

 

a) Likely underestimated due to limited solubility of CP50 in THF. 
b) Measured in dry state. 
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Figure 2. 1. 1H NMR spectrum of CP40 deuterated DMSO showing the 

characteristic peaks and corresponding protons. a, and d peaks are used to calculate 

copolymer composition. Reprinted with permission from171. Copyright © 2017, 

John Wiley and Sons. 

 

GPC analysis in tetrahydrofuran (THF) showed the successful synthesis of 

high molecular weight copolymers with polydispersities in agreement with typical 

values for free radical polymerization method (Table 2.1). We suspect, however, 

that these measurements were at least somewhat affected by the formation of 

micelles in THF169 and the limited solubility 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 copolymers with higher MAA 

content show higher water uptake, as expected from the hydrophilicity of this 

monomer. 
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2.3.2. Micelle Formation3  

As mentioned in the introduction, block copolymers (BCPs) are able to create 

ordered structures and the wide variety of morphologies that can be achieved by 

manipulating block lengths and chemistries.172-178 Random copolymers (RCPs) can 

also form micelles179-181 and microphase separated domains,158, 182 but 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 wider range of 

micelle morphologies (spheres, rods, honeycombs, vesicles, etc.)179 compared with 

BCPs. For example, BCPs with a charged block are typically limited to forming 

spherical micelles 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.179, 183-185  

From a practical point of view, RCPs are much easier to synthesize than 

BCPs, which require multi-step living polymerization procedures. Easier synthesis 

and morphological versatility make the RCPs great candidates for many 

applications, from drug encapsulation 186-187 to optical materials and micro-

electronics.188-189  

To date, a large fraction of studies on micellar systems focus on solutions in 

water, a highly selective media that strongly favors the formation of micelles.190-192 

Supramolecular organization is possible but comparatively more unusual in non-

                                                           
3 Reproduced in part with permission from reference 169. Copyright © 2017, John Wiley and 

Sons. 
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aqueous solvents, because achieving sufficiently selective solvation is difficult. 

While, BCPs with long corona chains (i.e. star micelles) can form micelles by direct 

dissolution in a single organic solvent, 178, 193-197 RCP micelles in organic solvents 

have not, to our knowledge, been reported. Thus, we first explored the spontaneous 

self-assembly of the random copolymer synthesized in this study in two organic 

solvents, methanol and THF, that are selective for either the fluorinated or the 

hydrophilic segments. Additionally, we studied the effect of the addition of metal 

ions on micelle size and morphology. 

2.3.2.1. Micelles in methanol 

The MAA repeat units in the P(TFEMA-r-MAA) contain carboxylate 

functional groups and are highly incompatible with the TFEMA repeat units. 

PMAA homopolymer is a weak poly-acid, and highly 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 of these two 

monomers to form micelles and vesicles spontaneously in methanol. TEM analysis 

shows spherical micelles and some larger vesicles formed in methanol (Figure 2.2 

a and b). To identify which segment forms the micelle corona, TEM samples were 

stained by copper acetate (Cu(OAc)2), which complexes with carboxylate groups 

in MAA repeat units.198 A dark outline in the TEM images (Figure 2.2 a), 

illustrating the staining of the outer surface of the micelle, indicates that MAA 

groups are located in the corona. TFEMA-rich sections of the polymer chain form 

the micelle core. PTFEMA homopolymer has a high Tg (80 C)199 that imparts 
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stability to the micelle structure by limiting polymer mobility within the core.200-201 

Hydrogen bonding of MAA units with methanol also stabilizes the supramolecular 

assemblies.185, 202  

TEM analysis shows some large vesicles (100-200 nm) and some much 

smaller micelles (10-20 nm). However, sample preparation for TEM imaging may 

lead to artefacts due to drying, interactions between the micelles and the solvents 

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 (7-15 nm) and larger vesicles (40-70 nm) with an average hydrodynamic 

diameter of 17 nm (Figure 2.3a) for CP40 copolymer. The bimodal distribution 

likely implies the formation of large compound micelles 172, 202 and vesicles 179, 203-

204 in 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 boundaries that can be described as a core/shell structure,205 

which leads to a thinner corona with weaker interactions with the solvent in 

comparison to BCPs.202 This may lead to the clustering of smaller micelles and the 

formation of large vesicles, frequently observed in both random and block 

copolymers.187, 206 The larger size of the bigger aggregates in TEM image can be 

attributed to the flattening of micelles on TEM grid while drying or fusion of 

smaller particles induced by solvent evaporation and desolvation of micelle 

corona.186-187 A bimodal size distribution was also obtained for CP50 copolymer 

with average dimeter of about 8 nm (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 thus smaller micelle cores. 

 

Figure 2. 2. TEM micrographs of supramolecular structures formed by P(TFEMA-

r-MAA) prepared with 0.3 wt% copolymer in solution. (a, b) Micelles and vesicles 

formed in methanol; (c, d) Reverse micelles in THF, exhibiting the onset of 

morphological transition from sphere to rods; (e, f) Micelles and vesicles formed in 

methanol in the presence of Cu(OAc)2 in polymer solution. All samples were 

stained by immersion in 0.5 wt% of Cu(OAc)2 in water after preparation to identify 

carboxylic acid groups. Reprinted with permission from171. Copyright © 2017, John 

Wiley and Sons. 

 

 
Figure 2. 3. DLS micelle size distribution for CP40 and CP50 in (a) Methanol, and 

(b) THF. Reprinted in part with permission from171. Copyright © 2017, John Wiley 

and Sons. 
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2.3.2.2. Micelles in THF 

In non-polar solvents, BCPs may form reverse micelles whose cores are 

composed of the more hydrophilic component.196, 207 We documented the formation 

of reverse micelles with MAA-rich cores from P(TFEMA-r-MAA) in THF. TEM 

analysis showed micelles with various morphologies in THF, including spherical, 

rod-like and worm-like structures with MAA cores, stained with Cu(OAc)2 (Figure 

2.2c, d). The bulk/core regions of these micelles were stained with 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 (Figure 2.2d) suggest at least some of the rod-like 

structures could have been formed by the merger of spherical micelles. Due to the 

TEM sample preparation method, these rod-like assemblies may be present in 

solution and/or may have formed due to drying during TEM sample preparation. In 

either case, their formation is also likely enabled by the lower degree of ionization 

of MAA in THF, which has a lower dielectric constant than methanol.208 

Electrostatic repulsion between MAA segments on the micelle corona in methanol 

favors spherical micelles. In contrast, weaker repulsive forces in the PTFEMA-rich 

corona in THF enable the coexistence of and transitions between multiple 

morphologies with similar free energies, including those with lower curvature such 

as cylinders and rods.209-210 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 dispersity.210  
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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 

can statistically 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 (Figure 2.3b) with an average micelle 

diameter of ~ 45 nm for CP40, larger than in methanol. In case of CP50, also a 

bimodal size distribution was observed. This distribution included much larger 

micelles with average diameter of ~ 90 nm, twice the size observed in CP40. This 

could be attributed to larger micelle cores in 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 concentrations, from 0.01 mg/mL to 1 mg mL-1 (Figure 2.4). A sudden 

shift in measured hydrodynamic radius is correlated with the formation of 

micelles.211-212 The CMC of the copolymer was found to be 0.066 mg/ml (1.09 × 

10-7 M) in methanol (Figure 3a). This CMC value is similar to the range reported 

for block copolymers in water (typically in the order of 10-6 to 10-7 M), but much 

lower than typical values for small molecules surfactants (10-3 to 10-4 M).213 The 

micelle size in methanol was relatively stable above the CMC, with only a minor 

increase in micelle size with increasing concentration. The CMC in THF was found 

to be around 0.026 mg/ml (4.15 × 10-8 M) using DLS (Figure 2.4b). THF 

preferentially solvates TFEMA segments over MAA segments, though it still 
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shows weak solvency for PMAA.193 This can swell and plasticize micellesô core, 

resulting in larger micelles. 

 

Figure 2. 4. Determination of CMC by DLS in (a) Methanol and (b) THF. 

Reprinted with permission from171. Copyright © 2017, John Wiley and Sons. 

 

2.3.2.3. Micelles morphology in a thin film 

We also examined the micelle morphology using AFM (Figure 2.5). A film 

of the copolymer micelles was deposited on mica by spin coating. A bumpy film of 

spherical micelles fused together formed upon spin coating a 0.3 wt% copolymer 

solution in methanol (Figure 2.5a). Spin casting a 0.1 wt% solution in methanol led 

to well-dispersed individual micelles with a height of ~5-10 nm (Figure 2.5b). This 

measured height is lower than that calculated through DLS, likely because micelles 

flattened on the substrate upon spin-casting and drying.214 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 cylindrical morphologies 

with lower surface energy (Figure 2.5c). 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 TFEMA-rich core. In THF, however, the TFEMA-rich 

corona is not charged, so micelles can easily contact each other. The MAA-rich 

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

during the spin coating process. 

 

Figure 2. 5. Micelles cast from copolymer solution of (a) 0.3 wt% in methanol, (b) 

0.1 wt% in methanol, and (c) 0.3 wt% in THF on mica. Reprinted with permission 

from171. Copyright © 2017, John Wiley and Sons. 

 

2.3.2.4. Interaction of dissolved metal ions with micelles 

Coordination of metal ions with surfactants215 or BCPs58, 216 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 complexation. These 

interactions have been leveraged to fabricate functional nanostructured materials 

for isoporous membranes,217-218 catalysis,219 biomedicine220 and precursors for 

inorganic or hybrid structures.221  

These metal ion-carboxylate interactions can also alter the size and 

morphology of micelles formed by small molecule surfactants215 and BCPs203, 222-

227 in water, depending on 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 ions in aqueous solution.228-229 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 

complexation of functional groups in the copolymer with metal ions.229 These 

interactions can either draw the functional groups together to make larger micelles, 

or push them apart and increase curvature.215 These effects have been extensively 

studied in BCP systems, but to our knowledge, the effect of added ions on micelle 

size and morphology has not been reported in micellar solutions formed by RCPs. 

Furthermore, in non-aqueous media (e.g., methanol), carboxylic acid groups exhibit 

a lower degree of dissociation than in water. This alters both the electrostatic 

interactions between functional groups in the corona and the interactions between 

the salt ions and the carboxylic acid groups in the micelles,229 likely 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. This implies that the supramolecular assembly of P(TFEMA-r-

MAA) can be tuned by the addition of metal ions that interact with the COOH 

groups in MAA units.198 
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Scheme 2. 3. The effect of metal ions on micelle size and morphology; (a) Micelle 

morphology in MeOH, (b) in presence of Na(OAc), (c) Formation of micelle 

clusters in presence of Cu(OAc)2, (d) Transition from micelle to vesicle by addition 

of Cu(OAc)2, and (e) Inter-micellar bridging by Cu2+. Reprinted with permission 

from171. 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 methanol. As shown in Figure 2.6a, the 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. 

 

Figure 2. 6. DLS micelle size distribution for 0.5 w% micellar solutions in 

methanol (a) with Na+ added in methanol, r=20, and (b) with Cu2+ added, r=20; r is 

defined as the molar ratio of MAA groups to metal ions in solution. Reprinted with 

permission from171. Copyright © 2017, John Wiley and Sons. 

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

interaction of the metal ions 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 cm-1, characteristic of COOH groups, decreases while the band for 

deprotonated COO- groups at 1390 cm-1 increases,230 showing partial deprotonation 

of acid groups. A triplet peak around 1730 cm-1 confirms hydrogen bonding with 

methanol (Appendix A1). When NaOAc is added at r =20, a broad absorption peak 

centered on 1575 cm-1 appears, arising from ionic interactions of Na+ ions with 

carboxylate groups.198, 231 This peak grows when the NaOAc concentration is 

increased (r =10). This implies that the Na+ and COO- groups interact through 

electrostatic interactions. The decrease in micelle diameter likely arises from the 

insertion of Na+ ions between the carboxylate groups, shielding electrostatic 

repulsions and pushing them apart to increase the curvature of the corona232 

(Scheme 2.2b). 

 

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 from171. Copyright © 2017, John Wiley and Sons. 
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Unlike monovalent ions (e.g. Na+), divalent and trivalent cations can form 

complexes with multiple carboxylate groups. These complexes may take on 

different geometries, such as the bridging bidentate and chelating bidentate 

conformations (Figure 2.7)198, 233-236. In the bridging bidentate configuration, a 

binuclear complex is formed through the association of two metal ions with two 

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(OAc)2 was added to P(TFEMA-r-MAA) in 

methanol (r =20), the size of both the smaller micelles and the larger vesicles 

increased (Figure 2.6b). The average micelle diameter increased to 20 nm. TEM 

images of supramolecular assembly in the presence of Cu(OAc)2 in methanol 

(Figure 2.2e, 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. Cu2+ can also link multiple micelles together 

into clusters.237 The bridging of multiple carboxylate groups creates long chains of 

interlinked MAA groups and screens electrostatic repulsion between them. This 

allows them to pack closely and form vesicles232, 238 observed in the TEM images 

(Scheme 2.2c, d and e). To better understand the mechanism of interaction between 

Cu2+ ions and the MAA units, FTIR analysis was performed (Figure 2.7). The 

addition of Cu(OAc)2 to the copolymer dissolved in methanol led to a new peak at 

1620 cm-1 that grows with increasing copper acetate concentration, corresponding 

to bridging bidentate complexation of the MAA groups with Cu2+ ions.230, 239 No 
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peaks associated with ionic (1575 cm-1) or chelating bidentate interactions (1560 

cm-1)239 were observed. The bridging bidentate conformation was further confirmed 

using UV-visible spectroscopy (Figure 2.8). The solution of Cu(OAc)2 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. These changes in the UV 

spectrum indicate the complexation of Cu2+ ions with carboxylate groups.240 Both 

the shift and intensity enhancement were more pronounced with increasing Cu2+ 

ion concentration. The spectrum also depicts the 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(OAc)2, a 

shoulder peak at 370 nm appeared. This corresponds to the binuclear complex 

between Cu2+ ions and COOH groups.236 This indicates that, independent of the 

metal ion concentration, most or even all Cu2+-MAA interactions are in the bridging 

bidentate conformation, likely favored due to short segmental distance between the 

carboxylate groups along a statistical polymer chain.235  

Unlike copper, calcium and aluminum typically complex with carboxylate 

groups in the chelating bidentate configuration.230, 241 This is evident by the newly 

introduced peak at about 1560 cm-1 (Figure 2.7) attributed to the chelating bidentate 

complex of Ca2+ with carboxylic groups.230, 241 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 



50 

 

chains. This induces gelation upon adding even very small amounts of Ca(OAc)2 (r 

=50).242 Al 3+ ions from AlCl3 created a gel at an even lower concentration of r =100. 

 

Figure 2. 8. UV-visible spectra showing the complexation of carboxylate with Cu2+ 

ions; Cu(OAc)2 in methanol is shown by dotted line, dash line corresponds to the 

copolymer solution with Cu(OAc)2 in methanol at r=50, and solid line shows the 

copolymer solution with Cu(OAc)2 at r=20. Reprinted with permission from171. 

Copyright © 2017, John Wiley and Sons. 

 

The counter-ion to the complexing metal ions also plays a significant role. 

Chloride salts of Ca2+ and Cu2+ led to larger micelles compared with the 

corresponding acetate salts (Appendix A1). Furthermore, these salts did not form 

complexes with MAA groups according to FTIR and UV spectra, even at higher 

concentrations up to r=1 (Appendix A1). The formation of complexes may be 

curtailed by the fact that when Ca2+/Cu2+ ions interact with carboxylate 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 CaCl2 or CuCl2 is used, the protons are not removed from the 

solution. This can suppress the ionization of the carboxylic acid groups, preventing 

the formation of adjacent COO- groups that can form bidentate complexes,210 and 

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 solution mainly 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 membrane pores as the micelles self-

assemble and form the selective layer. In addition, as shown above, membranes 

have the potential for complexation with metal ions and subsequently metal ion 

removal form wastewater. 

2.3.3. Formation of packed micelle arrays  

We utilized the assembly of the micelles described above to form membrane 

selective layers that feature nanometer-scale channels with carboxylate functional 

walls, arising from the interstices between micelles packed together. To form such 

membrane selective layers, 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 forces between the micelles.243-246 During evaporation, 
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particles on the topmost layer arrange themselves into the most favorable ordered 

structure. The coated membrane is then immersed into water. P(TFEMA-r-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 TFEMA-rich core.  

The water immersion step is crucial, because the packed micelle structure is 

not 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 corona.187 Their morphology changes upon 

solvent evaporation and during the formation of the selective layer. With a long 

enough evaporation time, the capillary pressure can reach a critical value above 

which particles are stressed above their limit of deformation. Micelles merge and 

forms a continuous, dense polymer layer. Other researchers have also observed that 

upon solvent evaporation, random copolymer micelles often merge.181 This means 

that controlling and stabilizing the micellar morphology far from equilibrium is 

important in this approach to bottom-up nanostructure fabrication.  

To characterize the effect of drying time on how micelles assemble into 

packed arrays, we performed TEM on thin film samples prepared on TEM grids 

using a process that simulated the membrane formation process (Figure 2.9). We 

dipped TEM grids into 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 evaporation time, isolated ~20 nm micelles and some large 
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micelles or vesicles (~200 nm) were observed (Figure 2.9a). 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 to lack of 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 addition to a small 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 observed (Figure 2.9c). The dark stained regions, gaps between 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 films (Appendix A1). 

 

Figure 2. 9. TEM images of the P(TFEMA-r-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 (scale bar: 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 evaporation. Reprinted from170. 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 micelle-containing 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 become negatively charged in water due to their low pKa (between 3-5.5 

for PMAA homopolymer247-249). This enables the membrane to exhibit charge-

based selectivity through Coulombic interactions between these pore walls and 

solutes. Furthermore, the carboxylic acid groups provide a great platform for further 

functionalization of the membrane.250  

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 pack together on top of the 

membrane, but prevent their merging into a non-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 a thin layer. 

The solvent was allowed to evaporate for 20 s to direct the self-assembly of the 

copolymer into the desired nano-structured 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 layer (Appendix A1). It is likely that when optimal 
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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 core. The self-assembled 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 between them provide permeation pathways, lined with 

carboxylic acid groups (Scheme 2.1). 

The resultant membrane selective layer with packed micelles can be observed 

by high resolution scanning electron microscopy (SEM) imaging of membrane 

cross-sections and surfaces. SEM images for the support membrane and 

membranes made from both copolymers are shown in Figure 2.10. The surface 

morphology of the support membrane (Figure 2.10a) is distinctly different than that 

of the CP40 and CP50 coated membranes (Figure 2.10b and c), confirming the 

presence of a continuous selective layer. The surfaces of both CP40 and CP50 

coated membranes feature closely packed small spherical micelles. Cross-sectional 

images of both copolymer coated membranes (Figures 2.10e and f) exhibit a ~400 

nm thick selective layer well adhered onto the support membrane, shown in Figures 

2.10d and g. At higher magnification (Figures 2.10h and i), a nicely packed array 

of spheres on top of the support can be seen for both copolymers. In case of the 

membrane prepared with the CP40 copolymer (Figure 2h), the micelle size 

distributions obtained from the cross-section and surface images are consistent with 
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both DLS and TEM (Appendix A1). However, the SEM image of the CP50 coated 

membrane (Figure 2.10i) shows larger micelles (20-25 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 membrane formation process.  

 

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, (e, h) CP40 cross section, (f, i) CP50 

cross section. Both CP40 and CP50 coated membranes exhibit packed arrays of 

micelles, interstices between which act as permeation pathways. Reprinted from170. 

Copyright © 2017 American Chemical Society. 

The micelles maintain their discrete structure throughout the layer in both 

copolymer coated membranes. The inter-micellar 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 into semi-regular arrays and provide 

a continuous path throughout the selective layer, similar to what has been reported 

for block copolymer micelle assembly.217 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 force microscopy (AFM) (Figure 2.11a). This image was 

analyzed to determine if the packed micelles showed significant ordering. Two-

dimensional fast Fourier transform (2D-FFT) pattern of the AFM height image was 

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

2.11b). This plot shows peak positions (ρȡ ЍσȡρȢω) that suggest a high density of 

uniform micelles with a hexagonal close-packed (HCP) structure. The packing, 

however, is imperfect, with other irregular structures (pentagons, polygons) 

dispersed among the HCP array (Figure 2.11a). As a general rule, micelles of 

monodisperse size prefer to arrange in hexagonal patterns that lead to the densest 

possible packing.251 The wide size distribution of the micelles observed in this case 

likely leads to the defects and heptagonal and pentagonal structures.252 The position 

of q* peak can further be used to calculate the lattice parameter of HCP structure 

to be a=14 nm (Appendix A1). Note that a corresponds to the distance between 

micellesô centers and thus larger than the micelle size. Thus, this value is overall 

consistent with the micelle size obtained by microscopy imaging and DLS 

experiments. The minor disparities 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 that the TEM image in Figure 2.9c is obtained in a 

condition that mimics the membrane fabrication process. The Figure shows closely 

packed, but not well-organized micelles. This could arise from the fact that TEM 

was acquired from a very thin layer formed on the TEM grid using a very dilute 

solution. Therefore, various forces that may be at play in creating the ordered 

structure in the multi-layered structure on the membrane may not be as significant 

in this system. 

 

Figure 2. 11. (a) AFM height image of CP40 membrane (10 ɛmĬ 10 ɛm with z-

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 (q/q*)2= 1, 3, 3.7 

showing almost 2D HCP structure. Reprinted from170. Copyright © 2017 American 

Chemical Society. 

Based on the packing geometry and the average micelle size determined from 

SEM micrographs (both surface and cross-section morphologies), we estimated the 

average membrane pore size164-165 to be around 3 nm for the CP40 membrane and 

slightly larger (4 nm) for the CP50 membrane (Appendix A1). It should be noted 

that this estimation relies exclusively on the geometry of the packed layer and does 

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 hydration of the 

copolymer. 

This multilayered assembly of micelles creating an interconnected network 

of nanochannels offers significant advantages. The structure confines flow into 

nanometer-scale channels lined with a high density of functional groups.38, 253 The 

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 solute-pore-wall interactions 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 

permeance,146 it also increases solute-wall contacts during permeation. This can 

lead to enhanced separation selectivity.254 The presence of multiple permeation 

paths also minimizes the negative effects of potential pore clogging during 

operation. Therefore, these interconnected nanochannels provide superior 

permeation properties and selectivity.255 Finally, since the rigid and hydrophobic 

micelle core remains impervious to water and provides a rigid structure, the self-

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 the coating 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-2 h-1 bar-1). While this is at least partially due to the deposition of a larger 
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quantity of micelles on the membrane surface, it may also arise from the micelles 

merging into a non-porous film more quickly. The porous membrane support also 

had a significant impact on coating morphology and membrane performance. The 

multilayered micelle structure was not seen when support membranes with larger 

surface pore sizes were used (PVDF400R, Nanostone), Appendix A1. The large 

surface pore size most likely allowed the intrusion of micelles into the membrane, 

instead of forming a layer on top. The penetration of micelles inside the pores 

resulted in clogging the membrane pores, leading to very low permeability (<0.1 L 

m-2 h-1 bar-1). These results demonstrate that while the proposed approach is simple 

to execute overall, manufacturing 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 

were studied 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 

solute-membrane affinity. Furthermore, most literature in the field of chemical 

selectivity in membranes reports diffusion test results.33, 37-38, 40, 256 However, 

membranes rarely operate under conditions used in these experiments. In realistic 

applications, pressure-driven 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 rejection.64 Transport limitations and boundary 

layer features can be significantly different in the two modes of operation, affecting 

performance. Thus, pressure-driven 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 pressure-driven filtration experiments and are listed in 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 (4.2ï7.3 L m-2 h-1 bar-1) 

comparable to commercially available nanofiltration membranes (2.1ï13.4 L m-2 h-

1 bar-1) and some tight UF membranes with molecular weight cut-off (MWCO) 

values between 1000ï3000 Da (1.1ï5.7 L m-2 h-1 bar-1) based on industrial 

specification sheets.257 We further calculated the selective layer permeability (0 ), 

defined as membrane permeance normalized by selective layer thickness, using the 

resistances in series model (see Supporting Information). Selective layer 

permeabilities were between 1.7ï3.7 L ɛm m-2 h-1 bar-1, higher than that of 

commercial TFC nanofiltration membranes (0.2ï1.4 L ɛm m-2 h-1 bar-1),257 

calculated assuming a selective layer thickness of 0.1 ɛm.258-259 While 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 industrial use. 
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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 2.12). This is in contrast to the pH responsive behavior shown in block 

copolymer membranes,155, 260 in which the pores can reversibly close or open and 

act as a pH-sensitive gate when the hydrophilic block contains weak acids or bases 

such as acrylic acid261-262 or pyridine.217, 243, 263 The difference arises due to the fact 

that PMAA segments in the PTFEMA-r-MAA random copolymer are very short, 

and cannot undergo the conformational transformations feasible for longer blocks 

found in BCPs. 

The rejection properties of the CP40 membrane was also studied at different 

pH values. For this test, we prepared a 0.1 mM solution of pyrenetetrasulfonic acid 

tetrasodium salt (Na4PTS, 8.8 Å). The PTS4- ion remains ionized over a wide range 

of solution pH values. Na4PTS was filtered through membrane at different pH 

values (pH= 4, 6, 7, 8). Similar rejections of about (90-98%) were obtained over 

the pH range tested (repeated 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 HCl or NaOH. Reprinted from170. Copyright © 2017 American 

Chemical Society. 

 

2.3.5.3. Diffusion experiments: charge-based selectivity between organic solutes 

2.3.5.3.1. Single-solute 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 interactions between 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 charge-based separation capabilities. 

In addition to the electrostatic interactions, steric effects can also contribute to 

permeation selectivity given the very small, 1ï3 nm pores involved. Hydrophobic 

interactions and the adsorption of the solutes into the membrane pores can also 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 have similar 

calculated sizes (8.3ï8.6 Å, calculated using Molecular Modeling Pro158-159) 

(Figure 2.13). The pH of the solutions used in diffusion and filtration experiments 

varied between 5.4 and 7.5 (Figure 2.13). The pKa of carboxylic acid groups in the 

PMAA homopolymer is reported to be between 3- 5.5,247-249 below the pH of all 

used solutions. Therefore, the membrane is negatively charged in all reported 

experiments. This is further supported by the fact that anionic solute rejection 

remains unchanged with pH between pH 4- 8. 

For each membrane, we used a side-by-side diffusion cell to quantify 

permeation rates under a concentration gradient driving force. We measured the 

total solute transferred through the membrane (ntransferred) and normalized it by the 

driving force for diffusion, the feed concentration (ȹC) to obtain the normalized 

moles of solute transferred, N, defined as:  

.
ὲ

Ўὅ
 

To quantify differences in the flux of different molecules through the same 

membrane, we calculated selectivity coefficients (Ŭ), defined as the ratio of the 

permeation rates of two species whose charges are noted in the subscript (Table 

2.2).  
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Figure 2. 13. Structure and solubility parameters of organic molecules; molecule 

size is calculated using Molecular Modeling Pro. Reprinted from170. Copyright © 

2017 American Chemical Society. 
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Table 2.2. Solute transfer rates and separation coefficients (Ŭ) for PAN400, CP40 

and CP50 membranes in single-solute and competitive diffusion experiments. 

Reprinted from170. Copyright © 2017 American Chemical Society. 

Membrane 

code 

Solute transfer rate (×10-9 m s-1) 

Separation factor for 

single-solute Separation 

factor, Ŭ0/- 

in mixture 

Single-solute Mixture 

BB3 (+) AB45 (-) RIB (0) AB45 (-) RIB (0) 
(+) and (-), 

Ŭ+/- 

(0) and (-), 

Ŭ0/- 

PAN400 338 276 359 245 264 1.2 1.3 1.1 

CP40 21±3 0.75±0.05 197±9 -a) 238±8 28.1 263 >300b) 

CP50 107±7 21.5±1.5 203±4 -a) 265±6 5.0 9.4 >400b) 

a) No detectable amount of AB45 was transferred; b) The Ŭ value is calculated by 

considering the detection limit at the end of the experiment. 

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

packed micelles, we first tested the permeation of these solutes through the porous 

support membrane. All three solutes had similar permeation rates (Figure 2.14a). 

The similar permeation rates also confirm that all three solutes have about the same 

size and diffusivity. Support membrane showed a delay in permeation of positively 

charge molecules due to adsorption, likely due to the presence of negatively 

charged groups on the membrane incorporated by the manufacturer to prevent 

fouling. Nonetheless, the pseudo-steady-state fluxes of all three 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 through support membrane in (a) 

Single-solute, and (b) Competitive diffusion experiment. Reprinted from170. 

Copyright © 2017 American Chemical Society. 

 

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

coated membrane. The neutral solute permeated through the membrane 263 times 

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

negatively charged solutes from the pores as a result of repulsive forces. The Ŭ0/- 

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

literature for functional nanopore membranes formed by bottom-up methods.40 The 

positively charged solute started permeating through the membrane after a delay, 

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 anionic molecules leading to Ŭ+/- value 

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 electroneutrality during the 

passage of cationic solutes across the membrane also requires the passage of 
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counter-ions, which are repelled by the negatively charged membrane. This slows 

down the passage of cationic solutes. We also observed significant adsorption of 

cationic solutes onto the membrane, leading to delayed penetration of the solute 

into the permeate (Table 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 easily reversible. Extensive washing is required 

to obtain the original diffusion rate. Thus, experiments with cationic solutes were 

only run after all other experiments were complete. 

 

Figure 2. 15. The permeation of organic molecules through (a,c) CP40- and (b,d) 

CP50-coated membranes in (a,b) Single-solute and (c,d) Competitive 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 both CP40- and CP50-coated membranes 

is shifted below the detection limit. N is defined as the total number of moles of 

solute transferred divided by feed concentration. Reprinted from170. Copyright © 

2017 American Chemical Society. 

 

Effect of copolymer composition on membrane selectivity. Membrane 

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 adsorption tests for the 

positively charged solute. Membranes 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 BB3 overnight. The adsorption of this positively charged dye was 

calculated 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 this dye (Table 2.3), likely due to the surface 

treatment of this commercial 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 the higher MAA content in the 

copolymer. This confirms a 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 from170. Copyright © 2017 American Chemical Society. 

 

 

 

 

 

 

On the other hand, CP50 coated membranes have slightly larger effective 

pore size and higher pure water permeability than their CP40 coated counterparts. 

The combination of these 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 CP40-coated 

membrane (Table 2.2). Selectivities between solutes were lower, with Ŭ+/- around 5 

and Ŭ0/- around 9 (Figure 2.15b). 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 diffusion 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 CP40-coated membrane.  

2.3.5.3.2. Competitive diffusion experiments 

The presence of multiple solutes can affect permeation selectivity during 

operation. For example, one solute may plasticize the membrane selective layer and 

Membrane 
moles adsorbed/cm2 

(×106) 

Support 6.4 

CP40 7.3 

CP50 10.0 
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decrease the rejection of all others.264 Alternatively, the adsorption of solutes into 

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

in biological pores, permeation selectivity is enhanced in multi-component systems 

as the solute with favorable interactions prevents other species from entering the 

pores.254 To better understand the selectivity 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 (Figure 2.15c and d).  

The support membrane showed no selectivity between the two similarly sized 

solutes (Figure 2.14b). This is expected behavior for most porous materials. 

Interestingly, permeation selectivity through the CP40 coated membrane was 

significantly higher in competitive permeation experiments (Figure 2.15c). The 

normalized permeation rate of neutral Riboflavin was slightly enhanced in 

comparison with single solute diffusion experiments (Table 2.2). Even more 

strikingly, the passage of anionic solute was even more strongly inhibited. Similar 

behavior was observed for the CP50-coated membrane. The transport of the anionic 

solute was inhibited, whereas the permeation rate of the neutral molecule was 

enhanced (Figure 2.15d). No detectable amount of AB45 was transferred through 

either membrane even after 24 h. This meant that permeation selectivity could not 

be accurately measured; estimates in Table 2.2 indicate the minimum value based 

on the detection limits of our experiments.  

This significantly enhanced selectivity, previously only recorded in 

membranes with functional nanopores prepared using complicated top-down 
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methods,22 is believed to arise from the two solutes competing for entrance into the 

very narrow nanochannels.254 When the ñpreferredò (in this case, neutral) solute 

enters the pore, it blocks the channel and prevents the entrance of the ñunpreferredò 

(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 channel due to 

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 

been reported to lead to the enhancement of the transport of the ñpreferredò solute. 

Although the anionic solute molecules are mostly retained, they may still 

accumulate near pore entrances, hampering the back-diffusion of the neutral solute 

molecules, thereby increasing their forward flux.254 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. Rejection of organic solutes in filt ration experiments 

2.3.5.4.1. Single-solute filtration experiments 

To get a better insight into the performance of these membranes under 

realistic conditions, we studied the membrane separation in pressure-driven 

filtration. Initially, we filtered a series of solutions each containing one organic 

solute. We surveyed cationic, anionic, and neutral solutes with various sizes and 

chemical structures (Figure 2.13). 
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The rejections of these solutes by the CP40 coated membrane are shown in 

Figure 2.16a, classified based on solute electrostatic charge. Similar results were 

also obtained for CP50 (Figure 2.16b). The rejections of anionic solutes were 

significantly higher than those of neutral and cationic solutes of comparable size. 

Positively charged solutes are also 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 membrane requires the passage of counter-ions bound 

to it to preserve electroneutrality. The passage of these counter-ions is strongly 

inhibited by the negatively charged membrane. In contrast, neutral solutes do not 

experience similar electrostatic interactions 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, results in delayed 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 charge indicates that electrostatic interactions 

dominate the selectivity of these membranes, at least for small molecule solutes. 

This demonstrates that the proposed membranes are capable of charge-based 

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 neutral (from left to 

right: RIB, RTH, B12) and cationic solutes (from left to right: BB3, Rho6G) of 

similar size. Reprinted from170. Copyright © 2017 American Chemical Society. 

 

2.3.5.4.2. Separation of two-solute mixtures based on solute charge 

To study the separation behavior of these membranes under more realistic 

conditions, we filtered the same mixture as in the diffusion experiment (anionic 

AB45 and neutral RIB), through the CP40-coated membrane. The membrane 

retained the anionic solute by 96% while allowing the passage of the neutral dye to 

a large extent, with a rejection of only 23% (Figure 2.17a). 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 was rejected by only 

25% (Figure 2.17b). Similar results, exhibiting good separation capability between 

negatively charged and neutral solutes, were also obtained for CP50 coated 

membranes (Figure 2.17c and d). Similar to diffusion experiments, the rejection 

values for the anionic dyes in two-solute experiments with the CP40 coated 

membrane were slightly higher than those measured in single-solute experiments. 
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For example, the rejection of negatively charged Acid Blue 45 increased from 89% 

to 96%. All rejection values were comparable with those measured in single-solute 

tests for the CP50 coated membrane, possibly due to the slightly larger 

nanochannels. 

 

Figure 2.17. Separation of mixture of negative and neutral molecules (a) RIB and 

AB45 for CP40, (b) BBR and Vitamin B12 for CP40, (c) RIB and AB45 for CP50, 

(d) BBR and Vitamin B12 for CP50. Reprinted from170. Copyright © 2017 

American Chemical Society. 

 

2.3.5.5. Effect of Ionic Strength on Organic Solute Rejection 

In all the experiments described above, we assumed that the separation 

mechanism is primarily dominated by electrostatics. Charged groups lead to the 

formation of an electrical double layer (EDL) where co-ions are excluded and 

counter-ions are enriched inside the nanopores.265 Ionic selectivity for a charged 
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membrane depends strongly on channel size and the thickness of EDL, typically 

quantified by the Debye length (ɚD) and calculated according to Gouy-Chapman 

theory:265  

ʇ  
ρπππ.Å

 ʀʀË4
ᾀὓ  Ⱦ                                                                        ὉήȢςȢφ 

where Ů0 and Ůr are the vacuum and relative permittivity, respectively; kB is the 

Boltzmann constant, T is the absolute temperature, e is the elementary charge, NA 

is the Avogadro number, z is the valence and M is molar concentration. If the EDL 

extends through the channel, the passage of co-ions would be strongly inhibited due 

to electrostatic repulsion. However, if the EDL thickness is smaller than the pore 

radius, co-ions can pass through the region far enough 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 increased, resulting in lower 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 mM NaCl solutions (Figure 2.18). 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 ionic strengths. 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 effects of solute size and hydrodynamic effects are much less 

pronounced.  

It should be noted that in the 100 mM NaCl 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. The obtained 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 contribute to 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.166 

 

Figure 2.18. Effect of ionic strength on dye rejection of the CP40 membrane, 

consistent with selectivity driven by electrostatic interactions. Reprinted from170. 

Copyright © 2017 American Chemical Society. 
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2.3.5.6. Salt rejection and rejection mechanism 

To better understand the electrostatic interactions that dominate the 

selectivity of these membranes, we tested the rejection of salts by the CP40 

membrane and compared the results to those obtained by Donnan equilibrium 

model. We measured the rejection of four salts with different anionic and cationic 

valences, Na2SO4, NaCl, CaSO4, CaCl2, at different concentrations (1, 5, 10 mM). 

The CP40 membrane showed 87% rejection for Na2SO4 at 1 mM salt concentration 

(Figure 2.19), comparable to rejection values reported for some commercial 

nanofiltration (NF) membranes,266 even though this membrane 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. 

SO4
2- as opposed to Cl-) and lower cationic charge (i.e. Na+ as opposed to Ca2+) 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 equilibria involved 

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 co-ions and favors the passage of counter-ions.267 During filtration, 

electroneutrality requires the exclusion of not only co-ions but also counter-ions. 

This leads to salt rejection (R), which can be predicted for a negatively charged 

membrane according to:268 
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where ᾀand ᾀare the charges on the cation and anion of the salt, respectively, ὅ  

and ὅ  are the concentration of co-ions in the solution and in the membrane phase, 

respectively, and ὅ  is the concentration of fixed charges in the membrane 

selective layer. Higher counter-ion valency and lower fixed charge density in the 

membrane leads to lower rejection. The co-ion concentration in the membrane 

phase ὅ  can be set equal to the permeate concentration.269 To determine if the 

selectivity of the proposed membrane can be modeled by this theory, we fit the salt 

rejection data to this equation using only the membrane charge density ὅ  as the 

fitting parameter. The values acquired from the model (Figure 2.19) mirror the 

experimental data perfectly, and strongly support the claim that electrostatic 

interaction is the major separation mechanism in our membrane.  

 

Figure 2. 19. Rejection of four salts at different concentrations by the CP40 coated 

membrane. Bars denote experimental data, and filled symbols show values 

calculated by fitting the Donnan model using a single parameter, ὅ , obtained 3.65 

mM. Reprinted from170. 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 model describes salt rejections in this membrane with a 

nanostructured selective layer. The calculated value of ὅ , was 3.65 mM, a 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 ionized, as calculated below: 

άέὰὩί έὪ ὓὃὃ όὲὭὸί ὴὩὶ ὧέὴέὰώάὩὶ ὺέὰόάὩ

 
ρ Ὣ ὧέὴέὰώάὩὶ πȢτυ ύὸϷ ὓὃὃρπ

ψφ Ὣ άέὰ
υȢς άέὰ ὓὃὃ ὒ  

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

υȢς άέὰ ὓὃὃ ὒ πȢχτ σȢψυ άέὰ ὓὃὃ ὒ  

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. Furthermore, due to 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 rejection well, 

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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2.4. Conclusions 

We have demonstrated a novel approach to manufacturing membranes whose 

selective layers are formed of packed nanometer scale spherical polymer particles 

with carboxylate functional groups and showed they can be used for separating 

small molecule solutes based on their electrostatic charge. We have found that 

micelles formed by 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 micelles act as carboxyl-functional nanopores, 1-3 

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 separate organic molecules based on 

charge, allowing the passage of neutral and positively charged solutes while 

retaining negatively charged solutes of similar size. These membranes exhibited 

significantly high permeation selectivity (up to 263, between neutral and anionic 

solutes). 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 the 24-hour time frame of this 

experiment while the permeation 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. 

Charge-based selectivity is 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 strength whereas that of neutral solutes remains the 

same, consistent with a separation mechanism dominated by electrostatic 

interactions. Salt retention properties of these membranes can be described by the 

Donnan exclusion model, though further studies are needed to better 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 of functionalized nanochannels, promising for an even wider array 

of separations.  
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3 CHEMOSELECTIVE NANOPOROUS 

MEMBRANES FOR AROMATICITY -BASED 

SEPARATION OF SMALL MOLECULES 

3.1. Introduction  

Chemical separations account for approximately 10% of the worldôs energy 

consumption.270 Separation of small molecules is even more energy-intensive, 

often conducted by distillation, extraction or chromatography.10 In contrast, 

membrane filtration is energy-efficient, simple, and requires no additional 

chemicals.11 However, the applicability of membranes today is often limited to size-

based separation of molecules. Developing new membranes with high specificity 

and selectivity that 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 

separations.271 Membranes with such capability would also impact technologies for 

drug delivery, sensors, and barrier materials.272-274 

Most attempts to construct membranes that perform chemical structure-

based separations derive their inspiration from 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 
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with functional groups.16, 137, 275 The 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 

preferentially partitioned into the nanopores and prevent 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 reversibly 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 cylindrical through-pores by narrowing down and functionalizing 

their pores. These modification methods include electroless gold deposition,21, 25, 33, 

276 atomic layer deposition,35, 277 and initiated chemical vapor deposition.37 These 

approaches have shown that separations based on size, charge, 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 nanopores by self-assembly 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 functionalized,155 but due to their inherent size scale of 

microphase separation, it is extremely difficult to create < 5 nm pores needed for 

enhancing the separation of small molecules.278 Smaller nanopores can be formed 

by the self-assembly of other organic materials such as small molecule amphiphiles 
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with crown moieties,279 macrocyclic peptides,280 nanoparticle/dendrimer 

mixtures,40 cross-linkable lyotropic liquid crystals,281 and carbon nanotubes.53 

However, these approaches require custom synthesis of reagents (polymerizable 

surfactants, peptide rings). Many result in cylindrical nanopores that need to be 

aligned vertically to the surface, challenging to achieve in large scale 

manufacturing. 43, 282-284 Thus, it is highly desired to develop functional membranes 

that offer 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 post-modification steps.49, 285 This means most of these systems are 

limited in the types of separations they can perform. Indeed, only size- and charge-

based selectivity has been demonstrated in membranes formed by self-assembly. 

For most applications, separations on more complex criteria are needed. Controlled 

selectivity requires membrane systems with tunable, customizable pore surface 

chemistry. 

A potentially important application is the separation of solutes based on 

aromaticity or based on the electron density in an aromatic ring, which lead to ˊ-ˊ 

interactions with other aromatic groups. These interactions are ubiquitous in 

biological processes such as protein-ligand complexation, protein folding and 

stacking in duplex DNA,286-287 and in chemical processes that govern self-

assembly, catalysis and transport.288 However, the possible role of ˊ-ˊ interactions 

in chemical selectivity of small molecules has not been explored in the context of 

membrane-based 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 cosmetics, pharmaceutical and drug delivery 289-290. It also has the 

potential to influence one of the highest volume separations in petrochemical 

industry, dewaxing of aromatic compounds.  

In this chapter, we demonstrate 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 roll-to-roll manufacturing, by 

functionalizing the walls of 1-3 nm membrane pores formed by the self-assembly 

of a random copolymer during coating. This chapter builds on the membrane 

fabrication process described in chapter 2, which can be used to manufacture 

membranes whose selective layers consist of a packed array of micelles with 

carboxylic acid functional surfaces. This nanostructure is spontaneously formed 

during the coating of a porous support with a random copolymer solution.170 The 

interstices between the micelles serve as permeation pathways ~1-3 nm in diameter, 

lined with carboxylate functional groups that were used to perform charge-based 

separations (Scheme 3.1).  

Here, we demonstrate that these pore walls can be functionalized using 

straightforward, mild and highly efficient conjugation chemistry to control solute-

wall interactions and customize 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 estrogen derivative, from a non-aromatic 

compound of similar size and charge (a cholesterol metabolite), mediated through 

-́ˊ interactions that provide strong but reversible interactions between solute and 

pore walls, by functionalizing these membranes with tyrosinol (TYR). We study 

the effect of the functional groups lining the pore walls through diffusion 

experiments, and link this with quantitative information on wall-solute interactions 

measured by quartz crystal microbalance with dissipation (QCM-D). We also 

analyze transport in single-solute and competitive diffusion experiments to gain 

deeper insight into transport mechanisms occurring in this system. This study 

introduces a novel method with the potential for custom-designing functional 

membranes for membrane-based separation of organic compounds and 

demonstrates new transport phenomena that enhance chemical-structure-based 

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 (unfunctionalized 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), 4-methoxy phenol 

(MEHQ), hormones including estrone sulfate sodium salt (ESTR) and 

Pregnenolone sulfate sodium salt (PREG), L-Tyrosinol hydrochloride (TYR), 2-

Amino-3-cyclohexyl-1-propanol hydrochloride (ACP), N-Hydroxysuccinimide 

(NHS), 2-(N-Morpholino)ethanesulfonic acid (MES), Ammonium hydroxide 

solution (28% NH3 in H2O), Saline-sodium citrate (SSC) buffer (20× concentrate) 

and sodium hydroxide (NaOH) were purchased from Sigma Aldrich (St. Louis, 

MO). 2,2,2-Trifluroethyl methacrylate (TFEMA) was purchased from Scientific 

Polymer Products Inc. (Ontario, NY). 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC), HPLC-grade 

Acetonitrile (ACN), hydrogen peroxide (H2O2) and ultrapure distilled water were 

purchased from Thermo Fisher Scientific (Waltham, MA). Solvents (methanol, 

ethanol, dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), hexane) and sodium 

chloride (NaCl) were purchased from VWR (West Chester, PA). Deuterated 

dimethyl sulfoxide (DMSO-d6) was obtained from Cambridge Isotope Laboratory 

(Tewksbury, MA). All chemicals and 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. 
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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 dissolved in 100 

mL DMSO in a round bottom flask. The flask was sealed and purged with nitrogen 

for 30 min, and then placed in an oil bath set to 55 C. Polymerization reaction 

occurred under stirring at 55 C for about 4 h. To stop the reaction, the flask was 

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 product was then air dried overnight and dried in vacuum oven 

at 50 oC for 24 h. The yield was about 40%. 

The synthesized copolymer was characterized using 1H nuclear magnetic 

resonance (1H NMR) spectroscopy following peak assignments in Figure 2.1. After 

dissolving the copolymers in DMSO-d6, NMR spectra were acquired on a Bruker 

Avance III 500 spectrometer. Molecular weight distribution measurement of the 

copolymer was acquired using a Shimadzu Gel Permeation Chromatography (GPC) 

System equipped with a TOSOH TSK gel GMHh-M 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-1 elution 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 copolymer solutions for membrane preparation were prepared by 

dissolving 5 wt% of the copolymer in methanol by stirring at 40 C for an overnight. 

Afterward, the solutions were filtered through 1 ɛm glass fiber syringe filter 

(Whatman) and kept in an oven at 50 C to eliminate the bubbles. Bubble/dust-free 

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 ɛm. The glass plate was immersed into a water bath after 20 s of solvent 

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 frozen in liquid 

nitrogen and cut with a razor blade for cross-sectional 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 total 

internal reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was used 

to identify the chemical composition of the membranes using a FT/IR-6200 

spectrophotometer (JASCO Corp, Tokyo, Japan) over the range of 4000-600 cm-1 

at a 4 cm-1 resolution. Prior to analysis, membranes were air-dried 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 reactive intermediates, the membranes were immersed in EDC/NHS 
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solution with selected concentrations and molar ratios in MES buffer at room 

temperature on a nutating mixer for varying times. Unreacted EDC and NHS were 

removed by rinsing the membrane with 50 mM MES buffer (pH 6) for three times. 

For amine conjugation, the membrane was immersed in a solution containing the 

selected concentration of desired amino compound in 5× SSC buffer (adjusted pH 

to 8 with 0.1 M NaOH) on a nutating mixer at varying time. Unreacted amines were 

removed by rinsing the membrane with 2× SSC buffer twice and final rinsing with 

DI water. Samples were taken out at different time intervals during each step for 

infrared measurements. 

3.2.5. Characterization of Membrane Performance 

3.2.5.1. Filtration experiments 

Water permeability was measured using a 10 ml Amicon 8010 dead-end stirred cell 

(Millipore) with a filtration area of 4.1 cm2, stirred at 500 rpm, at a trans-membrane 

pressure of 40 psi. Flux were calculated by monitoring the mass of permeate, 

collected on a scale (Ohaus Scout Pro) connected to a computer. The membrane 

permeance (Lp), defined as the water flux (J) normalized by applied trans-

membrane pressure (æP), was calculated as: 

ὒ
Ў

                                                                                                      ὉήȢσȢρ  

Rtotal accounts for the resistance toward the flow of the coating and the support 

membrane itself. Resistances-in-series model was used to account for the hydraulic 

resistance posed by support membrane and the selective coating layer.  
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2 2  2                                                     ὉήȢσȢς 

The resistance against flow due to the support membrane, Rsupport membrane, is 

negligible due to its high flux in comparison to the TFC membrane (820 L m-2 h-1 

bar-1) according to manufacturer specifications, confirmed in our filtration system). 

Selective layer permeability (Pm) was thus calculated by normalizing the permeance 

with the selective layer thickness using: 

ὖ
‏

2  
                                                                                              ὉήȢσȢσ 

where ŭ is the selective layer thickness (ɛm) obtained from SEM images using 

ImageJ software, averaged over measurements on at least 5 different membrane 

samples. 

3.2.5.2. Diffusion experiments 

Permeation studies were performed in a U-shaped two compartment cell 

(Permegear) with a cell volume of 7.0 ml and an effective permeation area of 1.8 

cm2. A circular membrane swatch 1 inch in diameter was mounted between the two 

halves of the diffusion cell, one acting as the feed compartment and the other as the 

permeate compartment. 

The feed compartment contained 100 ppm solution of desired solute (ESTR, 

PREG) and permeate half-cell was filled with DI water. The flux of the permeating 

solute through the membrane and into the permeate compartment was monitored 

by periodically by removing an aliquot (1 ml) of the permeate solution, replacing it 

with 1 ml DI water, and assaying the aliquot using high-pressure liquid 
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chromatography coupled with mass spectroscopy (LC-MS, Finnigan Surveyer LC 

system and Finnigan LTQ, Thermo Scientific, Waltham, MA). 20 ɛl of samples or 

standards were injected into a C18 Analytical Column (BetaSilÊ C18 Column, 3 

ɛm particle size, 100 mm length, 2.1 mm internal diameter, Thermo ScientificÊ, 

Waltham, MA) equilibrated with 95:5 water:ACN containing 0.02 v/v% 

ammonium hydroxide. A gradient was started to 60:40 water:ACN over 5 min, then 

ramped up to 95:5 water:ACN, followed by a 2 min equilibration step. 

The quantification was performed by tracking m/z values of 349.16 and 395.24 for 

ESTR and PREG, respectively. XcaliburÊ Software (Thermo Scientific) was used 

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 values 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 and coating of the quartz crystal sensor 

To study the interaction between each solute and selective layer, we used Quartz 

Crystal Microbalance with Dissipation (QCM-D, Q-Sense, Frölunda, Sweden). 0.3-

mm-thick AT-quartz crystals coated with a 100-nm-thick gold layer (QSX 301) 

with a fundamental frequency of f0 = 4.95±0.05 MHz were used as substrates. Prior 

to use, Au-coated 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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v/v% H2O2 to 75 C for 5 min. They were rinsed with ultrapure water afterward, 

dried with nitrogen, and 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 was spin-coated at 2000 rpm for 1 min. The samples were 

then dried in a vacuum oven at 70 C for 30 min to remove the solvent residue. 

3.2.6.2. Measuring coating layer thickness 

The areal mass (ng cm-2) of the selective layer was also measured using QCM-D 

through analysis of the frequency shift. First, the frequency shift of the bare sensor 

was monitored until a stable baseline was obtained (±1 Hz) upon gas injection. The 

sensor was then taken out and spin-coated as described above. The quartz crystal 

was again placed 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 Sauerbreyôs Equation 291: 

Ўά  ὅ 
ЎὪ

ὲ
                                                                                                        ὉήȢσȢτ 

where C is the sensitivity constant C = 17.7 ng m-2 Hz-1, n is the overtone, and æf 

is frequency change. 

Thickness can be obtained by dividing the mass change to the copolymer density ɟ 

(1.1 g cm-3): 

‏
Ўά
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                                                                                                                    ὉήȢσȢυ 
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3.2.6.2. Adsorption/Desorption of solute on the selective layer 

For tracking the adsorption and desorption of the solute, frequency change at 

different harmonics (n= 1, 3, 5, 7, é, 13) was recorded upon injection of different 

solutes. The sensor was first equilibrated with ultrapure water until a stable baseline 

was stablished. Next, a solution containing 50 ppm of desired solute (e.g., PREG) 

was introduced to measurement cell using a peristaltic pump (Ismatec IPC-N 4) at 

a flow rate of 50 ɛl min-1 at room temperature. When the adsorption reached 

saturation, 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/desorption 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 chapter, we described a novel, scalable approach for creating 

membranes whose selective layers contain a network of carboxylic acid 

functionalized nanochannels by self-assembly of the random copolymer as it is 

coated onto a porous support.170. This copolymer, poly(trifluoroethyl methacrylate-

random-methacrylic acid), P(TFEMA-r-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 methanol.169 When a solution of these micelles is coated 
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onto a porous support under preferred conditions, they create a selective layer of 

closely packed micelles on top of the support, with pore size of about 1-3 nm. In 

this chapter, we leverage the versatility of the carboxylic acid groups that line these 

pores, and their easy conversion to numerous 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.292 

P(TFEMA-r-MAA)  was synthesized as described in the previous chapter, 

following previously reported procedures.169-170 The copolymer used in this study 

was found to have a number-average molecular weight of 606 kg mol-1 and 

dispersity of 1.75 by GPC based on polystyrene standards. Using 1H 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 to form a thin and uniform film. After a brief solvent evaporation time of 20 

s to direct the self-assembly of the micelles, the film was immersed in DI water to 

freeze the structure. As a result, the self-assembled random copolymer micelles 

were kinetically trapped in a nicely packed array of spheres. The interconnected 

interstices between the micelles act as nanochannels that are all lined with 

carboxylic acid functional groups, accessible for further functionalization. This 

membrane, essentially identical to the one used for charge-based separations 

(previous chapter),170 is described as the ñunfunctionalizedò membrane.  

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 carboxylic 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 challenges. As an initial demonstration of this approach 

for designing chemoselective membranes, we chose to focus on leveraging ́-ˊ 

interactions between the preferred solute and pore walls. ˊ-ˊ interactions are highly 

reversible with fast time constants.293 Their strength can be predictably tuned by 

selecting substituents on aromatic rings.294-296 The most favorable ˊ-ˊ interactions 

occur between an electron-rich aromatic ring and an electron-poor aromatic ring.294, 

297  

Efficient separation and purification of hormones from others with similar 

chemical structures is essential for drug manufacture and in analytical applications 

for clinical diagnosis.298-299. Therefore, we selected two steroid hormones as an 

example of a pair of solutes with similar size and charge but different 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 rings (Table 3.1). Besides 

this, ESTR and PREG are very similar in size (8.4, 8.9 Å, respectively), charge (-

1), and functional groups. This means that variations in their diffusion rates would 

likely be due to solute-pore wall interactions.  
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Table 3. 1. Structure, size and van Krevelen solubility parameters of organic 

molecules used in this study. 

 

 

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

ESTR can interact with them through ˊ-ˊ interactions. The strength and direction 

(attractive vs. repulsive) of ˊ-ˊ interactions correlate closely with the electron 

densities in the aromatic ring. Rings that have electron donating groups as 

substituents have a partial negative charge on the aromatic ring and tend to interact 

more strongly with solutes containing electron withdrawing substituents. This is 

typically quantified by Hammett substituent constants measured at the para 

position, ůP.
297, 300-302 The /3/ group on ESTR is electron withdrawing, with ůP= 

0.42 (calculated by Molecular Modeling Pro Software). The ïOH substituent on 

phenol groups is electron donating, with ůP = -0.37.303 Thus, if the pore walls are 

functionalized with a phenol containing group, we would expect attractive ́-ˊ 

interactions between them and ESTR molecules.  
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To test this hypothesis, we functionalized the membrane pores with phenol-

containing groups using EDC/NHS chemistry to covalently attach the phenol-

containing molecule tyrosinol (TYR) to the pore walls (Table 3.1). As a control, we 

functionalized another membrane with a non-aromatic molecule with similar 

functional groups, 2-Amino-3-cyclohexyl-1-propanol (ACP) (Table 3.1). TYR-

functionalized surfaces are expected to preferentially interact with ESTR over 

PREG, whereas unfunctionalized or ACP-functionalized surfaces would not exhibit 

as prominent a difference in interactions. 

The functionalization reaction is conducted in aqueous solution under very 

mild conditions. It involves the activation of the carboxyl groups to form reactive 

intermediates (Figure 3.1) that then react with a primary amine group to form a 

covalent amide bond. To achieve high degrees of functionalization, we screened 

different parameters by performing attenuated total reflection ï Fourier transform 

infrared spectroscopy (ATR-FTIR) and tracking relevant peaks after activation and 

amidation steps. Infrared spectrum for unfunctionalized membrane (bottom 

spectrum) is shown in Figure 3.1a. The two interconnected peaks at about 1738 and 

1705 cm-1 are assigned to the ïC=O stretching vibration of ester carbonyl (i.e., 

TFEMA unit) and carboxylic acid (i.e. MAA unit), respectively. The smaller peak 

at 1565 cm-1 is attributed to the fraction of acid groups that are deprotonated ïCOO-

. Membranes were then activated using EDC/NHS chemistry that leads to formation 

of reactive intermediates (Figure 3.1a, top spectrum) that can react with amino 

compound in the next step. The peaks from these intermediates containing carbonyl 

groups overlaps in the range of 1700-1800 cm-1 and obscures some smaller peaks. 
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For a clearer observation and assignment of the peaks, we deconvoluted the 

carbonyl peak coming from these intermediate species: NHS-ester, and anhydride 

using Fityk software (Figure 3.1b). The formation of the succinimidyl ester is 

evidenced by prominent triplet bands of 1745, 1775 and 1810 cm-1 attributed to the 

antisymmetric and symmetric vibration of the carbonyl groups of the succinimide 

cycle and ɜC=O stretching vibration of the ester unit, respectively. Although the NHS-

ester peak dominates over the anhydride, a large amount of anhydride was also 

formed with characteristic doublet bands at 1760 and 1800 cm-1, associated with 

antisymmetric and symmetric ɜC=O stretching vibration. Both NHS-ester and anhydride 

can directly react with primary amine containing molecules and form covalent 

amide bond, with NHS-ester being a more reactive species. 

Another product that can potentially form as a result of EDC/NHS activation 

is N-acylurea. The formation of N-acylurea is undesirable, since it is a stable 

product and will not react with amino compounds. The minimal intensity of doublet 

peaks at 1550 and 1650 cm-1 signature of amide bond of N-acylurea 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/NHS activation; 

(b) deconvolution of the carbonyl stretching region of the activated membrane; 

NHS-ester and anhydride intermediates were formed. 
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The ATR-FTIR spectra was also collected after amidation. Figure 3.2a 

depicts the spectra for unfunctionalized and TYR-functionalized membranes 

prepared using the optimal procedures (Figure 3.2a, 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 successful 

attachment of TYR molecules. The spectrum of the membrane functionalized with 

ACP also showed evidence of functionalization, as indicated by peaks 

corresponding to amide groups (Figure 3.2a, top spectrum). Field Emission 

Scanning Electron Microscopy (FESEM) imaging showed that the closely packed 

micelles forming the membrane selective layer remain intact after functionalization 

with TYR (Figure 3.2b, c). This confirms that this simple, straightforward approach 

allows functionalization without damage to the membrane structure.  

 

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 micrographs of (b) 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 of pore-solute 

interactions and to obtain quantitative evidence of adsorption/desorption equilibria, 

we used quartz crystal microbalance with dissipation, QCM-D. For this purpose, a 

quartz crystal resonator was coated with a thin film of the copolymer (Ḑ70 nm, 

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 surface,304 was recorded upon exposing the crystal to a solution of either PREG 

or ESTR.  

Figure 3.3 displays the frequency shifts for unfunctionalized, TYR-

functionalized and ACP-functionalized films upon exposure to each solute, 

followed by its desorption. For 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 more quantitatively, we 

defined a heuristic parameter, ñadsorption selectivityò, ɓ: 

‍
Ўὲ
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where æn is the moles of solute whose name is noted in the subscript adsorbed on 

the surface measured by frequency shift (f) of the gold sensor. 

For the unfunctionalized membrane, an adsorption selectivity ɓ of 2.9 was 

obtained. While no -́ˊ interactions are present, the phenol groups in ESTR can 
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interact more strongly with the ïCOOH groups on the surface through hydrogen 

bonding than PREG molecules, as evidenced by the hydrogen bonding solubility 

parameters of these solutes (Table 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 affinity to the TYR-functionalized surface through ˊ- ˊ interactions. In 

contrast, the adsorption of PREG decreased in comparison to the unfunctionalized 

surface. The TYR-functionalized surface was much more selective for ESTR, with 

a ɓ value of 11.7. 

The ACP-functionalized surface did not include any aromatic rings, but ïOH 

groups similar to the TYR groups. Frequency shift due to ESTR adsorption was 

lower than that observed on the unfunctionalized and TYR-functionalized films. 

The ACP-functionalized surface has lower hydrogen bonding potential and no 

aromatic groups to enhance this interaction. The amount of PREG adsorbed on this 

surface was comparable to the unfunctionalized film. This resulted in a ɓ value of 

1.7, indicating that ACP-functionalized 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 membranes, rinsing 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 fully reversible.  

3.3.5. Membrane Permeance 

3.3.5.1. Water permeance: pressure-driven filtration 

Most membranes are utilized in pressure-driven filtration applications. Water 

permeance, defined as the flux of pure water normalized by applied trans-

membrane pressure, is a crucial performance criterion for membrane use. Yet, this 

value is rarely reported for membranes designed for chemical structure-based 

selectivity. The very low porosity of membranes prepared by top-down methods 
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often results in very low flux. The membranes reported here are expected to have 

much higher pore density, leading to measurable water permeance. To document 

this, I measured the water permeance of the membranes using a dead-end filtration 

cell at trans-membrane pressure of 40 psi. The water permeance of unfunctionalized 

membranes was 4.5 ± 0.8 L m-2 h-1 bar-1. This is significantly lower than that of 

support membrane, 820 L m-2 h-1 bar-1, confirming the presence of a coating layer. 

Upon TYR functionalization, we expect a slight decrease in the membrane 

permeance as the TYR molecule (6.7 Å) partially fills the 1-3 nm nanopores. 

Indeed, a decline on membrane permeance to 3.1 ± 0.6 L m-2 h-1 bar-1 was observed.  

Membrane permeance is strongly dependent on selective layer thickness, 

which can be further 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 ± 0.3 and 1.3 ± 0.2 L ɛm m-2 h-1 bar-1 for unfunctionalized and functionalized 

membranes, respectively, using the resistances-in-series model (Eq. 3.3). These 

values are comparable to that of commercial TFC nanofiltration membranes (0.2ï

1.4 L ɛm m-2 h-1 bar-1),257 calculated assuming a selective layer thickness of 0.1 

ɛm.258-259 While the selectivity properties of commercial NF membranes are by 

definition distinct from the proposed membranes, this serves as a broad comparison 

regarding their potential industrial use. This data implies that if these membranes 

were manufactured at large-scale 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. Permeation of Aromatic and Non-Aromatic Organic Molecules  

3.3.5.2.1. Single-solute 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 solution. We 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 similar size.12, 159  

To determine how these differences in solute-pore interactions affect 

permeation, we conducted diffusion experiments in a two-compartment cell. The 

feed half-cell was filled with 100 ppm solution of desired solute, one at a time. 

Samples were taken periodically from permeate half-cell and solute concentration 

was assayed using high-pressure liquid chromatography coupled with mass 

spectroscopy (LC-MS). Figure 3.4a shows nanomoles of the permeating solute 

through the support membrane versus time (i.e. permeation rate) for both hormones, 

ESTR (pink) and PREG (blue), through the support membranes. To quantify the 

ratio between diffusion rates of the two solutes, we defined theoretical permeation 

selectivity ŬT as the ratio of the permeation rate of ESTR to that of PREG. Both 

solutes showed very similar diffusion rates through the support membrane (ŬT = 1) 

as expected given its large pore size. This confirms 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) Single-solute, and (b) Competitive diffusion experiment. 

 

Figure 3.5 depicts the nanomoles of each solute transferred through the 

unfunctionalized, TYR-functionalized and ACP functionalized membranes. The 

diffusion rate of PREG, the non-aromatic molecule, through the unfunctionalized 

membrane was Ḑ1.9 times higher than that of aromatic ESTR (ŬT=0.53) (Figure 

3.5a). ESTR interacts slightly more strongly with the ïCOOH groups on the 

unfunctionalized membrane than PREG, as indicated by the QCM-D data. These 

interactions appear to slow down the passage of this molecule as it hops between 

neighboring binding sites, while PREG molecules can pass through the membrane 

unhindered.305-306 

Upon functionalization with TYR (Figure 3.5b), 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 QCM-D experiments. The overall negative charge of the membrane is 

also reduced upon the conversion of most of the acid groups to phenol. This results 

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 only slightly 

in comparison to the unfunctionalized membrane. Although the electrostatic 

repulsion was significantly reduced, favorable ˊ-ˊ interactions between the phenol 

groups in TYR and ESTR appears to slow down the permeation of ESTR. These 

results are consistent with hopping transport mechanism, where 

adsorption/desorption equilibria dominate the time a solute takes to reach the 

permeate side.12 In single solute experiments, the least interactive solute transfers 

most quickly. Transient trapping of the preferred solute as it hops through the 

binding sites inside the pores retards its permeation.307 As a result, PREG diffused 

11.2 times faster than ESTR through this membrane (ŬT=0.089). 

To confirm that ˊ-ˊ interactions and favorable binding of ESTR to phenol 

groups of the pores cause this change in transport rates, we performed an analogous 

experiment with the ACP-functionalized membrane (Figure 3.5c). 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 

more slowly than PREG (ŬT=0.63), in agreement with previous results and QCM-

D data. This confirms that the significant changes in membrane selectivity observed 

in the TYR-functionalized membrane arise from ˊ-ˊ interactions, and not from 

simple changes in surface charge. Flux of both solutes and theoretical selectivities 

(ŬT) for all membranes are summarized in Fig. 3.5d. 
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3.3.5.2.1. Competitive diffusion experiments 

Single-solute diffusion experiments are often used to estimate the ability of a 

new membrane material to separate a mixture. Researchers typically calculate a 

theoretical selectivity ŬT as above, by dividing the permeation rates of the two 

solutes measured in isolation and hypothesize this ratio will be maintained when a 

mixture is fed to the membrane. However, in real applications, the target 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 either 

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 

the entry of others into the pore. This results in higher transport selectivity for the 

preferred solute in comparison with the theoretical selectivity ŬT calculated from 

single solute experiments. Therefore, in addition to more accurately simulating 

realistic operation conditions, comparing data from single-solute and competitive 

diffusion experiments can illuminate transport mechanisms in these membranes.  

To explore this point, we performed competitive diffusion experiments with 

feed solutions containing 100 ppm of each solute, ESTR and PREG. Competitive 

selectivity ŬC is defined as the ratio of the fluxes of ESTR to PREG, analogous to 

ŬT from single solute experiments. The support membrane showed no selectivity 

between the two hormones (ŬC= 1.1; Figure 3.4b). Figures 3.5e-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 solute experiments.  

For the unfunctionalized membrane (Figure 3.5e), 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 pores. This decrease was much more pronounced for PREG, making its 

permeation slightly slower than EST and leading to ŬC = 1.5. This implies that the 

ESTR molecules, which interact more with the pore walls in comparison to PREG, 

permeate through the membrane similar to before, but also inhibit the permeation 

of the unpreferred PREG molecules. The ACP-functionalized membrane also 

shows a slow-down of PREG permeation rate and a reversal of selectivity (Figure 

3.5g), but to a lesser extent (ŬC = 1.2). This is in agreement with the QCM-D data, 

which shows the ACP-functionalized membrane is less selective towards ESTR 

than the unfunctionalized membrane. 

The most prominent change in selectivity was observed for the TYR-

functionalized membrane, which interacts most selectively with ESTR through ˊ-ˊ 

interactions as indicated by QCM-D experiments. In competitive permeations with 

this membrane (Figure 3.5f), the diffusion rate of PREG dropped dramatically in 

comparison to single-solute experiments. The permeation rate of ESTR was slightly 

enhanced. Overall, ESTR permeated through this membrane 7.1 times faster than 

PREG (Fig. 3.5h). 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 side. This 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. I hypothesize that this effect 

arises from competition between the two solutes for narrow space inside the 

nanochannels, whose diameter (~1-3 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 pores. 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, ESTR permeates 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 back-diffusion of ESTR molecules and increase 

their forward flux relative to single-solute experiments.254 
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Figure 3.5. Permeation of steroid hormones through (a,e) Unfunctionalized and 

(b,f) TYR-functionalized and (c,g) ACP-functionalized membrane in (a-c) single-

solute and (e-g) Competitive diffusion experiments. Permeation flux and selectivity 

in (d) Single-solute, and (h) Flux in competitive diffusion experiments. All 

experiments demonstrate aromaticity-driven 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 are ~1-3 nm in 

diameter, comparable in size with small organic molecules, solute-pore wall 

interactions can dominate solute transport selectivity. The unusual transport 

phenomena arising from the confinement of permeation into nanoscale pores leads 

to a large mismatch in single-solute 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 

of solute-wall interactions in addition to the ˊ-ˊ interactions that is the focus of this 

study. We also demonstrated that QCM-D is 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 confirm that incorporation of phenol groups on the walls of the 

nanopores created in this membrane system leads to membranes with 

unprecedented transport selectivity, up to ~7 times, between two steroid hormones 

with similar size and charge based on their aromaticity. This is a very high diffusion 

selectivity for small molecules with similar size and charge using a clean, and 

energy efficient membrane separation process. In fact, this is, to our knowledge, 

the first demonstration of membrane-based separation for small 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 desired functional 
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groups on pore walls, screening them by QCM-D, and 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 roll-to-roll manufacturing, taking advantage of the self-assembly 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 filters for complex separations that cannot be 

addressed by todayôs membranes.  
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4 A NOVEL METHOD FOR FABRICATION 

OF ULTRATHIN SELECTIVE LAYERS: 

INTERFACIALLY INITIATED FREE 

RADICAL POLYMERIZATION (IIFRP) 4  

4.1. Introduction 

Protein purification is of great importance in a wide range of applications 

including the pharmaceutical, biotechnology, cosmetics and food industries as well 

as in enzymatic catalysis.308-309 Membrane separation processes are attractive for 

these applications due to their high throughput, ease of implementation and cost 

effectiveness.310-311 However, critical challenges remain in the use of membranes 

for protein purification. First, protein separations require membranes with well-

controlled selectivity.312-315 Second, fouling due to the adsorption of the proteins 

and other biomolecules in the feed leads to substantial decline in membrane 

permeance and lifetime,316-317 and can cause shifts in membrane pore size.316, 318-319 

Addressing these concerns can broaden the use of membrane processes in the 

manufacture and purification of biopharmaceuticals. 

                                                           
4 Reproduced with permission from reference 333. Copyright © 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 resistant.99 Selectivity can be controlled by the mesh size of 

the cross-linked polymer, with effective pore sizes typically in the ultrafiltration 

(UF) range (1-5 nm), suitable for protein purification.320 Functional groups can be 

easily integrated into these selective layers, enabling more targeted control of 

membrane selectivity and broadening their potential applications to protein 

separations. Moreover, hydrogels are inherently hydrophilic, which makes them 

very fouling resistant.94, 100, 321-322 Despite these promising features, if the hydrogel 

will serve as the selective 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, defect-free membrane selective layers remains 

a major challenge. 

Existing literature on hydrogel membranes focus mainly on free-standing 

films.100, 320, 323-324 These hydrogel films are prepared by dissolving the monomer 

and initiator in an aqueous solution, spreading this mixture into a thin layer, and 

initiating polymerization, typically by UV illumination. This results in the 

formation of a very thick hydrogel layer (100-900 ɛm), and the resultant 

membranes have very low flux. To decrease film thickness while maintaining 

mechanical integrity, 1-10 ɛm hydrogel layers can be formed on porous supports 

by carefully designed coating methods.99, 325 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 weight inert polymers)94, but this can simultaneously 

change coating properties such as pore size.94, 103-104 Another surface modification 

approach, grafting99, 102 from the membrane surface, creates a polymer brush lining 

the membrane pores and surface rather than a continuous selective layer.102, 124 To 

form a selective layer by grafting, the pore diameter has to be spanned by growing 

polymer chains from a limited number 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 method that enables the formation of a very thin, 

defect-free hydrogel selective layer using processes that can be easily integrated 

into large scale manufacturing schemes. Such a method would enable the 

development of a wide range of membrane materials not only for protein 

purification, but also for wastewater treatment94, 106 and gas separation 

applications.326-327 

The most common method for the large-scale fabrication of membranes with 

ultra-thin selective layers is interfacial polymerization (IP).328-329 Thin film 

composite (TFC) membranes fabricated using this method feature a very thin 

selective layer (typically <100 nm) on a porous support that provides mechanical 

integrity.330-332 IP involves the polymerization of two highly reactive monomers 

segregated in two immiscible phases (i.e. a 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 a roll-to-roll process, it is limited to a narrow 
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range of polymer chemistries that are formed by condensation polymerization. IP 

cannot be applied to polymers prepared by free radical polymerization (FRP) such 

as hydrogels. It also cannot be used to fabricate inherently hydrophilic layers, 

because one of the monomers has to be oil-soluble. Furthermore, IP also generates 

a highly cross-linked and dense layer that limits the application of this method to 

desalination and reverse osmosis (RO). Larger pore sizes suitable for protein 

purification are typically not easily accessible. 

Our approach to addressing these challenges centers on a novel, scalable and 

robust fabrication method inspired by IP, called Interfacially Initiated Free Radical 

Polymerization (IIFRP). The novelty of this approach arises from its ability to 

create ultra-thin, 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, as illustrated 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, which fills its pores 

and leaves a thin layer on its surface. The organic/oil layer containing an oil-soluble 

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 the oil-water interface 

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, defect-free selective layer at the interface.  
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This is the first demonstration of a new, simple, scalable, reliable and robust 

technique for manufacturing membranes with ultra-thin, defect-free hydrogel 

selective layers. In this chapter, we first show that IIFRP can be used to create layers 

as thin as <100 nm on commercially available porous supports. Then, we depict 

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 of comonomers or inert polymers in the monomer 

solution. Finally, we demonstrate the stability and extremely high fouling resistance 

of the hydrogel layer in filtering protein solutions. This new technique, IIFRP, 

could serve as a platform for manufacturing membranes 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 showing fabrication of membranes with ultra-thin 

hydrogel selective layers by interfacially initiated free radical polymerization 

(IIFRP).*  Reproduced with permission from333. Copyright © 2018, American 

Chemical Society. 
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*A porous support membrane is immersed in an 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 (PI) and irradiated with UV light. The hydrophobic photoinitiator dissociates and 

reacts with 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), 2-hydroxy-2-

methylpropiophenone also known as Darocur® 1173 (photoinitiator, PI), and 

bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO). 

N-hexadecane (99%), were purchased from ACROS OrganicsTM. Cytochrome C, 

equine heart, +90%, and Aprotinin, from bovine lung were purchased from 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 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 

the chemicals were analytical grade and used without further purification. 

Polysulfone (PS35, 20 kDa) ultrafiltration 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 of Ultrathin Hydrogel Layer  

The support membrane (Polysulfone, PS, Nanostone) was first washed with 

ethanol, dried, and then taped along all edges onto a glass plate. An aqueous 

solution containing 5-20 v/v% PEGDA (700 g mol-1), with or without additives 

(PEG200, 600, or PEGMEA), was poured on the support membrane. The support 

membrane was equilibrated with this 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 residual droplets. A solution of 

0.1 v/v% of oil-soluble 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 membrane.334-335 Subsequently, the membrane was 

exposed to 365 nm UV light with an 8 W hand-held UV lamp (Spectronics Corp., 

Westbury, NY) for varying times (1-20 min). The excess solution covering the 

membrane was then poured out and the membrane surface was washed with a 1:1 

water:ethanol 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 characterized Field-Emission 

Scanning Electron Microscopy (FESEM, Supra 55) at 4 kV and 7 mm working 

distance. Dried membranes were frozen in liquid nitrogen and cut with a razor blade 



123 

 

for cross-sectional imaging. Samples were sputter coated (Cressington 108 manual, 

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

Attenuated Total Internal Reflectance-Fourier Transform Infrared (ATR-

FTIR) spectra of membranes were collected using a FT/IR-6200 spectrophotometer 

(JASCO Corp, Tokyo, Japan) over the range of 4000-600 cm-1 at a 2 cm-1 

resolution. Prior to analysis, membranes were air-dried for 24 hours. 

4.2.4. Membrane Performance.  

Filtration experiments were performed using an Amicon 8010 dead-end 

stirred cell (Millipore) with a cell volume of 10 mL and an effective filtration area 

of 4.1 cm2 attached to a 1-gallon reservoir. The cell was stirred at 500 rpm. Tests 

were conducted at an applied trans-membrane pressure (TMP) of 40 psi. Water 

flow rate through the membranes was measured by collecting the permeate in a 

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 membrane area, with applied trans-membrane pressure (æP): 

ὒ
ὐ

Ўὖ
                                                                                                                   ὉήȢτȢρ 

Membrane performance in protein filtration was studied by filtering 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 measured using 
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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: 

ὙϷ ρ
ὅ

ὅ
 ρππ                                                                                         ὉήȢτȢς 

where R is the solute rejection, and CF and CP are the concentration of feed (100 

ppm) and permeate, respectively. Membranes were 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 membrane was investigated in a cross-flow 

system with a flat-frame membrane module (Sterlitech CF016A, Kent, WA) 

integrated with a KrosFlo® Research II TFF System (Spectrum Laboratories, Inc., 

Compton, CA). The CF016 cell, with an as-manufactured effective membrane area 

of 20.6 cm2 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 cm2. Experiments were performed at trans-membrane pressure 

(TMP) of 40 psi and feed flow rate of 135 ml min-1, corresponding to a shear rate 

of 9.4 s-1 and a Reynolds number of 120, indicating laminar flow. This value was 

selected based on literature that reports more severe irreversible fouling occurring 

at low Re numbers.336-338 
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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 UF membrane 

(PS35, Nanostone), which will act as the porous support, into an aqueous 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 mass of 200 g mol-1, PEG200, as an additive. The selection was based on the 

previous literature stating that inert short chain PEG can create a porous 

network,339-341 which in turn would be expected to lead to an increase in 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 

aqueous solution, dabbed off the excess, and covered it with the oil solution, n-

hexadecane containing 0.1 v/v% of the hydrophobic photoinitiator (PI), Darocur® 

1173. We then exposed it to UV light, which caused the initiator to form free 

radicals in the oil phase that then diffused to the aqueous phase and started the 

polymerization of PEGDA (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 studies.334-335 A control 

experiment performed without the addition of PI 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 photo-initiated 

free radical polymerization (FRP) methods for preparing hydrogel layers, where 

monomers and PI are both in the aqueous phase. Using this method, a solution 

containing only the monomer and the PI cannot typically be coated onto a porous 

support. The solution is instantly absorbed into the membrane pores through 

capillary 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 result (Figure 4.1). The viscosity of the solution can 

sometimes be increased by increasing the concentration of the solution or adding 

high molecular weight polymers,94 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 polymerization-induced phase separation (PIPS) 

can lead to macro-scale porosity in the film.323, 342  

 

Figure 4. 1. Membrane prepared using single phase aqueous solution containing 

40 v/v% PEGDA and 1 wt% water-soluble PI (Irgacure 2959) showing formation 

of a very thick and non-uniform hydrogel layer on the PS support. Reproduced with 

permission from333. Copyright © 2018, American Chemical Society. 

 

In contrast, IIFRP segregates the reactants (i.e. monomers and PI) into two 

separate phases. Free radicals formed by PI upon UV exposure diffuse to the 
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oil/water interface and react with the monomers in the aqueous monomer solution 

to initiate polymerization. Since the PI 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 would not necessarily be the case for homogeneous FRP, where longer 

exposure would likely increase the degree of cross-linking but not necessarily the 

coating thickness once the gel point is reached. It is also in contrast to traditional 

IP, where the formation of the highly cross-linked selective layer at the interface 

hinders the diffusion of the monomers, leading to a self-limiting reaction. The mesh 

size of the hydrogel layer that forms in IIFRP is much larger in comparison to the 

monomer size. This means monomers 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.  

 

Figure 4. 2. Morphology of (a) Support membrane, PS, (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 at higher 

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 from333. Copyright © 

2018, American Chemical 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 (FESEM). Figures 4.2a and 4.2b show the 

commercial polysulfone (PS) membrane with nominal molecular weight cut-off 

(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 sublayers. When IIFRP was applied to this 

support membrane using 5 v/v% PEGDA as the monomer solution and a UV 

exposure time of 5 min, a very thin hydrogel coating layer was formed (Figure 4.2c, 

d). The higher magnification image of this membrane (Figure 4.2d) shows the 

presence of the layer more clearly. The layer is well-integrated 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 transferred the hydrogel layer to a wire lasso (Figure 4.3). 

Although, the layer is very thin, it formed an integral 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 v/v% PEGDA-5 min UV 

exposure) transferred to a wire lasso. Reproduced with permission from333. 

Copyright © 2018, American Chemical Society. 

 

When IIFRP was performed using 10 min UV exposure under identical 

conditions, a more distinct layer is formed compared with the shorter irradiation 

time of 5 min (Figure 4.2e). Notably, the layer appears to be uniform throughout 

the membrane imaged along the x-direction labeled in the figure. This uniform layer 

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 exposure appears 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 exposure time (Figure 4.4). Accounting for the uniform thickness of the 
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aqueous 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 penetrating into the 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).  

 

Figure 4. 4. FESEM image of a membrane formed with 20 min UV exposure time, 

with a thicker hydrogel layer. Reproduced with permission from333. Copyright © 

2018, American Chemical Society. 

4.3.2. Chemical Structure of the Hydrogel Layer 

In order to further confirm the formation of the ultra-thin hydrogel layers, we 

performed attenuated total reflection ï Fourier transform infrared spectroscopy 

(ATR-FTIR) on membranes prepared by IIFRP using a monomer solution 

containing 5 v/v% PEGDA, 2.5 v/v% PEG200 and a UV exposure of 5 min (Figure 

4.5). PEGDA (Figure 4.5a) forms a cross-linked network upon photo-induced free 

radical polymerization on the membrane surface. This leads to an increase in the 
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density of C-H bonds (blue) in comparison with the support membrane material PS, 

and also introduces ester groups (pink).  

Indeed, upon the deposition of the cross-linked PEGDA selective layer by 

IIFRP, the broad absorbance peak around 2800-3000 cm-1 (top spectrum) 

corresponding to the C-H stretching vibration increases in intensity.343-344 This peak 

is very weak in the support membrane (bottom spectrum), which does not contain 

as high a concentration of C-H groups (labeled blue in Figure 4.5a). This clearly 

confirms the presence of the PEG hydrogel layer. The presence and chemical 

structure of the coating layer is also confirmed by the appearance of the C=O 

stretching peak at 1723 cm-1 arising from the ester bond at each end of the PEGDA 

(labeled pink),343 while the IR spectrum of the support membrane (bottom) shows 

no such peak. 

In addition, the coating shows no significant absorbance at 1620 ï 1640 cm-

1. This wavelength range corresponds to the vinyl groups in PEGDA that are 

converted to single bonds upon polymerization.343 The lack of a peak in this range 

in the spectrum of the coated membrane suggests that the formed hydrogel layer is 

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) ATR-FTIR spectra of 

PS support membrane (bottom) and coated with an ultra-thin 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 cross-linked PEGDA 

hydrogel selective layer in the PS support. Reproduced with permission from333. 

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 experiments that demonstrate their performance in more 

realistic situations. Thus, next the permeation properties of the hydrogel-coated 

membranes were examined. 

 

 



133 

 

4.3.3. Membrane Permeation Properties 

To characterize how membranes prepared by IIFRP perform in aqueous 

filtration applications, we performed filtration experiments using a dead-end 

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 v/v% PEGDA and 2.5 v/v% PEG200 was used to form hydrogel layers 

by IIFRP at different UV exposure times (4-20 min) on identical support 

membranes. Deionized water was filtered through the membrane until the flow rate 

stabilized. Pure water permeance, defined as the water flux through the membrane 

normalized by the applied pressure difference of 40 psi, was calculated. As Figure 

4.6 shows permeance was stable over a wide range of transmembrane pressures, up 

to 60 psi. This indicates and no irreversible collapse of pores upon exposure to high 

trans-membrane pressure.324 

 

Figure 4. 6. Effect of transmembrane difference on flux for hydrogel membrane 

prepared with monomer solution containing 5 v/v% PEGDA, 2.5 v/v% PEG200. 

Reproduced with permission from333. Copyright © 2018, American Chemical 

Society. 
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The support membrane was measured to have a water permeance of 1250 ± 

60 L h-1 m-2 bar-1. Figure 4.7 shows the water permeances of these hydrogel-coated 

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-1 

m-2 bar-1. This indicates the formation of the hydrogel layer. Membranes prepared 

with 5 to 20 min 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 (B-Spline fitting). A minimum 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 times (1-3 min) 

lead to membranes with permeances comparable with 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 FESEM. The membrane featuring a thinner 

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 condition. The narrow range of resultant permeances, indicated by the small 

error bars, clearly depicts the reproducible, consistent, robust and reliable nature of 

our simple IIFRP method. 

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

commercial 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 cut-off (MWCO) values between 1000 - 3000 Da. For example, according 

to industrial specification sheets, UF membranes manufactured by GE with 

nominal MWCOs between 1000 - 3000 Da have permeances between 1.12- 5.65 L 

m-2 h-1 bar-1.345 It is also significantly higher than free-standing hydrogel 

membranes reported in the literature, 0.002 to 0.3 l m-2 h-1 bar-1.  

 

Figure 4. 7. Effect of UV exposure time on membrane permeance; all membranes 

are prepared with monomer solution containing 5% PEGDA and 2.5% PEG200. 

Significant difference between the permeance of the support membrane and 

hydrogel-coated membranes indicates the formation of the hydrogel layer, with 

permeances depending on UV exposure time. Reproduced with permission from333. 

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 cellulose UF membranes.346 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. proteins, polysaccharides) and oil.2-3, 347 

The IIFRP method presented here enables the preparation of membranes with 

highly hydrophilic hydrogel selective layers with excellent anti-fouling properties. 

These membranes retain their initial permeance fully even when filtering protein 

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 the Ultracel PLCGC membrane manufactured 

by EMD Millipore with MWCO of 10 kDa has a higher permeance when tested 

with pure water, its permeance declines severely during the filtration of protein 

solutions. Some reported permeances during the filtration of representative protein 

solutions (bovine skim colostrum whey or surfactin) range between 1.7 L m-2 h-1 

bar-1 and 7 L m-2 h-1 bar-1,348-349 comparable with the permeances documented for 

membranes reported here. Similarly high flux decline has also been reported for 

larger MWCO Ultracel membranes.350-352 Thus, the exceptional fouling resistance 

of membranes prepared by IIFRP can enable comparable and more 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 concentration, 

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 application. The literature shows that the selection of the 

support membrane can change the permeance of the TFC membranes by up to an 

order of magnitude.353 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 hydrogel-coated membranes prepared by IIFRP was 

examined for the filtration of protein solutions in a dead-end filtration setup (Figure 

4.8). For this, different protein solutions were filtered through the hydrogel-coated 

membranes prepared with a monomer solution of 5 v/v% PEGDA and 2.5 v/v% 

PEG200 at different UV exposure times (5-20 min). The membranes were first 

compacted by filtering deionized water for at least 3 hours. Three proteins with 

different molecular weights and hydrodynamic radii (RH) were tested: Aprotinin 

(6.5 kDa, RH ~ 1.3 nm), Cytochrome C (12 kDa, RH ~ 1.7 nm), and bovine serum 

albumin (BSA, 66 kDa, RH ~ 3.5 nm).354 Each protein was dissolved in phosphate 

buffered saline (PBS) at a concentration of 100 ppm and filtered 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 to Eq. (4.2). 
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Figure 4. 8. Rejection properties of hydrogel-coated membranes. The PS support 

membrane shows limited rejection for all three proteins, whereas cross-linked 

PEGDA coated membranes prepared by IIFRP reject Cytochrome C and BSA by 

>90%, indicating a MWCO around 8-10 kDa. Reproduced with permission from333. 

Copyright © 2018, American Chemical Society. 

 

Figure 4.8 shows the rejection of these three proteins by the support 

membrane and three hydrogel-coated membranes prepared by IIFRP using 

different UV irradiation times. All hydrogel-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 (65 ï 85%). In contrast, Aprotinin 

passes through the support membrane with no measurable rejection. All three 

hydrogel-coated membranes show higher rejection (90 ï 99.9%) for the slightly 

larger Cytochrome C (12 kDa) than the support membrane, which shows only 6% 

rejection. Finally, for the largest protein, BSA (66 kDa), complete rejection within 

the detection limit (>99%) was obtained for all the three hydrogel-coated 

membranes, whereas 55% rejection was observed for the support membrane. This 
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is consistent with a MWCO of about 8-10 kDa for the hydrogel-coated 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 each other. 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 samples per condition) confirm minimal defects throughout 

the membrane area (4.1 cm2), providing evidence of the reliable and robust nature 

of IIFRP for preparing membrane selective layers. Furthermore, the hydrogel 

selective layer shows a much sharper sized-based cut-off 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 properties. For 

this, membrane composition of 5 v/v% PEGDA and 2.5 v/v% PE200 was selected 

as an example. The membrane was air-dried overnight and soaked in water 

afterward. Then, membrane permeance and rejection were measured. Both 

permeance and cytochrome C rejection of the membranes remained unchanged 

after two drying and rehydration cycles. This confirms the absence of any cracks, 

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

Permeance 

Membrane selectivity 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 high permeance 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 added to this solution. Inert 

polymers such as low molecular weight poly(ethylene glycol) (PEG) can act as 

porogens by altering the cross-link density and hence mesh size, or create larger 

scale voids through PIPS. Comonomers can also alter the mesh size by increasing 

the distance between cross-links, 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 water-soluble, they can be used.  

To demonstrate this, we prepared PEGDA hydrogel-coated membranes by 

IIFRP using different PEGDA concentrations (5-20 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, prepared with 5 

min UV exposure, was measured in a dead-end 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 obtained for a minimum of three samples. 

 

Figure 4.9 shows the change in membrane pure water permeance with 

varying PEGDA concentration in the monomer 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 v/v%. This trend could be attributed to the formation of a selective layer with 

higher polymer content and cross-link density, and therefore a smaller effective 

pore size of the hydrogel network. These results are consistent with the literature 

on free-standing PEG hydrogels in that monomer content directly controls the 

hydrogel layer cross-link density, which would in turn determine the effective mesh 

size and MWCO.355-356 The IIFRP hydrogel-coated 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 hydrogel layer leading to a thicker film when dried for SEM imaging 

(Figure 4.10). 

 

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 

monomer solution with 5 v/v% PEGDA at same UV exposure time. Reproduced 

with permission from333. Copyright © 2018, American Chemical Society. 

 

We next examined the effect of different inert additives such as low 

molecular weight PEG (PEG200 and PEG600, with average molar masses of 200 

Da and 600 Da, respectively) on the permeation and rejection properties of 

membranes prepared by IIFRP of PEGDA (Table 4.1). For this, we added the PEG 

oligomers at varying concentrations (0 ï 30 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).355 PEG oligomers are inert porogens that do not 

polymerize with PEGDA, and are washed away upon rinsing.357 This leads to the 

formation of pores or voids.355, 358-359 The presence of voids within the selective 

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. 

Table 4.1 shows the pure water permeances of these membranes, and the 

rejections of two proteins, BSA and Cytochrome C, as an indicator of their effective 

pore size. The two top rows of Table 4.1 show that a small amount of PEG200 (2.5 

v/v%) increases the permeance by 1.8 times over the hydrogel-coated membrane 

without the PEG200 while maintaining 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 without PEG200 but causes 

no significant change in rejection. Our hypothesis is that PIPS during this process 

does not create interconnected large pores, but discrete voids, or cells, similar to 

those observed in closed-cell foams. The voids are enclosed with continuous 

hydrogel ñwallsò within the selective layer, so membrane selectivity is unchanged. 

However, the enclosed voids do not pose resistance to flow. Hence, the ñeffective 

film thicknessò, or the net thickness that will pose resistance to flow, is lower than 

the depth polymerization progresses to. This can improve the permeance 

subsequently, without changing the mesh size of the PEGDA network.360 As an 

interesting parallel, recent studies have reported the presence of interspersed voids 

within the thin polyamide selective layers of RO membranes manufactured by IP 

method.330, 361 These voids are filled with water during filtration and result in the 

creation of a shorter diffusion path and thus higher permeance. Our results indicate 

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 study. In addition, PIPS may lead 

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 

hydrogel-coated membranesô permeance and rejection properties. Reproduced with 

permission from333. Copyright © 2018, American Chemical Society. 

Membrane 

Samples 

Permeance 

(L m-2 h-1 bar-1) 

BSA 

Rejection% 

Cytochrome C 

Rejection% 

5% PEGDA 1.9 Ñ 0.3 >99* 92.5 Ñ 1.1 

5% PEGDA/ 

2.5% PEG200 
3.5 Ñ 0.5 >99 93.4 Ñ 2.0 

5% PEGDA/ 

10% PEG200 
5.9 Ñ 0.4 >99 96.7 Ñ 1.3 

5% PEGDA/ 

20% PEG200 
3.8 Ñ 1.2 >99 94.9 Ñ 0.9 

5% PEGDA/ 

30% PEG200 
6.3 Ñ 1.6 85 Ñ 2 71 Ñ 7 

5% PEGDA/ 

30% PEG600 
8.1 Ñ 1.5 70 Ñ 7 65 Ñ 9 

5% PEGDA/ 

2.5% PEGMEA 
2.6 Ñ 0.7 >99 95.0 Ñ 0.6 

7.5% PEGDA 1.1 Ñ 0.3 >99 99.5 Ñ 0.3 
* Detection limit 

Error margins indicate standard deviation from at least three samples. 
 

Upon further addition of PEG200 (20 v/v%), the permeance decreases, yet 

similar rejection properties are obtained. This decrease in permeance could be 

explained by the fact that high amount of PEG200 (ŭ = 19.1 MPa1/2)362 can increase 

the solubility of the PI (ŭ = 24.3 MPa1/2, calculated using Molecular Modeling Pro 

Software) in the water phase (ŭ = 47.9 MPa1/2).363 This may cause some of the PI 

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 penetrate into the membrane pores. However, when 30 v/v% 
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PEG200 was used in the monomer solution, the resultant permeance was about 

three times the value for the membrane prepared without any PEG200. This was 

accompanied with a decrease in the rejection of both BSA and Cytochrome C. This 

is likely due to the formation of interconnected pores by PIPS at this high 

concentration of PEG200. Inert additives such as PEG oligomers can also interfere 

with the polymerization reaction when present at high concentrations.364 This could 

also have resulted in the observed decrease in protein rejection.  

PEG600 has been documented to create larger pores in cross-linked PEG gels 

than PEG200 due to PIPS occurring more significantly than with PEG200.340 Yet, 

our results indicate that addition of 10-20 v/v% PEG600 leads to similar results as 

those obtained with similar amounts of PEG200. Similar to PEG200, higher 

permeance (more than four times in comparison to the one without porogen) and 

lower protein rejections were obtained at 30 v/v% PEG600. These changes, 

however, were more significant than those observed for PEG200. The formation of 

larger pores by PEG600 can be attributed to either PIPS occurring to a larger extent 

in comparison to the PEG200 porogen,340 or to PEG600 inhibiting polymerization 

to a greater extent than PEG200.360 This shows that the hydrogel network can be 

easily tuned using different porogens. 

Cross-link density and PIPS can also be influenced by the presence of a 

mono-functional comonomer such as poly(ethylene glycol) methyl ether acrylate 

(PEGMEA) mixed with PEGDA in the monomer solution.342 The results in the two 

bottom rows of Table 4.1 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 v/v%). BSA is fully retained by both membranes, 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 cross-link density in comparison with the membrane 

containing only PEGDA, leading to this higher mesh size that controls protein 

selectivity.323, 342 Long pendant chains introduced by the addition of PEGMEA to 

the hydrogel network can disrupt polymer chain packing and thus decrease 

crosslink density.365 Also, PEGMEA with free methoxy chain end-groups decrease 

the cross-link density by decreasing the fraction of poly-functional monomers that 

create cross-links and providing more fractional free volume in the network.323, 342 

Unlike PEG porogens, PEGMEA also participates 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 higher polymer content and 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 Figure 4.9 and standard deviations in Table 4.1) were obtained for each 

condition tested using these additives. This indicates the robustness and reliability 

of our simple process for forming hydrogel membrane selective layers. Combined, 

the results in Figure 4.9 and Table 4.1 demonstrate that the IIFRP technique yields 

readily tunable membrane 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 other water-soluble components (e.g. 
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comonomers, porogens, nanomaterials). By carefully tuning the parameters, 

hydrogel selective layer can be designed for targeted separations (e.g. charged- or 

affinity-based separations). 

4.3.7. Fouling Resistance 

Fouling resistance is crucial for the successful use of membranes.366 Fouling 

is a particularly prominent challenge in protein separation applications, because 

proteins are especially prone to adsorb on the membrane surface and inside the 

pores.316-317 This can cause substantial flux decline and cause changes in membrane 

selectivity due to pore narrowing.316, 318-319 Therefore, it is crucial for newly 

developed membrane materials to resist fouling to ensure reliable, long term 

operation, especially for such high-fouling applications. We thus examined the 

fouling of hydrogel-coated membranes prepared by IIFRP during the filtration of a 

protein solution over an extended period of time. For this, we performed a cyclic 

fil tration experiment with 100 ppm BSA solution as a model protein in a cross-flow 

set up at a TMP of 40 psi, feed flow rate of 135 ml min-1, corresponding to a shear 

rate of 9.4 s-1 over two 6-hour periods of protein filtration, between which deionized 

water was filtered through the membrane for two hours (Figure 4.11). Experiments 

were performed using a round membrane swatch with an effective filtration area of 

4.1 cm2. For the fouling experiment, we chose the membrane prepared with 5 v/v% 

PEGDA and 2.5 v/v% PEG200 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 membrane was first equilibrated and compacted by filtering DI water for 

5 hours. The initial water flux at the end of this period, termed J0, was measured to 

be 12.5 L m-2 h-1, corresponding to a permeance of 4.6 L m-2 h-1 bar-1. Next, BSA 

solution was filtered through 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 six-hour period. It is worth noting that the 

2% drop in the flux of protein 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 fouling.367-368 The lack 

of further flux decline during operation implies no build-up of foulants occurs on 

the membrane surface, due to the adsorption of proteins or due to cake 

formation.369-370 Next, to test the reversibility 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 resistance 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 returned to its initial water 

flux upon water filtration. This result clearly illustrates the excellent anti-fouling 

property and robustness of our hydrogel-coated membrane over extended exposure 

to protein solutions. In contrast, commercial UF membranes used in protein 

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 

reversed even by more complex physical cleaning procedures compared with those 

used in this experiment.94, 319, 371 The excellent fouling resistance demonstrated in 

this experiment illustrates the potential of IIFRP to prepare highly fouling resistant 

membranes for protein separation.  
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Figure 4. 11. Long-term fouling resistance of hydrogel-coated membrane upon 

exposure to a model protein (BSA) solution. Tests performed in a cross-flow 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 purification. Reproduced 

with permission from333. Copyright © 2018, American Chemical Society. 

 

4.4. Conclusions 

This report is the first demonstration of a new, robust interfacial 

polymerization-based technique, IIFRP, to manufacture membranes with ultra-thin 

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 cross-linked PEGDA selective 

layers, prepared using varying UV irradiation times and with comonomers or inert 

additives. The formation of uniform hydrogel layers as thin as <100 nm was 

documented at different UV exposure times using FESEM and confirmed via FTIR. 

Water filtration experiments showed that membranes prepared by IIFRP exhibited 

reliable and consistent performance. Uniform selective layers with complete 

coverage were formed at a UV irradiation time of 4-5 minutes, with longer 

exposures leading to thicker selective layers and lower permeance without any 

significant shift in selectivity. The filtration of proteins with different molecular 

weights revealed the formation of defect-free and uniform selective layers, 

indicated by complete rejection of higher molecular weight solutes. Initial 

membranes prepared with solutions containing 5 v/v% PEGDA and 2.5 v/v% 

PEG200 had a MWCO of around 8-10 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 solution. Lastly, extended protein 

filtration experiments showed that the membranes exhibit excellent anti-fouling 

properties and stability for protein purification.  

Taken together, these results indicate that the newly described IIFRP is a 

facile and robust fabrication strategy to manufacture membranes with uniform and 

defect-free hydrogel selective layers with tunable protein filtration properties. 

Unlike common single-phase polymerization methods used to prepare membranes 

with hydrogel selective layers, IIFRP allows for the formation of ultra-thin 
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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 defects. We envision that this novel fabrication method can open up 

promising routes for industrial scale fabrication of ultra-thin hydrogel selective 

layers. Furthermore, IIFRP can be readily extended to the fabrication of hydrogels 

with additional functionalities via incorporation of different comonomers (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 new fabrication 

methods that would address two key challenges of membrane systems today: 

limited selectivity, and restricted membrane chemistries. My work used tools of 

polymer chemistry and self-assembly to propose novel solutions to these problems 

and has led to the development of new platforms 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 scalable method 

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 the self-assembly of 

these micelles by a simple and scalable coating process on a commercial porous 

support. The interstices between these packed array of micelles serves as charged 

nanochannels (1-3 nm) through which water and solutes can pass. The high density 

of negatively charged carboxylate groups along the pores led to unprecedented 

separation selectivities between sub-nanometer 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 diffusion 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 concentrations 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 on their charge. 

The applications for such selective separations include purifying pharmaceutical 

ingredients, such as amino acids and antibiotics, and also biofuels-manufacturing 

processes that use emerging solvents, such as ionic liquids. 

Table 5.1 summarizes dierent methods described 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 were manufactured using an easier and 

scalable approach. 

Carboxylic acid groups are well-known to form complexes with metal 

ions.171 Presence of heavy metals is a major environmental concern373 as they are 

released into the environment by various industries such as battery manufacturing, 

non-ferrous metallurgical manufacturing, and electrical, paper and mining 

industries.374 They are also at times present as natural components of water, as they 

are found naturally in the earthôs crust and thus can be released to the environment 

by soil erosion and mining.375  
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Table 5. 1. Comparison of the work described here with other membranes for 

charge-based separation of small organic molecules reported in literature. 

Method 

Smallest 

pore 

size 

(nm) 

Range of 

available 

functional 

groups 

Ease of 

manufacture 

and 

scalability 

Porosity/ 

Permeability 

Highest 

reported 

selectivity for 

a charge-

based 

separation of 

small 

molecules 

Gold 

nanotube 

membranes 22 

0.9 Very high Very low Very Low 13.3 

Polymer self-

assembly 

inside the 

PCTE372 

4.5 
Very 

limited 
Very high Very Low 3.5 

NP-Den 

assembly40 
7 High Medium Medium 11 

Micelle self-

assembly (this 

work) 

1-3 Very high Very high Very high 263 

 

The high density of carboxylate groups lining the pores of the membranes 

presented here, make them very promising for the capture of heavy metal ions. 

Given the small size of metal ions, reverse osmosis (RO) which makes use of a 

size-selective membrane can be used to efficiently remove 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 metal ions by selectively 

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 functionalization) within future studies. 
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In chapter 3, the versatility of these membranes for aromaticity-based 

separation was demonstrated. The carboxylic acid groups on the pore walls can be 

readily converted into phenol groups using a straightforward conjugation chemistry 

(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 times) between 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 QCM-D. This report is the first 

demonstration of membrane-based 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 QCM-D, and easily functionalizing 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 chirality-based 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 theory, which we 

believe is in effect for these chemoselective 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 the facilitated 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 grafting 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 methods such as Activators ReGenerated 

by Electron Transfer Atom Transfer Radical Polymerization (ARGET ATRP) can 

be utilized to initiate polymerization from the functional groups on the membrane 

pore surfaces and graft polymer chains of various functionalities into 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, presence of specific 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 selectivity.376 Such 

membranes can act 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 specific compounds or reactants upstream from the membrane without 

external intervention. This can be of great use in water and wastewater treatment or 

biomanufacturing. In addition, changes may be used in controlling the binding and 
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release of a target compound, 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 2, random 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 for the fabrication of ultrathin hydrogel layer 

was presented, IIFRP. 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 superior fouling 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 solution viscosities, is fast and easily scalable to roll-to-roll 

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 applications. In chapter 4, we 

used porogens to increase membrane permeance. 
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Table 5. 2. Comparison of our approach with alternative TFC membrane 

preparation techniques 

Feature 

Interfacial step 

growth 

polymerization 

(IP) 

Coating (e.g. 

doctor 

blade, 

spray) 

Grafting from 

membrane Our  

approach 

(IIFRP)  Plasma 

Surface-

initiated 

polymerization 

Ultrathin coating 

possible (<200 nm) 
V U V V V 

Hydrogel layers 

possible 
U V V V V 

Uniform, defect-

free layer 
V U U U V 

Wide range of 

MWCO 
U V V V V 

Well-controlled 

chemistry 
Somewhat V U V V 

Easy incorporation 

of nanomaterials  
U V U U V 

No damage to 

support layer 
V V U U V 

Time for 

continuous layer 
Short Short Varies Long Short 

Works with low-

viscosity solution 
V U V V V 

 

The membrane permeance can be enhanced by different approaches. One of 

the most important factors that can play a major role in interfacial polymerization 

and subsequently the membrane permeance is the type of support membrane and 

its MWCO. Literature shows a significant impact (up to an order of magnitude) of 

the support membrane on the permeance of the TFC membranes.353 My initial 

experiments showed different results for various support membranes (PAN, PVDF, 

PS with different MWCOs). Thus, optimizing the support membrane would be 

beneficial for future projects.  
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The hydrogel mesh 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 new functionalities such as: 

- Sulfopropyl methacrylate (SPMA) to impart negative charge into the 

selective layer for charge-based selectivity, increase charged solute 

rejection, and prevent fouling by negatively charged foulants. 

- Sulfobetaine methacrylate (SBMA) to impart zwitterionic groups into the 

selective layer to improve hydrophilicity, permeability and fouling 

resistance,89, 377-379 change selectivity,377, 379 and create membranes that 

respond to feed ionic strength.121, 314, 378-384 

- Poly(ethylene glycol) acrylate (PEGA) to increase mesh size323, 385 

Furthermore, literature shows amorphous cross-linked hydrogel networks are 

very promising for removal of CO2 and H2S from mixture of light gases such as H2, 

N2, CH4. Because polar ether groups in PEGDA have high affinity for CO2 or other 

polar gases such as H2S, which results in high permeation selectivity.326-327, 386 

However, the current method for manufacturing hydrogel layers result in a very 

thick layer with very low permeance. Our new method, IIFRP enables formation of 

very thin layer. My preliminary results confirmed orders of magnitude higher 

permeation of CO2 with very high selectivity for CO2/N2. This could potentially be 

a step forward toward processing this large quantity of emitted CO2. According to 

the EPA, approximately 6.87 billion metric tons of CO2 are released in the U.S, 

accounting for 81% of all greenhouse gas emission.387 Furthermore, incorporation 
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of functional groups with higher affinity to CO2 (e.g., amines, ionic liquids) within 

the hydrogel selective layer, may enables even higher permeation selectivity.386 

This new method is not limited to hydrogels. In fact, it can be extended to 

new emerging applications such as organic solvent separations. This is possible by 

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-

soluble 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 

A1 SELECTIVE  TRANSPORT THROUGH 

M EMBRANES WITH  CHARGED  NANOCHANNELS  

FORMED  BY SELF-ASSEMBLY  OF RANDOM  

COPOLYMER  M ICELLES  

A1.1. 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 in 

methanol and copolymer powder (Figure A1.1). The hydrogen bonding is evident 

by carboxylic acid peak broadening at ~1730 cm-1 that is visible only in the 

methanol solution. A broad peak in the absorbance range of 3200-3400 cm-1 is also 

an indication of hydrogen bond formation between hydroxyl groups.202 These 

peaks, highlighted in yellow, are not present in polymer in solid powder form. 
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Figure A1. 1. FTIR spectra of the copolymer solution in methanol and solid 

copolymer powder. Yellow highlighted regions correspond to hydrogen bonding 

between copolymer and methanol. 

 

A1.2. Effect of Metal Ions 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, with various 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 A1. 1. Effective hydrodynamic diameters measured in P(TFEMA-r-MAA) 

solutions in methanol in the presence of different metal salts. 

 

 

 

 

 

 

 

 

A1.3. Characterization of Complexation Geometries Using UV-vis and FTIR 

Spectroscopy 

The coordination geometries upon addition of metal ions were further 

confirmed using UV-visible spectroscopy. A solution of 5 wt% copolymer with 

CuCl2 at a molar ratio MAA:CuCl2 of 20 (i.e. r=20) was prepared in methanol. The 

control sample prepared was with same CuCl2 concentration in methanol but 

without the copolymer. 

Metal salt r  
Average micelle size 

(nm) 

- - 17.1 

NaOAc 20 12.4 

NaOAc 10 11.4 

Cu(OAc)2 20 20.3 

Cu(OAc)2 10 20.6 

CuCl2 20 28.7 

CuCl2 1 34.01 

CaCl2 20 32.0 

CaCl2 1 35.79 
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Figure A1. 2. UV-visible spectra of the copolymer solution with CuCl2. 

 

Solutions of 5 wt% copolymer with CuCl2 and CaCl2 (r=20) in methanol were 

used for FTIR analysis. They showed no peaks at about 1620 cm-1 or 1550 cm-1 

corresponding to bridging and chelating bidentate complexation, respectively.239 

This further confirms that counterions bound to metal ions can affect the 

complexation of metal ions with carboxylates.  

 

Figure A1. 3. FTIR spectra of copolymer solution in methanol in presence of CuCl2 

and CaCl2. 
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A1.4. 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 

A1.4, the coating layer is dense and uniform, with no distinct micelles visible. 

 

Figure A1. 4. Effect of solvent evaporation time on selective layer structure of 

CP50-coated membrane (a) 20 s and (b) 120 s evaporation time. 

 

A1.5 Effect of Support Membrane Surface Morphology 

Figure A1.5a and b shows two commercial membrane surface morphologies. 

As the Figure illustrates, PDVF membrane has much bigger pores on the membrane 

surface resulting in the penetration of micelles into the pores and clogging the 

membrane instead of forming a uniform coating layer on top as the case of PAN 

400. Thus, the multilayered micelle structure was not seen when support 

membranes with larger surface pore sizes were used (PVDF400R, Nanostone). The 

penetration of micelles inside the pores result in clogging the membrane pores, 

leading to very low permeability (<0.1 L m-2 h-1 bar-1). 
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Figure A1. 5. Surface morphology of (a) PVDF 400R (MWCO: 250K), (b) PAN 

400 (MWCO: 200K), (c,e) cross-section of PVDF 400R support membrane, (d,f) 

Cross-section of PVDF 400R membrane coated with CP40 polymer. No coating is 

visible when PVDF 400R was used as the support membrane. 

 

 

 
























