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ABSTRACT 

 

Isoporous Block Copolymer Membranes: Novel Modification Routes and 

Selected Applications  

 

The primary aim of this work is to explore the potential applications of isoporous block 

copolymer membranes. Block copolymers (BCPs) have demonstrated their versatility in the 

formation of isoporous membranes. However, application spectrum of these isoporous 

membranes can be further broadened by exploring the technical aspects, such as desired 

surface chemistry, well-defined pore size, appropriate pore density, stimuli responsive 

behavior, and by imparting desired functionalities through chemical modifications. We 

believe, by exploring these possibilities, isoporous membranes hold tremendous potential 

as high performance next generation separation membranes. Motivated by these attractive 

prospects we systematically investigated novel routes for modification of isoporous 

membranes and their implications on properties and performance of the membranes for 

various applications.  

In this work, polystyrene-block-poly(4-vinyl pyridine) (PS-b-P4VP) has been selected to 

fabricate isoporous membranes using non-solvent induced phase separation (NIPS). We 

selected PS-b-P4VP since its well-defined isoporous morphology is studied in detail and it 

is extensively characterized. In order to further widen the application bandwidth of BCP 

membranes, it is desirable to integrate different functionalities in the BCP architecture 

through a straightforward approach like post-membrane-modification or fabrication of 

composite membranes to impart anticipated functionalities. The most critical challenge in 

this approach is to retain the well-defined nanoporous morphology of BCP membranes. 
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We focused on exploring new routes for chemical functionalization of isoporous PS-b-

P4VP membranes via various in-situ and post-membrane fabrication approaches. To date, 

most of the work reported in the literature on PS-b-P4VP presented different routes to 

fabricate isoporous membranes and their conventional performance in liquid separations. 

Few efforts have been dedicated to alter the chemistry of PS-b-P4VP membranes by tuning 

the reactivity of the chemically active P4VP block or the surface chemistry to enhance the 

membrane performance for desired applications. During the Ph.D. study, we primarily 

focused on: (i) post modification approach, (ii) surface modification and (iii) in-situ 

membrane modification approach for fabrication of the mixed-matrix nanoporous 

membranes without altering the isoporous morphology of the membrane. The membranes 

fabricated using the mentioned above routes were tested for different applications like 

stimuli-responsive separations, self-cleaning membranes, protein separations and high-

performance humidity sensors. 
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Chapter 1 

Introduction 

Starting from late 1960s, membrane based separation and purification techniques are been 

pursued widely owing to ecological, economic as well as safety reasons. These techniques 

offer a better alternative to existing energy intensive processes especially thermal 

separation process like distillation or challenging macromolecular separations. The first 

classification of membranes can be done by dividing them in natural, i.e., biological or 

synthetic membranes. Synthetic membranes can be further subdivided into organic and 

inorganic membranes. Further distinction of synthetic membranes is based on morphology 

or structure and is broadly classified as symmetric and asymmetric membranes that are 

further categorized as shown in Figure 1.1. 

 

Figure 1.1. Schematic diagrams of the cross-sections of different types of polymer 

membranes based on morphological features. 

Symmetric membranes have uniform composition and structure throughout and can be 

porous or non-porous. The total mass transfer in these membranes is determined by 

membrane thickness. In case of asymmetric membranes, the surface consists of a dense or 

porous top layer (skin layer) above a sponge like open sublayer which functions as 
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mechanical support to the top layer. In asymmetric membranes, the top and sublayer may 

originate from different polymeric materials. The total mass transfer for these type of 

membranes is largely governed by the top layer.1-3 

Pressure driven membrane processes have developed and became integral part of gas 

separation, pervaporation and aqueous solution applications commercially. Well-

established membrane processes such as ultrafiltration (UF), nanofiltration (NF), reverse 

osmosis (RO) and many more are employed to address various liquid and gas separations 

(Figure 1.2).  

 

Figure 1.2. Classification of membrane processes based on operation presuure, molecular 

weight cut-off and pore size.  

The classification of pressure-driven membrane process for aqueous applications are 

broadly characterized based (i) the pressure applied for separation (ii) pore size (iii) 

molecular weight cut-off (MWCO).4  

Currently, ultrafiltration membranes have been used extensively in the field of food, 

pharmaceutical, textile and chemical industry. The significant breakthrough was the 

development of anisotropic cellulose acetate by Loeb and Sourirajan in 1963.5 The first 

successful application was electrocoat paint recovery from paint shop rinse water in 1969 
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by Abcor (now Koch industries). Some of the important highlights in developments of 

ultrafiltration are projected in Figure 1.3.3  

 

Figure 1.3. Important developments in ultrafiltration membranes. Reproduced with 

permission.3 Copyright 2004,  John Wiley and Sons, Inc. 

In membrane technology, high flux as well as selectivity is desirable for efficient 

separation. High flux decreases the footprint of membrane module thus reducing the capital 

cost whereas higher selectivity ensures a purer product.4 Analogous to other separation 

processes, porous membrane based technologies suffer from flux/selectivity trade-off, 

which impedes its large scale applications.6 To overcome this, membranes with uniform 

pore size and high pore density are desired. Interestingly, recent studies suggested that 

nanoporous membranes have capability to surpass the traditional permeability-selectivity 

trade-off.7 This can be credited to a high density of well-defined nanopores on the 

membrane surface. Other attributes of nanoporous membranes which have attracted 

widespread attention of researchers is a unique set of properties like: large surface to 

volume ratio, less resistance to mass transport, size and shape exclusion ability. As a result, 

nanoporous membranes are of technological importance in various applications including 

templating, sensing, separation and delivery agents. Based on IUPAC, nanoporous 
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membranes can be divided based on pore size as microporous membranes (< 2nm), 

mesoporous membranes (2-50 nm), and macroporous membranes (>50 nm).8 Nanoporous 

membranes with various pore morphologies like cylindrical, conical, slit-like, or irregular 

have been reported. Till now, the majority of nanoporous materials have been derived from 

inorganics like metals, metal oxides, carbons, but they suffer from limited chemical or 

mechanical properties. Naturally, the success and limitations of inorganic nanoporous 

materials have prompted the attention towards polymeric materials.9-10 The versatility of 

chemical synthesis has allowed the integration of various chemical functionalities and 

improvements in mechanical properties of nanoporous polymeric materials for intended 

applications. Biomolecule separation through nanoporous membrane and drug delivery are 

examples where the nanostructure of polymer films facilitated their application. 

Comparative to the extensive range of existing polymers, nanoporous membranes have 

unique properties that can be explored for membrane applications. The major advantage 

related to polymeric materials is the wide range of existing fabrication techniques. The 

commonly employed techniques for obtaining nanoporous membranes are track-etching, 

pattern transfer and self-assembly of BCP’s via phase inversion method. Table 1 

summarizes various fabrication processes for formation of nanoporous membranes along 

with characteristic materials, pore size, density and structural uniformity.10 

Top-down: This method comprises of patterning on large scale for the creation of 

nanostructures. The methods like lithography, track etching fall under this category. 

Bottom-up:  This approach initiates at atomic or molecular level to build up the 

nanostructure. The methods like self-assembly of BCP and layer-by-layer falls under this 

category.  
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Table 1. Various fabrication approaches for nanoporous membranes.10 Copyright 2010, 

Royal Society of Chemistry. 

 

Abbreviated polymers are as follows: PMMA-poly(methyl methacrylate), PCL-poly(caprolactone), 

PS-poly(styrene), PC-poly(carbonate), PE-poly(ester), PVDF-poly(vinylidene fluoride), PSf-

polysulfone, PS-b-PMMA-poly(styrene)-b-poly(methyl methacrylate), PS-b-P4VP- poly(styrene)-

b-poly(4 vinyl pyridine), PAH-poly(allylamine hydrochloride), PSS-poly(sodium-4-styrene 

sulfonate). *: Not reported, NA: Not analyzed. 

The various methods mentioned in Table 1 can be roughly divided into two groups: top-

down and bottom-up approaches.11  

Some of the approaches mentioned above yielded the desirable nanoporous membranes. 

For example, track-etched membranes showed narrow pore size distribution resulting in a 

sharp MWCO. However, the low pore density resulted in low flux. On the other hand, 

anodized aluminum oxide (AAO) showed uniform pore size and higher porosity but poor 
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mechanical property restricted its application in pressure dependent filtration systems. On 

the contrary, membranes fabricated from BCP showed high pore density and uniform pore 

size across the membrane surface. Figure 1.4 represents SEM images of the top surface of 

track-etched, AAO and BCP membrane.12-14 Keeping aforementioned issues in perspective, 

we believe, BCP based nanoporous membranes have high potential to improve the current 

ultrafiltration membranes.  

 

Figure 1.4. Surface SEM images of (a) Polycarbonate track-etched membrane. Reproduced 

with permission.12 Copyright 2004, American Chemical Society. (b) AAO membrane. 

Reproduced with permission.13 Copyright 2007, John Wiley and Sons, Inc. (c) PS-b-P4VP 

membrane. Reproduced with permission.14 Copyright 2016, Elsevier B. V. 
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Chapter 2 

Block Copolymers  

Block copolymers are two or more chemically distinct but covalently bonded polymer 

chains which are often immiscible and exhibit nanoscopic separation instead of bulk phase 

separation due to the covalent connection. Figure 2.1 represents various ways to connect 

the chemically distinct polymer chains referred as blocks, which can be further configured 

into linear, branched, cyclic and hybrid molecular architecture.15 The structural 

classification of these BCP’s is based on linear, end-to-end and comb like arrangements 

(where one polymer is base for multiple branches). In this thesis, we limit our attention to 

nanoporous membranes fabricated from PS-b-P4VP block copolymer. 

 

Figure 2.1.  Schematic illustration of currently accesssible molecular BCP designs. 

Reproduced with permission.15 Copyright 2016, American Chemical Society. 

2.1 Self-assembly of Diblock Copolymers in Bulk 

An integral part of this research is based on the nanoporous morphology of a diblock BCP 

resulting due to self-assembly. Henceforth we have discussed the important parameters 

affecting it below. The PS-b-P4VP BCP studied in this thesis is a linear AB type BCP 

synthesized by anionic radical polymerization. In bulk, these BCP’s show microphase 

separation as a function of composition resulting in various morphologies like spheres (S), 

cylinders (C), bicontinous gyroids (G), lamella (L), etc., as shown in Figure 6. The self-

assembly is mainly governed by the unfavorable mixing enthalpy in addition to a small 

mixing entropy, with the covalent bond connecting the blocks preventing macroscopic 
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phase separation. The three important parameters controlling the microphase separation 

are: (1) the volume fraction of the A and B blocks (ƒA and ƒB where ƒA+ ƒB = 1), (2) the 

total degree of polymerization (N = NA + NB), and (3) the Flory-Huggins parameter, χAB. 

The χ-parameter denotes the degree of incompatibility between the A and B blocks, which 

directs the phase separation.16-17 The temperature dependency of the Flory-Huggins 

parameter is given by equation (1) 

 

where z is the number of nearest neighbors per repeat unit in the polymer, kB  is the 

Boltzmann constant, T is the temperature, and εAB, εAA, and εBB are the interaction energies 

per repeat unit of A-B, A-A and B-B. In case of PS-b-P4VP there are no strong specific 

interactions like H-bonding, ionic charges therefor χAB is generally positive, small and 

inversely proportional to the temperature. The segregation product, χN, mainly dictates the 

degree of microphase separation in di-blocks. The incompatibility between two blocks 

decreases with increasing temperature or decreasing χN. Thus, the entropy of the BCP 

increases showing order-to-disorder transition (ODT) and becomes disordered 

(homogenous). The temperature at which ODT occurs is referred as TODT. 

2.2 Block Copolymer Self-Assembly in Solution 

Various theories have been proposed to predict the phase behavior of diblock copolymer in 

bulk.18-21 The χN was considered as primary parameter governing the phase behavior. The 

self-consistent mean-field (SCMF) theory considers the weak segregation limit (WSL, χN < 

10) and strong segregation limit (SGL > 10) for prediction of different phases in diblock 

copolymers.16-17, 21 Above ODT with increasing ƒA at fixed χN , the order to order transition 

(OOT) starts from closely packed spheres (CPS), passing through body-centered cubic 

sphere (S), hexagonally packed cylinders (C) and bicontinous gyroids (G) to lamelle (L). 
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The morphological inversion is observed when the composition is inverted as shown in 

Figure 2.2.17, 22 

 

Figure 2.2. Equilibrium morphologies of diblock copolymer with increasing volume 

fraction of A from left to right: Sphere = body centered cubic sphere, cylinders = 

hexagonally packed cylinders, gtroid = bicontinuous gyroids, and lamellae = lamellar. The 

self-asssembly is based on the minimum contact contact between twhe two immiscible 

blocks, where the structure is primarly determined by the relative lenghts of two polymer 

blocks (ƒA). Reproduced with permission.22 Copyright 2007, Elsevier B. V. 

 

Various groups including Eisenberg’s group, Gast and Lodge have contributed significantly 

in predicting self-assembly of block copolymers in solutions.17, 22-25 Additionally, Gröschel 

and Müller, Armes, Hayward and Paochan and Smart reported diverse and complex 

morphologies of block copolymer in solutions.26-29 

2.3 Self-Assembly and Non-solvent Induced Phase Separation (SNIPS) 

The NIPS process, first reported by Loeb and Sourirajan in 1963 is extensively applied for 

fabricating commercially available membranes.5 The process mainly rely on macrophase 

separation and phase inversion where a concentrated polymer solution is cast and 

precipitated in non-solvent bath which is water in most of the cases. Various groups like 

Smolder’s, Strathmann’s and Koros’ reported the pore formation mechanism in the NIPS 
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process.30-32 Basically after immersion of the “proto-membrane” in the non-

solvent/coagulation bath, rapid diffusion of solvent out of the solution and non-solvent 

diffusion into the “proto-membrane” is initiated until a thermodynamically unstable state is 

attained, resulting in separation of a polymer-rich forming membrane matrix and a 

polymer-poor phase forming pores. The demixing of solvent and non-solvent can be 

explained by nucleation growth (NG) and spinodal decomposition (SD) as reported by 

Nunes et al.33 The nucleation growth is observed in thermodynamically stable conditions 

entering a metastable region of the phase diagram between bimodal and spinodal curves in 

the three-phase diagram whereas SD is initiated when thermodynamic conditions change 

rapidly from one-phase to the two-phase region. The asymmetric morphology in the 

membranes is observed as a result of different paths that each layer of the polymer solution 

experiences. The top-layer experiences rapid exchange of solvent-non-solvent generating a 

denser morphology, whereas the exchange is hindered below the top-layer. Depending 

upon the interaction between the solvent and non-solvent interaction various morphologies 

can be observed in NIPS derived polymer membranes (isotropic/anisotropic) as illustrated 

in Figure 1.  

The concept of combining self-assembly in block copolymers and the NIPS process, 

generating scalable, highly porous membrane with well-defined pore size was first 

demonstrated by Peinemann et al.34 Nunes’ and Wiesner’s group along with others had a 

significant contribution in elucidating the isoporous membrane formation mechanism using 

in detail experimental and computational analysis.35-40  

The first reported asymmetric block copolymer membrane with perpendicularly arranged 

well-defined pores to the membrane surface composed of PS-b-P4VP was reported by 

Peinemann and co-workers.34 The membrane casting process contains three crucial steps as 

illustrated in scheme 1: (1) casting a film on a support from particular solvent mixture; (2) 
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partial evaporation of solvent for specific time; (3) immersing the film into a non-solvent 

bath as shown in scheme 2.3.  

 

Scheme 2.3. Schematic illustration of SNIPS method to obtain isoporous BCP membranes. 

The solvent evaporation step is considered as the crucial step in governing the isoporous 

morphology of the final membrane. The isoporous membranes fabricated by SNIPS 

process has two different layers (i) a disordered sponge-like sublayer as result of SD and 

(ii) an ordered self-assembled top-layer. The ordered self-assembled layer is related to 

micelles of BCP formed in solution. The formation of pores on the surface of the “proto-

membrane” prior to immersion in coagulation bath were investigated by freezing the 

“proto-membrane” in liquid nitrogen.36, 41 The spherical micelles distributed in a regular 

lattice fused to form periodic structures under certain conditions, which are kinetically 

arrested by immersion in the water bath to form the isoporous morphology on the top layer 

of the membrane. Additionally, Stegelmeier et al. reported the formation of a sphere and 

corona upon partial evaporation of specific solvents. The corona is formed from the block 

soluble in the volatile solvent. Upon further evaporation of the volatile solvent the corona 

forming block shrinks, thus interconnecting the sphere forming blocks. At this stage, 

freezing the morphology of the “proto-membrane” by immersion into a non-solvent bath 

conserves the structure on membrane surface before collapsing the sphere forming block 

chains forming open pores lined with the sphere forming blocks, usually a hydrophilic 

block.42  

SNIPS produce asymmetric membranes with perpendicular nanochannels with a diameter ~ 

25 nm and a length ~100-400 nm supported by a highly interconnected, 3D, sponge-like 
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sub-layer. The top layer acts as the selective layer where the well-defined, high density 

nanopores generate high selectivity and permeabilities whereas the sublayer acts as 

mechanical support to the top layer (Figure 2.4).  

 

Figure 2.4. SEM top-surface (a) and cross-section, (b) images of PS-b-P4VP BCP 

membrane fabricated by SNIPS process. Reproduced with permission.34 Copyright 2007, 

Springer Nature. 

 

Apart from scalability, the main advantage of the SNIPS method is freedom of chemical 

functionalization for tuning the isoporous membrane performance. The BCP used in our 

studies comprises of polystyrene-b-poly-4-vinylpyridine block copolymer (PS-b-P4VP 

139,000-b-40,000 g/mol; PDI = 1.1) where PS is the major block. The solvent mixture used 

in our studies contains DMF which is a good solvent for P4VP and THF shows good 

selectivity for PS. The first reported asymmetric block copolymer membrane with 

perpendicularly arranged well-defined pores to the membrane surface composed of PS-b-

P4VP was reported by Peinemann and co-workers.34 This particular BCP was selected due 

to strong incompatibility between PS and P4VP block. 

2.4 Organization of Chapters 

Chapter 1: The dissertation will introduce different membrane morphologies and its 

applications based on pore size in chapter 1. Additionally, the historical development of 

ultrafiltration membranes is discussed in brief followed by the importance of well-defined 

pore size in separation is discussed. Various fabrication approaches to fabricate 
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nanoporous/isoporous membranes are discussed in details with reference to the material 

used till date for producing such membranes. 

Chapter 2: Here we describe the brief introduction of BCP, followed by a short outlook on 

basis of BCP self-assembly in bulk with respect to Flory-Huggins parameters. Next, the 

self-assembly of BCP in solution is discussed with respect to various theories and 

parameters affecting the self-assembly and final morphology. Finally, we describe the 

SNIPS process and its relevance on final outcome of the membrane morphology.  

Chapter 3: In this study, we present a post-modification method for reversing the pH-

dependent flux behavior of the isoporous membrane. Surprisingly not only the asymmetric 

membrane structure with the isoporous skin was retained, but also the mechanical and 

chemical membrane stability was improved significantly. This opens the door to new 

interesting charge based fractionations.  

Chapter 4: We demonstrate here the preparation of hierarchical polystyrene nanoporous 

membranes with a very narrow pore size distribution and an extremely high porosity. The 

nanoporous structure is formed as a result of unusual degradation of the poly(4-vinyl 

pyridine) block from self-assembled poly(styrene)-b-poly(4-vinyl pyridine) (PS-b-P4VP) 

membranes through the formation of an unstable pyridinium intermediate in an alkaline 

medium.  During this process, the confined swelling and controlled degradation produced a 

tunable pore size. The effect of the pore size on protein transport rate and selectivity (α) 

was investigated for lysozyme (Lys), bovine serum albumin (BSA) and globulin-γ (IgG). A 

high selectivity of 42 (Lys/IgG) and 30 (BSA/IgG) was attained, making the membranes 

attractive for size selective separation of biomolecules from their synthetic model mixture 

solutions. 

Chapter 5: In this work, we studied the fouling behaviour of polystyrene-b-poly(4-

vinylpyridine) (PS-b-P4VP) isoporous membrane and the mussel inspired polydopamine/L-

cysteine isoporous zwitterionic membrane. Subsequently, the isoporous membrane was 
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modified by a mild mussel-inspired polydopamine (PDA) coating; the isoporous surface 

structure and the water flux was retained. Zwitterionic L-cysteine was further anchored on 

the PDA coated membranes via Michael addition reaction at pH 7 and 50oC to alleviate 

their antifouling ability with foulants solution. 

Chapter 6: We describe embedding graphene oxide/polymer nanosheets into 

nanostructured BCP isoporous membranes, endowing them with enhanced hydrophilicity. 

Due to synergistic combination of these two highly functional components, the hybrid 

isoporous membranes show pH-responsive and alcohol-gating behavior along with 

improved bactericidal capabilities. Leveraging the high permeability/selectivity behavior of 

BCP isoporous membranes together with antifouling capabilities imparted by graphene 

oxide/polymer nanosheets, we achieved an enhanced flux of 66% compared to the pristine 

BCP membranes in challenging size-based protein mixture separation without 

compromising selectivity. 

Chapter 7: Here, we demonstrate for the first time efficient incorporation of single-walled 

carbon nanotube (CNT) into isoporous block copolymer films for chemiresistive sensing at 

room temperature. Leveraging the efficient charge extraction ability of CNTs together with 

nanochannel arrays aligned perpendicular to the surface of the films, we achieved an 

ultrafast response time of 0.3 s for humidity detection with a sensor response of ~800 on 

changing humidity from 10% to 95%. 
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Chapter 3 

Polyanionic pH Responsive Polystyrene-b-Poly(4-vinyl pyridine-N-oxide) 

Isoporous Membrane 

 

Abstract 

Recently isoporous block copolymer (BCP) membranes obtained by NIPS gained a lot of 

attention due to their highly ordered surface layer, high flux and superior separation 

properties. These polystyrene-b-poly-4-vinylpyridine (PS-b-P4VP) based membranes 

showed a strong flux dependence of pH; pores closed at low pH and opened at high pH. 

The pH-response could now be reversed by a simple post modification; pores are now 

opening at low pH and closing at high pH. The original membrane was transformed into a 

polyanionic pH responsive membrane in a one-step chemical modification without 

affecting the isoporous surface morphology. A polystyrene-b-poly-4-vinylpyridine-N-oxide 

(PS-b-P4VPN-oxide) membrane is obtained by selective oxidation of the PS-b-P4VP 

membrane. The in situ generated peracid obtained by reacting acetic acid and hydrogen 

peroxide is employed for oxidation. Surprisingly not only the asymmetric membrane 

structure with the isoporous skin was retained, but also the mechanical and chemical 

membrane stability was improved significantly. The modified membranes are insoluble in 

solvents like DMF, NMP and DMSO. Two kinds of PS-b-P4VP based isoporous 

membranes are available now with reverse flux response to pH. This opens the door to new 

interesting charge based fractionations.  
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3.1 Introduction 

Stimuli responsive membranes have recently received much attention because they have 

attractive potential applications in controlled drug delivery, biosensors, molecular 

recognition and molecular separation.43-46 Stimuli-responsive membranes that can alter their 

properties and structures when subjected to specific external environmental conditions such 

as pH, temperature, ions, light, electric, and magnetic fields are well known.47-52 Excellent 

examples of stimuli responsive biomembranes can be found in the human body, having 

versatile stimuli responsive biomembranes that regulate the body-functions by providing 

selective permeation of molecules or ions. The permeability and selectivity of such 

biomembranes have stimuli responsive characteristics and the bioinspired approaches 

provide excellent environmentally responsive materials that could bring a new dimension 

to materials science. To mimic such responsive membranes for molecular separations 

through membranes, nanoporous membranes with pore diameters tunable by external 

stimuli are necessary.9, 53-54 

We have earlier reported the pH behavior and selective protein diffusion through 

nanochannels of PS-b-P4VP membranes.55-56 We showed the isoporous PS-b-P4VP 

membrane closes the nanochannel at acidic pH and opens at neutral and basic pH. We 

could now reverse this pH-responsiveness. By a simple chemical modification of the 

original PS-b-P4VP membrane we could tailor nanochannels, which open at acidic and 

close at basic pH. The membranes are produced via a one-step procedure by combining the 

self-assembly of an amphiphilic block copolymer (PS-b-P4VP) and non-solvent induced 

phase separation, sometimes called self-assembly and non-solvent induced phase 

separation (SNIPS) method. The SNIPS process results in isoporous membranes composed 

of a uniformly nanoporous surface (separation layer) supported by a spongy macroporous 

sublayer. Membranes produced by the SNIPS method showed very high water flux and 
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good solute rejections.34,40 Numerous isoporous BCP membranes have been developed by 

the SNIPS method but few isoporous membranes have been reported to be stimuli 

responsive membranes.38, 57-58 

Specifically, PS-b-P4VP and PS-b-P2VP isoporous block copolymer membranes are pH 

responsive; the pore walls of these membranes are lined with basic P4VP/P2VP blocks. 

The nitrogen atoms in the basic pyridine groups get quaternized under acidic condition. 

The PVP chains extend leading to pore closing of the nanoporous membranes. Under basic 

conditions, the pyridine groups neutralize and deswell to the original position leading to a 

reversible pore opening. These membranes are termed as polycationic membranes whereas 

membranes with opposite pH response are known as polyanionic membranes. To the best 

of our knowledge, no polyanionic isoporous block copolymer membranes have been 

reported by the SNIPS method. To obtain polyanionic membranes, the isoporous 

membranes should have acid functional groups (–COOH and –SO3H) on the pore walls 

either by pre-modification of the block copolymer (choosing a block copolymer having 

acid functional group before membrane formation) or by post modification of the block 

copolymer membrane (introducing acid functional groups after membrane formation). 

Isoporous block copolymer membranes having –COOH or –SO3H groups by the SNIPS 

method have not yet developed. But efforts have been made for surface/pore 

functionalization of isoporous membranes by post modification procedure to improve their 

properties and separation ability.56, 59-61 

By considering the simple scalability, we chose the isoporous PS-b-P4VP membrane 

manufactured by the SNIPS method for post modification. However, a practical problem 

for the post modification process is that harsh reaction conditions and aggressive solvents 

can destroy the isopore geometry of the block copolymer membranes. In this study, we 

introduced N-oxide groups by mild oxidation of the P4VP block to obtain polyanionic 

isoporous membranes. We hypothesize that an introduction of N-oxide charge moiety 
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would swell/deswell the membrane pores with pH analogous to –COOH/–SO3H groups. 

The oxidized PS-b-P4VP membrane maintained the isopore geometry after the 

modification and showed a reverse pH behavior to that of the original PS-b-P4VP 

isoporous membrane. The modified membrane was characterized and the pH responsive 

behavior of the membrane was studied. 

3.2 Experimental Section 

Materials: Polystyrene-b-poly-4-vinylpyridine block copolymer P9957-S4VP (PS-b-P4VP 

139,000-b-40,000 g/mol; PDI = 1.1) and polyethylene glycol (PEG) of varied molecular 

weights (600, 3000, 10000, 35000 g /mol) were obtained from Polymer Source, Inc., 

Canada. N,N-dimethylformamide (DMF), 1,4-dioxane, ethanol (96%), nitric acid (HNO3) 

and ammonium hydroxide (NH4OH) were procured from Sigma Aldrich. Acetic acid 

(CH3COOH; 99.8%) and hydrogen peroxide (H2O2; 35 wt% solution) were purchased from 

Acros Organics. Tetrahydrofuran (THF) was received from Fischer Scientific. All other 

chemicals were used without further purifications. Deionized (DI) water and water purified 

with a Milli-Q system (Millipore) were used in this study.  

 Membrane preparation: Membranes were prepared from a polymer solution containing 

16.6 wt% PS-P4VP block copolymer in a mixture of 27.8 wt% DMF, 27.8 wt% 1,4-

dioxane, and 27.8 wt% THF. The 16.6 wt% of BCP was added into the mixture of solvents 

(DMF, 1,4-dioxane and THF) and stirred for 24 h at room temperature (RT). The BCP 

solution was then cast on a glass plate using a casting knife with a gap height of 200 m. 

The cast film was left at RT (22oC) for 10 s to partially evaporate solvents and then 

immersed into a coagulation bath of DI water until the membrane was peeled off from the 

glass plate. The fabricated membranes were thoroughly washed with DI water and ethanol 

to remove traces of solvents. The membranes were dried at RT for further modification and 

characterizations. 
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Membrane modification by selective oxidation under mild oxidizing condition: The flat 

sheet membrane was cut into 25 mm diameter pieces for further modification. The 

membranes were placed into a round bottom flask containing a mixture of CH3COOH and 

H2O2 (1:1). The reaction was then performed at 50oC for 24 h under reflux condition to 

convert the P4VP groups into P4VPN-oxide as shown in Scheme 1. Afterwards, the 

membranes were taken out from the round bottom flask and thoroughly washed several 

times with DI water to remove traces of CH3COOH or H2O2. Finally, the cleaned 

membranes were kept in DI water before further characterization and use. It was noticed 

that the surface morphology of the membrane did not change after in situ oxidation at 50oC.   

3.3 Result and discussion 

Membrane preparation and morphology characterization: Highly ordered and self-

assembled surface nanopores with uniform size are key factors for obtaining high flux and 

sharp molecular weight cut-off membranes. We used the reported method for fabrication of 

isoporous membranes from an amphiphilic diblock copolymer solution in a ternary mixture 

of solvents.34, 57 16.6 wt% of PS-b-P4VP block copolymer was dissolved in a mixture of 

DMF, THF, and 1,4dioxane (27.8 wt % of each). The membranes were formed after 

partial evaporation of THF, followed by immersion in DI water. An asymmetric membrane 

with highly ordered pores perpendicular to the surface with very high pore density and a 

non-ordered spongy sublayer was formed (Figure 3.1). The average pore size of PS-b-

P4VP and PS-b-P4VPNoxide membranes were calculated from their surface SEM images 

using Image J software.62 Minimum 250 pores were selected to obtain average pore size of 

the membranes and the standard deviation (σ) values. The average pore size of PS-b-P4VP 

membrane was 31.89 nm (σ = ± 10.98 nm) and for PS-b-P4VPNoxide membrane was 

32.05 nm (σ = ±11.18 nm), respectively. These values confirm that no change in pore size 

of the membranes occurred after modification.    
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Figure 3.1. Surface and cross-sectional SEM images (a), (b) PS-b-P4VP and (c), (d) PS-b-

P4VPN-oxide membrane. 

It is reported that solvent selection, concentration of solvents and block copolymer as well 

as evaporation time for solvent play an important role in formation of micelles and self-

assembly.34, 55, 57 Therefore, these parameters should be carefully controlled for fabrication 

of isoporous membranes by the SNIPS method. Finally, the block copolymer solution was 

precipitated in a non-solvent (DI water) and a highly ordered top layer membrane was 

formed. The conversion of PS-b-P4VP membrane to PS-b-P4VPN-oxide was performed by 

selective in situ mild oxidation of P4VP block following an earlier reported method with a 

slight modification in a reaction temperature.63-64 

The reaction route for formation of PS-b-P4VPN-oxide using a mixture of acetic acid and 

H2O2 at 50oC is given in Scheme 3.1. At elevated temperature, peracetic acid is formed 

from a mixture of acetic acid and H2O2, which reacts with the pyridine units of the P4VP 

blocks of the pristine membrane and P4VPNoxide blocks are obtained.  
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Scheme 3.1. Reaction route for modification of PS-b-P4VP to PS-b-P4VPN-oxide 

membrane. 

Morphologies of unmodified (PS-b-P4VP) and modified (PS-b-P4VPNoxide) membranes 

were assessed by recording their surface and cross-section SEM images (Figure 3.1 (a) and 

(b)), respectively. The isoporous structure of modified membranes remains same after the 

in situ mild oxidation at 50oC. In addition, the surface roughness parameters (Ra: average 

roughness, Rms: root-mean square roughness, and Rmax: maximum roughness) were 

obtained from AFM images of unmodified (PS-b-P4VP) and modified (PS-b-

P4VPNoxide) membranes (Figure 3.2).. The Ra, Rms and Rmax values for PS-b-P4VP 

membranes were found to be 6.69 nm, 9.31 nm, 9.31 nm which are quite similar to the 

obtained values (6.83 nm, 9.34 nm and 9.34 nm) for PS-b-P4VPNoxide membrane. 
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Figure 3.2 Two dimensional (a) and (b); three dimensional, (c) and (d) AFM images for 

PS-b-P4VP and PS-b-P4VPN-oxide membranes.  

 

ATR-FTIR of membranes: The conversion of PS-b-P4VP membranes to PS-b-P4VPN-

oxide membranes by the in situ oxidation reaction was confirmed by using FTIR. ATR-

FTIR spectra for PS-b-P4VP and PS-b-P4VPN-oxide membranes are shown in Figure 3.3. 

The broad absorption bands at 3400 cm1 are related to the stretching vibration of OH 

groups and residual water present in the membranes.64 The intensity of the peak at 3400 

cm1 for the PS-b-P4VPN-oxide membrane is slightly increased because of associated 

water molecules. The absorption bands at 2913 and 3023 cm-1 are related to the aromatic 

stretching vibrations of CH2 groups in the membranes. Two new peaks at 1178 cm-1 and 

1230 cm-1 are present in the FTIR spectrum of the PS-b-P4VPN-oxide membrane. These 

peaks are ascribed to oxygen bending vibration and N-O stretching vibration of N+O 

present in PS-b-P4VPN-oxide membrane.64 The shift in the absorption band from 820 cm-1 

to 844 cm-1 is observed after in situ oxidation of PS-b-P4VP due to the contribution of 

planar oxygen bending vibration.65 The obtained results confirm the successful conversion 
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of PS-b-P4VP membranes to the PS-b-P4VPN-oxide form by mild in situ oxidation 

reaction at 50oC using a mixture of acetic acid and H2O2. 

 

Figure 3.3. ATR-FTIR spectra of (a) PS-b-P4VP and (b) PS-b-P4VPN-oxide membranes. 

Membranes hydrophilicity and charge behavior: Hydrophilicity of the membranes was 

evaluated by determining their dynamic water contact angle using a sessile drop method. 

The dynamic water contact angle, surface free energy and the snapshots of 5 l water 

droplets on the surface of PS-b-P4VP and PS-b-P4VPN-oxide membranes are depicted in 

Figure 3.4a and b. The water contact angle value of the pristine membrane rapidly 

decreased with time and became zero after 1 min. This is due to the open pores of pristine 

membranes at neutral pH.55, 57 Therefore, water droplets rapidly penetrated into the 

membrane matrix. The water contact angle of modified membrane PS-b-P4VPNoxide 

decreased slowly with time and became zero after 5 min. This is due to the resistance of 

closed pores of the membrane at pH = 7 for penetration of water droplets into the 

membrane matrix. The surface free energy of both membranes is found to be the same 

because of their similar water contact angle values after 1 min time interval. These results 

clearly indicate that the hydrophilicity of modified membrane PS-b-P4VPNoxide is 
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similar. The surface charge of unmodified and modified membranes was studied by outer 

surface zeta potential measurements. The outer surface zeta potential (ζ) values for PS-b-

P4VP and PS-b-P4VPNoxide membranes in the pH range from 3 to 10 are shown in 

Figure 3.4c. The positive outer surface zeta potential of the PS-b-P4VP membrane in acidic 

pH range from 3 to 5 is higher than that of the PS-b-P4VPN-oxide membrane because the 

protonated pyridine moiety of the pristine membrane allowed preferential adsorption of 

chloride ions.66-67 The PS-b-P4VPNoxide membrane did not allow adsorption of chloride 

ions due to electrostatic repulsion between the modified membrane and chloride ions. 

Furthermore, the negative outer surface zeta potential of PS-b-P4VPNoxide membrane in 

basic pH range from 8 to 10 is lower than that of the PS-b-P4VP membrane because the 

preferential adsorption of hydroxyl ions was hindered by the modified membrane. 

 

Figure 3.4. (a) Dynamic water contact angle, (b) surface free energy and (c) outer surface 

zeta potential of PS-b-P4VP and PS-b-P4VP-N-oxide membranes. 

 

Dynamic mechanical stability of membranes: Figure 3.5 shows temperature dependent 

dynamic mechanical (storage modulus and tan δ) plots for PS-b-P4VP and PS-b-

P4VPNoxide membranes. Plots of the storage modulus as a function of temperature in 

Figure 3.5a show that the dynamic storage modulus of modified membranes (PS-b-

P4VPNoxide) significantly increased to 20 MPa compared to pristine membranes (PS-b-

P4VP), which is attributed to the enhancement in polymer inter chain bonding via charge-

charge interactions.68 The tan δ plot in Figure3.5b also follows the same pattern as the 
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storage modulus. The PS-b-P4VP membrane exhibited a well-defined relaxation peak at 

120oC that is assigned to the glass transition temperature of the PS-b-P4VP diblock 

polymer. However, a slight shift in a relaxation peak from 120 to 140oC for PS-b-

P4VPNoxide membrane was obtained. These results clearly indicate that the segmental 

mobility of polymer chains is restricted after in situ oxidation of PS-b-P4VP membrane at 

50oC. The resulting modified membrane showed good mechanical stability for use in 

filtration application using the pressurized feed solutions. 

 

Figure 3.5. DMA analysis of PS-b-P4VP and PS-b-P4VPN-oxide membranes: (a) 

temperature dependent storage modulus and (b) tan δ plots obtained from DMA. 

 

Water flux and pH response characterization: The pH dependent water flux of the PS-b-

P4VP membrane is presented in Figure 3.6a.  The water flux at lower pH (2 and 3) is low 

(2.46 L m-2 h-1 bar-1) because the pyridine groups in the P4VP chains were protonated and 

became positively charged. Consequently, the P4VP chains were stretched to minimize 

charge repulsion, leading to the reduction in effective pore sizes of the membrane.55, 57, 69  

High water fluxes of more than 1000 L m-2 h1 bar1 were obtained in basic pH range from 

8 to 12. This was attributed to increased effective pore sizes of the membrane due to 

deprotonation of P4VP chains and their subsequently conversion into the coiled form at 

high pH.55, 69  Thus, pores of PS-b-P4VP membrane were opened and high water flux was 

achieved in basic pH. Similar observations were reported by Guo et al. applying dissipative 

particle dynamics stimulation of pH sensitive micelles with histidine residues due to 
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protonation of imidazole groups.70 To achieve high water flux in acidic pH, the PS-b-P4VP 

membrane was converted into the PS-b-P4VPNoxide form by mild in situ oxidation 

reaction at 50oC. The pH dependent water flux of the PS-b-P4VPNoxide membrane is 

depicted in Figure 3.6b. As expected, the water fluxes of the modified membrane in the 

basic pH region were found to be very low. This is because of a decrease in the effective 

pore size of the membrane due to chain stretching by negatively charged Noxide. 

 

Figure 3.6. pH dependent pure water flux: (a) PS-b-P4VP and (b) PS-b-P4VPN-oxide 

membrane at 1 bar feed pressure. 

 

The water flux of the PS-b-P4VPNoxide membrane was high at low pH. The N+O 

groups in the P4VPNoxide chains were converted into N+OH with change in pH from 

basic to acidic and consequently chain stretching was decreased. Thus, the pores of PS-b-

P4VPNoxide membranes were opened in acidic pH and the water flux was enhanced.  A 

sharp change in water flux occurred in the pH range from 4 to 2. Hysteresis of more than 

40% in water flux was observed at extreme pH values whereas the hysteresis in middle 

ranges was less than 20% when the pH increased or decreased from acid to basic or basic to 

acid region, respectively. Nunes et al. reported that the hysteresis in water flux is not 

attained from alkali to acid and acid to alkali regime when PS-b-P4VP membrane is 

applied in ultrafiltration of DI water.55 The obtained hysteresis behaviour of PS-b-

P4VPNoxide membrane is relevant to the hysteresis of poly(styrene-alt-maleic acid) 

derived membrane.  This phenomenon can be explained by the ionization of N+O groups 



46 

in the membrane. Xiang et al. reported that the hysteresis in water flux of the membranes is 

achieved due to the ionization of carboxylic acid (COOH) groups in acidic medium. This 

is attributed to the requirement of more time to reach the equilibrium in compare with time 

required for pH dependent water flux measurement. The hysteresis in water flux of the 

membranes was not obtained even though the membrane was equilibrated in acidic water 

solution for more than 6 h.71 It appears to be that this phenomenon was occurred for 

obtaining hysteresis in water flux of PS-b-P4VPNoxide membrane from alkali to acid and 

acid to alkali water filtration measurements. Overall, the pH responsive behavior of the PS-

b-P4VPNoxide membrane is completely opposite to the original PS-b-P4VP membrane. 

Figure 3.7 illustrates the swelling behavior of micelles in the PS-b-P4VPNoxide 

membrane at low (pH = 2) and high pH (pH = 10). At low pH, the protonation of N+O 

groups in P4VPNoxide block lowers the expansion of polymer chains and thus, the 

membrane pores are opened. The membrane pores are closed at high pH because charge 

repulsion between chains of P4VPNoxide moieties is dominant due to deprotonation of 

N+O groups. Thus, change in micelle dimensions has direct influence on water flux of 

PS-b-P4VPNoxide membrane in acidic and basic pH. Ludwigs et al. also reported the pH 

dependent swelling and deswelling behavior of micelles derived from a triblock copolymer 

containing poly(methacrylic acid) block. Reversible swelling and deswelling behavior of 

micelles were highly dependent on protonation of the poly(methacrylic acid) block.72 
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Figure 3.7. Illustration of pH-dependent micellar swelling-deswelling and change in 

effective pore size of PS-b-P4VPN-oxide membrane. 

 

A mixture solution of polyethylene glycol with nominal molecular weights 600, 3000, 

10000, and 35000 g/mol was used to evaluate the membranes selectivity in acidic and basic 

region. When the PEG solution was filtered through PS-b-P4VP and PS-b-P4VPNoxide 

membranes at low pH (2.2), the PS-b-P4VP membrane was able to retain 100% PEG of 

molecular weight 10,000 g/mol whereas PS-b-P4VPNoxide membrane retained 20 % 

PEG of similar molecular weight (Figure 3.8a). Furthermore, at high pH (10.2) the PS-b-

P4VP membrane had practically zero rejection for PEG of 10,000 whereas the PS-b-

P4VPNoxide membrane retained more than 90% PEG of 10,000 g/mol (Figure 3.8b). The 

obtained results confirm pH switchable selectivity of the PS-b-P4VPNoxide membrane 

towards PEG mixture solution because its pores open at low and close at high pH. 

Ethanol flux measurement: The original unmodified membranes showed a very low flux 

for 96% ethanol (around 1 L m-2 h-1 bar-1, Figure 3.8c,). This can be attributed to an 

excessive swelling of the P4VP block in ethanol leading to a drastic decrease in the 
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effective pore size of PS-b-P4VPN membrane. In contrast, the ethanol flux of the PS-b-

P4VPNoxide membrane remained high (707 L m-2 h-1 bar-1), showing that no or little 

swelling of the P4VPN-oxide chains occurred. Hence the PS-b-P4VPNoxide membrane 

can be used in ethanol based separations.  

 

Figure 3.8. pH dependent PEG rejection studies: (a) pH 2.2, (b) pH 10.2 and (c) ethanol 

flux at 1 bar feed pressure across PS-b-P4VP and PS-b-P4VP-N-oxide membranes. 

 

3.4 Conclusions 

We report a straight forward method to functionalize the isoporous PS-b-P4VP membrane 

via post modification reaction for obtaining a stimuli pH responsive isoporous membrane. 

Oxidation of the PS-b-P4VP membrane was carried out by in situ oxidation reaction using 

a mixture of acetic acid and H2O2 at 50oC. A PS-b-P4VPNoxide isoporous membrane 

without distortion in morphology was obtained after post modification reaction at elevated 

temperature. ATR-FTIR technique confirmed the conversion of PS-b-P4VP membrane to 

PS-b-P4VPNoxide. The conservation of the membrane’s isoporous structure was also 

verified by AFM and SEM studies. The hydrophilicity of the modified membrane did not 

change as confirmed by dynamic water contact angle measurements. The pH dependent 

water flux and PEG rejection studies in acidic and basic pH confirmed the polyanionic 

behavior of the PS-b-P4VPN-oxide membrane. The availability of a cationic PS-b-P4VP 

and an anionic PS-b-P4VPN-oxide with reverse pH response opens up an attractive way for 

pH-based separations. 
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Chapter 4 

Surprising Pathway for Fabricating Isoporous Polystyrene Membranes 

with a Hierarchically Organized Pore Structure for High Performance 

Ultrafiltration 

 

Abstract 

We describe the preparation of hierarchical polystyrene nanoporous membranes with a very 

narrow pore size distribution and an extremely high porosity. The nanoporous structure is 

formed as a result of unusual degradation of the poly(4-vinyl pyridine) block from self-

assembled poly(styrene)-b-poly(4-vinyl pyridine) (PS-b-P4VP) membranes through the 

formation of an unstable pyridinium intermediate in an alkaline medium.  During this 

process, the confined swelling and controlled degradation produced a tunable pore size. We 

unequivocally confirmed the successful elimination of the P4VP block from a PS-b-

P4VPVP membrane using 1D/2D NMR spectroscopy and other characterization 

techniques. Surprisingly, the long range ordered surface porosity was preserved even after 

degradation of the P4VP block from the main chain of the diblock copolymer, as revealed 

by SEM. Aside from a drastically improved water flux (~67% increase) compared to the 

PS-b-P4VP membrane, the hydraulic permeability measurements validated pH independent 

behavior of the isoporous PS membrane over a wide pH range from 3 to 10.  The effect of 

the pore size on protein transport rate and selectivity (α) was investigated for lysozyme 
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(Lys), bovine serum albumin (BSA) and globulin-γ (IgG). A high selectivity of 42 

(Lys/IgG) and 30 (BSA/IgG) was attained, making the membranes attractive for size 

selective separation of biomolecules from their synthetic model mixture solutions.  
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4.1 Introduction 

Nanoporous membranes derived from various materials have gained significant attention 

owing to their high potential for advanced macromolecular separations as compared to the 

existing materials for challenging separation applications.73-74 Although various organic, 

inorganic, and hybrid materials have been explored in the development of nanoporous 

films, the fabrication of membranes with uniform nanopores and high pore density remains 

a challenge.75-80 Block copolymer self-assembly is an attractive method for manufacturing 

well-defined nanostructured films and membranes. For a long time, the manufacturing 

process for nanoporous membranes by block copolymer self-assembly was based on the 

creation of equilibrium morphologies. This membrane manufacturing process was tedious 

because solvent-annealing was required to obtain equilibrium structures and the etching of 

one block was necessary to create pores.81-83 This time-consuming procedure hindered the 

up-scaling. To overcome this impediment, a fast non-equilibrium method combining self-

assembly and non-solvent induced phase separation (SNIPS) to manufacture asymmetric 

membranes with a highly ordered nanoporous surface was first described 2007.34  Due to 

their high porosity and uniform pore size, these membranes surpassed the traditional 

permeability-selectivity trade-off.7, 84-86 Moreover, the chemical nature of the polymer 

blocks often allowed the introduction of functional groups into the membrane pores 

without disturbing the nanoporous morphology.87 This feature enabled fine-tuning of the 

pores for specific separations. 

The size selective separation performance of these membranes was favorably enhanced by 

tuning the pore size of the nanochannels. Recently, Yang et al. precisely controlled the pore 

size of spin-coated nanoporous BCP membranes through gold deposition and demonstrated 

their application in drug delivery systems.88 Kim et al. reported nanoporous polystyrene-

block-poly(methyl methacrylate) membranes for the effective  isolation of 30 nm human 

rhinovirus type 14 (HRV-14).89 Despite these efforts in fabricating nanoporous membranes 
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with remarkable sieving ability, the difficulties in obtaining tunable pore sizes relevant to 

the separation/fractionation of biomolecules and other chemical products have severely 

limited their practical utilization. We and others have explored various routes for tuning the 

pore size of self-assembled nanoporous membranes without sacrificing their mechanical 

integrity as a potential pathway for efficient purification and separation of biomolecules.90-

94 Annealing and selective chemical degradation of one block from BCP thin films has 

been studied to achieve a preferred morphology. However, these methods have been 

restricted to the formation of nanoporous thin films and monoliths.82-83, 95 Phillip et al. 

prepared thin isoporous polystyrene films by self-assembly of poly-(styrene-b-lactide) 

followed by etching the polylactide block.96 These films were supported by conventional 

ultrafiltration membranes and the water filtration performance of these composite 

membranes was evaluated. Here we use isoporous asymmetric PS-b-P4VP made by the fast 

SNIPS method and chemically degrade the PVP block in the pore interior to obtain 

asymmetric isoporous polystyrene membranes with a water flux more than 3 orders of 

magnitude higher than the previously described polystyrene membranes. 

4.2 Experimental Section 

Materials: Polystyrene-b-poly-4-vinylpyridine block copolymer P9957-S4VP (PS-b-P4VP 

139,000-b-40,000 g/mol; PDI = 1.1) was purchased from Polymer Source, Inc., Canada. 

Methyl Iodide (CH3I), lysozyme (Lys), bovine albumin serum (BSA), globulin-γ (IgG), 

hexane, Tween-80, and sodium dodecyl sulfate (SDS) were obtained from Sigma-Aldrich. 

N,N-dimethylformamide (DMF), 1,4-dioxane and ethanol (96%), were acquired from 

Sigma-Aldrich. Tetrahydrofuran (THF) was received from Fischer Scientific. All chemicals 

were used as received. Deionized (DI) water purified with a Milli-Q system (Millipore, 

Inc.) was used in this study. 

Membrane fabrication: The isoporous membrane was prepared from a polymer solution 

containing 16.6 wt% PS-b-P4VP in a ternary mixture of 27.8 wt% DMF, 27.8 wt% 1,4-
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dioxane and 27.8 wt% THF. PS-b-P4VP was dissolved in the mixture of solvents by 

continuous stirring for 24 h at room temperature (RT). The solution was then cast on a 

glass plate using a casting knife with a gate height of 200 μm. The glass plate along with 

polymer solution film was left for 10 s at RT to partially evaporate solvents and then 

immersed into a DI water coagulation bath and left until the membrane was detached. The 

membrane was taken out and subsequently stored in DI water bath for 24 h to remove 

traces of solvents. The PVP block lining the pores of these membranes was then removed 

in two steps. First the P4VP was quaternized (qPS-b-P4VP) by submersing the membrane 

into 1% methyl iodide (CH3I) solution in ethanol at room temperature for 24 h. The qPS-b-

P4VP membrane was then immersed into a 0.1 M NaOH solution in ethanol for different 

time intervals from 10 min to 24 h. Finally, the membranes were dried at RT for further 

modifications and characterizations. 

Ultrafiltration of Oil-in-water emulsion and Proteins: The oil-in-water emulsion was 

prepared by mixing water and hexane (99:1 v/v) and the resulting mixture was sonicated 

using a bath sonicator at 40 kHz frequency for 2 h to obtain a white color homogeneous 

emulsion. The droplet size of the emulsion was in the range from nanometer to micrometer. 

A surfactant stabilized oil-in-water emulsion was prepared as follows: Tween 80 and SDS 

were alternatively added to the emulsion and the concentration of stabilizers was  

0.2mg/ml. Optical microscopic images of feed and permeate samples after ultrafiltration of 

surfactant stabilized oil-in-water emulsion were recorded with the help of a 

stereomicroscope (Nikon, SMZ 25) by dropping the respective samples on the biological 

counting board. The ultrafiltration of oil-in-water emulsion was performed at 1.0 bar for 1 

h. Ultrafiltration experiments were conducted under stirring at 400 rpm to avoid 

concentration polarization and adsorption of oil droplets on the membrane surface.  Total 

content of organic carbon (TOC) in feed and permeate samples was determined by using a 

total organic carbon analyzer (Teledyne Tekmer, USA). The ultrafiltration of protein 
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solution through the membranes was assessed using 1mg/ml protein solutions. The 

concentration of protein in feed and permeate samples was analyzed using a UV-Vis 

spectrophotometer (Nano-Drop™ 2000/2000C, Thermo Fisher Scientific) at λmax = 280. 

All ultrafiltration experiments were carried out on 3 different coupons of the same 

membrane and average values are reported. The observed transmission of the protein (τobs) 

through the membrane was determined using equation below 97-98 

 

where Cp and Cf  are the concentration of protein in the permeate and feed sample solution. 

The selectivity of the membranes towards proteins was calculated using equation below 97-

98 

 

where (τobs)i and (τobs)j are observed transmission values of two different proteins, 

respectively. 

4.3 Results and discussions 

Scheme 4.1 illustrates the process for fabrication of the nanoporous PS membrane. Our 

approach started with the preparation of the BCP solution in a ternary solvent mixture. The 

BCP solution without air bubbles was then cast on a glass plate using a casting knife with 

gate height of 200 μm. The solvent from the “proto-membrane” was partially evaporated 

for 10 s, leading to a BCP concentration increase at the solution/air interface. The film was 

then immersed in a DI water coagulation bath where the hydrophobic PS block led to rapid 

precipitation. The well-defined nanopores were formed in the membrane top layer as a 

result of kinetic entrapment of self-assembled micelles after plunging the membrane into 

the water coagulation bath. The P4VP block was then quaternized (qPS-b-P4VP) by 
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submersing the membrane into 1% methyl iodide (CH3I) solution in ethanol at room 

temperature for 24 h. 

 

Scheme 4.1. Schemiatic diagram of the SNIPS process combined with the selective 

chemical degradation of the P4VP block to produce isoporous PS membrane. 

 

We optimized the concentration of CH3I to retain the isoporous structure of the membrane. 

The qPS-b-P4VP membrane was immersed again into a 0.1 M NaOH solution in ethanol 

for different time intervals from 10 min to 24 h. It is reported that the N-alkyl-pyridinium 

ion converts into N-alkyl-2-oxy-l,2-dihydro-pyridine intermediates in alkaline medium due 

to the absence of  or  hydrogen. These   intermediates hydrolyze in alkaline solution and 

as a result alkylamines are produced via a ring-opening reaction.99 The alkylamines 

produced in the reaction subsequently undergo auto-oxidation in presence of dissolved 

oxygen to form aklyamines-oxide radicals. The resulting aklyamines-oxide radicals attack 

on the polymer backbone and thus degrading the polymer backbone.100 We surmise that the 

pyridinium ion of the qPS-b-P4VP membrane decomposed in a similar pathway, whereas 

autoxidation of the BCP backbone led to the degradation of the P4VP block.  Therefore, the 

P4VP block from the main chain of the diblock PS-b-P4VP was degraded under controlled 

alkaline conditions. The PS block remained unchanged in the membrane matrix whereas 

the quaternized P4VP block degraded in alcoholic alkaline solution and the resulting 

residue was highly soluble in ethanol. Finally, an asymmetric isoporous PS membrane with 
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very high porosity and uniform pore size was successfully produced via a selective 

degradation of the P4VP block. 

Figure 4.1 shows the surface scanning electron microscope (SEM) images of the 

membranes after drying in a vacuum oven. These images confirm the retention of the 

nanoporous membrane morphology without defects, even after chemical degradation. The 

degradation of the P4VP block was assessed by 1D and 2D NMR (heteronuclear multiple 

quantum coherence spectroscopy: HMQC and heteronuclear multiple bond coherence: 

HMBC) spectroscopy.  

 

Figure 4.1. Top-surface and cross-section SEM images of (a-b) PS-b-P4VP and (c-d) 

isoporous PS membrane. 

 

Figure 4.2 (a) illustrates the typical 2D (HMQC) spectrum for PS-b-P4VP and 4.2(b) for 

the qP4VP block with its characteristic peaks. Typically, the peak at 4.6 ppm in 1H and at 

42 ppm in 13C ascertained the presence of the methylated pyridinium moiety. The degree of 

quaternization for PS-b-P4VP membrane was ~ 78% as deduced from 1H-NMR spectrum. 
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The 2D HMQC NMR spectrum of the qPS-b-P4VP membrane (Figure 4.2c) after alcoholic 

alkaline treatment revealed the complete disappearance of peaks for aromatic protons and 

carbons of pyridine in the P4VP block. The disappearance of peaks is attributed to the 

degradation of quaternary pyridinium in an alcoholic alkaline medium. The 1H and 13C 

NMR spectra of the resulting membrane are in good agreement with reported NMR spectra 

for PS.83 We did not observe any new peaks in the NMR spectra which clearly suggests 

that no degradation by-products have formed on the membrane. In addition, 1H, 2D 

(HMBC) 15N-1H NMR, and XPS analyses were done for nanoporous PS membrane 

samples. The peak for the nitrogen atom is absent in the 2D NMR and XPS spectrum of the 

PS membrane (Figure 4.3). The characteristic peaks for the pyridine moiety (1000 and 

1415 cm-1) disappeared in the infrared spectrum of the PS membrane (Figure 4.4a). These 

results confirm the removal of the pyridine moiety from the main chain of PS-b-P4VP 

membrane after chemical degradation. 

 

Figure 4.2. 2D NMR spectra of: (a) PS-b-P4VP; (b) qPS-b-P4VP and (c) isoporous PS 

membranes. Group A are the protons and carbons coupled in the P4VP block. The 

disappearance of group A in (c) is the result of chemical degradation of pyridinium in 

alcoholic alkaline medium. Figure 4.2 (d) shows GPC traces of PS-b-P4VP membrane 

before (black dashed line) and after chemical degradation (red dashed line) and molecular 

weight of membranes (inset). 
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The gel permeation chromatography (GPC) data for PS membrane samples (Figure 4.2d) 

showed a considerable decrease in molecular weight compared to the PS-b-P4VP 

membrane. The lower molecular weight of the isoporous PS membrane was due to the 

degradation of the P4VP block. Furthermore, the measured gravimetric weight loss of 26 

wt% for the resulting PS membrane was in good agreement with the calculated weight of 

P4VP in PS-b-P4VP (27.8 wt%) (Figure 4.4b). Efforts were also made to degrade the 

unmethylated PS-b-P4VP membrane in the ethanolic 0.1M NaOH solution. However, the 

P4VP block was not degraded underscoring the importance of quaternization for alkaline 

degradation (Figure 4.4c). 

 

Figure 4.3. The 15N-1H 2D NMR spectra of (a) PS-b-P4VP (c) PS membrane samples. 

Group A presents the protons and nitrogen of the P4VP block. The disappearance of group 

A in (c) is the consequence of the chemical degradation of pyridinium in alcoholic alkaline 

medium. Figure 4.3b represents the 1H NMR spectrum of the PS membrane obtained after 

chemical degradation of the PS-b-P4VP membrane. Figure 4.3d shows XPS spectra of the 

PS-b-P4VP and PS membranes. Nitrogen is absent in the PS membrane.  

 

The thermal behavior of the resulting PS membrane was evaluated and compared with a 

PS-b-P4VP membrane. The differential scanning calorimetry (DSC) data for the PS-b-
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P4VP membrane exhibited two glass transition temperatures corresponding to PS (108 

°C) and the P4VP (156 °C) block (Figure 4.4d), representing a microphase separated 

state. The DSC thermogram of the resulting nanoporous PS membrane revealed the 

absence of a glass transition temperature for the P4VP block. The thermal decomposition 

of the resulting nanoporous PS membrane matched well with the earlier PS 

homopolymer.101 

 

Figure 4.4. (a) ATR-FTIR spectra of (i) PS-b-P4VP (ii) qPS-b-P4VP (iii) PS membranes, 

(b) represents the gravimetric analysis data of membranes before and after chemical 

degradation in alcoholic alkaline solution and (c) 1H NMR spectrum of NaOH-EtOH 

treated unmethylated PS-b-P4VP. (d) DSC thermograms of isoporous PS-b-P4VP and PS 

membranes.  

 

Flux and pH-Responsive characterization: The removal of the hydrophilic P4VP block 

changed the surface properties of the resulting PS membrane. As expected, the contact 

angle studies revealed a transformation of hydrophilic (60°) nanochannels to the 

hydrophobic regime (104°). This can be attributed to the hydrophobic nature of PS. The 
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PS-b-P4VP membrane swells in alcohols. Since the pores of the membranes are lined with 

the hydrophilic P4VP block, this swelling leads to a strong decline in alcohol permeance. 

However, the PS membrane showed minimum interaction with ethanol resulting in high 

ethanol permeability (Figure 4.5a). The ethanol flux of the PS-b-P4VP membrane was 0.1 

L m-2 h-1 bar-1 whereas the PS membrane showed a very high flux (950 L m-2 h-1 bar-1), 

which is almost 4 orders of magnitudes higher compared to the PS-b-P4VP membrane 

(Figure 4.5b). To verify the reproducible high ethanol flux for the PS membrane, we 

performed 10 subsequent cycles with ethanol and DI water without measurable loss in 

ethanol flux.  

 

Figure 4.5. (a) Schematic illustration of the PS-b-P4VP and the PS membrane in dry and 

wet states. The hydrophilic P4VP blocks are solidified, offering the least resistance in dry 

state. In the wet state, the swollen P4VP block decreased the pore diameter. In the case of 

the PS membrane, the pore size remained the same in either the dry or the wet state, (b) 

Ethanol flux and (c) pressure-dependent pure water flux of PS-b-P4VP and isoporous PS 

membranes. 

Figure 4.5c illustrates the pressure dependent water flux of the PS-b-P4VP and PS 

membranes measured using a dead-end stirred ultrafiltration cell. Remarkably, the PS 

membrane presented a linear change in water flux with the increase in pressure. This result 

demonstrates an excellent stability of the nanoporous PS membrane without pore 

compaction at high feed pressure. The water flux of the PS membranes in triplicate was 

2000 ± 150 L m-2 h-1 bar-1, which is 67% higher than the flux of the PS-b-P4VP membrane 

(1200 ± 200 L m-2 h-1 bar-1).  The increase in flux was attributed to the pore expansion after 

chemical degradation of the P4VP block from the nanochannels of the PS-b-P4VP 

membrane and subsequently, the hydraulic resistance declined. The increase in pore 
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diameter was quantitatively estimated using the Hagen-Poiseuille’s equation, as given in 

equation below 

 

where R is pore radius, ∆p is the pressure drop across the membrane, η is water viscosity 

(8.9 × 10-4 Pa s-1 at 25°C), and L is the length of the nanochannels. The effective pore 

diameter at different pH values is depicted in Figure 4.6a. At all pH values, the calculated 

pore diameter of the PS membrane was higher compared to the PS-b-P4VP membrane, 

which is reflected in the observed water flux of the corresponding membranes. In the case 

of the PS-b-P4VP membrane, the decrease in water flux at low pH is attributed to the 

protonation of the P4VP block lining the pore walls; the positively charged PVP chains 

extend and close the pores.56 As expected, the water flux of the PS membrane was pH 

independent due to the elimination of the pH-responsive P4VP block. This feature can be 

beneficial for applications where constant flux is required at different pH values.  

Measurement of the water flux of the qPS-b-P4VP membrane as a function of NaOH/EtOH 

treatment time indicated a variation in the effective pore diameter estimated by Hagen-

Poiseuille’s equation (Figure 4.6b, red symbols).  As expected, the water flux and the 

effective pore diameter of the membranes increased with NaOH-EtOH treatment time. The 

effective pore diameter and the water flux of the membranes did not change after 24 h 

treatment, suggesting the complete removal of the P4VP block (Figure 4.6c). The effective 

pore size can be tailored from about 5 nm to 30 nm by variation of the NaOH-EtOH 

treatment time. 
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Figure 4.6. (a) Water flux and the effective pore diameter of the membranes at different pH 

values, (b) water flux and the effective pore diameter of the membranes treated with 

NaOH-EtOH for different time intervals and (c) Schematic of pore size tuning with NaOH-

EtOH treatment. 

 

Size based single and mixed protein separation at physiological pH: In line with other 

reported high flux hydrophobic membranes for size-based protein separation, we assessed 

the molecular separation ability of the isoporous  PS membrane.74 The biologically relevant 

proteins of different molecular weights (MW) and hydrodynamic diameters (D)  lysine 

(MW = 14.3 kDa, D = 4 nm), bovine albumin serum (MW = 67 kDa, D = 6.8 nm) and γ-

globulin (MW = 150 kDa, D = 14 nm) were selected. BSA and IgG were chosen because 

their separation is challenging.2,33 When we evaluated the single protein transmission for 

the permeate through a qPS-b-P4VP membrane treated with NaOH-EtOH mixture for 

different time intervals, we observed that our membrane allowed only Lys or BSA to pass 

and the transport of IgG was hindered (Figure 4.7a). Even with the membrane with the 

largest pore size, IgG could not be detected in the permeate. It is apparent that the protein 
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transport was highly dependent on the hydrodynamic diameter of the studied proteins. The 

protein content in the permeate sample increased with increasing pore size of the PS 

membrane. We adjusted the pore size in order to achieve the optimum selectivity for the 

separation of the proteins. The membrane treated with NaOH-EtOH for 4 h (27.3 nm pore 

size) exhibited the highest selectivity; Lys or BSA permeated through the membrane 42 

and 30 times faster, respectively, than IgG (Figure 4.7b). The observed transport of IgG 

was marginal even though the pore size of membranes treated with NaOH-EtOH for 4 h 

was two times larger than the hydrodynamic diameter of IgG. These results are in 

agreement with data earlier reported by Striemer et al. and Qiu et al., that showed pore 

clogging due to protein adsorption via hydrophobic interactions which could lead to the 

diminution in the effective pore size of the membranes.56, 74 Similarly, the protein transport 

was also influenced by other factors like ionic strength, solution pH, and protein structure. 

Contrary to the traditional flux-selectivity trade-off, our membrane displayed the highest 

selectivity (42 and 30) and very high fluxes of the protein containing solutions (Lys: 1096 

L m-1 h-1 bar-1, BSA: 1040 L m-1 h-1 bar-1) compared to commercial membranes with similar 

pore size.56, 102  

Based on the encouraging results in the single protein transport study, we tested these 

membranes for separation of mixed proteins solutions. The membranes treated for different 

times with NaOH-EtOH were used for filtration of protein mixture solutions of Lys-IgG 

(Figure 4.7c) and of BSA-IgG (Figure 4.7d), and sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) was applied to examine the transport of the protein 

mixture components. Remarkably, only one strong band for the permeate sample was 

observed in each case. In each study, IgG did not cross the membrane, which confirmed the 

high selectivity of NaOH-EtOH-treated membranes for the smaller proteins. Moreover, the 
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bands for permeate samples were detected at the same position in the gels, indicating that 

the original active structure of the protein was not altered by the filtration. 

 

Figure 4.7. (a) Single protein transmission data (permeate) for Lys, BSA, and IgG at 

1mg/ml and 1 bar feed pressure, (b) The selectivity for Lys versus IgG and BSA versus 

IgG. SDS-PAGE analysis of:(c) Lys-IgG mixture and (d) BSA-IgG mixtures; lane 1 is the 

initial proteins mixture solution; lanes 2 to 6: elution samples (5 μl) collected from 

membranes treated with NaOH-EtOH mixture for 10 min, 1 h, 4 h, 12 h and 24 h, 

respectively. 

The transport of Lys and BSA increased gradually with increasing NaOH-EtOH treatment 

time.  As expected, the band for the protein was not detected after only 10 min of treatment 

since the small pores completely hindered the protein transport. Moreover, we did not 

notice any bands for IgG in lanes 3, 4, 5, 6 and 7, showing that the transport of IgG was 

effectively hindered by the membrane. The results confirmed that the membrane selectivity 

was predominantly governed by size differences and was independent of the charge of 

proteins at the physiological pH 7.4 (Lys is positively charged: Lys+, and BSA is 
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negatively charged: BSA-). However, IgG is electrically neutral at this pH and it is 

expected to have minimum charge interactions with the pores of the membranes.  

4.4 Conclusions 

In conclusion, we have demonstrated a unique method for preparation of polystyrene 

membranes with ultra-high porosity and uniform pore size through the combination of 

block copolymer self-assembly, non-solvent induced phase separation, and chemical 

degradation. Analyses by 2D NMR, FTIR, thermal degradation and GPC confirmed the 

decomposition of the P4VP block, whereas the nanoporous structure of the resulting 

membrane was validated via SEM. The P4VP-free nanoporous PS membrane was stable up 

to 300 kPa, demonstrating high mechanical stability, which facilitates its use in pressure 

driven filtration processes. The degradation time gives an unprecedented control over the 

final pore size, which can be tuned from 6.5 to 29.4 nm. The size-based selectivity of the 

membranes for proteins can be tuned by controlling the pore size. The effective separation 

of proteins especially BSA and IgG (2 times difference in MW) with high selectivity (> 30) 

suggests that our membranes can be effectively used for protein fractionation. A 

straightforward fabrication method (without annealing and harsh chemical treatments, no 

noble metal complexation/coating for pore size tuning, and no transfer to a porous support) 

integrated with high separation performance opens numerous possibilities for the use of 

these membranes in fractionation of nanoparticles and the purification and separation of 

biomolecules. The pore formation process presented here opens several avenues for future 

developments, including fabrication of synthetically challenging block copolymer-based 

nanoporous materials, surface functionalization, and manipulation of the PS matrix using 

well-established chemistry. 
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Chapter 5 

Polydopamine/Cysteine Surface Modified Isoporous Membranes with 

Self-cleaning Properties 

 

Abstract 

The major challenge in membrane filtration is fouling which reduces the membrane 

performance. Fouling is mainly due to the adhesion of foulants on the membrane surfaces. 

In this work, we studied the fouling behaviour of polystyrene-b-poly(4-vinylpyridine) (PS-

b-P4VP) isoporous membrane and the mussel inspired polydopamine/L-cysteine isoporous 

zwitterionic membrane. Polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) isoporous 

membranes were fabricated via self-assembly and non-solvent induced phase separation 

method. Subsequently, the isoporous membrane was modified by a mild mussel-inspired 

polydopamine (PDA) coating; the isoporous surface structure and the water flux was 

retained. Zwitterionic L-cysteine was further anchored on the PDA coated membranes via 

Michael addition reaction at pH 7 and 50oC to alleviate their antifouling ability with 

foulants solution. The membranes were thoroughly characterized using X-ray 

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), atomic force 

microscopy (AFM) and zeta potential measurements. Contact angle and dynamic scanning 

calorimetry (DSC) measurements were carried out to examine the hydrophilicity. The pH-
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responsive behaviour of the modified membrane remains unchanged and antifouling ability 

after PDA/L-cysteine functionalization was improved. The modified and unmodified 

isoporous membranes were tested using humic acid and natural organic matter model 

solutions at 0.5 bar feed pressure. 
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5.1 Introduction 

Water is one of the world’s most valuable natural resources. The scarcity of water is 

increasing substantially worldwide because of population growth, water pollution, 

industrialization, and climate change.103-104 The water sources such as rivers, lakes 

and ground water are being contaminated continuously through the indirect or direct 

discharge of pollutants from various type industries.103, 105 Therefore, efficient, low-

cost and robust methods are required for purification of contaminated water.104, 106 

Owing to high process efficiency, low energy consumption and easy scale-up, 

membrane filtration processes for production of fresh water have been extensively 

applied.105, 107 However, membrane fouling is a severe problem for many 

applications of membrane based filtration processes.  

Fouling occurs via non-specific interactions between the foulants and the 

hydrophobic membranes.67,108-110 The foulants including organic biological 

substances are susceptible for deposition on the membrane surface or inside the 

membrane pores during the contaminated water filtration. Membrane fouling leads 

to a decline in permeability and an increase in operation cost as well as to a 

deterioration in membrane performance.111-112 Ultrafiltration membranes are used for 

filtration of proteins, viruses, or natural organic matter (NOM) contaminated water 

at known pH and constant feed pressure. Commercial ultrafiltration membranes 

suffer from trade-off between their permeability and selectivity.113 Highly permeable 

and selective membranes with improved antifouling performance are needed for 

water purification and filtration applications.  

Self-assembled block copolymer isoporous membranes have high water flux and 

selectivity due to their narrow pore size distribution and high porosity.34, 56, 114 The 

isoporous membranes are produced through a one-step procedure by combining self-

assembly of amphiphilic block copolymers (e.g. PS-b-P4VP) and non-solvent 
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induced phase separation, sometimes called self–assembly and non-solvent induced 

phase separation (SNIPS) method. The SNIPS method results in isoporous 

membranes composed of a uniform nanoporous surface (the separation layer) 

supported by a spongy macroporous sublayer.14, 56, 91 Qiu et al. fabricated positively 

charged isoporous membranes from the self-assembly of amphiphilic polystyrene-b-

poly-4-vinylpyridine block copolymer via the SNIPS method. The heterogeneous 

quaternization reaction was then conducted using 2-chloroacetamide to introduce 

charge in the barrier layer of the membrane. The selectivity of the membranes in 

separation of bovine serum albumin from haemoglobin in a mixture model solution 

was 10 times higher than the selectivity of conventional UF membranes.56  

Membranes with high molecular weight cut-off (MWCO) show generally a strong 

flux decline during the filtration of foulants containing solutions.115 The same 

problem occurs when isoporous membranes are used in ultrafiltration of foulants 

containing solutions. Therefore, it is highly desirable to improve the antifouling 

ability of the isoporous membranes without disturbing their morphology through the 

hydrophilic modifications and subsequent functionalization with low fouling 

molecules. Hydrophilic modifications of membranes can be carried out through 

surface grafting or surface coating methods.116 Surface coating is a simple approach 

to improve membranes hydrophilicity. However, coatings adhere often weakly to the 

surface of membranes and can be detached rapidly during filtration.117 Thus, the 

adhesion of coatings to the surface of membranes should be robust so that the 

modified membranes can be used efficiently in filtration processes. PDA coating has 

received significant attention for surface modification of substrates and membranes. 

The formation of a PDA layer on the surface of any substrate/membrane occurs 

through the oxidative self–polymerization of dopamine in a weak alkaline tris-buffer 

solution.112, 117-118 The thin layer of PDA adheres firmly on the substrates or 
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membranes in wet condition by covalent and non-covalent interactions such as π–π 

stacking, hydrogen bonding and electrostatic interactions.118-119 In addition, thin 

layer of PDA layer is not delaminated from surface of the PDA coated various 

substrates even after a strong ultrasonication treatment.120 

The water flux of PDA modified membranes is enhanced due to the increased 

hydrophilicity caused by the hydroxyl groups on their surfaces.61, 117, 121 Amine or 

thiol groups containing biomolecules can be attached covalently onto the PDA 

modified membranes either by Schiff-base or Michael addition reaction at elevated 

temperature.122-123 L-cysteine has been explored to reduce adsorption of protein on 

the membranes and simultaneously improve their antifouling ability. L-cysteine 

belongs to zwitterionic type material which contains both amine (-NH2) and 

carboxyl (-COOH) groups.123-124 For example, Li et al. grafted zwitterionic L-

cysteine on PDA coated poly(ethylene terephthalate) membranes by conducting a 

Michael addition reaction at 80oC. The antifouling ability of modified membranes 

with protein solutions in a static adsorption was improved after anchoring L-

cysteine.123  

In the view of the beneficial facts mentioned above, efforts were made to fabricate 

antifouling and high flux PS-b-P4VP isoporous membranes via surface modification with 

PDA coating and subsequently L-cysteine functionalization using a Michael addition 

reaction. We hypothesize that the coating of a PDA layer followed by the grafting of L-

cysteine would lead to enhanced water flux and antifouling performance of PS-b-P4VP 

isoporous membranes. The surface composition of the modified and unmodified 

membranes was analyzed with X-ray photoelectron spectroscopy (XPS). The fabricated 

membranes were characterized in detail by scanning electron microscopy (SEM), atomic 

force microscopy (AFM), contact angles and zeta potential measurements. The water fluxes 

and antifouling performances of the membranes were determined by ultrafiltration of 
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foulants solution and subsequent cleaning with DI water. The fully characterized 

membranes were further tested in ultrafiltration experiments of humic acid and natural 

organic matter contaminated solutions at constant feed pressure. 

5.2 Experimental Section 

Materials: Polystyrene-b-poly-4-vinylpyridine block copolymer P9957-S4VP (PS-b-

P4VP 139,000-b-40,000 g/mol; PDI = 1.1) was purchased from Polymer Source, 

Inc., Canada and dopamine hydrochloride (98.5%) was procured from Alfa-Aesar. 

Bovine albumin serum (BSA), L-cysteine (Cys), humic acid (HA) and sodium 

alginate (SA) were obtained from Sigma-Aldrich. N,N-dimethylformamide (DMF), 

1,4-dioxane, ethanol (96%), nitric acid (HNO3) ammonium hydroxide (NH4OH) and 

tris(hydroxymethyl) aminomethane (Tris) were acquired from Sigma-Aldrich. 

Tetrahydrofuran (THF) was received from Fischer Scientific. All chemicals were 

used without any further purification. The 10 mM Tris-buffer solution was prepared 

according to the previously reported protocol in the literature.125 Deionized (DI) 

water purified with a Milli-Q system (Millipore, Inc.) was used in this study. 

Membrane fabrication: The isoporous membrane was prepared from a polymer 

solution containing 16.6 wt% PS-b-P4VP block copolymer in a ternary mixture of 

27.8 wt% DMF, 27.8 wt% 1,4- dioxane and 27.8 wt% THF. PS-b-P4VP was 

dissolved in the mixture of solvents by continuous mechanical stirring for 24 h at 

room temperature (RT). The solution was then cast on a glass plate using a casting 

knife with a gate height of 200 μm. The glass plate along with polymer solution film 

was left for 10 s at RT to partially evaporate solvents and then immersed in a DI 

water coagulation bath until the membrane was detached. The membranes were 

taken out and subsequently stored in DI water bath for 24 h to remove traces of 

solvents. The membranes were finally dried at RT for further characterizations and 

modifications. 
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Modification of isoporous membranes: The modification of the membranes was 

carried out in two steps via polydopamine coating and Michael addition reaction at 

elevated temperature.118, 123, 126 For thin layer coating of PDA, membrane pieces (25 

mm in diameter) were immersed in 25 ml of 10 mM Tris-buffer solution of pH 8.5 

containing 2 mg/ml dopamine hydrochloride for 24 h at RT under constant stirring. 

The PDA coated membranes were taken out and washed thoroughly with DI water 

to remove loosely bound PDA. The cleaned membranes were dried in a vacuum 

oven at 25oC and the PDA coated membranes were then functionalized with L-

cysteine by performing a Michael addition reaction at 50oC. PDA coated membranes 

were immersed into a round bottom flask containing 25 ml of 1 mg/ml L-cysteine 

solution in DI water. The reaction was carried out for 12 h at 50°C. The reaction 

mixture along with the membranes was cooled down to RT and removed. The 

obtained membranes were rinsed properly with DI water for further use and 

characterization. The membranes are denoted as M1; PS-b-P4VP, M2; PS-b-P4VP-

PDA and M3; PS-b-P4VP-PDA-Cys.   

Pure water flux measurement and antifouling performance: The pure water flux of 

the membranes was measured using a stirred dead-end ultrafiltration cell (Amicon 

8010, Millipore Co., USA) at 0.5 bar feed pressure. The ultrafiltration cell was 

connected to a reservoir of 1 L capacity, which was pressurized by N2 gas from a 

cylinder. A circular piece of the membrane (25 mm diameter) was fixed in the cell 

and DI water was then passed for 15 min at 0.5 bar feed pressure. The weight of the 

collected DI water was measured on a digital balance (Metteler Toledo Inc., UK). 

The water flux was calculated as follows: 
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where, V is the volume of DI water (L), t is the permeation time (h) and A is the membrane 

area. 

The antifouling ability of the membranes was assessed in details by static adsorption 

and dynamic ultrafiltration of 100 ppm foulant solution. BSA, HA and SA were 

selected as model foulants because these are major constituents of natural organic 

matters.127-128 The circular pieces of the membranes (1.54 cm2 effective area) were 

immersed into vials containing 10 ml solution of foulant (1 mg ml1). The vials were 

then kept on a shaker for 24 h and the concentration of foulant in supernatant 

solution was analyzed using a UV-Vis spectrophotometer (Nano-Drop™ 

2000/2000C, Thermo Fisher Scientific) at λmax = 280; BSA; 253 nm; HA and 220 

nm; SA, respectively.  The adsorbed amount of the foulant pe square cm of the 

membrane (Q; g cm-2) was estimated according to the equation below: 

 

where, C0 and C1 are the concentration of foulant before and after adsorption (mg/L) 

and V is the volume of the foulant solution (L). 

Furthermore, the dynamic ultrafiltration of 100 ppm solution of individual foulant 

was performed as follows: DI water was initially passed through the membrane for 

30 min at 0.5 bar and afterwards, DI water was replaced with 100 ppm foulant 

solution. The ultrafiltration of foulant solution was performed using the membranes 

at 0.5 bar for 2 h with a stirring speed of 400 rpm. The flux of the membranes for 

foulants solution (JW1; L/m2 h bar) was determined (cf. above). After filtering the 

foulant solution, the membrane was flushed with DI water for 30 min to remove 

weakly adhered foulant. The water flux of the cleaned membranes (JW2) was 

measured again by passing DI water for 15 min. The flux recovery ratio (FRR) was 

calculated using below equation 

 

Ultrafiltration of humic acid and natural organic matter solutions: Ultrafiltration of 

HA solutions was conducted in a dead-end stirred ultrafiltration cell using the 
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membranes at varied feed concentrations (5, 10, 20, 50 and 100 ppm), pH 7 and 0.5 

bar feed pressure. HA solution of known concentration with pH 7 was filled into the 

reservoir and then passed through the membranes for 1 h. The concentration of HA 

in the feed and the permeate solutions was determined after the end of each 

experiment. The membranes were also tested in ultrafiltration experiments of a 

synthetic solution of NOM in DI water for assessing their practical application. The 

synthetic solution of NOM was prepared according to the previously reported 

protocol in the literature i.e., the foulants (BSA, SA and HA) of 10 mg/ml 

concentration were dissolved in DI water containing 1 mM CaCl2 and 7 mM 

NaCl.127 The synthetic solution of NOM was further filtered using the membranes 

for 1 h at pH 7 and 0.5 bar feed pressure with a stirring speed of 400 rpm. 

Thereafter, backwashing of the used membranes was carried out with DI water for 

10 min to remove weakly adhered fractions of NOM. The water flux of the cleaned 

membranes was measured again. Antifouling ability of the membranes with a 

synthetic solution of NOM was analyzed using the resistance-in-series model as 

equation below: 127 

 

The Rm, Rr, Rir and Rt values were calculated using equations below 
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where, Rm, is the intrinsic membrane resistance (m-1), Rr is the reversible resistance 

(m-1), Rir is the irreversible resistance (m-1), Rt is the total membrane resistance (m-1), 

P is feed pressure (kPa) and μ is the dynamic viscosity of feed solution (Pa s). 

5.3 Results and discussions 

The highly ordered self-assembled pores perpendicular to the membrane surface are 

accountable to obtain high flux and sharp molecular weight cut-off isoporous 

membranes.14, 34, 56, 91 Therefore, highly ordered isoporous membranes were fabricated from 

PS-b-P4VP block copolymer by the SNIPS method.14, 34 The fabricated membrane was first 

coated with a mussel-inspired polydopamine by dip coating in an aqueous solution of 

dopamine. The dopamine in aqueous solution containing dissolved oxygen gets oxidized at 

pH 8.5 and forms 5,6-dihydroxyindole. Then the 5,6-dihydroxyindole undergoes 

intramolecular oxidative polymerization and noncovalent self-assembly to produce PDA 

particles/aggregates which deposits on the surface of the membranes.112, 118 The PDA 

coated layer on the membrane surface was confirmed from the change in membrane color 

from off-white into dark brownish. The modified membranes were further functionalized 

with L-cysteine via a Michael addition reaction to obtain high flux and antifouling 

membranes (Scheme 5.1). 
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Scheme 5.1. Reaction route for modification of PS-b-P4VP isoporous membrane through 

an adhesion of polydopamine layer followed by Michael addition reaction at 50oC. 

Surface morphologies of the membranes: The surface SEM images of the membrane PS-b-

P4VP; M1, PS-b-P4VP-PDA; M2 and PS-b-P4VP-PDA-Cys; M3 are shown in Figure 1. 

The membrane M1 has an asymmetric structure with highly ordered pores perpendicular to 

the membrane surface with high pore density and a non-ordered spongy sublayer (Figure 

5.1a). A slight change in the surface morphology and pore size of PDA coated membrane 

M2 was observed. This could be attributed to adhesion of the PDA on the membrane 

surface after modification.  

 

Figure 5.1. The top surface SEM images at low and high (inset) magnification for 

membranes: (a) M1, (b) M2 and (c) M3. 
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The membrane surface became smoother and the isoporous structure was retained when the 

PDA coated membrane was functionalized with L-cysteine (Figure 5.1c). Furthermore, the 

average pore size of M1 and M3 was calculated from their surface SEM images using 

Image J software for at least 200 pores.14 The average pore size for membrane M1 was 38.7 

nm (σ = ± 6.6 nm) and for membrane M3 was 32.05 nm (σ = ± 7.1 nm). 

Two and three dimensional AFM images of the unmodified and modified membranes are 

presented in Figure 5. 2. These images are clearly indicating that the surface morphologies 

of the The surface roughness parameters (the average roughness; Rav, the root mean square 

roughness; Rrms and the maximum roughness; Rmax) were obtained from AFM images using 

Gwydion software. The obtained values are tabulated in Table 5.1. The Rav, Rrms and Rmax 

values for the unmodified membrane M1 were 8.5, 10.6 and 10.6 nm, respectively, which 

are higher values than those obtained for modified membranes (cf. Table 5.1). Rav values 

for membranes were decreased after coating of the PDA and subsequent functionalization 

with zwitterionic L-cysteine. For the PDA coated membrane M2, the Rav value was 5.8 nm 

which is lower than the Rav value (8.5 nm) of unmodified membrane M1. This is attributed 

to uniform deposition of PDA on the surface of isoporous membrane M1 (cf. Figure 5.1).   

 

Figure 5.2. Two dimensional and three dimensional (inset) AFM images for membranes: 

(a) M1, (b) M2 and (c) M3. 

 

In addition, Rav value declined further to 5.4 nm after anchoring L-cysteine onto the PDA 

modified membrane M2, this was possible due to the good attachment of L-Cysteine within 

surface of the membrane M2. These results are in agreements with previously reported 

observations.129 The surface roughness affects membranes fouling and their antifouling 
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ability is enhanced with decrease in surface roughness.129-130 Thus, the membrane M3 

would be suitable for filtration of solution containing NOM at known pH and constant feed 

pressure. 

Table 5.1 Surface roughness parameters for modified and modified isoporous membranes. 

Membrane Ra (nm) Rms (nm) Rmax  (nm) 

M1 8.5 10.6 10.6 

M2 5.8 7.3 7.3 

M3 5.4 7.6 7.6 

Ra: the average roughness, Rms: the root-mean square roughness, and Rmax: the maximum roughness. 

Membrane surface composition and charge characteristics: XPS analysis was explored to 

determine the surface composition of unmodified and modified membranes. The XPS 

spectra and the elemental compositions of the membranes are presented in Figure 5.3 and 

Table 5.2. Compared with the unmodified membrane M1, the peak intensities and atomic 

percentage (%) of both O1s and N1s were enhanced after PDA adhesion i.e., membrane 

M2 (Figure 5.3 and Table 5.2)  
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Figure 5.3. XPS spectra for unmodified and modified membrane: (a) M1, (b) M2 and (c) 

M3. 

The obtained results demonstrated successful coating of PDA on the membrane via self-

oxidative polymerization of dopamine at alkaline pH 8.5. Two new peaks (S2s and S2p) 

appeared in the XPS spectrum of L-cysteine functionalized membrane M3 (Figure 5.3c).  

The atomic percentage (%) of O1s and N1s on the surface of membrane M3 further 

increased to 16.2 and 9.2%. The total atomic percentage of sulfur atoms for membrane M3 

was 5.9%. The appearance of sulfur peaks S2s and S2p confirmed grafting of L-cysteine 

through a Michael addition reaction.123, 126  

Table 5.2. The surface elemental composition of the unmodified and modified membranes. 

Membrane C (%) O (%) N (%) S (%) 

M1 93.3 3.2 3.5 ND 

M2 86.4 7.7 5.9 ND 

M3 68.7 16.2 9.2 5.9 

ND: not detected. 

The surface zeta potential values (Figure 5.4a) provide information on the charge 

characteristics of the unmodified and modified membranes. The surface zeta potential of 



80 

the unmodified membrane M1 was positive in acidic pH from 3 to 5 and then altered to 

negative as the pH changed from 5 to 9. This is ascribed to the preferential adsorption of 

cations (Na+ or H+) in acidic pH or adsorption of anions (Cl- or OH-) on the membrane in 

alkaline pH.14, 131 The surface zeta potential of PDA coated membrane M2 was positive 

(below the isoelectric point) and negative (above the isoelectric point of the membrane M2) 

due to the amphoteric nature of PDA.132 The positive/negative surface zeta potential values 

for membrane M2 were significantly lower than that of the membrane M1, which could be 

due to the retardation in the adsorption rate of anions or cations to the surface of membrane 

M2 by the hydrophilic PDA.133 Moreover, the positive/negative surface zeta potential 

values of L-cysteine functionalized membrane M3 were noticeably increased in the studied 

pH. The surface zeta potential values (-43.9 mV, -37.3 and -56.7 mV) are demonstrating 

the negatively charged nature of the unmodified and modified membranes at pH 7.  

Charge characteristic, hydrophilicity and water flux of the membranes: The hydrophilicity 

of the membranes was evaluated by determining their water uptake and water contact angle 

values. The water uptake values are presented in Table 5.3. The θ value for unmodified 

membrane M1 was 125%, which is the lowest value. The θ values increased further after 

PDA adhesion and subsequent functionalization with L-cysteine. The highest θ value for 

the L-cysteine functionalized membrane M3 was achieved due to the water holding 

capacity of PDA and zwitterionic L-cysteine.112, 123  The bound water (φb; %) and free water 

(φf; %) fraction values of the membranes are presented in Table 5.3. The φf; values were 

significantly decreased from 32.5 to 10.2%, while φb value increased from 92.5 to 115.6% 

after anchoring of PDA and L-cysteine. The water contact angle, the surface free energy 

and snapshots of 5 l water droplet on the surface of the unmodified and modified 

membranes are illustrated in Fig. 5.4b.  
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Table 5.3. Water uptake; , free water; f and bound water; b values for unmodified and 

modified isoporous membranes. 

 

 

 

 

 

The water contact angle of L-cysteine functionalized membrane M3 is much lower (40.5o) 

than the contact angle of the unmodified membrane M1 and PDA coated membrane M2. 

This is attributed to the formation of a thick hydration layer on the surface of membrane 

M3 because L-cysteine can bind more water molecules through electrostatic/hydrogen 

bonding interactions.61, 123 The surface free energy increased and its highest value (128.2 

mJ m-2) was achieved for the L-cysteine functionalized membrane. These results support an 

improvement in hydrophilicity of the modified membranes. 

 

Figure 5.4. (a) The surface zeta potential values and (b) water contact angle with 

corresponding surface free energy for membrane M1, M2, M3.   

The water flux of the unmodified and modified membranes at 0.5 bar feed pressure is 

presented in Figure 5.5a. It was found that the water flux of PDA coated membrane M2 and 

Membrane  (%) f  (%) b (%) 

M1 125 32.5 92.5 

M2 128 28.6 99.4 

M3 131.7 10.1 121.6 
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L-cysteine functionalized membrane M3 was comparable to the unfunctionalized 

membrane M1 even though the pore size of the modified membranes was reduced slightly. 

The water flux of the membranes increased with their hydrophilicity. The water flux of the 

unmodified and modified membranes at varied feed pressure was measured and the 

obtained values are shown in Figure 5.5b. The water flux linearly increased with feed 

pressure in the range from 0.5 to 2 bar. The linear increase in water flux with feed pressure 

indicates good adhesion of PDA to the surface of membrane M1 and pore blockage as well 

as leaching of L-cysteine from the functionalized membrane M3 was not observed. The 

water flux at varied pH is depicted in Figure 5.5c. The pH responsive flux of the 

membranes remains unchanged after modifications. The foulants solution flux for 

unmodified and modified membranes is also presented in Fig. 5.5a. The foulants solution 

flux decreased when DI water was replaced with 100 ppm solution of the foulant. The 

reduction in flux of the foulants solution could be due to concentration-polarization and 

membrane fouling.134 However, the flux reduction of foulant solution due to concentration-

polarization was negligible because ultrafiltration of an individual foulant solution was 

carried out at a high stirring speed of 400 rpm.  
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Figure 5.5. (a) Pure water and 100 ppm foulant solution flux, (b) Pure water flux of virgin 

and modified membranes at various transmembrane pressures, (c) pH dependent water flux 

of virgin and modified membranes at 1 bar transmembrane pressure and (d) % rejection of 

the foulants (BSA, HA and SA) by the unmodified and modified isoporous membranes 

during ultrafiltration at pH 7 and 0.5 bar feed pressure with a stirring speed of 400 rpm.  

 

Thus, the membrane fouling by the adsorption of foulants led to the flux reduction. The 

rejection (%) of the foulants by the unmodified and modified membranes is shown in 

Figure 5.5d, which depends on the size of foulants.128, 134 The rejection of SA was higher 

than the rejection of HA and BSA because of its larger size.134 The L-cysteine 

functionalized membrane M3 shows rejection of 85.8 % of SA (conc. 100 ppm, pH = 7). 

Antifouling capacity of the membranes: BSA, SA and HA were chosen to evaluate 

antifouling ability of the membranes in static adsorption and dynamic ultrafiltration of 100 

ppm solution of the individual foulant. The foulant (BSA, SA and HA) adsorption results 

for unmodified and modified membranes at pH 7 are shown in Figure 5.6a. The adsorbed 

amount of the foulants on the membranes was gradually decreased after PDA coating and 

L-cysteine functionalization. This is ascribed to an improvement in hydrophilicity of the 
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modified membranes (cf. Figure 5.4b). The electrostatic repulsions between the negatively 

charged membranes and the foulants were also liable for the adsorption reduction (cf. 

Figure 5.4a). The adsorbed amount of foulants on the L-cysteine functionalized membrane 

M3 was lower in comparison with the PDA coated membrane M2 and the unfunctionalized 

membrane M1. Adsorption of foulants is reduced with the increased hydrophilicity of the 

membrane. The adsorbed amount of BSA, SA and HA on membrane M3 was 26.3, 32 and 

4 g cm-2, which is the lowest adsorbed amount of the tested foulants. FRR values (%) of 

the unmodified and modified membranes are presented in Figure 5.6b; FRR values were 

lowest for the unmodified membrane M1. Foulants solutions were filtered through this 

membrane at 0.5 bar feed pressure. The FRR values were improved after PDA coating and 

L-cysteine functionalization. The highest FRR values were obtained for L-cysteine with the 

functionalized membrane M3 because the adhesion of the foulant molecules to the 

hydrophilic membrane surfaces could be suppressed during ultrafiltration of foulants 

solution.117, 134-135 Therefore, the foulants adhered loosely on the membranes and could be 

removed or detached by simple washing with DI water.  The FRR values for the modified 

membrane M3 were 80, 82 and 88.2% respectively. These results are confirming the 

improved antifouling ability of the membranes with foulants solution after grafting of PDA 

and L-cysteine functionalization. In addition, FRR values for membranes after 

ultrafiltration of 100 ppm solution and subsequently cleaning with DI water are 

significantly higher than other foulant (BSA or SA). Hence, the modified membranes are 

more suitable for ultrafiltration of either HA or NOM solutions.  



85 

 

Figure 5.6. (a) Adsorbed amount of foulants and (b) FRR (%) for unmodified and modified 

membranes after ultrafiltration 100 ppm foulant solution followed by the subsequent 

cleaning. 

 

Membrane performance in ultrafiltration of humic acid and synthetic NOM solutions: The 

L-cysteine modified membrane M3 was applied in ultrafiltration of HA solutions with 

varied concentration in the range from 5 to 100 ppm at pH 7 and 0.5 bar feed pressure. The 

obtained HA rejection (%) for membrane M3 is illustrated in Figure 5.7a. The HA rejection 

(%) by the modified membrane M3 was enhanced first with increase in feed concentration 

of HA solution from 5 to 10 ppm. The membrane M3 has a rejection of 80% HA of 10 ppm 

solution at pH 7 because the transport of the negatively charged HA molecules was 

hindered by the negatively charged membrane (cf. Figure 5.4a). However, the rejection of 

HA (%) for membrane M3 declined with increase in feed solution concentration from 10 to 

100 ppm. This is related to the charge density of the membranes for retaining HA 

molecules with the same charge. The negatively charged M3 membrane surface (-56.7mV) 

rejected similar charged HA molecules.136 However, the charge dependent exclusion ability 

of membrane M3 declined with increase in concentration of HA in feed solution. Hence, 

the L-cysteine modified membrane M3 was efficient in removal of HA from 10 ppm 

solution at pH 7. Furthermore, the well-characterized membranes (M1, M3 and M3) were 

used in ultrafiltration of synthetic solution of NOM to evaluate their suitability in water 

purification applications.  The synthetic solution of NOM was passed through the 

unmodified and modified membranes for 1 h at pH 7 and 0.5 bar feed pressure. The used 
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membranes were then cleaned by backwashing with DI water. Afterwards, the normalized 

flux of the membranes was determined and the values are presented in Figure 5.7b. 

 

Figure 5.7. (a) The rejection of humic acid (%) by the modified membrane M3 at varied 

feed concentration, and(b) normalized flux values for unmodified and modified membranes 

after ultrafiltration of NOM solution at pH 7 and 0.5 bar feed pressure with a stirring speed 

of 400 rpm and initial pure water flux of the membranes in inset figure. 

The highest normalized flux value (0.68) was attained for the L-cysteine modified 

membrane M3. This could be due to the reduction in cake layer formation (the 

complexation of HA and SA with Ca2+) on the hydrated surface of the membrane M3.137-138 

This observation was supported by the change in the surface color of the unmodified and 

modified membranes (Figure 5.8,). The surface of the unmodified membrane M1 altered 

from off-white to reddish-brown color when ultrafiltration of NOM solution was carried 

out and some fraction of the cake-layer remained even after backwashing with DI water. 

However, the reddish-brown color of the modified membrane did not change and the cake-

layer from the surface of membrane disappeared after backwashing with DI water. The 

modified membrane M3 was effective in ultrafiltration of NOM solution at pH 7. 

Additionally, the resistance in-series model was applied to determine various resistances 

parameters during ultrafiltration of NOM contaminated solution and the obtained 

parameters are illustrated in Table 5.4. 
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Figure 5.8. Digital photographic images for unmodified and modified isoporous 

membrane: (a) M1, (b) M2,(c) M3 before filtration of NOM solution, (d) M1 , (e) M2,  (f) 

M3 after filtration of NOM solution at pH 7 and (g) M1;  (h) M2 and  M3 after backwash 

with DI water backwashing. 

 

The reversible fouling ratio (Rr) and the irreversible fouling ratio (Rir) values were 

significantly reduced after PDA/L-cysteine coating because of the increased hydrophilicity 

or the membrane surface. A similar trend was achieved for nominalized reversible fouling 

resistance (Rr/Rm) and the nominalized irreversible fouling resistance (Rir/Rm) values of the 

modified membranes. The lowest Rr/Rm and Rir/Rm values were observed for the highly 

hydrophilic membrane M3. These values also demonstrate the improved antifouling 

performance of the modified membrane M3 in ultrafiltration of NOM solution.  These 

membranes can be applied efficiently in water purification and removal of NOM from the 

contaminated water. 
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Table 5.4. Membrane resistance parameters for unmodified and modified isoporous 

membranes after filtration of NOM solution at pH = 7 and 1 bar feed pressure with a 

stirring speed of 400 rpm. 

Membrane Rm (m
-1) Rr (m

-1) Rir (m
-1) Rt (m

-1) Rr/Rm Rir/Rm Rt/Rm 

M1 51.9 208.7 115.3 375.9 4.0 2.2 3.1 

M2 57.4 61.4 64.6 183.4 1.1 1.1 2.5 

M3 70.2 74.9 32.8 177.8 1.1 0.5 7.2 

Rm: the intrinsic membrane resistance, Rr: the reversible fouling, Rir: the irreversible 

fouling, Rt: the total   fouling, Rir/Rm: the nominalized irreversible fouling, Rr/Rm: the 

nominalized reversible fouling and Rt/Rm: the nominalized total fouling. 

 

5.4 Conclusions 

PS-b-P4VP based isoporous membrane was fabricated by the SNIPS method and a PDA 

coating was applied at pH 8.5 and room temperature. L-cysteine was then anchored onto 

the PDA modified membranes through a Michael addition reaction. It was observed that 

the surface morphology of the unmodified and modified membranes did not change. The 

XPS analysis results confirmed a successful grafting of PDA and L-cysteine onto the 

membranes. All membranes were negatively charged at pH 7; the L-cysteine modified 

membrane M3 had the highest negative surface zeta potential (-56.7 mV). The 

hydrophilicity of the modified membranes was improved after anchoring PDA and L-

cysteine. The high water flux and pH-responsive behavior of the membranes retained after 

the PDA/cysteine grafting. Because of the high hydrophilicity and the negative surface 

charge the modified membranes had improved antifouling performance with foulants 

(BSA, HA and SA) and NOM contaminated solutions during ultrafiltration. The FRR 

values for the PDA/cysteine functionalized membrane were 80, 82 and 88.2% after 

ultrafiltration of foulant solution. The reversible fouling ratio (Rr) and the irreversible 

fouling ratio (Rir) values were significantly reduced when the membrane M3 was applied in 
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ultrafiltration of NOM contaminated solution. Overall, the modified membrane M3 had 

self-cleaning ability and better performance in ultrafiltration of either HA or NOM 

contaminated solutions. The modified membranes can be applied efficiently in water 

purification and removal of NOM from the contaminated water. 
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Chapter 6 

Rapid Size-Based Protein Discrimination inside Hybrid Isoporous 

Membranes 

 

 

 

Abstract 

Owing to its unique morphology, the block copolymer (BCP) derived isoporous 

membranes have exhibited rapid advances in macromolecular separation. 

Concomitantly, fouling is the most daunting challenge in such separations, affecting 

the permeability/selectivity of high-performance isoporous membranes. To 

overcome this, we describe embedding polymer grafted graphene oxide nanosheets 

into nanostructured BCP isoporous membranes, endowing them with enhanced 

hydrophilicity. Due to synergistic combination of these two highly functional 

components, the hybrid isoporous membranes show pH-responsive and alcohol 

gating behavior along with improved bactericidal capabilities. Leveraging the high 

permeability/selectivity behavior of BCP isoporous membranes together with 



91 

antifouling capabilities imparted by polymer grafted graphene oxide nanosheets, we 

achieved 60% enhanced flux compared to pristine BCP membranes in challenging 

size-based protein mixture separation. Furthermore, the transmission of low 

molecular weight protein (BSA) was significantly higher through the hybrid 

membrane (5.7☓10-4 mol/L) without compromising selectivity. We surmise 

analogous fouling-resistant hybrid isoporous membranes with judiciously 

functionalized filler materials can be used to the replace existing membranes for 

specific energy-efficient bio-separation applications with outstanding performance. 

 

 

 

 

 

 

 

 

 

 

 

 

To be submitted as:  

Rahul Shevate, Mahendra Kumar, Hong Cheng, Peiying Hong, Ali Reza Behzad, Dalaver 

Anjum, Klaus-Viktor Peinemann. Rapid Size-Based Protein Discrimination inside Hybrid 

Isoporous Membranes. 



92 

6.1 Introduction 

The rising demand to achieve high permeability, good selectivity and antifouling ability in 

challenging molecular separations have spurred tremendous efforts towards continuously 

improving membrane morphology and chemistry over the past few years.74 Conventional 

membranes fabricated through non-solvent induced phase separation (NIPS) are dull for 

demanding separation because of their broad pore size distribution and low pore 

densities.139 To this end, various isoporous membranes based on anodic aluminum oxide 

(AAO), silicon nitride (SiN) nanosieve, carbon nanotube (CNT), and track-etch membranes 

have been explored so far.140-143 However, tedious or expensive fabrication processes, low 

surface pore densities, lack of tunable and ordered pore structure as well as low molecular 

transport rates, impede their comprehensive implementation.139 Hence need for deliberately 

engineered membranes with desirable morphologies and scalable fabrication methods is of 

both fundamental and technological importance. 

 Recently, isoporous membranes fabricated from self-assembly and non-solvent induced 

phase separation (SNIPS) of BCPs have fascinated researcher’s due to their highly periodic 

porosity and easy scalability, serving as one of the most promising candidates for next-

generation high-performance separation platform.34, 84, 87, 91-92 Such membranes with 

ordered surface mesoporosity have not only been demonstrated for charge and size-based 

separation but also for controlled drug delivery and nanoparticle fractionation.56, 91, 144 BCP 

derived isoporous membrane are susceptible to fouling due to its dependence on atleast one 

hydrophobic polymer block for the formation of nanostructure morphology because the 

heart of SNIPS depends on the microphase separation of chemically distinct and 

thermodynamically immiscible polymer entities linked through covalent bonding.34, 145-146 

The microphase separation within the BCP system is estimated by overall degree of 

polymerization (N) and the Flory Huggins interaction parameter () where N should 

exceed 10.5.36 This essential requirement has led researchers to focus on high- and low-N 
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BCPs. One prospect to reach this goal is BCP with one hydrophilic and hydrophobic block 

dissolved in a specific solvent system resulting in the formation of well-segregated 

microdomains.36, 147 The self-assembly of micelles formed through these microphase-

separated domains is arrested by coagulation into non-solvent bath resulting in the 

isoporous membrane. Unfortunately, the presence of the indispensable hydrophobic block 

can cause severe fouling of such filtration membranes.148 Hence, fouling remains a 

formidable challenge for such isoporous membranes which impede their practical 

applications resulting in high energy inputs during separation process.111, 149 To overcome 

the aforementioned issue, a promising route is to fabricate hybrid membranes with stable 

co-existence of filler and isoporous morphology. In fact, the first approach of fabricating 

hybrid isoporous membrane was recently realized where high-performance humidity 

sensors fabricated from SWCNT and PS-b-P4VP based hybrid isoporous membranes was 

demonstrated.150 Moreover, few such attempts are reported previously with poor control 

over performance dictating isoporous morphology of final hybrid membranes.151  

Inspired by extraordinary properties of graphene oxide (GO), particularly its ability to form 

fouling-resistant nanosheets and freedom of chemical functionalization, we reasoned that 

marrying BCP with functionalized GO nanosheets could be an attractive approach towards 

performance enhancement of the isoporous membranes.152-154 Synergetic combination of 

GO and isoporous morphology could be a solution to realize the full potential of the hybrid 

membranes for fast transport of molecules. Keeping this in perspective, we decided to 

fabricate isoporous membranes impregnated with polymer grafted GO nanosheets for 

enhancing the antifouling and anti-biofouling behavior of consequential hybrid membranes. 

The significance of the hybrid morphology can be easily perceived regarding improved 

flux values and unprecedented control in single step size based protein discrimination 

inside the membranes.  
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6.2 Experimental section 

Materials: Polystyrene-b-poly-4-vinylpyridine block copolymer P9957-S4VP (PS-b-P4VP 

139,000-b-40,000 g/mol; PDI = 1.1) was purchased from Polymer Source, Inc., Canada. 

Graphite flakes, 3-(methacryloxy) propyltrimethoxysilane (MPS), N,N-dimethylamino 

ethyl methacrylate (DMAEMA) , bovine serum albumin (BSA), globulin- (IgG), sulphuric 

acid (H2SO4), hydrochloric acid (HCl), hydrogen peroxide (H2O2; 30% in water), 

potassium permanganate (KMnO4), N,N-dimethylformamide (DMF), 1,4-dioxane, 

anhydrous ethanol, were acquired from Sigma-Aldrich. Tetrahydrofuran (THF) was 

received from Fischer Scientific. Azo bis(isobutyronitrile) (AIBN) was purchased from 

Fluka. All chemicals were used as received. Deionized (DI) obtained from Milli-Q system 

(Millipore, Inc.) was used throughout this study. 

Preparation of Graphene oxide nanosheets: Initially, expanded graphite was generated via 

microwave heating of 2g graphite flakes for 15 s. The extended graphite was then charged 

into the round bottom flask containing 250 ml of H2SO4 and stirred for 90 min followed by 

slow addition of KMnO4 (10g) under stirring condition at room temperature (RT). After 24 

h, the green color suspension in the flask was placed in an ice bath and 500 ml DI water 

was slowly added over an interval of 3 h under constant stirring. To this ice cold mixture, 

100 ml H2O2 was gradually added resulting in golden yellow color solution which was 

further stirred for 2h at RT. To remove the salt impurities, the resulting suspension was 

centrifuged with 10% HCl at 10,000 rpm. Lastly, HCl treated solution was centrifuged 

several times with fresh aliquot of DI water until the pH of the supernatant solution reached 

more than 5. The final dark brown GO suspension was lyophilized and stored at RT until 

further use. 

Synthesis of polymer grafted GO (pGO) nanosheets: The GO nanosheets were dispersed in 

anhydrous ethanol (1 mg ml-1) and sonicated for 15 min. MPS was gradually added to the 

suspension of GO nanosheets (50 μl per mg of GO) and stirred for 12 h at 50 C. The 
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mixture was centrifuged, re-dispersed in 5 ml anhydrous ethanol and dried under reduced 

pressure at 35 C to obtain GO-MPS nanosheets. The surface grafting on GO-MPS 

nanosheets was carried out via free radical polymerization in anhydrous ethanol, using 

AIBN as initiator. In a typical synthesis, 30 mg GO-MPS nanosheets were dispersed in 

anhydrous ethanol (1 mg ml-1) using sonication for 15 min. The monomer DMAEMA 

(0.55ml, 2.98 mmol) and initiator AIBN (1.5 wt% relative to the total amount of monomer) 

were added alternately to GO-MPS nanosheets. The free-radical polymerization was 

carried out at 70 C for 8h. Finally, the polymer grafted GO (pGO) nanosheets were 

obtained by repeated centrifuge and drying at 50C for 24 h under vacuum. The pGO 

nanosheets were stored under reduced pressure until further use. 

Preparation of pGO-PS-b-P4VP membranes: First, 1.5% pGO core-shell nanosheets 

(wt/wt w.r.t PS-b-P4VP) were dispersed in a ternary mixture of DMF-THF-Dioxane (1:1:1 

wt%) by sonication for 15 min in an ultrasound bath. 16.6% PS-b-P4VP was dissolved in 

the well-dispersed suspension of pGO by continuous stirring for 24 h at RT. The resulting 

mixture was then cast onto a glass plate using a casting knife with a gate height of 200 μm. 

The solvent was partially evaporated for 10 s, and the membrane was immersed in a DI 

water bath at RT. The membrane was taken out and stored in DI water for 24 h to remove 

traces of solvent. The efforts were rendered to incorporate more than 1.5% pGO nanosheets 

into the hybrid membranes. The membranes showed isoporous morphology till 1.5% pGO 

concentration, however above 2% pGO concentration isoporous morphology could not be 

obtained. 

Ultrafiltration performance: Filtration experiments were carried out on dead-end 

configuration using Millipore stirred cells (Amicon 8010, Millipore Co., USA) at 400 rpm. 

All experiments were done at room temperature where ultrafiltration experiments were 

carried out on 3 different coupons of the same membrane and average values are reported. 

The ultrafiltration cell was connected to 1 L capacity reservoir, and pressurized with N2 
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gas. A 25 mm circular piece of membrane was fixed into the cell and DI water was filtered 

for 30 min at 1 bar feed pressure. The weight of the collected water was measured on 

analytical balance. The water flux (JW) of the membrane was calculated as follows:  

 

where, V is the volume (L) of the water collected, t is the permeation time (h) and A is the 

membrane area (m2). 

The antifouling ability of the membranes were measured with BSA as foulant at known pH 

and feed pressure. After foulant filtration, DI water was flushed through membrane for 15 

min to remove weekly adsorbed foulant. The water flux of cleaned membranes (JW2) was 

then assessed by filtering DI water for 1 h under constant stirring. The flux recovery ratio 

(FRR) was calculated using equation below 155:   

 

Resistance-in-series model was used to evaluate the antifouling characteristics of the 

membranes using equation below:  

 

The Rt, Rm, Rr, and Rir values were calculated according to the mentioned below equations 

 

 

 

 

where, Rm is the intrinsic membrane resistance (m-1), Rr is the reversible resistance (m-1), 

Rir is the irreversible resistance (m-1), Rt is the total membrane resistance (m-1), ΔP is the 

feed pressure (kPa) and μ is the dynamic viscosity of feed solution (Pa s). 
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The ultrafiltration of protein solution through the membranes was assessed using 0.5 mg/ml 

protein solutions. The concentration of protein in feed and permeate samples was analyzed 

using a UV-Vis spectrophotometer (Nano-Drop™ 2000/2000C, Thermo Fisher Scientific) 

at λmax = 280. The observed transmission of the protein (τobs) through the membrane was 

determined using below given equation 144 

 

where, Cp and Cf are the concentration of protein in the permeate and feed sample 

solutions. 

The selectivity of the membranes towards proteins was calculated using below mentioned 

equation144 

 

where (τobs)i and (τobs)j are observed transmission values of two different proteins. 

Antibacterial Activity of pGO-PS-b-P4VP membranes: A single colony of Escherichia coli 

ATCC25922 was transferred to 8 mL of Luria broth and incubated overnight at 37 C. The 

culture was then diluted accordingly to a final OD600 of 0.07. The pGO-PS-b-P4VP 

membranes (n = 5) and PS-b-P4VP membranes (n = 5), with dimensions of 2×1 cm, were 

placed individually into sterile 15 mL centrifuge tubes. Followed by, an addition of 4 ml 

diluted bacterial culture to the membranes. The diluted cultures along with the membranes 

were incubated at 37 C with 200 rpm agitation for 11h. Subsequently, the membranes 

were retrieved from the centrifuge tubes and placed individually into tubes containing 3 mL 

of 1X PBS. The tubes were sonicated for 3 min with 25% amplitude intensity and at 2s 

pulsating intervals (QSonica, Newton, USA). After sonication, the supernatant from each 

tube was filtered through 5 μm syringe filter, and diluted 100-fold. Live-dead staining and 

flow cytometry were performed to assess anti-microbial activity of the membranes.  
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6.3 Results and discussion 

Inherently with the unique combination of remarkable chemical and physical properties 

such as high aspect ratio, easy chemical functionalization and graphitized plane structure 

crucial for enhanced defect-free polymer-nanofiller interface, GO is promising nanofiller 

material in hybrid membranes.156 At start, GO nanosheets were produced by a modified 

Hummer’s method as described previously.157-158 The present preparation of GO/polymer 

core-shell nanosheets requires two key steps: (1) immobilization of polymerizable moiety 

on well-dispersed GO nanosheets (2) free-radical polymerization on the surfaces of MPS-

GO nanosheets, resulting in GO/polymer core-shell nanosheets (Scheme 6.1).152, 159 

Initially, sol-gel condensation was carried out on the surfaces GO nanosheets for covalent 

attachment of (MPS). Vinyl groups of MPS are accessible for the polymerization through 

broad range of chemical reactions including chain growth polymerization and thiol-ene 

click chemistry.159-160 Subsequently, the vinyl groups were further modified via free-radical 

polymerization to obtain GO/polymer core-shell nanosheets. For expediency, we pursued 

temperature-initiated free-radical polymerization route for growing poly-(2-

(dimethylamino) ethyl methacrylate) (PDMAEMA) chains on GO nanosheets, designated 

as pGO hereafter.  

 

Scheme 6.1. Reaction scheme for surface grafting of PDEAEMA onto GO nanosheets. 

ATR-FTIR in Figure 6.1a verify the presence of functional groups in GO-based nanosheets 

before and after polymerization. The GO nanosheets exhibited characteristic bands at 3200 

cm-1 (-OH stretching), 1716 cm-1 (C=O stretching; broad), 1615 cm-1 (C=C stretching), and 

1038 cm-1 (C-O stretching in alcohols). Upon PDMAEMA chain growth on MPS a large 
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number of hydroxyl groups on GO nanosheets were reduced due to silanization, as 

endorsed by the decrease in hydroxyl peak intensity in pGO nanosheets. The pGO sample 

revealed absorption bands at 2815 and 2767 cm-1 corresponding to N–CH3 (CH stretching 

mode). Furthermore, the adsorption bands at 1721 cm-1 (ester; sharp), 1460 and 1370 cm-1 

(-CH2- and -CH3 in aliphatic compounds), 1241 cm-1 (Si-CH3 symmetric deformation), and 

1145 cm-1 (C-C-N bending in amines) ascertain the grafting of PDMAEMA chains on GO 

surface via MPS modification.152, 161 

Thermogravimetric analysis (TGA) provides direct information regarding compositional 

contrast between two materials (Figure 6.1b). TGA curve of GO and pGO nanosheets show 

major weight loss ~120 C, indicating labile water loss from the functional groups. The 

weight loss between ~195 C in GO was due to deoxygenation whereas at ~185 C for 

pGO could be attributed to the amino group decomposition in PDMAEMA chains on GO 

surfaces. The percent grafting of PDMAEMA deduced to be ~8 wt% from the weight loss 

ratio of GO and GO/polymer nanosheets.162-163 Additionally, X-ray photoelectron 

spectroscopy (XPS) was used to characterize the surface chemistry of the nanosheets. 

Figure 6.1c-g reveals high resolution XPS spectra of GO and pGO nanosheets in C-1s and 

N-1s region. The C-1s peak can be broadly deconvoluted into three peaks at 284.4 eV (C-

C), 286.5 eV (C-O-C/C-OH), and 288.40 eV (C=O). The substantial increase in Si intensity 

(101.23 eV) signifies silanization of GO nanosheets (Figure 6.1g). Here, the C1s was not 

fully deconvoluted owing to complex carbon network and CO2 adsorption on amine groups 

after polymer grafting. Similarly, N-1s peak was fitted using two peaks at 399.72 (1/2 

amine; attributed to artefacts) and 401.36 (3 amine). The increased peak intensities of C-

O-C/C-OH, C=O and 3 amine in pGO over GO directly signifies polymer chain growth on 

GO nanosheets.152 The WXRD curves in Figure 6.1h show a shift from 2 = 10.08 (d = 

4.399 Å) for GO to 2 = 13.03 (d = 3.415 Å) in case of pGO nanosheets, implying 
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exfoliated “graphitic” pGO nanosheets partially restacked through - interactions upon 

pGO formation. Furthermore, the polymerization-induced basal plane reduction was 

directly visualized by change in solution color from brownish GO to black pGO (Figure 

6.1i). The exfoliation leads to much-improved dispersion of pGO in organic solvents 

compared to GO nanosheets.164-165 Additionally, the change in thickness profile of pGO 

nanosheets under AFM confirmed the effective polymer grafting on the surfaces of GO 

nanosheets (Figure 6.2). AFM analysis indicated the GO nanosheets are 0.913 ± 0.18 nm 

thick, confirming 1D single-layer configuration of nanosheets.154, 166 The thickness of pGO 

nanosheets was determined to be 1.90 ± 0.22 nm which is greater than the thickness of GO 

sheets. The increase in thickness of pGO nanosheets can be attributed to the covalent 

attachment of polymer chains on both the sides of GO basal planes.167 Overall, these results 

indicate the successful formation of GO/polymer core-shell nanosheets. 
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Figure 6.1. Characterizations of GO and pGO nanosheets: (a) ATR-FTIR spectra and (b) 

TGA thermograms. XPS analysis of the GO and pGO nanosheets: (c, d) C-1s and (e, f) N-

1s core–level spectra and (g) high resolution XPS spectra of GO and pGO nanosheets, (h) 

XRD pattern and (i) of pristine GO and p GO nanosheets and (g) Schematic illustration 

showing GO exfoliation after surface modification via free-radical polymerization. 
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Figure 6.2. Height profiles: (a) PS-b-P4VP and (b) pGO-PS-b-P4VP membranes. Inset: 

Tapping mode AFM topographic images. 

 

Various parameters like solvents, polymer concentration, and membrane casting govern the 

formation of isoporous membranes.55, 144 Thus, the retention of isoporous morphology was 

the greatest challenge during development of high-performance pGO-BCP hybrid 

membranes. The filler (pGO nanosheets) explored here possess functional groups capable 

of promoting supramolecular interactions with the P4VP block in BCP, mediating in 

stabilizing the micellar assembly and in-turn the final isoporous morphology.168-169 To 

conserve the final isoporous morphology, we fabricated the membrane in two-step strategy. 

First, the homogeneously dispersed suspension of pGO nanosheets was prepared in a 

ternary solvent mixture, identically required in preparation of isoporous membrane (more 

details in experimental section), and then PS-b-P4VP was added to it. The highly viscous 

solution was spread on pre-cleaned glass surface where partial solvent evaporation for 10 s 

from the “proto-membrane” was allowed, leading to increase in pGO-PS-b-P4VP 

concentration at air/“proto-membrane” interface. The achievement of optimum casting 

parameters initiated the micellar self-assembly on the skin-layer of the film, which was 

kinetically arrested by careful immersion of “proto-membrane” in a non-solvent bath 

(Scheme 6.2).  
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Scheme 6.2. Schematic representation for hybrid isoporous membrane fabrication 

combining pGO nanosheets and SNIPS process. 

 

SNIPS is well established for fabricating self-standing membranes with well-ordered, long-

range porous morphology without any complication, making it specifically attractive for 

high-performance separation application (Figure 6.3a).144 Surprisingly, besides the 

structural compatibility, we found that PS-b-P4VP in a ternary solvent mixture was an 

excellent stabilizer for pGO nanosheets under static condition, forming a stable, well-

dispersed solution for 5 days without any visual agglomeration. In contrast, pGO 

nanosheets without PS-b-P4VP settled down rapidly in ternary solvent mixture under 

identical condition (Figure 6.3a inset). The resulting membrane showed vertically aligned 

nanochannels of 200 nm length and 25 nm in diameter on top of highly interconnected, 

sponge-like sublayer offering mechanical support to top layer (Figure 6.3b, c). As evident 

from the surface and cross-sectional scanning electron microscope (SEM) images, the 

pGO-PS-b-P4VP revealed typical isoporous morphology. The membranes exhibited 

isoporous morphology till 1.5% (w/w) pGO nanosheets concentration without defects or 

pGO agglomeration on skin layer, and sub-layer or bottom (Figure 6.3d). This is attributed 

to favorable - interaction between pyridyl groups of P4VP and GO nanosheets.150 

Additionally, the –OH and –COOH groups on GO nanosheets further promoted the 

microphase separation, assisting in formation of isoporous membrane.168-169 The 

membranes exhibited isoporous morphology till 1.5 % (w/w) pGO concentration in BCP 
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(Figure 6.3e, f). Above 1.5 % (w/w) pGO nanosheets concentration, high viscosity of 

solution might have disturbed the micellar self-assembly resulting in membranes with 

defective morphology (Figure 6.3g, h). Hereafter, if not specified, pGO-PS-b-P4VP refers 

to the membranes with 1.5% (w/w) content of pGO nanosheets. The atomic force 

microscopy (AFM) images confirm the long-range isoporous morphology of the membrane 

consistent with the SEM images (Figure 6.3i). High-resolution transmission electron 

microscopy (TEM) visualization of a microtomed specimen of pGO-PS-b-P4VP membrane 

revealed pGO nanosheets embedded uniformly into the BCP matrix without agglomeration, 

crucial for conserving the defect-free isoporous morphology (Figure 6.3j) and chemical 

homogeneity to avoid the localized fouling. The surface roughness values for pGO-PS-b-

P4VP were clearly higher compared to PS-b-P4VP membrane, (Figure 6.3k, l and Table 

6.1). It is apparent from the Wenzel model that an increase in surface roughness reduces the 

contact angle which is beneficial to improve the hydrophilicity of the material.156, 170 Thus, 

decreasing the energy consumption required for membrane cleaning and alleviating the 

membrane life-span.171    

Table 6.1. Surface roughness parameters obtained from AFM images of PS-b-P4VP and 

pGO- PS-b-P4VP membranes. 

 
Membrane Ra (nm) Rms (nm) Rmax  (nm) 

PS-b-P4VP 7.07 9.65 9.65 

pGO-PS-b-P4VP 8.42 11.08 11.08 
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Figure 6.3. (a) Photographic image of the fabricated self-standing pGO-PS-b-P4VP 

membrane. Inset shows the (i) pGO and (ii) PS-b-P4VP stabilized pGO solutions, 

characterization of pGO-PS-b-P4VP membranes: (b, c, d), top surface, cross-sectional and 

bottom side SEM images of pGO-PS-b-P4VP membrane. (e, f) 0.5 % pGO-PS-b-P4VP and 

1.0% pGO-PS-b-P4VP membranes and (g, h) SEM image of 2.0% pGO-PS-b-P4VP 

membranes and viscosities of casting solutions with increasing fractions of pGO 

nanosheets. 2-D and 3-D (inset) AFM image (k) PS-b-P4VP membranes (l) 1.5 % pGO-PS-

b-P4VP membranes. 

Surface hydrophilicity being a foremost parameter suppressing the fouling behavior, we 

conducted the contact angle measurement analysis on pristine and hybrid isoporous 

membranes.155 Significant decrease in the water contact angle of pGO-PS-b-P4VP (70) 
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compared to PS-b-P4VP membrane (77) was observed as a result of embedding pGO 

nanosheets (Figure 6.4a). Rapid decrease in dynamic water contact angle can be seen in 

case of pGO-PS-b-P4VP membrane whereas PS-b-P4VP membrane showed slow decline. 

The improved surface hydrophilicity of pGO-PS-b-P4VP membrane is coordinated with 

enhanced surface roughness in nanometers as visualized by AFM imaging.156 As expected, 

these results demonstrates the increase in hydrophilicity of pGO-PS-b-P4VP membranes. 

This can be ascribed to GO nanosheets and tertiary amine in PDMAEMA, capable of 

binding water to form stable hydration layer on the membrane surfaces.172 

 The inner pore walls of isoporous membranes fabricated via SNIPS using PS-b-P4VP are 

lined with pH and alcohol responsive P4VP block. At low pH, a significant hydraulic 

resistance is generated due to swelling of P4VP block. Thus, resulting in decreased water 

fluxes at low pH (~2 L m-2 h-1bar-1). This pH response is reversible, where membrane 

regained the de-swelled state in basic pH, subsequently increasing the water flux (~1020 L 

m-2 h-1bar-1). Similarly, in case of the pGO-PS-b-P4VP membrane, the swelled and de-

swelled state can be directly visualized from the pH-dependent surface Cryo-SEM images 

(Figure 6.5b and c). Additionally, the pGO-PS-b-P4VP membrane have insignificant 

ethanol flux due to the stretched P4VP chains lined inside the pore walls.144 The stretched 

P4VP chains collapsed and return to initial state in presence of water. As anticipated, this 

collapsed state results in high water flux (~980 L m-2 h-1bar-1). Next, to check the pH and 

solvent based flux reversibility, we performed 6 subsequent cycles with ethanol/DI water 

(Figure 6.4d, red curve) and low pH/high pH (Figure 6.4d, blue curve) without any 

measurable loss in flux values. The change in effective pore diameter at different pH and 

ethanol exposure is depicted schematically in Figure 6.4e.  

To investigate the effect of enhanced hydrophilicity on fouling behavior of the pGO-PS-b-

P4VP membrane, we employed dynamic permeation measurements using BSA as foulant. 

Figure 6.4f illustrates time-dependent filtration experiment divided in three sections. The 
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pure water filtration (0-1 h), 0.5mg/ml BSA filtration (1-2 h), and pure water filtration (2-3 

h) after membrane cleaning cycle with pure water for 15 min. The PS-b-P4VP and pGO-

PS-b-P4VP membrane exhibited identical pure water flux, indicating intrinsic membrane 

transport properties were not impacted after pGO embedding inside PS-b-P4VP matrix. 

Upon BSA filtration, sharp decrease in flux was observed in case of PS-b-P4VP (490 L m-2 

h-1bar-1) compared to pGO-PS-b-P4VP (625 L m-2 h-1bar-1), which is directly correlated to 

the pore plugging because of protein adsorption on the respective membrane surface. To 

regain membrane performance and assess its antifouling ability, a membrane cleaning cycle 

comprising water washing is often employed to detach irreversibly bound foulants from 

membrane surface followed by pure water flux measuremnet.155 Finally, after 15 min 

cleaning with pure water, pGO-PS-b-P4VP (748 L m-2 h-1bar-1) showed 66 % increase in 

water flux compared to PS-b-P4VP (510 L m-2 h-1bar-1).  

Based on these observations, we calculated FRR (flux recovery ratio), Rt (total membrane 

resistance, m-1) and Rir (irreversible membrane resistance, m-1) using the resistance-in-

series model.155 The Rt denotes the fouling due to the cake layer formation on membrane 

surface comprising reversible and irreversible fouling. The effect of pGO nanosheets on 

FRR values and in turn on Rt and Rir can be seen directly in Figure 6.4g where hybrid 

membrane demonstrated higher (~38 % increase) FRR values compared to PS-b-P4VP. 

Most significantly, in case of pGO-PS-b-P4VP membrane, remarkable decrease in Rir 

implies the reduced dependency on chemical cleaning of membranes during operational 

cycles. Thus, increasing the membrane life cycle and limiting the disposal of spent 

chemical reagents used for cleaning.173       

Embedding functionalized GO imparted a strong antimicrobial activity to the hybrid pGO-

PS-b-P4VP membrane. The anti-biofouling ability of pGO-PS-b-P4VP membrane was 

investigated by a live cell count of E-coli cells on membrane surface after 24 h exposure to 

the microorganisms. As shown in figure 6.4h, the survival rate of E.coli on pGO-PS-b-
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P4VP membrane was 40% lower compared to PS-b-P4VP membrane, indicating presence 

of GO show remarkable bactericidal properties. This can be attributed to the inactivation of 

bacteria either upon direct cell contact through the membrane damage, physical disruption, 

charge transfer and formation of reactive oxygen species, or cell extraction by GO 

functionalized membrane.166, 174-175 

 

Figure 6.4. (a) Dynamic water contact angles for PS-b-P4VP and pGO-PS-b-P4VP 

membranes. Effect of pH on pore morphology: Cryo-field emission SEM images of pGO-

PS-b-P4VP membrane, (b) immersed in HCl (pH 2) and (c) NH4OH (pH 9.5). Stimuli-

induced flux modulation: (d) change in water permeabilities of pGO-PS-b-P4VP membrane 

measured at varied pH (red) where pH > 4 resulted in high water permeabilities whereas 

pH < 4 showed low water permeabilities. Similarly, the membrane showed low ethanol 

permeability, switching to high permeability in presence of water as feed (blue), (e) 

Schematic describing the pore states of pGO-PS-b-P4VP membrane. The pore-lined P4VP 

block swells due to the protonation in acidic pH or ethanolic exposure leads to the pore 

closure and low permeability. In basic pH or aqueous medium, open pores due to 

deprotonation offers least resistance, thus, increasing the water permeability. Antifouling 

studies: (f) time-dependent fluxes in presence of pure water (0-1 h), BSA (1-2 h) and 

recovered pure water flux after cleaning cycle (2-3 h), (g) FRR (%) and fouling resistances 

according to the resistance-in-series model and (h) the surface anti-bactericidal (E.coli) 

viability of PS-b-P4VP and pGO-PS-b-P4VP membranes. 

We hypothesized, the suppressed fouling behavior can potentially impact the application of 

pGO-PS-b-P4VP membranes in the field of biotechnology, with broader emphasis on 
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biomacromolecules fractionation such as proteins. Although, there exist considerable 

literature for our assumption regarding the potential application of membranes with well-

ordered pore structure for selective separation of proteins, the most important aspect of our 

work implies enhanced antifouling ability will result in high-performance hybrid isoporous 

membranes for size-based protein discrimination.56, 74, 94, 143 To test this possibility, we 

assessed the size-based molecular discrimination ability of the hybrid pGO-PS-b-P4VP 

membranes. Two biologically relevant proteins with too close in molecular weights (MW) 

viz. BSA (MW = 67 kDa) and IgG (MW = 150 kDa) to be efficiently separated using 

conventional membrane processes were deliberately selected as an indicator for recognition 

process.56, 74  

We evaluated a single protein transmission through PS-b-P4VP and pGO-PS-b-P4VP 

membranes for 30 min. In particular, pH values of the feed solutions were analogous to 

isoelectric point (pI) of the proteins (pIBSA = 5 and pIIgG = 7) to maximize the fouling 

propensity of these biomolecules and assess the antifouling capability of the respective 

membranes under severe operational conditions.176-177 From Figure 6.5a and b, it is 

apparent that pristine as well as hybrid membranes allowed BSA to pass while, for the 

large biomolecule IgG, negligible transmission was detected in permeate side although the 

hydrodynamic diameter of IgG is 2 times smaller than the pore size of the membranes. This 

can be attributed to the fact that additional factors like 3-D hydrodynamic dimensions, 

hydrogen bonding with water, ionic strength, solution pH, and pore clogging due to protein 

adsorption via hydrophobic interactions could lead to diminution in effective size sieving 

capability of the membranes.144 In addition, there exists literature precedence for our 

assertion regarding these experimental observations.56, 74, 80, 94 Interestingly, it was observed 

that permeate concentration of proteins was ~1.4 fold higher for pGO-PS-b-P4VP 

compared to pristine membrane. Moreover, compared to the earlier reported isoporous 

membranes, the permeate protein concentration was 100 times higher in case of pGO-PS-b-
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P4VP.56 These results demonstrate increasing membrane hydrophilicity by incorporating 

hybrid fillers can decrease fouling, and in turn increase the protein transmission across the 

membranes. This tunability provides an approach to modulate membranes for enhanced 

size-based separation performance of proteins or other relevant biomolecules. 

Having overcome the challenge of membrane fouling and successful single protein studies, 

we took the aim of demonstrating size-based mixed protein discrimination inside the hybrid 

isoporous membranes. To examine whether these hybrid membranes could also be efficient 

to achieve satisfactory separation factor () in case of mixed protein solutions, we 

investigated the fractionation of BSA and IgG mixture. The pristine and hybrid isoporous 

membranes were verified in mixed protein transmission studies at varied feed pH and SDS-

PAGE was applied to examine the protein transmission across the membranes. It is 

noteworthy that only one permeate band was observed for either membrane tested (Figure 

6.5c). In each case, the pristine as well as hybrid membranes allowed to pass only BSA 

whereas transmission of IgG was hindered completely, confirming the unprecedented 

separation ability of these membranes for BSA-IgG mixture.  In marked contrast, pGO-PS-

b-P4VP membranes showed ~60% enhanced fluxes compared to PS-b-P4VP analogues 

during separation (Figure 6.5d). This observation is attributed to the superior antifouling 

ability of pGO-PS-b-P4VP membranes, as discussed earlier. Importantly, SDS-PAGE also 

confirmed that the separated proteins did not suffer from denaturation during filtration. 

These results demonstrate that the hybrid isoporous membranes can indeed be applied 

efficiently challenging separation of proteins by making use of differences in their sizes 

and independent of its charges. 
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Figure 6.5. Observed concentration of BSA and IgG at their pI through (a) PS-b-P4VP and 

(b) pGO-PS-b-P4VP membranes; (c) SDS-PAGE analysis of BSA-IgG mixtures: lane 1: 5 

μL protein MW standards; lane 2 and 3: feed protein mixture solution at pH 5 and pH 7 (5 

μL); lane 4 (pH 5) and 5 (pH 7) elution samples collected from PS-b-P4VP permeate side; 

lane 6 (pH 5) and 7 (pH 7) elution samples collected from pGO-PS-b-P4VP permeate side 

after 1 h. (d) Mixed protein flux at pH 5 and pH 7 for PS-b-P4VP and pGO-PS-b-P4VP 

membranes. (e) Schematic showing the size based protein discrimination inside fouling-

resistant pGO-PS-b-P4VP membrane. 

6.4 Conclusions 

Taken together, our results highlight, firstly, the scalable and facile approach for fabricating 

hybrid isoporous membranes with well-ordered nanoporous morphology and ultra-high 

porosity which proceeds through functionalized GO nanosheets and BCP co-assembly. The 

isoporous morphology of the hybrid membranes is attributed to excellent compatibility 

between GO/polymer nanosheets and BCP, paving the way for easy processing into high 

quality, stable membranes with hierarchically organized pore structure. The morphological 

underpinnings of these assumptions were visualized from SEM, TEM and AFM. Second, 

detrimental fouling was effectively suppressed as a result of the enhanced hydrophilic 

behavior of hybrid membranes. These hybrid isoporous membranes demonstrated 

improved figure of merits, including anti-fouling and bio-fouling capability. Third, filler 

hydrophilicity, as one would expect, can be used systematically for rapid size-based 



112 

molecular discrimination inside the nanopores of hybrid isoporous membranes. Especially, 

the effective separation of BSA and IgG (2.2 times difference in MW) with unprecedented 

selectivity at enhanced transmission rates emphasize on the successful application of these 

membranes for high-performance protein fractionation. Finally, our work is the first step 

toward the design of multicomponent hybrid isoporous membrane system for efficient 

single-stage molecular discrimination, bringing it a significant step closer to industrial 

implementations. 
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Chapter 7 

Embedding 1D Conducting Channels into 3D Isoporous Polymer 

Films for High Performance Humidity Sensing 

 

Abstract 

Isoporous block copolymer (BCP) films have received exponential interest as highly 

selective membranes, stemming from their unique morphological features, but their 

applications in functional devices remain to be realized. Here, we demonstrate for the first 

time efficient incorporation of single-walled carbon nanotube (CNT) into isoporous block 

copolymer films for chemiresistive sensing at room temperature. Leveraging the efficient 

charge extraction ability of CNTs together with nanochannel arrays aligned perpendicular 

to the surface of the films, we achieved an ultrafast response time of 0.3 s for humidity 

detection with a sensor response of ~800 on changing humidity from 10% to 95%. 

Furthermore, the sensor also responds to various organic vapors, underscoring its 

promising detection capability. 
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7.1 Introduction 

Chemiresistive sensors have broad potential due to their diverse practical applications in 

different fields ranging from environmental monitoring, industrial process to human 

comfort.45, 178-181 Desirable attributes of an ideal chemiresistive sensor comprise higher 

sensitivity, wider range, shorter response and fast recovery times. To meet these demands, 

various nanostructured sensing devices especially one-dimensional (1D) carbon, metal 

nanowires, and porous ceramics have been explored so far, owing to their high surface to 

volume ratio.181-185 However, tedious processes like high-temperature preparation and 

complex device fabrication restrict their comprehensive implementation.186 Hence need for 

advancement in modular design and fabrication methods still exists.  

Ease of fabrication, tunable chemical as well as structural properties and flexibility of 

polymers make them particularly attractive for future applications in wearable/attachable 

devices.186-187 In particular, polymer-based devices with nanostructured morphologies have 

received considerable interest due to their high surface area.188 In case of vapor sensing, 

especially porous structures can expedite the fast penetration and diffusion of vapors 

shortening the response and recovery time significantly.[3] However, fabrication of long-

range ordered film with well-defined nanoporous patterned arrays for sensors remains an 

alluring goal.189 To overcome this impediment, we propose isoporous films obtained from a 

straightforward method combining BCP self-assembly and non-solvent induced phase 

separation (SNIPS) for manufacturing highly ordered porous films, as reported by 

Peinemann and co-workers.34 BCP derived isoporous films have fascinated researchers in 

recent years due to their uniform porosity, on large scale, but their applications were 

mainly restricted to separation.38, 91, 93, 144 

Development of a simple and scalable sensor device based on isoporous films could be a 

rational design to realize the full potential of these films in vapor sensing. However, such 

non-conductive polymer-based devices suffer from low sensitivity due to its inherently 
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insulating nature, impeding detailed exploration of such films for sensing application. To 

overcome the aforementioned issue, a promising route is to create hybrid/composite device 

by simple solution mixing of a functional material with a polymer matrix. In fact, such 

approach has been demonstrated in fabricating devices with optimal performances for wide 

range of sensors.186, 190-193 Compared to other fillers, by considering its merits, CNTs have 

emerged as a promising functional material due to unique combination of their one-

dimensional structure and high surface-to-volume ratio resulting in extraordinary electronic 

properties.194-198 Attempts have been made to fabricate hybrid sensors built on 

conjugated/non-conducting polymers and CNT where charge transfer by gas absorption 

around the percolation threshold provided the basis for conductivity change. However, low 

surface area, poor environmental stability and ambiguity about exact location of the 

percolation threshold area in such non-porous films or sensor remained subject of major 

concern hindering the growth of high-performance polymer-CNT sensors.185, 199 Keeping 

all these issues in perspective, we hypothesize that embedding 1D nanotubes especially 

CNTs into the nanostructured isoporous films may advance sensor technologies as a result 

of the synergetic combination of these two highly functional components. To pursue this 

new film design, we extended the SNIPS method to fabricate a hybrid isoporous film 

containing a random network of CNTs, targeting at vapor sensing for humidity and 

selective volatile organic compounds (VOCs). By using this approach, we fabricated a 

highly porous sensor with sub-second response time for humidity sensing, which is in par 

with the fastest devices reported previously. Moreover, our device fabrication method 

overcomes issues like aggregation and undesired alteration in properties of CNTs. To the 

best of our knowledge, this is the first report of a defect-free, self-standing, isoporous film 

for humidity and VOC sensing at room temperature.  
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7.2 Experimental section 

Materials: Polystyrene-b-poly-4-vinylpyridine block copolymer P9957-S4VP (PS-b-

P4VP 139,000-b-40,000 g/mol; PDI = 1.1) was purchased from Polymer Source, 

Inc., Canada. N,N-dimethylformamide (DMF), 1,4-dioxane, n-methyl-2-pyrrolidone 

(NMP) and ethanol (96%) were acquired from Sigma-Aldrich. Tetrahydrofuran 

(THF) was received from Fischer Scientific. Commercial Polystyrene-co-poly-2-

vinylpyridine (PS-co-P2VP, 130000 g/mol) was purchased from Sigma-Aldrich. 

Single-walled carbon nanotubes with 300-2300 nm length were purchased from 

Aldrich (cat. No. 704121). All chemicals were used as received. Deionized (DI) 

water purified with a Milli-Q system (Millipore, Inc.) was used in this study. 

Preparation of CNT-PS-b-P4VP films: The films were fabricated through two 

simple steps (Figure 7.1). First, 1% CNTs (wt/wt w.r.t PS-b-P4VP) were dispersed 

in a 1:1:1 wt% ternary mixture of DMF-THF-Dioxane by sonication of 1h in an 

ultrasound bath.16.6% PS-b-P4VP was dissolved in the CNT mixture by continuous 

stirring for 24 h at room temperature (RT). The mixture was then cast onto a glass 

plate using a casting knife with gate height of 200 μm. The solvent was partially 

evaporated for 10 s, and the film was immersed in a water bath at RT. The film was 

taken out and stored in DI water for 24 h to remove traces of solvent. The films 

showed isoporous morphology till 1% CNT concentration, above this concentration 

films could not be obtained due to increase in viscosity. 

Preparation PS-co-P2VP-CNT films: 1% SWCNT (wt/wt w.r.t PS-co-P2VP) was 

dispersed in 1:1:1 wt% ternary mixture of DMF-THF-Dioxane and then sonicated in 

bath sonicator for 1h at 40 KHz. After that, 16.6 wt% PS-co-P2VP was dissolved in 

the CNT mixture by continuous stirring for 24 h at ambient temperature. The CNT- 

PS-co-P2VP solution was then spread onto glass plate using casting knife with 200 

μm gate height. The cast solution was left at RT for 10 s, and immersed in water 
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bath. The film was kept in DI water for 24 h and thoroughly washed with water for 

solvent removal. The film was dried and used for device fabrication and detailed 

sensor performance evaluation. 

Preparation CNT films: 16 mg CNTs were dispersed in 500 mg THF solution under 

ultra-sonication for 30 min. The well-dispersed CNT solution was then drop-cast on 

a non-conducting glass surface and kept under vacuum at 50 C for 8 h. 

7.3 Results and discussions 

Polystyrene-b-poly(4-vinyl pyridine) (PS-b-P4VP) isoporous films containing CNTs 

were fabricated by a two-step strategy (Figure S1). First, the homogenously 

dispersed solution of CNT was prepared in a ternary solvent mixture, and then PS-b-

P4VP was added, which afforded an isoporous film-forming matrix. The viscous 

solution was cast on a glass surface where the solvent from the “proto-film” was 

then partially evaporated for 10 s, leading to increase in CNT-PS-b-P4VP 

concentration at the air/solution interface. This triggered the formation of a 

nanostructured isoporous matrix on the skin-layer of the film, which was kinetically 

entrapped by immersion in a precipitation bath. Key parameters like CNT content, 

polymer concentration, solvent ratio, and evaporation time were optimized to 

achieve highly dense nanochannels with uniform pore morphology on the film 

surface. The resulting structure comprised of uniformly distributed CNTs in the film 

with vertically aligned nanochannels of ~400 nm length and ~20 nm diameter 

supported by a sponge-like open sublayer.  
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Figure 7.1. Schematic representation of the CNT-PS-b-P4VP film fabrication. 

The films exhibited isoporous morphology till 1% (w/w) CNT concentration (Figure 

7.2), above which serious local agglomerations due to enhanced van der Waals 

interaction between side-walls of nanotubes resulted in films with defective 

morphology (Figure 7.3). Moreover, the surface SEM images of the CNT-PS-b-

P4VP membranes after prolonged treatment at various elevated temperatures and 

different organic solvents confirmed retention of isoporous morphology (Figure 7.4). 

Thus, eliminating the need for delibrate crosslinking or additional chemical 

treatment of films to stabilize the isoprous morphology. Hereafter, if not specified, 

CNT-PS-b-P4VP refers to films with 1% CNT content.  
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Figure 7.2. Top surface SEM and AFM images of (a, b) PS-b-P4VP, (c, d) 0.2% 

CNT-PS-b-P4VP and (e, f) 0.6% CNT-PS-b-P4VP. All scales in the figures are 500 

nm. 
 

 

Figure 7.3. a, b) SEM and c) photographic image (arrows denote agglomerations of 

CNT) of CNT-PS-b-P4VP films with 2% w/w concentration of CNTs. 

 

 

As evident from scanning electron microscopy (SEM) images, no defects were 

observed in the film up to 1% (w/w) CNT concentration, suggesting uniform 

dispersion of CNTs in the BCP matrix (Figure 7.5 a,b). This can be attributed to the 

favorable interaction between polymer and CNT. The π-π interaction between the 

pyridyl groups of P4VP and sidewalls of CNT stabilize the dispersion, thus 

preventing aggregation of CNTs.200 The atomic force microscopy (AFM) images 

confirm the long-range isoporous morphology of the film consistent with the SEM 

images (Figure 7.5c). Moreover, transmission electron microscopy (TEM) images 
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provided further insights into the microstructure of the film (Figure 7.5d). It was 

revealed that the BCP matrix uniformly embedded the fragments of CNTs without 

agglomeration, crucial for effectively conserving the aspect ratio as well as the 1D 

characteristic of nanotubes, which enhances the electrical conductivity of the film. 

 

Figure 7.4. SEM images of CNT-PS-b-P4VP films after treatment at different elevated 

temperature and various solvents for 24 h (inset: treatment temperature and solvent details). 

Raman spectra of CNT-PS-b-P4VP indicated that the properties of CNT were well 

preserved after being embedded in the BCP matrix (Figure 7.5e). The diameter of 

nanotubes was between 0.89-1.1 nm, as indicated by the radial breathing mode (RBM) of 

CNT’s between 100-300 cm-1.201 The G band peak at 1588 cm-1 comprised of G- and G+ 

bands, besides the narrow and low intensity of G- peak indicated the presence of both 

metallic and semiconducting nanotubes. Figure 7.5f represents the solid-state UV-vis-NIR 

absorption traces of pristine and CNT embedded films. The bands from 800-1600 nm 

slightly overlapping with bands between 550-900 nm symbolize the E11 and E22 transitions 

associated with van Hove singularities arising due to one-dimensionality of semiconducting 

CNTs, whereas metallic nanotubes were responsible for the low energy bands from 400-

600 nm.200, 202 Overall, these observations validate the presence of CNTs on the skin-layer 

of the isoporous film. Furthermore, pure water filtration studies demonstrated similar water 
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fluxes between PS-b-P4VP (~1300 L m-2 h-1 bar-1) and CNT-PS-b-P4VP films (~1300 L m-

2 h-1 bar-1), revealing pore-size uniformity and ascertaining no pore blockages after 

embedding CNT in the polymer matrix. 

 

Figure 7.5. Characterization of CNT-PS-b-P4VP films: (a, b) Top surface and cross-

sectional SEM images of the CNT-PS-b-P4VP films, (c) AFM image of the film 

surface, (d) High magnification TEM image, and the arrows denote the random CNT 

network, and (e, f) Raman and solid-state UV-vis-NIR spectra for pristine and CNT-

PS-b-P4VP films. 

 

One of the advantages of SNIPS is formation of self-standing films (Figure 7.6a) 

with highly porous morphology, leading to rapid absorption/desorption of vapors, 

which makes them particularly attractive for sensing applications. Remarkably, the 

CNT-PS-b-P4VP formed stable homogenous solution by gentle stirring where CNT 

remained well dispersed under static condition even after 7 days without any 

observable agglomeration. In contrast, pristine CNTs rapidly settled within hours in 

the ternary solvent mixture under similar conditions (Figure 7.6a inset). Figure 7.6b 

shows the device architecture of the sensor, which consists of two gold electrodes 

deposited onto the film surface (optical image of the actual device shown in Figure 
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7.6c). First, to determine the effect of CNT addition on the electrical property of PS-

b-P4VP, we measured the resistance of PS-b-P4VP and CNT-PS-b-P4VP films in 

dry environment. Significant decrease in the resistance of CNT-PS-b-P4VP films as 

a result of CNT embedding was observed (Figure 7.6d). The change in the electrical 

resistance of the sensing element in response to its surrounding environment is the 

principle underlying chemiresistive sensors. A custom-designed set up was used to 

carry out the sensor testing under various relative humidity (RH) levels (Figure 

7.6e). Nitrogen (N2) was employed as the carrier gas and for purging the chamber. 

The sensor response, which is essentially the change in its conductance, is monitored 

in real time by recording current-voltage (I-V) characteristics of the sensor. Initial 

sensor tests revealed that the CNT-PS-b-P4VP sensors notably outperform the 

pristine PS-b-P4VP sensors (Figure 7.6f). Therefore, in this work we primarily 

focused on exploring the sensing capabilities of CNT-PS-b-P4VP films. The I-V 

curves for the CNT-PS-b-P4VP sensor under different RH levels (10%-95%) at 

room temperature are presented in Figure 7.6g. The linearity of the I-V curves 

confirmed a good ohmic contact between the gold electrode and film surface.183 It is 

clear that the resistance of the sensor decreased with increasing humidity levels. The 

response of the sensor was calculated as IRH/I0, where IRH is the current under a 

given RH and I0 is the current in dry N2.
183 Response values were calculated for 

different humidity levels (Figure 7.6h) from I-V curves at a potential bias of 2 V 

(current value for 10% RH was taken as I0). In addition, the response curve for 

adsorption and desorption exhibited negligible hysteresis, indicating good reliability 

of the sensor and low vapor residence time.203 (Figure 7.6i). It is noteworthy that due 

to the miniaturized size of the present sensors, arrays of such sensors can be 

fabricated on a small piece of film (Figure 7.6i Inset) 
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Figure 7.6. (a) Photograph of the as prepared self-standing CNT-PS-b-P4VP film. 

Inset shows the pristine CNT (i) and PS-b-P4VP stabilized CNT (ii) solutions. (b) 

schematic of the device architecture, (c) Optical image of the sensor, (d) I-V curves 

for PS-b-P4VP films with and without CNT under dry conditions ,(e) Schematic of 

the humidity testing set up,  (f) response of CNT-PS-b-P4VP and pristine PS-b-

P4VP sensor under 95% RH, (g) -V response curves of the CNT-PS-b-P4VP sensor 

to RH ranging from 10% to 95% and (h) response change of CNT-PS-b-P4VP 

sensor as a function of RH. (i) Adsorption-desorption behavior of the CNT-PS-b-

P4VP sensor. Inset: an array of sensors fabricated on CNT-PS-b-P4VP film. 

 

The sensor response exhibited exponential change of ~800 on changing humidity 

from 10% to 95%. The corresponding sensor resistance at 95% RH (~5.5 x 106 Ω) 

was ~820 times lower than that (~4.5 x 109 Ω) at 10% RH (Figure 7.7a). It is 

apparent that the resistance change of the sensor can be co-related to the orderly 

water vapor uptake by the nanoporous polymer matrix at room temperature as well 
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as at 50 °C, indicating similar chemiresistive behavior at elevated temperature 

(Figure 7.7b and c). 

One of the most important parameters of a sensor is its detection speed. We 

measured the response time of the CNT-PS-b-P4VP sensor to be 0.3 s when exposed 

to 95% RH from 10% RH, while the recovery time was ~4 s (Figure 7.7d). The 

response and recovery speed of the CNT-PS-b-P4VP sensors were ~13 and ~3 times, 

respectively, faster than pristine PS-b-P4VP sensors (Figure 7.7e), underpinning the 

importance of CNT inclusion into film matrix. The response and recovery time of 

the present CNT-PS-b-P4VP sensor was one of the best among the reported 

literature to date (Table A1).204 In particular, the fast response time implies speedy 

charge separation and efficient extraction due to improved conductivity with 

CNTs.205 Next, to check the reproducibility and stability, we recorded the sensor 

response under high humidity (95% RH) for ~2500s (Figure 7.7d) and by repeated 

exposure/purging (Figure 7.7d Inset). The CNT-PS-b-P4VP sensor exhibited 

excellent performance under prolonged humidity exposure without any performance 

degradation, indicating the robust nature of the present sensors. 
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Figure 7.7. a) CNT-PS-b-P4VP sensor resistance as a function of relative humidity, 

b) weight change as a function of RH for CNT-PS-b-P4VP film at 25 °C, c) weight 

change as a function of RH for CNT-PS-b-P4VP film at 50 °C (inset: % weight 

change of membrane upyo 55% RH at 25 °C). Transient response at 95% RH for (d) 

CNT-PS-b-P4VP and (e) pristine PS-b-P4VP sensor. (f) Stability of the CNT-PS-b-

P4VP sensor under prolonged humidity (95%) exposure, (inset: sensor response for 

multiple cycles of humidity switching between 10% and 95%). 

 

The sensing mechanism of the present sensor is schematically represented in Figure 

7.8. The change in resistance with RH can be ascribed to the interplay of two 

mechanisms. First, the change in conductivity arises due to protons hopping through 

the aquatic layers condensed on the surface of the sensor via the Grotthus 

mechanism.206-207 Second, there is electron transfer from the polymer matrix to 

CNTs as revealed by the band alignment between CNT and PS-b-P4VP (Figure 

7.9). In addition, the lone pair of electrons from the exposed vapors interacts with 

the CNT surface and transfers electrons to CNT, further enhancing the conductivity 

of the sensor208 implying that protonic coupled with electronic conduction is the 

dominant mechanism in case of CNT-PS-b-P4VP sensors. This is consistent with 

our observations that pristine PS-b-P4VP sensors have lower sensitivity and are 

significantly slower compared to CNT-PS-b-P4VP.  
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Figure 7.8. Schematic illustration of the sensing mechanism of CNT-PS-b-P4VP 

film-based humidity sensor. 

 

 

Figure 7.9. XPS valence band spectra for a) SWCNT, b) PS-b-P4VP, and c) band 

alignment between CNT and PS-b-P4VP. X-ray photoelectron spectroscopy (XPS) 

of pristine CNT and PS-b-P4VP was carried out to determine the valence band (VB) 

edge with respect to fermi level (Figure 7.9 a,b). We calculated the conduction band 

edge by adding the Valence band edge from XPS and bandgap from absorption 

measurements. This revealed the band alignment between CNT and PS-b-P4VP 

which is more favorable for electron transfer from PS-b-P4VP to CNT (Figure 7.9c). 

 

We also fabricated humidity sensors with only CNTs and found that the resistance 

change is minor which first decreases and then increases with humidity change 

(Figure 7.10a and b). This can be attributed to the low cross-linking of CNTs, as 

reported elsewhere.209 These studies highlight that the primary role of CNTs is to 
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efficiently extract the carriers and enhance the charge transport in CNT-PS-b-P4VP 

humidity sensors. To ascertain the importance of the highly ordered nanostructured 

morphology, we fabricated and tested a sensor from chemically similar but 

morphologically diverse, CNT embedded poly-2-vinylpyridine-co-styrene (PS-co-

P2VP) under identical conditions. Interestingly, insignificant change in resistance 

was observed at all RH values pertaining to non-uniform and less pore surface 

density (Figure 7.10b and c). Taking a cue from high sensitivity towards RH, we 

decided to study the sensor response to various volatile organic vapors (VOC) 

qualitatively (Figure 7.10e and Figure 7.11a).  

 

Figure 7.10. a) SEM image of drop-casted CNT film, b) I-V response curves of the 

CNT sensor to RH ranging from 10% to 95%, c) SEM image of CNT-PS-co-P2VP 

film, d) I-V characteristics under different humidity levels for the sensor fabricated 

on CNT-PS-co-P2VP film. and e) response of CNT-PS-b-P4VP sensor for various 

VOCs and gases. 

 

When exposed to various VOC vapors, the sensor device demonstrated measurable 

change in its response. This may be attributed to the change in electronic properties 
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of the CNT-PS-b-P4VP sensor. We note that the sensor response towards VOC is 

minute compared to humidity due to low concentration of unfunctionalized CNTs. In 

addition, there was no detectable change in the sensor response for NH3 (Figure 

7.11) as there is no binding affinity between pristine CNTs and NH3 molecules.210 

For practical applications, the masking effect of humidity on the VOC response can 

be tackled by employing multisensing arrays for humidity calibration and selectivity 

can be improved using functionalized CNTs and perm-selective coatings on 

sensors.211-212 

 

Figure 7.11. a) Sensor response for multiple cycles of methane exposure and b) I-V 

response curves of the CNT-PS-b-P4VP sensor to ammonia.  

 

7.4 Conclusions 

In conclusion, we introduced CNT embedded isoporous PS-b-P4VP films for 

chemiresistive sensing to overcome challenges of fabrication of well-defined and 

long-range porous devices using SNIPS. CNT inclusion and uniform pore 

distribution of the film resulted in efficient detection of humidity and organic 

vapors. In particular, CNT embedded films exhibited fast response and recovery 

times for humidity detection due to fast charge collection in contrast to pristine 

films. In addition to CNTs, the incorporation of other materials such as carbon 
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fibers, quantum dots, metal particles and graphene may lead to isoporous films with 

interesting properties. We anticipate that the facile approach of fabricating such 

isoporous films opens new avenues for further exploration of this class of films for 

functional devices.  
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Chapter 8 

Summary and Future Directions 

8.1 Summary 

In this dissertation, three classical approaches namely (i) polymer backbone 

modification, (ii) surface modification and (iii) fabrication of mixed matrix 

membrane to expand the application bandwidth of the isoporous membranes derived 

from PS-b-P4VP by SNIPS process were demonstrated without compromising their 

isoporous morphology and performance.  

In Chapter 3, a polyanionic pH responsive PS-b-P4VPN-oxide isoporous membrane was 

reported for the first time, obtained from low temperature oxidation of PS-b-P4VP 

membrane. The pH dependent swelling and deswelling of N-oxide moiety confined inside 

the pore walls was identified as a key parameter for pH responsive behaviour. The PS-b-

P4VPN-oxide membrane exhibited improved solvent, mechanical and temperature 

stability, attributed to the restricted segmental mobility of the polymer chains after 

oxidation. Moreover, the availability of a cationic PS-b-P4VP and an anionic PS-b-P4VPN-

oxide with reverse pH response opens up an attractive way for pH-based separations. 

In Chapter 4, the first demonstration of polystyrene isoporous membrane was reported. 

The formation of polystyrene membrane with ultra-high porosity was a combination of 

SNIPS and a unique selective chemical degradation of quaternized pyridine in the P4VP 

block finally resulting in cleavage of P4VP. The isoporous PS membranes show 

considerably higher water flux compared to PS-b-P4VP membrane along with pH 

independent behavior over a wide pH range from 3 to 10. The isoporous PS membrane 

displayed exceptionally high selectivity for protein separation (Lys/IgG and BSA/IgG), 

making the membranes a potential candidate for size selective separation of challenging 

biomolecules. 
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In Chapter 5, we explored the thin surface coating of isoporous PS-b-4VP membranes 

with polydopamine and subsequent modification with zwitterionic L-cysteine via Michael 

addition to mitigate the enduring issue of fouling during ultrafiltration. The polydopamine 

coating parameters were carefully optimized to avoid the pore clogging of isoporous PS-b-

P4VP membrane. Our results unequivocally signify the effect of zwitterionic surface 

modification on increased membrane hydration capability, and membrane-foulant 

interactions were minimized. The study also contributed to better understanding of the 

relationship between membrane surface charge, surface chemistry and fouling.  

In Chapter 6, we reported hybrid isoporous membranes containing polymer-grafted 

graphene oxide nanosheets to confer antifouling properties to PS-b-P4VP membranes. The 

optimized filler composition resulted in an isoporous morphology with a bactericidal effect 

without detrimental effect to the intrinsic transport properties of the membranes. Our 

studies showed that the controlled architecture of filler has a potential for developing 

membranes targeted towards a challenging size-based biomolecule separation. 

In Chapter 7, we reported the importance of the isoporous morphology in PS-b-

P4VP BCP as an efficient functional device for humidity detection. We 

demonstrated that the CNT-PS-b-P4VP based sensor exhibited an ultrafast humidity 

response superior to many other reported materials, which mainly benefitted from 

the efficient charge extraction capabilities of CNT’s together with the rapid sorption-

desorption of vapors due to isoporous morphology. Moreover, the CNT-PS-b-P4VP 

based humidity sensor had high sensitivity and good reversibility. This study not 

only validated the ultrafast humidity response but also provided new insights into the 

morphology-property relationship of isoporous membranes. 
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8.2 Future directions 

1. Simultaneous functionalization and pore size tuning of isoporous membranes:  

The isoporous membranes fabricated from BCPs via SNIPS have gained widespread 

attention in diverse fields ranging from separation, drug delivery to sensors.56, 91, 150 

It would be an interesting challenge to fabricate isoporous membranes with pore 

sizes in the range of 2-10 nm for separation of salt mixtures and test them for 

nanofiltration application. Few efforts in tuning the pore size of the isoporous BCP 

membranes by blending of two BCP’s or electroless gold deposition are reported 

earlier in which separation selectivity was achieved through a membrane pore size 

similar to that of separating molecules.91, 93 To this end, development of novel 

isoporous membranes using BCPs is highly desirable where the molecular separation 

can be realized on the basis of charge, hydrophilicity and size of the membrane or 

separating molecules. To achieve this, we recommend a layer-by-layer (LbL) 

coating technique for simultaneous tuning of pore size and functionalization in one 

step as shown in Figure 8.1.  

 

Figure 8.1. Illustration of polycation/polyanion LbL coating onto the isoporous 

membrane. 

 

During LbL coating, the functional molecules such as metal nanoparticles or stimuli-

responsive moieties could be immobilized electrostatically inside the pores of the 

membranes. We assume, this pathway could be interesting to tune the pores in isoporous 
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membranes as it will provide higher prospects of electrostatic interactions between the 

molecules to be separated and the functionalities lined inside the pore walls.    

2. Embedding functionalized CNT’s inside isoporous membranes: In chapter 8 we 

demonstrated the combination of CNTs and isoporous membranes for humidity detection. 

Based on literature we presume, that the implantation of functionalized CNT’s into the 

isoporous membranes will extend the application of such ultrafast sensors in detection of 

harmful gases like ammonia, carbon monoxide and other health hazardous species. For 

example, iron-porphyrin modified CNTs for CO detection, gold decorated CNTs for H2S 

detection and silver nanocrystal decorated CNTs for NH3 detection or tuning the electronic 

properties of CNTs.211-215 
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A. Characterization Methods 

A.1. Scanning electron microscopy (SEM) 

The surface and cross-section morphology of the original and modified isoporous 

membranes were examined using a FEI Quanta 600, field emission scanning electron 

microscope (FESEM). Small pieces of membranes were dried under nitrogen atmosphere at 

RT. The dried pieces were fractured in liquid nitrogen to record cross-section images. The 

membrane samples were fixed on a specimen holder using a conductive carbon tape. To 

avoid charging problems, the membrane samples were sputter coated with gold for 60 s at 5 

mA current in an argon atmosphere. The samples were then transferred to the SEM stage 

and the images were recorded on a FEI Quanta 600 at an accelerating voltage of 30 kV 

with varied magnifications. 

Cryo-SEM: Small pieces of the membrane samples were dipped first in the desired pH 

solution for 12 h. The samples were then fixed on an aluminum holder and plunged quickly 

into liquid nitrogen, before transferring to pre cooled FESEM chamber (-140 C) using 

Quorum PP2000T transfer system under vacuum held at -180 C. To avoid charging, the 

samples were in-situ coated in FESEM chamber with Au-Pd at -135 C. About 100 nm 

ultrathin sections of the membrane samples were prepared using ultramicrotome (Leica EM 

UC6) and placed finally on a 180-mesh copper grid. The images were recorded on Titan 

FEI-TEM. 

A.2. Atomic force microscopy (AFM) 

The membrane surfaces were characterized by AFM (Agilent, Model 5400) using a 

resonance frequency of 76-263 kHz in a tapping mode. The scan size for AFM images of 

the membranes was 2 m  2 m; AFM images were used to obtain the surface roughness 

parameters. 
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A.3. Water contact angle measurements 

The water contact angle of membranes was measured via a sessile drop method using a 

contact angle goniometer (FM40, Kruss GmbH, Germany) equipped with video capture. 5 

L of DI water was carefully dropped on the membrane surface and the contact angle 

between water and membrane surface was measured using the goniometer. In addition, the 

image of water droplet on the membrane surface was captured with a camera (Stingray 

model, Allied Vision Technology, USA). For each membrane, the contact angle was 

measured at least at five random locations of the membrane to minimize the experimental 

error and the average values were reported.  

A.4. Surface zeta potential measurement 

The outer surface zeta potential of the membranes was measured using the SurPass 

Electrokinetic Analyzer (Anton-Paar GmbH, Austria) in 10 mM NaCl solution at varied pH 

in the range from 3 to 10. The pH of NaCl solution was adjusted automatically by addition 

of 10 mM HCl and NaOH solutions. Each data point represents an average of four 

measurements for each membrane. The outer surface zeta potential was estimated using the 

Helmholtz–Smoluchowski equation. 

A.5. Thermogravimetric (TGA), differential scanning calorimetry (DSC) and dynamic 

mechanical analyzer (DMA) 

TGA and DSC thermograms of the membrane samples were recorded on a 

thermogravimetric analyzer (TA 2000, USA) at a heating rate of 10 °C/min under N2 

environment. The viscoelastic properties of the membranes were evaluated using a 

dynamic mechanical analyzer (Q800TA Instruments, USA). The membranes were cut into 

a rectangular shape with 12 mm  5.5 mm dimension and then clamped onto the film 

tension clamp of the instrument. The data for each membrane were recorded in a 

temperature range from 30 to 200oC at heating rate of 3oC/min under tension mode with 
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amplitude of 15 μm and 0.1 Hz frequency, respectively. The storage modulus (E’), loss 

modulus (E”) and loss factor (tan δ= E”/ E’) values were calculated from the obtained data 

to evaluate viscoelastic behaviour of unmodified and modified membranes. 

A.6. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) 

ATR-FTIR spectra of membranes were recorded on a Thermo-Scientific spectrometer 

(Nicolet iS10 model). The spectra were recorded over a wide range from 4000 to 1000 cm-1 

for 16 scans with a resolution of ± 4 cm-1. 

A.7. X-ray photoelectron spectroscopy (XPS) 

XPS analysis was conducted by using a Kratos Axis Ultra DLD spectrometer (Kratos 

Analytical Ltd, UK) equipped with a monochromated Al K X-ray source (1486.6 eV) and 

a hemispherical analyzer with a resolution from 0 to 0.5 eV. All spectra were recorded at 

an aperture slot of 700 × 300 μm. 

A.8. Nuclear magnetic resonance (NMR) 

One-dimensional 1H and 13C and two-dimensional 1H-13C HMQC NMR experiments for 

polymer solution samples in deuterated DMF- d7 solvent at room temperature were 

performed on Bruker Advance III 700 MHz NMR spectrometer equipped with a TCI 

cryoprobe.  The NMR spectrometer was operated at 700.13 MHz for 1H and 176.05 MHz 

for 13C NMR experiments. The 1H-13C HMQC NMR experiment was conducted with 4096 

× 256 time domain points in the 1H and 13C dimensions, whereas a 10 ppm × 180 ppm 

spectral window was used for 1H and 13C, respectively. The relaxation delay was 1.5 s and 

the number of scans was 16. The 1H-13C HMBC NMR experiment was carried out with 

4096 × 256 time domain points in the 1H and 13C dimensions, 13 ppm × 222 ppm spectral 

window for 1H and 13C, the direct bond 1H-13C J-coupling filter of 145 Hz, relaxation delay 

of 2 s, and 24 scans. Deuterated-DMF (DMF-d7) solvent was used to record the NMR 

spectra of the samples and the polymer concentration was 16 mg/ml. The room temperature 
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two-dimensional 1H-15N HMBC NMR experiment was performed on a Bruker Advance III 

950 MHz NMR spectrometer equipped with a TCI cryoprobe operating at 950.3 MHz for 

1H and 96.3 MHz for 15N. The 1H-15N HMBC NMR experiment was conducted with 2048 

x 128 time domain points in the 1H and 15N dimensions, 13 ppm x 600 ppm spectral 

window for 1H and 15N, relaxation delay of 2 s, direct bond 1H-15N J-coupling filter of 90 

Hz, and 88 to 812 scans depending on the sample.  

A.9. Transmission electron microscopy (TEM) 

About 100 nm ultrathin sections of the membrane samples were prepared using 

ultramicrotome (Leica EM UC6) and placed finally on a 180-mesh copper grid. The images 

were recorded on Titan FEI-TEM. 

A.10. Raman spectrocopy 

Raman spectra were collected with 633 nm laser using a Thermo Fisher Scientific DXR 

Raman microscope. 

A.11. Gel permeation chromatography (GPC) 

Gel permeation chromatography (GPC) measurements were carried out using Agilent 

module 1200 infinity series instrument with two PL gel 5 µm MIXED-C columns equipped 

with a reflective index (RI) detector. HPLC grade tetrahydrofuran (THF) was used as an 

eluent at 1.0 mL/min flow rate. The RI detector was calibrated using various polystyrene 

standards; all molecular weight values quoted are relative to these standards. The polymer 

solutions (1mg/ml) were prepared using HPLC grade THF and filtered through a 5μm 

PTFE filter before injecting into GPC instrument.  

A.12. Polyacrylamide gel electrophoresis (PAGE) analysis 

SDS-PAGE sample loading buffer, tris/glycine/SDS electrophoresis migration buffer, 4-

20% Mini-PROTEAN TGX Precast Gel, Precision Plus Protein Unstained Standards (10-

250 kD), and Bio-Safe colloidal Coomassie Brilliant Blue G-250 protein staining solution 
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were procured from Bio-Rad, USA. One part of the sample was diluted with one part of 

SDS-PAGE sample loading buffer. The resulting sample solution was heated at 70°C for 

15 min and then centrifuged at 20000 rpm for 5 min before loading into a well of the gel 

plate. SDS-PAGE was then carried out on a 4-20% precast polyacrylamide gel in a Mini-

PROTEAN Tetra Cell (Bio-Rad, USA). The migration of the proteins was monitored at 

100 V with an initial current of 20 mA/gel and at 1 W for about 1.5 h in a migration buffer 

solution. After the end of the electrophoresis experiment, the gel plate was stained in a 

colloidal solution of Coomassie Blue G250 with gentle agitation for 2 h and thereafter, the 

stained gel plate was kept in Milli-Q DI water until the background became clear. 

A.13. PEG rejection studies 

A 0.4 wt% PEG solution (0.1 wt% of 600, 3000, 10000, 35000 g/mol PEG) was used for 

PEG rejection. The feed, retentate and permeate samples were collected after filtration of 

PEG solution through the membrane at varied solution pH and the concentration of PEG in 

the respective samples was determined using a gel permeation chromatography (GPC) 

system (Agilent Co.) equipped with a dual column (Agilent PL Aquagel-OH 30 8 μm, PL 

Aquagel-OH 408 μm) and G1362A RID detector. The samples were filtered using a 5 μm 

PTFE filter before injecting into a carrier solution at 1 ml/min flow rate (ultrapure Milli-Q 

water, 18.2 MΩ). 

A.14. Solid state UV-vis-IR spectrophotometer 

The praying mantis accessory for solid sample mounted on Cary 5000 double beam, double 

monochromator spectrophotometer was used for UV-vis-NIR diffuse reflectance 

spectroscopy (DRS) measurements. 

A.15. X-ray diffraction (XRD) 

The X-ray diffraction (XRD) patterns of the sample surfaces was collected with a Bruker 

D8 Advance diffractometer (Cu radiation, 40 kV, 40 mA scan range 10-90).  
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A. 16. Summary of related humidity sensors based on polymer and other materials. 

S.N. 

 

Material Response 

time (s) 

Recovery 

time (s) 

RH range 

(%) 

Ref. 

1 CdS nanoparticles 60 30 17-85 [216] 

2 Au/Pd nanofibers >60 >300 11-94 [217] 

3 ZnO nanocrystals 50 6 5-85 [218] 

4 CuO/ZnO nanocorals 6-7 7  33-90 [219] 

5 Porous TiO2 5 8 11-95 [220] 

6 Al2O3 10 20 11-95 [221] 

7 Na-ZnO nanofiber 3 6 11-95 [222] 

8 Polyaniline nanofibers 8 6 11-98 [223] 

9 Cross-linked polyelectrolyte 

derivatives 

175 125 20-95 [224] 

10 Sulfonated polystyrene 30 300 25-95 [225] 

11 TiO2 incorporated 

sulfonated polystyrene 

2 20 11-95 [226] 

12 Sulfonated polyimides 60 240 30-90 [227] 

13 Au nanorod embedded 

polymer nanofibers 

0.11 0.11 30-71 [228] 

14 Cholesteric liquid crystals 120 120 3-80 [229] 

15 Fluorophore in hydrogels >10 >1200 0-100 [230] 

16 Magnetic polymer gel 

photonic crystals 

>100 110 11-97 [231] 

17 Nanoporous polymeric 

photonic crystals 

1.5 >20 40-95 [232] 

18 Sulfonated block 

copolymers 

2 5 15-95 [233] 

19 LiCl doped  TiO2 nanofiber >3 <7 11-95 [234] 

20 Isoporous SWCNT-PS-b-

P4VP films 

0.3 ~ 4 10-95 [204] 
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