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       Abstract 

The severity of risks caused by arsenic and selenium ions in aqueous environments are 

well-known. Novel thin film block copolymer based nanocomposite membranes are 

synthesized for an efficient removal of these toxic ions. Nexar, a commercially available 

amphiphilic sulfonated pentablock copolymer creates a self-ordering and a long range 

nano morphology. The resultant morphologies thus creating nano-highways helps in 

improving the flux through the resultant membranes. The effect of fouling in the 

membranes are countered by using octaphenyl-POSS as the nanofiller. The second phase 

of work aims at surface modification of Polyether imide nanofiltration membranes with 

enhanced separation for arsenic and selenium. Specifically, a zwitterionic copolymer 

comprising MPC and AEMA is synthesized via a one-pot free-radical polymerization. 

Different amounts of MPC and AEMA monomers were introduced at molar ratios of 5:5, 

7:3, and 9:1 to tune the physicochemical properties of the newly developed copolymer 

and the effect on the filtration performance of these varied molar ratios of the monomers 

is kept under check. Comparative analysis was done based on results obtained from both 

works. Membranes modified with zwitterionic materials imparted their hydrophilic 

properties to the membranes with the WCA as low as 22o were observed for copolymers 

with molar ratio 7:3(MPC: AEMA).  Whereas for the Nexar membranes with POSS 

incorporated the WCA were not as low. Based on the rejections, the membranes were also 

compared with the copolymeric membranes modified with water and TEA showing 

superior results than its counterpart as well as those with POSS incorporated Nexar 

membranes with rejection of 99.49% and 98.78% for arsenic and selenium respectively.  
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Chapter 1 

Introduction 

1.1 Background 

Groundwater is considered a major source of drinking water in the majority of 

underdeveloped countries. The toxicity of heavy metals such as arsenic, mercury, 

selenium etc. in waterbodies has been identified as a global challenge[1]. With 

increasingly stringent regulations on wastewater discharge, various industries are 

demanding efficient methods to remove these toxins. The sources of these heavy metals 

in environment can be natural as well as anthropogenic[2]. The industrial wastewater, if 

discharged untreated into the water bodies, consist of high levels of heavy metals 

concentration which can be responsible for environmental pollution as well as toxic for 

humans. Organic contaminants tend to biodegrade, which is not the case with heavy metals 

as they can accumulate into living organisms causing a number of toxic diseases which 

ranges from acute to chronic. Hence, the development of treatment technologies for the 

removal of such inorganic heavy metals which are also cost-effective in nature is pivotal 

moving forward into the future[3].  

The usage of polymers are used extensively nowadays in a various field and are deemed 

significantly important, to meet market demands in each field. This shift of high 

consumption broadened by the usage of such materials which ranges from industrial to 

modern technology markets such as: optics, nanoscience and biomedical has created a 

room for an in-depth study in polymer sciences.   

In this regard, membrane separation processes such as electrodialysis (ED)  ̧ reverse 

osmosis (RO) and nanofiltration (NF) have been employed as heavy metal removal 

processes ranging from laboratory scale to industrial level[4]. Membrane separation 

performance is evaluated on selectivity as well as the permeance in terms of flux. Such 

optimization can be hampered by problems such as fouling in the membranes which 
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reduces the process efficiency as well as the lifetime of the membranes. Modern polymer 

studies are focused upon addressing this issue and providing solutions to such 

complications encountered in wastewater treatment processes from membrane 

technology. 

Currently, there exist a lot of interest in studying the membrane modifications done in 

terms of antifouling. Addition of hydrophilic materials into polymers are studied and 

analyzed for increased hydrophilicity. This in turn aids in the formation of hydration 

surrounding the membrane surfaces needed to avoid unwanted foulants adhesion. PEG is 

a frequently used hydrophilic agent.  The ability of forming water bonds and charge 

neutrality through hydrogen bonding makes it a potential candidate to improve 

hydrophilicity. The downside is that PEG is easy to oxidize and therefore, maintaining the 

hydrophilicity in long-term filtration is a challenge associated with its usage. Surface 

hydrophilicity can have modification via functionalization with nanomaterials having 

hydrophilic properties. These can include silica nanoparticles, POSS particles, graphene 

oxide, carbon nanotubes etc.[5].  

In this work, initially Polyhedral oligomeric silsesquioxane (POSS) nanoparticles were 

incorporated in the Nexar nanofiltration membranes for the concurrent removal of arsenic 

and selenium from wastewater. The choice of POSS as the nanoparticle owes to the fact 

these nanoparticles have:  

• Antifouling properties 

• high functionalization flexibility  

• Smaller size range (1-10nm) 

• High dispersion and compatibility when incorporated in diverse polymer matrices 

at the molecular level[6].  

Herein, we synthesized POSS incorporated in sulfonated pentablock copolymer Nexar 

membranes. The influences of POSS chemistry in terms of loading in the polymer matrix 

was investigated based upon the rejection and permeability.  We aim to develop an 

effective nanocomposite membrane comprising of POSS and Nexar.  This work aims to 

concurrently remove arsenic and selenium from the aqueous solutions. So far, there has 
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been limited work done in the field of block copolymers based membranes for the heavy 

metal removal. This study promises to design better nanofiltration membranes for mining 

industry wastewater, particularly the wet flue gas desulfurization streams toxic ions 

removal.  

Zwitterionic polymeric materials have found considerable interest in this field and been 

used for membrane modification as a new class of antifouling agents Such zwitterionic 

polymers tends to possess both functional groups having both positive and negative 

charges. Such properties have caused an extensive and widespread research interest of 

studying these  strong hydrophilic zwitterions[7].  

Keeping all these aspects into consideration, the second phase of the research work is 

based upon synthesis of a zwitterionic copolymer. The copolymer is intended to increase 

the antifouling and anti-scaling properties of a polyetherimide membrane. The surface 

modification of the membrane is done via reacting/coating the copolymer onto the 

polymeric membranes. Lastly, heavy metals rejections are also tested for these copolymers 

modified membranes. 

1.2 Problem Statement  

• Coal-fired powerplants produced wastewater composing of heavy metals in 

concentration of higher values.  

• Arsenic and selenium present in the wastewater is responsible for causing several 

diseases. 

• In this regard, membrane based separation has been studied to separate arsenic and 

selenium from the wastewater. 

 1.3 Research Objectives 

To overcome the existing challenges in heavy metals wastewater, the following objectives 

were identified. 

• Look out for possible alternatives of existing antifouling materials used in the 
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membrane synthesis for wastewater treatment. 

• Synthesis of such antifouling materials as well as their incorporation in the polymeric 

membranes was also under studied. 

• Finally, the comparative analysis of the results based on the results given by 

antifouling membranes was done.  

1.4  Scope of Study 

The following scope was established to ensure that the research would be carried out in 

the time available 

• Rejections of arsenic and selenium from the synthesized polymeric membranes was 

considered as the scope of this research. 

• The membranes were characterized using analytical techniques and subjected to dead 

end filtration to test them for heavy metals separation. 

• Based on the results obtained after the rejection studies, membranes with higher 

efficiencies were compared with the studies done before.  

1.5 Chapter Summary 

The thesis has been mainly designed in the following way 

• Chapter 1: In the first chapter discusses the theoretical aspects of polymer synthesis 

based studies. 

•  Chapter 2: It also focuses on the membranes for heavy metal removal in chapter 2 

and focuses upon the relevance of the work from the literature and the aim is to let 

the reader make aware of the changing trends in water treatment processes. 

• Chapter 3: Chapter 3 discusses the methodology of synthesis of copolymer and 

membrane synthesis. The characterization techniques used in synthesis of both 

polymers and membranes are also discussed. 

• Chapter 4: In Chapter 4, all the outcomes and results of the characterization of 

copolymer synthesis and membranes.  At the end the conclusion of this research and 
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future guidelines of research are presented. 

• Chapter 5: Conclusions and future recommendations of the research are presented 

in the last part of the thesis. 
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Chapter 2 

Literature Review  

2.1 Polymer 

2.1.1 Background  

The word polymer comes from Greek origin word poly and  term meros, means many 

parts[4]. Polymers represents a class of materials made up of chainlike and large 

molecules. These larger molecules are comprised of smaller molecules which are termed 

as monomers. Building blocks of polymers are monomers and join to form the polymers. 

There can be as many monomer molecules as possible in one polymer molecule and the 

more they are the stronger the polymer chain. The arrangement of these repeating units 

allows various types of chains that can be synthesized, and these chains are shaped in a 

way to bend themselves. Consequently, a class of materials that are characterized by an 

intriguing range of properties are thus formed named as polymeric materials[8]. 

 

Figure 1: Polymer classification [9] 
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There are monomers present which contains charges both negative and positive separately 

as well as combined and these form their structure by assembling in a chain-like 

configuration. Based on charge of the monomers, a polymer is categorized into cationic, 

anionic, nonionic, and amphoteric. These charged monomers can determine the overall 

charge density of the polymers quantitatively in percentage amounts. On the basis  the 

chain orientation, the classification of the polymers can be done as linear, branched, and 

cross-linked[9]. 

2.1.2 Polymer synthesis 

The chain morphologies can be determined based upon the polymerization reactions. 

These reactions are started through monomer molecules addition on propagating center 

which are active. This addition is done through the new bond formations which resultantly 

forms a macromolecule having high molecular weight. Polymerization is a general process 

having multistep hence the non-uniform chain length in each polymer exists. The degree 

of polymerization normally is in correspondence to the monomer units amount present in 

a macromolecule. There are several polymerization mechanisms e.g., ionic —anionic 

polymerization, radical polymerization, living anionic polymerization, cationic 

polymerization, ring-opening polymerization, multimode polymerization, and 

coordination polymerization[9]. Main methods of polymerization among these all 

mechanism of polymerization mostly in industrial use are ionic (both cationic and 

anionic), radical and coordination polymerization. Polymerization such as living radical 

polymerization and ring-opening polymerization are relatively new and known to be 

promising methods for obtaining novel products. It is convenient to categorize the 

polymerization reactions into two or three basic types. These are condensation and 

addition polymerization and most of the polymerization fit easily into these two categories 

apart from some exceptions. In condensation polymerization reaction the chemical repeat 

unit of the polymer has a different molecular formula to that of the monomer constituting 

it. A typical condensation polymerization is the formation of ester from ethyl alcohol and 

acetic acid where the water molecule is eliminated giving it a name condensation.  
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In contrast, the structural unit of the addition polymers have the same molecular formula 

as their monomers. A typical example of such addition polymerization is synthesis of 

polyethylene from ethylene having the same repeating units in the product as the monomer 

constituting the polymer possesses.  However, there are some polymerization reactions 

that do not fit easily into these categories. Synthesis of polyurethanes from isocyanates 

and alcohols is a condensation polymerization without having water molecule eliminated 

from the product. Similarly, some ring opening polymerization reactions are regarded as 

the addition polymerization forms product that can also be produced via condensation 

polymerization. Accordingly, there has been a classification of polymerization given as it 

is either considered to be either step-growth (includes polycondensation) or addition/chain 

polymerization[10]. 

2.1.3 Step Growth Polymerization 

The characteristic feature of such a polymerization is the slow buildup of a chain. The 

systematic fashion of such a step wise growth is shown in the figure. Combination of the 

monomers give dimers and trimers followed by oligomers and so on. This eventually 

provides a molecular weight polymer of higher number after the polymerization. Several 

important polymers such as nylon(polyamides), polycarbonates, polyurethane etc. are 

produced through such polymerizations[11, 12].  

                     

Figure 2: Step-growth polymerization schematic 



9 

 

2.1.4 Chain or Addition Polymerization 

Addition or chain polymerization is a mechanism where an active site is present at the end 

of a growing chain where the monomers are added in a sequential manner. In such a 

polymerization, only a few species are active.  At any instant of time of species 

distribution, the system as shown in figure is mainly consisting upon the  

(a) fully formed polymer chains having no reactive sites 

(b) monomer which are unreacted  

(c) small growing chains 

 

Figure 3: Addition polymerization schematic 

The formation of active sites in such polymerization can have several forms which allows 

a range of polymer and copolymer synthesis. In general, addition polymerization have the 

following common features: 

(i) There is an initiation of the polymerization by means of which active sites are generated 

on monomers. 

(ii) The chain propagation happens by the monomers addition on the active site of the 

propagating chain and the active site simultaneously being transferred to the newly added 

monomer. 

(iii) Termination of the polymerization due to the destruction of the active site[13]. 
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2.1.5 Free Radical Polymerization 

The key factors of addition polymerization can be discussed by focusing attention on an 

important type named free radical polymerization. Historically it is said that an impurity 

(peroxide) in benzaldehyde played a role in performing a reaction which was not intended 

and gave rise to free radical polymerizations. These species are termed as initiators as they 

give rise to initiate the polymerization by breaking down to give radicals. The mechanism 

of these radical initiated polymerization is in correspondence to the above mentioned 

process for the addition polymerization. The free radicals provide the initiation followed 

by the propagation of the growing chains which proceeds rapidly. The termination of the 

rection occur when the two radical meet in the process of random collisions[12, 14]. 

2.1.6 Copolymer 

There is often a desire of modification the properties of a homopolymer. This is 

particularly done with the purpose of certain application-specific characteristics which a 

homopolymer alone perhaps cannot possess. There could well be an interest in achieving 

properties that are present in the two homopolymers. Generally, crystallinity, flexibility, 

melting point, glass transition temperature, tensile strength etc. are the properties of 

interest considered and aimed for copolymers.  Blending one homopolymer with another 

is one option which would end up in a physical mixture. This is done through mechanical 

methods namely extrusion and screw compounding. One issue with blending is that there 

exists a phase separation tendency and is not as straightforward as it looks. This is due to 

the inherent incompatibility which exists between most of the polymers. 

One way to counter this issue is the introduction of functionalities of specific interactive 

nature such as hydrogen bonding and ion–dipole interactions on the homopolymer pairs. 

It is roughly estimated that 36 percent of worldwide consumption of polymers are blended 

polymeric products. An alternative of such a process is referred to as copolymerization 

which is the polymerization of two or more monomers and the polymer is named as a 

copolymer.  In case when more than two monomers are added, the copolymer is termed 

as multicomponent copolymer and the term terpolymer is for the special case with three 

monomers.  Addition of the monomers of different types to the reaction mixture results in 
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enhanced properties but also brings in added kinetic reaction mechanisms complexities. 

Such complexities are because of relative rates of polymerization which are dependent 

upon the monomer structure and radicals as well. These multicomponent systems thus can 

influence the composition of the polymer, sequence of the monomers, and molecular 

weight of the polymer.  Copolymers brings applications which have broader ranges and 

homopolymers have limited applications in such fields. 

2.1.7 Types of Copolymers 

Classification of the copolymers can be done since the arrangements of the monomers of 

two or more types in the chain or their monomer distribution can allow them to be 

categorized. Four types of copolymers are classified for linear cases: random, alternating, 

block, and gradient copolymers[15]. 

 

Figure 4: Types of copolymers 
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Table 1:  Copolymer Characteristics 

 

2.1.8 Copolymerization 

Initially, copolymers have been defined as the species containing more than one type of 

monomers/chemical units in the same chain. Based upon their arrangements of these units 

in the chain, they have been categorized into different types as well. 

Copolymer Characteristics 

Statistical 

Copolymers/Random 

Copolymers 

Statistical copolymers are characterized by their monomer 

sequence which follows a statistical law (Markovian statistics). 

Alternating Copolymers Alternating copolymers follows an alternating pattern and 

composed of the monomers which are in equimolar composition. 

Block Copolymers Block copolymers are specified by the monomer sequences with at 

least one long monomers sequence of each monomer should be 

present. 

Gradient Copolymers Gradient copolymers have an initial chain portion of rich in one 

monomer unit with its concentration gradually decreasing across 

the chain length, while second monomer has its concentration 

increased across the chain length. 

Graft Copolymers Graft copolymers are characterized by the branched chains that are 

formed of a main homopolymer chain of one monomer and 

branches of homopolymer of a second monomer that can be single 

or several. 
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The synthesis of these copolymers are based upon the same types of chemistry as 

previously discussed in the polymer synthesis section. Chain growth polymerization can 

be used to synthesized statistical or random copolymers via addition of two monomers A 

and B in the reaction vessel. The denotation of active site by a *overleaf on either of these 

monomers could be a radical, ionic species or a coordination complex.  

Distribution of such species in the chains depends upon the rate at which one monomer 

adds to the growing chain relative to the other. Such statistical distribution because of this 

is possible to be described in terms of their ratio constants or reactivity ratios.  

 

Figure 5: Homopolymerization and Copolymerization 

Other types of copolymers have slight variation for the copolymerization such as a block 

copolymer can be synthesized firstly by polymerizing short polymer chains called as 

macromers with single functional group (acid) at each end and another macromer 

polymerized by a distinct as well as a complementary functional group at its ends. These 

individual macromers can then be reacted to form long chains. An example from the 

automobile industry is the usage of thermoplastic elastomers which are synthesized in a 

similar manner.  

The kinetics of chain growth polymerization particularly free radical are focused and will 

be studied extensively showing the knowledge of kinetics which allows the prediction of 

the instantaneous composition of the copolymers[12] 
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2.2 Membrane  

2.2.1 Background 

Systematic studies done for the membrane phenomena has been done for centuries by now 

and can be taken back to the 18th century. In this regard, Abb´e Nolet was the first in line 

as he introduced the term ‘osmosis’ which described the water permeation phenomena 

through a diaphragm in 1748. Initially, membranes were limited to lab usage and did not 

have any industrial or commercial uses throughout the nineteenth and early twentieth 

century.  

The period from 1960-1980 changed the membrane technology altogether. It was 

structured upon building on the original technique of Loeb–Sourirajan. Different 

membrane techniques such as multilayer composites, interfacial polymerizations and 

coatings were also formally originated for synthesizing high performance and efficient 

membranes. Thus, membranes comprising of selective layer of thickness 0.1µm or less 

are now being produced for various applications. Until 1980, most of the of the membrane 

separation processes such as  microfiltration, ultrafiltration, nanofiltration, reverse 

osmosis and electrodialysis were matured  with their  industrial applications[16].  

 

Figure 6: Membrane Separation Mechanism [17] 
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Membrane technology is mainly differentiated from traditional separation and purification 

as it can produce stable products without adding chemicals. 

In addition, this is done with a relatively low energy consumption which also contributes 

to the environment in a greener way. Other advantages of membrane technology includes 

well-arranged, ease of scale up, modular nature, compactness, and straightforward 

process. All these benefits in operation decreases the operation as well as capital cost of 

technologies that use membrane applications[17]. 

2.2.2 Classification 

Classification of the membranes depending on the origin, nature, morphology, method is 

shown in figure. Main classes of synthetic membranes are categorized as: organic 

(polymer) and inorganic. Inorganic membranes are typically ceramics and zeolites based, 

such as alumina, titania, and zirconia. The membranes are constituted of high mechanical 

and chemical stability, and elevated temperature and pressure resistance in comparison to 

organic membranes. However, these are also high cost membranes, which restricts their 

industrial application. Whereas polymeric synthetic membranes are the class of 

membranes having an extensive variety of structures and properties. 
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Figure 7: Membrane Classification [16] 

Considering the morphology and structure of the membrane, they can either be 

homogenous having uniformity in composition and structure or can be possessing layered 

structure or pores making it heterogeneous Moreover, further classification can be made 

based on the symmetricity of membranes which can be either symmetrical (isotropic) or 

anisotropic. In this regard, microporous, electrochemically charged, and dense membranes 

can be divided among the isotropic membranes. Anisotropic membranes can be 

categorized into integrally asymmetric, supported liquid membranes, and composite. 

Classification of the membranes based on the size regimes employs several types which 

is based upon the size of pores: reverse osmosis, nanofiltration, ultrafiltration, 

microfiltration, and particle filtration. MF membranes are characterized for their larger 

pore sizes which ranges from 0.1–5µm and typically reject particles of size ranging in this 

size range such as bacteria, asbestos, and red blood cells. UF membranes comprises of 

smaller pores than MF membranes ranging in between 0.01– 0.1µm and is able in filtering 

out large particle, microorganisms, dissolved bio-macromolecules. Nanofiltration 

membranes are also porous membranes and filter particles in range of 0.001–0.01 µm and 
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exhibits filtering that lies between UF and RO. Most organic molecules, viruses, 

multivalent salts can be filtered out using nanofiltration membranes. Since nanofiltration 

membranes are able to reject divalent ions, they are also used to soften hard water. RO 

membranes are considered as dense membranes as the pores are considered as nonporous 

with size ranging from approx. 0.0001–0.001µm.  

These size ranges include thermal motion of the polymer which are responsible for 

forming membranes. Thus, reverse osmosis membranes have the capability of filtering out 

species having lower molecular weights which includes inorganic solids such as 

monovalent ions, metallic ions and organic molecules[18] 
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Figure 8: Membrane size Regimes [18] 

2.2.3 Materials  

The choice of membrane materials for an effective membrane design depends upon 

various factor which includes high solute rejection and water flux, physiochemical 
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stability, system design, module configuration, and operating conditions for cost-

effectiveness. Governing factors for the membrane performance are the porous structure 

and the physicochemical properties of material. An extensive amount of work has been 

done in exploring new membrane materials as well as potential ways to modify the 

materials used in the recent past.  NF, UF, and MF used in water treatment synthetic 

polymers (polyacrylonitrile, polyvinylidene fluoride, polysulfide, and polyacrylonitrile)-

polyvinyl chloride) copolymers. Therefore, only organic-polymeric membranes will be 

discussed[16, 19]. 

Organic Materials for Heavy metal removal 

Polymers are generally preferred for membrane separation technologies   because of their 

ease of operation. They are also cheaper as compared to inorganic membranes since they 

use metals, oxides, and ceramics. Active layer and porous support of the membrane can 

be synthesized using polymers in reverse osmosis, nanofiltration, ultrafiltration, 

microfiltration processes. In addition to this, there are certain limitations and challenges 

in the use of polymers for filtration, such as the hydrophobicity issues and membrane 

fouling. A wide range of polymers have been used to address such issues  including 

polyamide, cellulose acetate, polyvinyl chloride , polyimide, polysulfone, polyvinyl 

alcohol, polyethersulfone, polyvinylidene fluoride, polyethylene glycol (PEG), 

poly(methacrylic acid) (PMAA)[20, 21]. In the recent past, extensive work has also been 

done in the use of block copolymers having self-assemblies. This class of polymers have 

narrow pore-size distribution which offers high selectivity, high permeability is also 

resulting from high membrane porosity. These membranes have controllable dimensions, 

enhanced surface properties, and chemistries. Most of the recent studies done to improve 

water flux, salt rejection and antifouling properties of membranes and nanocomposites are 

achieved through a technique named surface modification. Such a techniques involve the 

usage of zwitterionic coatings, graphene oxide and carbon nanotubes as nanofillers[9]. 

2.2.4 Membrane Synthesis 

Several fabrication methods of membranes are available such as solution casting, 

interfacial polymerization, phase inversion, sputtering, extruding, melt pressing etc. For 
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the fabrication of polymeric membranes, phase inversion, solution casting, stretching, 

track-etching, interfacial polymerization and electrospinning are generally used. The 

selection of such a technique for a particular membrane is dependent upon the various 

factors including efficiency of the membrane, cost of synthesis and the desired properties. 

Membrane performance and morphology are a thermodynamic function, whereas 

thermodynamics of a membrane is dependent upon selectivity and pressure difference that 

is applied across the membrane.  Thereby, increasing thermodynamic efficiency increases 

the permeation as well as selectivity of membrane. The membrane synthesis methods used 

for the research work is discussed in detail as follows. 

Solution Casting 

The membrane fabrication done through solution casting method is done by preparing the 

homogenous solution. This is done through polymer dissolution and additives in some 

common solvent. This can either be done by simply casting a solution prepared in a petri 

dish of desired shape. Another way to do is spreading prepared polymer solution on a 

leveled flat plate with the help of a casting knife. The precise slit of a desired thickness 

can be achieved using a casting knife. The resultant cast solution is then left for the solvent 

evaporation. This forms a thin polymer film through solution casting. The solvents which 

are used for the preparation of polymer solution are moderately volatile such as acetone 

or cyclohexane.  Such volatile solvent allows obtaining a dry film of membranes after 

subjecting them through different drying methods based upon the end properties needed.  

In case of large durations solvent evaporation, the casted membrane film absorbs moisture 

which results in polymer precipitation and opaque surface of the polymer film are formed. 

On the contrary, rapid evaporation leads to the polymer gelation that leads to a mottled 

surface[22].  

Phase Inversion 

Phase separation is known to be the most frequently used membrane fabrication method 

for isotropic and anisotropic polymeric membranes. In principle, the basis of this 

technique is upon homogeneous polymer solution precipitation into polymer- and solvent-

rich phases. The phase rich in polymer is the solid phase, which is responsible for the 
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membrane matrix, solvent-rich phase which is the polymer-lean phase is responsible for 

pore formation within the membrane matrix.  The precipitation of the polymer solution in 

the phase separation can be achieved by various methods. Therefore, phase separation 

method can be distinguished into following types 

1. Nonsolvent-Induced phase separation referred to as Loeb–Sourirajan process, where the 

initial polymer solution precipitation is caused by immersing into some nonsolvent bath 

which is mostly water. 

2. Temperature-Induced Phase Separation, where the precipitation of polymer solution is 

done by cooling casting solution. 

3. Evaporation-Induced Phase Separation, where the precipitation is achieved   

evaporating the solvent which is volatile from the cast polymer solution. 

4. Vapor-Induced Phase Separation (VIPS), where precipitation of the polymer solution is 

done through the nonsolvent adsorption from the vapor phase[23]. 

2.2.5 Membrane Fouling 

Membrane fouling is defined as the deposition of solute or some other species in the feed 

system onto the membrane surface or within the pores of the membrane. The gel layer 

which is formed causes a mass transfer resistance in addition to that provided by the 

membrane itself. Increment in the transmembrane pressure in such cases further densifies 

the gel layers. Membrane fouling can be because of pore geometry/tortuosity or wall 

interactions between pore and species. As a result of this, the pores of the membranes are 

blocked entirely or marginally. This resultantly causes a decline in transmembrane flux. 

Different types of membrane fouling are shown in Figure 9 which explains that fouling is 

dependent upon operating parameters such as feed concentration and also time 

dependent.[24].  
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Figure 9: Membrane Fouling Mechanisms [17] 

2.2.6 Membrane Modification: Antifouling 

The interaction of the wastewater water comprising of foulants with the membrane 

surfaces leads to scaling of these foulants on the membrane surfaces and this phenomenon 

of membrane fouling degrades the membrane performance.  

The incorporation of hydrophilic and antifouling materials such as PEG and silica- derived 

nanoparticles to achieve modification of the membrane surface or the bulk structure has 

resulted in improvement of the performance of filtration processes. This enhancement in 

the membrane antifouling is done by forming a hydration layer over the membrane 

surface. This layer enables to form an energetic barrier between the membrane surface and 

the foulants. However, the property of the hydration layer formed by these antifouling 

materials are determined by the physio-chemical properties[5].  

Among them, the most used hydrophilic material is poly (ethylene glycol) (PEG) based 

on account of its charge neutrality and ability to form water bonds that it forms via 

hydrogen bonding. The downside of using PEG is that it is easily oxidized and cannot 

maintain its hydrophilicity for long-term filtration. In addition, surface hydrophilicity of 

the nanofiltration membranes can also improve by functionalizing them with hydrophilic 
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materials such as, carbon nanotubes, graphene oxides, and silica nanoparticles.  However, 

apart from the excellent results, one main challenge is to incorporate these materials into 

the polymer matrices and keep a check on the agglomeration of these nanomaterials.  

To overcome such complications, zwitterions consisting of pendant phosphobetaine, 

carboxylbetaine, and  sulfobetaine groups, give strong surface chemistry. These 

hydrophilic materials, compared to others consist of both positively and negatively 

charged groups which allows a stronger and durable hydration layer formation due to 

electrostatic interactions. Therefore, benefitting from these strengths of durability and ease 

of functionalization, these zwitterionic materials are used to modify the membrane 

surfaces to improve their performances especially in terms of their water flux enhancement 

and improved fouling resistance[7].    

2.3 Wastewater Treatment 

2.3.1 Arsenic 

Arsenic is present in four oxidation states in the environment and is ubiquitously present 

in it. The four states of Arsenic are arsenate (+5), arsenite (+3), arsenic elemental (0) and 

arsine (-3)[25].  It is currently ranked 20th in abundance and is widely distributed across 

the earth’s crust. The wide usage of Arsenic is in agricultural fields where it is used as 

wood preservatives and pesticides. The adverse health effects caused by arsenic includes 

primarily cancer in humans. Presently huge populations worldwide, especially in the third-

world countries, suffer from arsenic poisoning which is mainly caused due to consumption 

of water and food products with arsenic contamination. Toxicity of different arsenic 

species can be different such as arsenite (+3) is more toxic than arsenate (+5). Similarly 

inorganic arsenic species are considered more harmful than organic arsenic species. Such 

as organic dimethylarsinic acid (DMAV) and monomethylarsonic acid (MMAV) are less 

toxic from the inorganic but certain intermediates monomethylarsonous acid (MMAIII) 

and dimethylarsinous acid (DMAIII) are considered more toxic giving us a trend of 

toxicities as AsV < MMAV < DMAV < AsIII < MMAIII < DMAIII[26, 27]. 
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2.3.2 Selenium 

Selenium on the other hand is a metalloid in group VIA and exists in four oxidation states 

as selenite (+6), selenite (+4), selenium elemental (0) and selenide (-2). Selenium differs 

from arsenic in a manner that it is considered as an essential nutrient for all living 

organisms[28]. It is a major component of certain selenium based enzymes and proteins 

performing essential biological functions therefore, it is vital for certain cellular processes. 

However, the toxicity of selenium happens above homeostatic requirements and the trend 

of toxicity is quite like that of arsenic with SeVI < SeIV. The major anthropogenic activity 

which are associated with the selenium mobilization in the environment is coal 

combustion to produce electric power. Previous studies have reported that selenium has 

the highest enrichment factor in coal and is the highest among the trace elements. Hence, 

the potential of selenium enrichment in industrial wastewater is compounded because the 

natural mineral concentrating processes of Se has been done during waste formation. This 

makes sustainable bioremediation of selenium a necessity in the global context [26]. 

2.3.3 Removal of Arsenic and Selenium 

Numerous separation technologies have been applied to remove As and Se from 

wastewater streams. these includes ion exchange, coagulation/precipitation, adsorption, 

oxidation/reduction and nanofiltration membranes. In this regard, based upon the 

sustainability principles, nanofiltration membranes from biodegradable polymers have 

been studied for the removal of heavy metals from wastewater.  

Several studies have been done to synthesize novel nanofiltration membranes for arsenic 

and selenium removal. Andrade et al. studied a nanofiltration treatment route having two 

nanofiltration stages and an intermediate precipitation stage for the removal of arsenic. 

Aguiar et al. worked with the simultaneous removal of As and se using combined NF and 

RO operating system. The feed for the treatment was from gold mine drainage and was 

treated with the commercial NF99 and RO membranes (HR98PP)[29].  

Yingran He et al.  is the first reported work to concurrently  remove  arsenic and selenium 

using silica based nanoparticles Polyhedral Oligomeric Silsesquioxane 

(POSS)−Polyamide by incorporating them in polymer membranes to  thin-film 
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nanocomposite nanofiltration membranes will removal efficiency of As and Se above 

90%[6].  

He et al.  was able to synthesize Zr based MOF particles UiO-66, and fabricated thin-film 

nanocomposite membranes to remove arsenic and selenium with a flux of 11.5 LMH/bar 

and a rejections of  96%[1]. 

He et al.  also successfully synthesized a hydrophilic zwitterionic co-polymer, P[MPC-co-

AEMA], and fabricated  novel thin-film composite  membranes for  arsenic and selenium 

removal with a PWP of 8.5 LMH/bar and a rejections were higher than 98%[30]. 

He at al. also studied sodium ion modified carbon quantum dot (Na-CQD)  which were 

incorporated into thin-film nanocomposite membranes for arsenic and selenium removal 

and  reported  rejections of 97.5%, 98.2% and 99.5% toward SeO3
2-, SeO4

2- and HAsO4
2- 

respectively[31]. 

Muhammad Hamad Zeeshan et al. used PA-CSBF4 membrane (40 mg C-S BF content) 

with impressive regeneration performance and reported an optimized membrane with 99 

% and 98 % rejection of arsenic(lll) and selenium ion[32].  
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Chapter 3 

Materials and Methods 

3.1 Materials 

3.1.1 Nexar Membranes 

Commercially available sulfonated pentablock copolymer (Nexar™ MD9200) was 

acquired by Kraton Polymers (Houston, TX). the Ion Exchange Capacity (IEC) of the 

polymer is 2.0 meq/g. Solvent used in the fabrication of membranes are tetrahydrofuran, 

toluene and isopropanol obtained from Sigma AldrichTM. Octaphenyl-POSS nanoparticles 

were delivered by Macklin. 

3.1.2 P[MPC-co-AEMA] 

For the synthesis of P[MPC-co-AEMA], DMSO > 99%, MPC 97 %, AEMA, the radical 

initiator, AIBN was also obtained from Sigma Aldrich. Dialysis tubing MWCO2000 was 

also purchased from the VWR. 

3.1.3 PEI-m- P[MPC-co-AEMA] Membranes 

Firstly, for the synthesis of pristine PEI membranes, PEI (MWCO: 35,000 Da), DMAC, 

PVP were acquired from Sigma Aldrich. Modification of the pristine membranes was done 

by using the above synthesized P[MPC-co-AEMA]. TEA and IPA to be used along with 

MQ water respectively as a reaction medium were purchased from Sigma Aldrich. 

3.2 Methods 

3.2.1 Nexar Membranes synthesis 

The morphology of the membranes is highly affected by the choice of solvents when thin 

films are cast from the polymer solutions. In this work, membrane films are obtained by 

casting from two different solvent or solvent mixtures. Briefly we synthesize the 

membranes using 2wt% polymer solution in different solvents. Firstly, THF was used to 

dissolve the polymer and in the second case a solvent mixture having 85% toluene and 

15% IPA was used.  For nanocomposite membranes, different loadings of POSS 
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nanoparticles were incorporated into the polymer solution using priming technique. The 

loadings of 0.2wt%, 0.5wt%, 1wt%, 3wt% and 5wt% were incorporated and 

nanocomposite films were prepared. 

To avoid macro-phase separation a slow evaporation rate was ensured, and this was done 

by covering the petri dishes was glass pans or beakers. The resultant films after the slow 

evaporation were subjected to vacuum drying for 24 hr and 20-30μm thick films were 

prepared[33]. 

 

Figure 10: Synthesis scheme of Nexar membranes 

3.2.2 P[MPC-co-AEMA] synthesis 

Synthesis of P[MPC-co-AEMA], was done through single-step one-pot free-radical 

polymerization using AIBN as the initiator. In a typical reaction, calculated amounts of 

AEMA and MPC were introduced into a two-neck round-bottomed flask containing 15 ml 

MQ water and DMSO solution at a volume ratio of 2/1 and stirred and the mixture was 

allowed to be purged with nitrogen for 1 h to remove the dissolved oxygen in the reaction 

system. This was followed by the addition of AIBN initiator and 24h of stirring in a 

nitrogen atmosphere at 70°C. The purification of copolymerization mixture was done by 

directly dialyzing the mixture using dialysis tubing (MWCO2000) for 2 days, with the 

pure water changed twice daily. The  dialyzed purified mixture was then freeze-dried to 

obtain the P[MPC-co-AEMA] white copolymer powder[34]. 
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Figure 11: P[MPC-co-AEMA] synthesis scheme 

Different amounts of MPC and AEMA monomers were introduced at molar ratios of 5:5, 

7:3, and 9:1 to tune the physicochemical properties of the P[MPC-co-AEMA] copolymer 

These are denoted as MPC:AEMA-5:5, MPC:AEMA-7:3, and MPC:AEMA-9:1 

respectively[35]. 

3.2.3 PEI-m- P[MPC-co-AEMA] Membranes synthesis 

Pristine PEI membranes were prepared by preparing 18 wt% solution in DMAC 

Moreover, 2wt % PVP was chosen as a pore former. This was followed by preparing the 

casting solution by stirring it for 18 h at 60 °C to get a homogeneous solution. To remove 

the air trapped bubbles the solution was left 12 h without stirring at room temperature. The 

membranes with the thickness of 120 µm were prepared by spreading the polymer solution 

on glass plate and casting by a membrane applicator apparatus. The glass plate was then 

immediately immersed in DI water. To achieve complete phase inversion, membranes 

were allowed to be soaked into the DI water bath for 24 h[36, 37]. 

The surface of PEI membranes were modified by grafting the synthesized P[MPC-co-

AEMA] zwitterionic copolymer as follows. A 2wt % coating solution was prepared by 

dissolving the copolymer in 9:1 (wt%) mixture of IPA and water, which  was used as one 

reaction medium[34]. 0.25wt% TEA as a catalyst with water used as a second reaction 
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medium. Predetermined molar ratios as mentioned above were used to prepare 2wt% 

solution and the PEI membrane (2.5in diameter) was sealed from both ends and placed 

inside a reaction solution[7]. 

 

Figure 12: Synthesis scheme PEI-m-P[MPC-co-AEMA] membranes 

3.3 Characterization Techniques 

3.3.1 Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

FTIR analysis was done to specify the functional groups, and interfacial interactions 

through Attenuated Total reflectance, FTIR (ATR-FTIR, BRUKER Vex 70). The main 

objectives of FTIR is to determine the characteristic functional groups from each monomer 

imparting its properties to the copolymer. The range for analysis was 4000-500 cm-1   with 

scanning frequency of 100 and resolution at 4 cm-1. The FTIR analysis of the membranes 

were also done to determine the changes in terms of the chemical functionalities.  
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Figure 13: Working mechanism of ATR-FTIR 

The working principle of ATR-FTIR spectrometer can be explained where the infrared 

light passes through a crystal, and this totally internally reflected at crystal-sample 

interface. This reflected beam goes to the FTIR detector. At the time of internal 

reflectance, this IR light partially also goes to the sample, and it absorbs it. This wave is 

referred to as the evanescent wave. Penetration depth for this wave into the sample is 

calculated by the difference between the ATR crustal and sample refractive index. For 

different types of samples, different ATR sensors are used of different materials[38]. 

3.3.2 Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic resonance (NMR) is another spectroscopic technique which is based on 

the spinning nucleus that gives rise to a magnetic field. The nuclei sample is placed in the 

magnetic field which is then excited to nuclear magnetic resonance by the use of radio 

waves.  In NMR 600Mhz Bruker Avance, signal is generated because of this which is 

detected with radio frequency receiver. Intermolecular magnetic field surrounds an atom 

which varies the resonance frequency. This can provide the structural and compositional 

details of the molecules. Since the chemical environment of each molecule is different, 

the resonance frequencies of them will also be different. This allows to have the unique 

NMR spectra of different molecules. A few of the features which NMR can be used for is 

to characterize stereoisomerism, sequence- and structural isomerism and look at the 

copolymer composition[39]. 
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Figure 14: Working Mechanism of NMR 

H-NMR is done to confirm the synthesis of copolymer. Different resonance spectra for 

the copolymers in different environments than the monomers can be seen in the H-NMR 

spectra of copolymers. The shift of the peak caused by the synthesis of the copolymers 

can be observed in the NMR spectra which supports the work done further. 

3.3.3 Thermogravimetric Analysis (TGA) 

A typical TGA analysis is done on a working principle where mass loss has occurred if a 

thermal event causes the loss of volatile materials. Chemical reactions including 

combustion causes mass losses, whereas physical changes such as melting are not 

associated with mass loss.  A  typical TGA plots the  mass loss of sample  against 

temperature or time to show the event of loss of components during a thermal exposure 

such as loss of plasticizers or solvents, hydration water,  and decomposition of the 

material[40]. 
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Figure 15: Working Mechanism of TGA 

TGA of the zwitterionic copolymers was done to analyze the mass loss of the individual 

monomers present inside the copolymers with varied molar ratios. In addition, they can 

also give the quantitative analysis of the copolymer composition when compared with 

other spectroscopic techniques for composition analysis.  

3.3.4 Scanning Electron Microscopy (SEM) 

SEM is characterized by generating largely magnified image using electron beam instead 

of the conventional method. The electron gun which is fitted placed at the top of the 

microscope is responsible for producing an electron beam which goes vertically through 

the microscope and is then held within a vacuum. This beam passes through 

electromagnetic fields and lenses and is focused down towards the sample.  As this beam 

hits the samples, X-ray and electrons are ejected which is collected by the detector. The 

detector collects all the back-scattered electrons, secondary electrons and the X-rays. 

These electrons are then converted into a signal that is sent to a screen which allows them 

to be imaged[41]. 
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Figure 16: Working Principle of SEM 

Surface morphologies of the membranes were analyzed using SEM where the top section 

of the Nexar membranes as well as the cross sectional view of the thus formed membranes 

were imaged to observe the assembly formed by the BCP. In the case of the zwitterionic 

modified PEI membranes, the cross sectional view of the membranes were imaged to 

observe the changes caused by the surface modification by the copolymer.  

3.3.5 Atomic Force Microscopy (AFM) 

AFM dimension icon was used to analyze the surface roughness parameters of 

membranes. The probe performs the scanned sample surface, the contact force which 

generated between the probe tip and scanned surface causes a small elastic deflection of 

cantilever. This cantilever deflection is then measured   through reflection of a laser beam 

to a photodetector which records the movement the laser beam reflected. The signal which 
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is generated from the photodetector is converted to a topographic image of the sample 

scanned surface[42]. 

 

Figure 17: Working Principle of AFM 

This AFM dimension icon perform imaging techniques on the sample that are placed 

inside the chamber and the range of imaging is up to 210mm in diameter. AFM of the 

membrane modified can be analyzed and the effect of the modification on the surface 

topography can be studied through various surface roughness parameters. 

3.3.6 Drop Shape Analyzer (DSA) 

Water contact angle can be described as the angle formed between a liquid droplet and the 

active top layer surface of a membrane. This can be determined through the drop shape 

analyzer (DSA). Liquid molecules tends to generate angles as they interact with molecules 

of solid, liquid, and gas at a threes phase boundary[43].  
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Figure 18: Working mechanism of DSA 

The wetting ability of the polymer surface hydrophilicity can be determined by the contact 

angles.  Angle formed between the active top layer and a liquid droplet can give the 

hydrophilic measure of the materials as an angle less than 90 the is hydrophilic whereas, 

contact angles greater than 90 degrees are deemed to be on the hydrophobic side.  

3.3.7 Water Uptake 

The hydrophilicity of the membrane can also be determined using a parameter named 

water uptake. To calculate the water uptake, three sets of 1×1 cm2 membrane area was 

taken. Samples were oven dried for 6 hours at 60℃ for the removal of trapped moisture 

and weighed. The samples were then immersed in DI water for 48 hours and weighed 

again by wiping the surface water. Then the water uptake was calculated using the 

following equation[44] 

 

𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒(%) =  
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
× 100 

3.4 Dead-end Filtration 

A unit HP4750- Sterlitech with an operative membrane area of 0.00146 m2 Dead end 

stirred batch cells were used in membrane rejection experiments to test the changes cause 
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by the solvent on morphology of membrane and to test the salt rejections as well as the 

antifouling properties. 

 

Figure 19: Working of Dead-end Filtration process 

The experimental setup comprised of the following components 

• a nitrogen cylinder to purge the cell and provide the desired transmembrane 

pressure 

• dead-end vessel 

• membrane filtration template of known area 

• polymeric membrane  

• permeate container  

The feed stream for dead-end filtration is DI water and synthetic wastewater. Initially, the 

system was allowed to run for almost 10 minutes to stabilize its flow and pressure. 

Operating pressure for the dead-end filtration was 2 bar.  Experiment was conducted at 

room temperature for 1 hour for short term experiments to achieve the constant flux. 

Finally, permeate was collected in beaker for every 10 minutes.  

3.4.1 Pure Water Permeability (PWP) 

Pure water permeability measurement was performed using the dead-end filtration 

equipment (Sterlitech HP 4750, USA). The feed stream for pure water permeability 

measurement was DI water.  Initially, the system was allowed to run for almost 10 minutes 
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to stabilize its flow and pressure. Operating pressure for the dead-end filtration was 10 

bar.  Experiments were conducted at room temperature for 1 hour to achieve a constant 

flux. Finally, permeate was collected in a container for each run.[45]. 

𝑗 =
𝑉

𝐴 × 𝑇
 

Where, J is the flux, L/m2 h, T is the time in hours, A is the total area of the membrane in 

m2, and V is the Volume of the permeated water in Liters.  

The permeability (Lm-2h-1/bar) was calculated using the equation below 

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐹𝑙𝑢𝑥

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
 

3.4.2 Arsenic and Selenium Rejection 

The feed stream for arsenic and selenium rejection measurements was prepared using 

100ppm of both arsenic and selenium in ratio (1:1).  This mixed feed was then subjected 

to the membranes via dead end filtration. The mode of experimentation was similar to that 

done for the pure water permeability measurement.  The permeates of the samples were 

then analyzed for salt rejection by determining the concentrations of arsenic and selenium 

in the permeate through atomic absorption spectroscopy (AAS Vario 6, Analytik Jena AG 

(3111B APHA)). 

The rejections (%) can be then calculated as follows 

𝑅(%) = 1 − (
𝐶𝑝

𝐶𝑓
) × 100 

Cp and Cf are the concentrations of the solute in the permeate and feed sides[30] 
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Figure 20: FTIR spectra of the P[MPC-co-AEMA] copolymer and monomers 

 

Chapter 4 

Results and discussion 

4.1 Polymer characterization 

The synthesis of the zwitterionic random copolymer P[MPC-co-AEMA] was done 

through single-step one-pot free-radical polymerization between MPC and AEMA using 

AIBN initiator. The conformation of the copolymer synthesis is primarily discussed in 

terms of the characteristics of both the monomers which they impart to the copolymer. 

The hydrophilic chain MPC and amino chains of AEMA are discussed and analyzed in 

the section below using FTIR, NMR and TGA to confirm the presence of the above 

mentioned properties in the copolymer. 

4.1.1 Fourier Transform Infrared Spectroscopy  

The FTIR spectra of the copolymer with respect to the monomer in Fig. 20 confirms the 

chemistry of the copolymer. The strong peak that appears around 1728cm-1 is assigned to 

the C=O of the ester group, whereas the peaks appearing at 1240. 1089. and 970cm-1 are 

attributed to POCH2 and C+CH3 groups, respectively. These peaks suggest the presence 

of the MPC segments in the copolymer. The absorption at 1621 and 700cm-1 corresponds 

to the NH2 groups that comes from the AEMA segments[34]. 
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Figure 21: FTIR spectra of the P[MPC-co-AEMA] copolymer with different molar ratios 

The presence of these peaks coming from both monomers can also be seen in Figure 21 

where the FTIR spectra of the copolymer with different molar ratio is shown. By 

increasing the MPC content of the copolymer, the hydrophilic properties of the copolymer 

are intended to be improved and at the same time the amino segment of the copolymer 

coming from AEMA is also to be kept intact. The intensity of the amino group is 

decreasing by decreasing the AEMA amounts in the copolymerization reaction[7]. 

Therefore, an ideal molar ratio based upon the improved hydrophilic and antifouling 

properties of the membranes will decide the ideal molar ratio of the copolymer.   

4.1.2 Nuclear Magnetic Resonance 

Proton nuclear magnetic resonance (1H NMR) spectra of P[MPC-co-AEMA] further 

provides the copolymer analysis. This compositional analysis of the copolymer was done 

by H-NMR spectroscopy where D2O was used as a solvent. The vinyl resonance of the 

monomers which appears in the range of  5.3-5.8 ppm to the methyl resonance of the 

polymer  that  appears between 0.5-1.4 ppm is compared for the copolymer synthesis. [46].  
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Figure 22: Proton nuclear magnetic resonance (1H NMR) spectra of (a) MPC (b) AEMA (c) 

P[MPC-co-AEMA] 

The NMR spectra of the copolymer as shown in Fig. 22 further confirms the synthesis of 

the zwitterionic copolymer. Different peaks corresponding to the different proton 

environments can be seen as per the chemical structure of the copolymer.  

4.1.3 Thermogravimetric Analysis 

Thermogravimetric analysis of the copolymers with different molar ratio of both the 

monomers was performed as shown in Figure. TGA curves also confirms the synthesis of 

the copolymer where two different degradation curves corresponding to the degradation 

temperatures of both the monomers are formed. The initial weight loss until 100oC is 

because of the hygroscopic moisture and complexes bound water released. Increasing the 

molar ratio of the MPC content is visible in the TGA curves where the curves shift towards 
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the right in the MPC degradation section which starts from 250oC till 350oC. Afterwards 

the AEMA segment of the copolymer undergoes degradation. 

 

Figure 23:  TGA curves of the P[MPC-co-AEMA] copolymer with different molar ratios 

4.2 Membrane Characterization 

4.2.1 Fourier Transform Infrared Spectroscopy 

ATR-FTIR characterization was performed to investigate the chemical structures of the 

prepared Nexar nanofiltration membranes. The spectrum shows a strong peak in the range 

of 1026.59-1241.80 cm-1 in both membranes resulting from the symmetrical and 

asymmetrical stretching of SO3
-. This band confirms the Nexar presence in the 

membranes. C-S styrene band can be observed in the range of 586.12-836.45 cm-1[47]. The 

medium peak of C-H bending for aromatic compound is observed at 1635.62 and 1656.30 

cm-1 in THF and IPA/Tol blend membrane respectively. Peaks appearing at 2921.78 and 

2920.26 cm-1correspond to the C-H bond in THF and IPA/Tol blend membrane 

respectively[48]. The presence of peak around the range of 900cm-1 is due to the presence 
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of the POSS nanoparticles in the Nexar membranes responsible for imparting the 

hydrophilic properties to the nanocomposite membranes. 

 

Figure 24: FTIR Spectra of Nexar membranes with THF as solvent 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: FTIR Spectra of Nexar membranes with IPA and Toluene as solvent 
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ATR-FTIR characterization was done to determine the of the prepared chemistry of the 

PEI and modified membranes. As shown in the Figure 26 the FTIR spectra of the 

membranes when modified with the random zwitterionic copolymer the peaks from the 

copolymer compromising of both MPC and AEMA segment appears confirming that the 

amino groups responsible for the linkage are also present along with the hydrophilic MPC 

functional groups. The peaks at 1240, 1090, and 970 cm−1 were attributed to the O–P=O- 

and N+(CH3) groups, indicating the presence of MPC segments on the reacted membrane 

surface. The peaks assigned to 1621cm-1 and 700cm-1 is attributed to that of AEMA 

segment linked to the PEI membranes[7].  

 

Figure 26: FTIR spectra PEI-m-P[MPC-co-AEMA] membranes with water and TEA 
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4.2.2 Scanning Electron Microscopy 

Surface morphologies of the membrane is shown in Fig.28. Top and cross sectional 

imaging of the membranes are done along with the EDX analysis. In Fig.28(i)a the top 

active layer of Nexar membrane having IPA+Toluene as solvents is shown. The 

membrane exhibits a smooth surface without pores [49]. The cross-sectional imaging of 

the same membrane shown in Fig28(i)b illustrates the internal dense structure of the 

membrane and shows a width of 18.12 ± 0.93µm. The width of the Nexar membrane with 

0.5wt% POSS loading increases giving its value of 31.08 ± 0.43 µm as shown in 

Fig.28(ii)b. The variation in the width can be attributed to the nanofiller loading. Since, 

with POSS incorporation the cross-sectional width of the membrane increases. Higher 

POSS loading can lead to agglomeration or non-uniform dispersion of the POSS 

nanoparticles[6]. This will cause increased cross-sectional thickness which can result in 

the loss of flux. EDX analysis of the pure Nexar membranes and POSS incorporated 

membranes is done as shown in Fig.28(i)c and Fig. 28(ii) c respectively. The presence of 

Figure 27: FTIR spectra PEI-m-P[MPC-co-AEMA] membranes with water and IPA 
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silicon in the POSS incorporated membranes can be seen in the EDX spectra shown in 

Fig. 2(ii) c. This can further confirm the presence of the nanofiller in the membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The cross-sectional structures of all the prepared membranes were investigated using 

SEM. The influence of the modification of the membranes with P[MPC-co-AEMA] on 

the resultant membrane structure.  

Figure 28: SEM images of (i) Nexar membranes with IPA and Toluene as solvent (a) Top 

Section (b) Cross-section (c) EDX analysis (ii) 0.5wt% POSS incorporated Nexar membranes 

with IPA and Toluene as solvents (a) Top Section (b) Cross-section (c) EDX analysis 
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As shown in Figure 28, the cross-sectional view of the PEI membranes and the 

copolymeric modified membranes are shown. The formation of the hydrophilic layer can 

be visualized from the cross-sectional view resulting in the change in the morphology of 

the membrane. The formation of these channels further facilitates the flux through the 

membrane which can be seen in the membrane flux when subjected to pure wastewater. 

 

Figure 29:  Cross sectional SEM images of (a) Pure PEI (b) PEI-m-P[MPC-co-AEMA] (7:3) 

with water and TEA (c) PEI-m-P[MPC-co-AEMA](7:3) with water and IPA 

4.2.3 Atomic Force Microscopy 

Surface roughness parameters of the Nexar membranes were determined by AFM.  The 

scan size of the membranes was 1 by 1 µm, 3D AFM photos of the top surfaces of all the 

membranes were acquired. On the surface topography, the light parts defined the heights 

while the dark regions revealed depths.  As seen in Table 2 and 3 the surface roughness 

parameters were measured. Roughness average (Ra), Root mean squared roughness (Rrms) 
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and Maximum roughness (Rmax) were also measured for these membranes. With increase 

of the POSS loadings the surface roughness parameters were seen to be increasing. This 

can further be extended to the agglomeration of the POSS nanoparticles with higher 

loadings since they tend to accumulate when loaded in larger amounts. 

 

Figure 30: AFM images of (a) Pure Nexar (b) 0.5wt% POSS (c) 5wt% POSS with THF as 

solvent 

 

Figure 31: AFM images of (a) Pure Nexar (b) 0.5wt% POSS (c) 5wt% POSS with IPA and 

Toluene as solvent 

 

 

 

 

 

 

Table 2: Surface roughness parameters determined by AFM for Nexar membranes with THF as solvent 
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Table 3: Surface roughness parameters determined by AFM for Nexar membranes with THF and 

IPA+Toluene as solvents 

 
Similar, for the surface topography of the PEI membranes modified with the copolymer, 

the surface roughness parameters were measured. Roughness average (Ra), Root mean 

squared roughness (Rrms) and Maximum roughness (Rmax) were also measured for these 

membranes. From Table 4 and 5 it can be seen, with increasing the molar ratio the 

roughness average as well as the maximum roughness is increasing. This can be attributed 

to the  grafting  copolymer concentration which is varied and employed  surface chemical 

modification process[5]. In comparison to the surface roughness of the pure PEI, surface 

roughness for the  copolymer modified membranes increases, which can be deemed better 

in terms of filtration processes[50].  

 

 

 

 

 

Figure 32: Figure 31: AFM images of (a) Pure PEI (b) PEI-m-P[MPC-co-AEMA] (5:5) with water and 

TEA (c) PEI-m-P[MPC-co-AEMA] (7:3) with water and TEA (d) PEI-m-P[MPC-co-AEMA] (9:1) 

with water and TEA 
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Figure 33: AFM Images of (a) Pure PEI (b) PEI-m-P[MPC-co-AEMA] (5:5) with water and IPA 

(c) PEI-m-P[MPC-co-AEMA] (7:3) with water and IPA (d) PEI-m-P[MPC-co-AEMA] (9:1) 

with water and IPA 

  

Table 5: Surface roughness parameters determined by AFM for PEI-m-P[MPC-co-AEMA] 

with Water and TEA 

Table 4: Surface roughness parameters determined by AFM for PEI-m-P[MPC-co-AEMA] 

with Water and IPA 
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4.2.4 Water Contact Angle  

The hydrophilic properties of the Nexar membranes were determined by measuring their 

WCA for 2 min continuously. Pure Nexar membranes with both THF and IPA/Toluene 

membrane gave a higher WCA in borderline hydrophilic range around 85o and the 

reduction of WCA over 2 min was very small. The initial lowest WCA is for 0.5wt%POSS 

in both THF and IPA/Toluene solvents. It starts around 77o and decreases to 72o for nearly 

both. For higher POSS loadings the decrease in the water contact angles over the period 

of 2 min can be seen with higher initial contact angles when compared to the 0.5wt POSS. 

This may be hypothesized that higher loading causes an agglomeration of POSS. This 

agglomeration may cause sudden trends. 

 

Figure 34: Water Contact Angles of Nexar membranes with THF as solvent 
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Figure 35: Water Contact Angles of Nexar membranes with IPA+Toluene as solvent 

The hydrophilic properties of the   PEI and copolymer modified membranes were 

determined by measuring their WCA for 2 mins. Pure PEI membrane gave a WCA of 

approximately 700 and the reduction of WCA over 2 min was very small.  After the 

membrane was modified with P(MPCAEMA), the surface hydrophilicity of the 

membranes noticeably increased[7]. As shown in Figure 35 and 36, the initial WCAs of 

PEI-m-P[MPC-co-AEMA] decreased from 70o with different copolymer ratio. The WCA 

for 5:5, 7:3 and 9:1 gradually decreased from the initial values over 2 min time.  The WCA 

of the membrane modified with 7:3 copolymer had the lowest initial WCA for both 

systems i.e., 29o for water and TEA and reduced to 21o after 2 mins. Similarly for water 

and IPA, the initial WCA was 26o and decreased to 22o. This decrease in the contact angle 

can be explained in terms of MPC being more dominant in 7:3 copolymer with AEMA in 

sufficient amounts to provide the linkage to the membrane surface. In 9:1 copolymer, 

insufficiency of AEMA may well be the reason of the lesser hydrophilicity as compared 

to the membranes modified with 7:3 copolymer. 
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Figure 36: Water Contact Angles of PEI-m-P[MPC-co-AEMA] 

membranes with Water+TEA 

Figure 37: Water Contact Angles of PEI-m-P[MPC-co-AEMA] 

membranes with Water+IPA 
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4.2.5 Water Uptake 

Water uptake of the Nexar membranes were also in correspondence with the other results. 

The maximum water uptake was 170% for the 0.5wt% POSS loading. The water uptake 

for IPA/toluene solvents prepared membranes were found to be more than those for the 

THF solvent[44].  

For the PEI membranes, the water uptake was in a similar trend with PEI membranes 

modified with 7:3 copolymer exhibiting a higher uptake as compared to the control and 

membranes with other copolymer modification. The water uptake for both modification 

systems are marginal for 7:3 membrane modification. PEI-m-P[MPC-co-AEMA] with 

water and TEA gives water uptake up to 238% whereas water and IPA gives 222%.  

 

Figure 38: Water Uptake for Nexar membranes with THF and IPA+Toluene as solvents 
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4.3 Membrane Testing 

4.3.1 Pure Water Permeability 

Pure Water Permeability of the Nexar membranes were calculated as shown in Fig.40. 

The membrane with 0.5wt% POSS loading in IPA+Toluene showed the highest PWP of 

95 LMH/bar. Increasing in the POSS loading decreased the PWP to 33LMH/bar. PWP of 

the membranes in IPA +Toluene are significantly higher than their respective counterparts 

in THF. This can be attributed to the self-ordering globular structure synthesized while 

using IPA+Toluene. In case of THF, the hypothesis of nano-highways seems to constrict 

the sulfonated middle core reducing the water-selective passage[33]. With further increase 

in the POSS loading the flux reduced which can be attributed to an increased chain rigidity 

and decreased chain spacing. This reduced flux can also be due to the addition of POSS 

nanoparticles over the threshold that may result in an increased mass transport resistance. 

The non-uniform dispersion of high loading POSS nanoparticles causing agglomeration 

and reduce the water uptake which corelates to the water uptake in the section above[6].  

Figure 39: Water Uptake for PEI-m-P[MPC-co-AEMA] with Water+TEA and Water+IPA 
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Figure 40: Pure Water Permeability for Nexar membranes with THF and IPA+Toluene as 

solvents 

Similarly, PWP for the PEI modified membranes were also calculated which showed the 

trend in correspondence to the above mentioned results. The PWP were reported to be 

high for water and IPA system compared to the water + TEA. The PWP of the membranes 

modified with 7:3 copolymer with water and IPA gave the highest PWP of 17 Lm-2h-1bar-

1. With higher molar ratios the PWP declined. The PWP of the membranes with Water 

and TEA gave considerably low fluxes can be explained in terms of the pore sizes that are 

reduced when modified using TEA as a catalyst[7].   
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4.3.2 Arsenic and Selenium Rejections 

Arsenic and selenium rejections for the Nexar membranes were calculated as shown in 

Fig. 42 (a) and (b). The permeate samples from the dead-end filtration were analyzed for 

arsenic and selenium concentrations. The rejections for all the membranes seemed to be 

promising once compared to the literature. For 0.5wt % loadings, the rejections for arsenic 

were the highest of 98.22% whereas for selenium the rejection was highest with values of 

98.05% for IPA and Toluene as solvents. The high values of rejections for 0.5 wt% 

membranes along with maximum flux as reported in the above section makes it the best 

performing membrane. With uniform POSS dispersion it serves to act as a nanofiller that 

also tightens the pores. Thus, aiding to the improved rejections compared to the pure Nexar 

Figure 41: Pure Water Permeability for PEI-m-P[MPC-co-AEMA] with Water+TEA and 

Water+IPA 
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membranes[6]

 

Figure 42: Arsenic and Selenium rejections for Nexar membranes with (a)THF (b) IPA+Toluene 

as solvents 

Rejections for the PEI modified with the copolymer membranes shown in Fig. 43 (a) and 

(b) were found to be somewhat higher than the above mentioned. For the membranes 

modified with water+ TEA as a catalyst, the rejection percentages were found out to be 

higher than those which were modified with IPA and water. The highest rejection for 

arsenic and selenium were both found out to be with 7:3 copolymer modified membranes 

giving rejections 99.49% and 98.78% respectively. These enhanced rejections using TEA 

can be explained in terms of reduced pore size by using TEA instead of IPA with water[7].    

 

Figure 43: Arsenic and Selenium rejections for PEI-m-P[MPC-co-AEMA] with(a) Water+TEA 

(b) Water+IPA 
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Conclusion 

In this study we have synthesized and characterized nanofiltration membranes for heavy 

metals treatment from synthetic wastewater. In the first phase of the research work, a 

sulfonated block copolymer Nexar was chosen as the polymer and membranes were 

synthesized using two solvents THF and   IPA/Toluene. POSS as an antifouling nanofiller 

was used to impart its properties to the membrane system. Different loadings of POSS 

nanoparticles were incorporated into the polymer solution to analyze the effects of the 

hydrophilic agent in the polymer matrix. After the synthesis of the nanofiltration block 

copolymeric membranes these were characterized using analytical techniques such as 

FTIR, AFM, FTIR and WCA which allowed them to be analyzed from macroscopic to 

microscopic levels. These membranes were then subjected to dead-end filtration to get 

tested for Arsenic and selenium removal efficiency.   

In the second phase of the research work, synthesis of a zwitterionic copolymer was done 

initially. The synthesis of these new-generation hydrophilic materials was done through 

one-pot free radical copolymerization. This copolymer consisting of a hydrophilic part 

MPC and amino linkage AEMA was the focus of study with their molar ratios varied. In 

this regard, three different molar ratios of MPC:AEMA were synthesized during the 

copolymer synthesis namely 5:5, 7:3 and 9:1. These copolymers were then characterized 

to confirm their chemistry as well as determine their composition. This was done using 

FTIR, TGA and NMR. Next these copolymers were used to modify the surface of PEI 

nanofiltration membranes. These membranes were allowed to interact with the 

copolymers in Water and IPA as first medium. Water and TEA as catalysts were also used 

to allow the surface modification of the PEI membranes. These membranes were also then 

analyzed using the same above mentioned analytical tools and finally subjected to dead-

end filtration to test them for arsenic and selenium rejections. 

The last part of the study was the comparative analysis of both works done based on results 

obtained from both works. In this regard, the first comparison was done by analyzing the 

contact angles of the membranes. With zwitterionic materials expected to impart its 

hydrophilic properties to the membranes, the WCA as low as 220 were observed whereas 
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for the Nexar membranes with POSS incorporated the WCA were not as low. Based on 

the rejections, the membranes were also compared with the copolymeric membranes 

modified with water and TEA showing superior results than its counterpart as well as those 

with POSS incorporated Nexar membranes with rejection of 99.49% and 98.78% for 

arsenic and selenium respectively.  But these enhanced rejections can compromise the 

high flux rate as seen in the results where the flux of membranes with water and IPA were 

comparatively higher. Therefore, the need for the optimization of flux and selectivity will 

be always considered moving forward into such cases 

Future Recommendations 

• Nexar nanofiltration membranes provides a balance between selectivity and flux. 

Such properties make it viable for other water treatment application.  

• POSS nanoparticles usage can also be extended to other polymer matrices. 

• Different functionalized POSS nanoparticles can also be used with Nexar as a 

hydrophilic nanofiller.   

• Zwitterionic copolymers are the next generation of hydrophilic materials. Many of 

such nature are currently studied and synthesized. 

• The interaction of such copolymers with different polymers can be studied since 

there are number of ways to add such copolymers into polymer matrix.  
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