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ABSTRACT 

This thesis presents a new approach to produce mix matrix membranes using block 

copolymers and inorganic nanoparticles having magnetic properties. The polymeric 

nanoparticle with different morphologies (linear, Spheres, worms, and vesicles), from poly 

(methacrylic acid)-b-(methyl methacrylate) diblock copolymer, were synthesized using 

Reversible addition!fragmentation chain transfer polymerization (RAFT) in ethanol at 70 

 C. The inorganic counterpart, iron oxide nanoparticles were prepared using different 

stabilizers at various temperatures to acquire the necessary surface charge and magnetic 

properties. The chemistry of the particles leads to form both hydrophobic membranes using 

non-solvent induced phase separation as well as a hydrophilic membrane by using the 

simple spin coating technique with the particles from polymerization induced self-

assembly. By a detailed experimental study of the membrane filtration, the influence of 

different parameters on the process performance has been investigated with and without 

magnetic field. Finally, membrane fouling has been studied using protein solution. Also, 

the membrane performance was examined under magnetic field revealing the successful 

reduction in the fouling phenomenon making them new performant membranes in the area 

of membrane technology.  

Keywords: Mixed matrix membranes, Diblock copolymer, Polymerization Induced self-

assembly, Fouling, Magnetic membranes 
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RÉSUMÉ 

Ce travail de thèse propose une nouvelle approche pour la préparation de membranes à 

matrice mixte basée sur l’utilisation de copolymères à blocs et de nanoparticules 

inorganiques disposant de propriétés magnétiques. Des aggrégats de copolymères ont été 

préparés avec une morphologie variée (sphères, cylindres et vésicules) à partir du 

copolymère poly(acide méthacrylique)-b-poly(méthacrylate de méthyle). Ce dernier a été 

synthétisé par polymérisation radicalaire contrôlée par transfert de chaîne réversible par 

addition-fragmentation (RAFT) dans l’éthanol à 70°C. Des particules d’oxyde de fer ont, 

quant à elles, été préparées en présence de différents stabilisants à température variée pour 

permettre d’atteindre la charge de surface et les propriétés magnétiques recherchées. La 

structure des copolymères à bloc a permis d’obtenir à la fois des membranes hydrophobes 

via le procédé de séparation de phase induite par un non-solvant, ainsi que des membranes 

hydrophiles lorsque que la technique de spin-coating était appliquée aux aggrégats formés 

par auto-assemblage induit lors de la polymérisation. Grâce à l’étude détaillée des 

propriétés de filtration des membranes obtenues, la relation structure-propriété a été 

discutée sous l’action d’un champ magnétique externe. Enfin, la sensibilité au colmatage a 

été vérifiée via la filtration de solutions de protéines. Il a ainsi été démontré une diminution 

notable du colmatage sous champ magnétique, ouvrant de belles perspectives pour ces 

nouvelles membranes. 

Mots clés : Membrane à matrice mixte, copolymère diblocs, Auto-assemblage induit par 

polymerization, colmatage, membranes magnétiques. 
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RESUMEN 

Esta tesis presenta una nueva aproximación a la producción de membranas de matrices 

mixtas, mediante copolímeros bloque y partículas inorgánicas con propiedades magnéticas. 

Las nanopartículas poliméricas con diferentes morfologías (lineal, esferas, gusanos, y 

vesículas) a partir del copolímero di-bloque: ácido polimetacrílico-b-metilmetacrilato han 

sido sintetizadas utilizando una polimerización por adición, fragmentación y transferencia 

de cadena reversible (RAFT) en etanol a 70ºC. La contraparte inorgánica, nanopartículas 

de óxido de hierro, ha sido preparada utilizando diferentes estabilizadores a varias 

temperaturas para adquirir la carga en la superficie y las propiedades magnéticas 

necesarias.La propiedades químicas de las partículas conducen a la formación de 

membranas hidrofóbicas mediante separación de fases inducida por no disolventes (NIPS), 

así como a la formación de mebranas hidrofílicas utilizando la técnica de recubrimiento 

por rotación simple de las partículas mediante autoensamblaje inducido por 

polimerización. Mediante un estudio experimental detallado de la filtración de la 

membrana, la influencia de diferentes parámetros en el rendimiento del proceso ha sido 

analizado en presencia y ausencia de campo magnético. Finalmente, el ensuciamiento de 

la membrana han sido estudiadas utilizando una disolución de proteínas. Asimismo, el 

rendimiento de la membrana ha sido examinado en presencia de campo magnético, dando 

como resultado una disminución en el ensuciamientode la membrana. Estos resultados 

confirman que estas nuevas membranas poseen altas prestaciones en el área de la 

tecnología de membranas.  
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Palabras clave: Membranas de matrices mixtas, copolímero di-bloque, autoensamblaje 

inducido por polimerización, degradación/saturación de la membrana, membranas 

magnéticas.         
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SUMÁRIO 
 

Esta tese descreve uma nova abordagem para a produção de membranas de matriz mista 

utilizando copolímeros em bloco e nanopartículas inorgânicas com propriedades 

magnéticas. As nanopartículas poliméricas com diferentes morfologias (linear, esferas, 

vermiculares e vesiculares), foram sintetizadas a partir de um copolímero em dibloco de 

polimetacrilato de metilo-b-metacrilato, através de transferência reversível de cadeia por 

adição – fragmentação (reversible addition – fragmentation chain transfer polymerization-

RAFT) em etanol a 70 "C. A componente inorgânica, nanopartículas de óxido de ferro, foi 

preparada usando diferentes estabilizadores a temperaturas distintas por forma a 

adquirirem a carga superficial e as propriedades magnéticas necessárias. As características 

químicas das partículas permitem a formação de membranas hidrofóbicas pela técnica de 

separação de fases induzida por adição de não-solventes, bem como de membranas 

hidrofílicas usando a técnica de revestimento por rotação (spin-coating) com partículas 

mediante autoassemblagem induzida por polimerização (polymerization induced self-

assembly). Foram realizados estudos detalhados de filtração com as membranas, por forma 

a compreender a influência do campo magnético nos diferentes parâmetros do processo e 

no desempenho das membranas na presença e ausência de campo magnético. Finalmente, 

foram realizados estudos de permeação usando soluções de proteína. O desempenho da 

membranas foi avaliado na presença de campo magnético, tendo revelado a redução de 

fenómenos de colmatação e a sua aplicação promissora destas novas membranas na área 

de tecnologia de membranas. 

 



x 
 

Palavras-chave: Membranas de matriz mista, copolímeros em dibloco, autoassemblagem 

induzida por polimerização, colmatação da membrana, membranas magnéticas. 
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General Introduction 
 
In the past few decades, membrane-based separation processes have shown enormous 

progress and have proved their potential as promising separation technology. There has 

been more focus given to the synthesis of new varieties of membranes. Recently the 

self-assembly of the block copolymer has gained the increasing attention as membranes 

because of their amphiphilic characters. The formation of mixed matrix membranes 

with block copolymers and inorganic nanoparticles will improve the inbuilt qualities of 

block copolymer membrane. These hybrid membranes become exceptional when the 

membrane performance is enhanced due to the characteristics of the building blocks 

used such as magnetic properties by incorporating iron oxide nanoparticles and biocidal 

properties by incorporation of silver nanoparticles. This thesis presents the preparation 

of Block copolymer hybrid membranes where the membrane gained the magnetic 

properties because of incorporation of iron oxide nanoparticles. The magneto 

responsive membranes exhibited an improved performance especially in reducing 

fouling/ concentration polarization during protein separation.   

This Ph.D. thesis has been carried out in the framework of an Erasmus Mundus 

Doctorate program in Membrane Engineering (EUDIME). It involves three partner 

universities which are part of the EUDIME consortium, namely University of 

Montpellier (UM), France; Universidad Zaragoza (UNIZAR), Spain; and Universidade 

Nova de Lisboa (UNL), Portugal. The thesis presents an innovative and 

multidisciplinary approach starting from the synthesis of building blocks and the 

manufacturing of new mixed matrix membranes along with their performance 

under a magnetic field to reduce membrane fouling/concentration polarization. 

The synthesis of polymeric nanoparticles and part of inorganic nanoparticles synthesis 

were carried out in UM. The synthesis of inorganic nanoparticles and the detailed 

characterization were done in UNIZAR. The final membrane performance under 

magnetic field and its effect on fouling were carried out in UNL.  

In this thesis, a new type of block copolymer based mixed matrix membranes using two 

different approaches have been studied in detail. In the first case, different 

morphologies of polymeric particles are prepared by Polymerisation Induced Self- 

Assembly (PISA) approach followed by MMMs preparation by using INPs. In the 
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second case, the polymeric particles are synthesized using linear diblock copolymer and 

INPs coated with different stabilizers followed by synthesis of MMMs using Non-

solvent induced phase separation (NIPS) procedure. By exploiting unique features of 

these membranes given by magnetic particles, this study aims to improve the membrane 

performance by diminishing fouling/concentration polarization effects under magnetic 

field. To better present the key issues and the obtained results, this thesis is divided into 

ten chapters.  

Chapter 1.1 gives a concise description of the block copolymer based membranes and 

their synthesis by different techniques. Besides, it presents a review of the literature 

concerning the factors involved in the formation of micelles and pores.  

Chapter 1.2 presents the detailed review of the literature on mixed matrix membrane 

fabrication by use of metal oxide nanoparticles as an inorganic counterpart. The focus 

has been provided to metal oxides like MgO, Fe2O3, Fe3O4, and TiO2 along with silver 

NPs as filler in the formation of MMMs. 

Chapter 1.3 presents the description of block copolymer synthesis by Reversible 

Addition Fragmentation chain Transfer polymerization (RAFT) along with the 

evolution of different morphologies of polymeric nanoparticles by Polymerization 

Induced Self-Assembly (PISA). The chapter also has a summary on the synthesis of 

magnetic nanoparticles. 

Chapter 2 gives the detailed insight on the development of complete phase diagram 

via an ethanolic PISA formulation based on PMAA-PMMA diblock copolymer. It also 

deals with the very first time the preparation of porous thin film membranes from 

nanoparticles of different morphologies. 

Chapter 3 provides the information on synthesis of novel block copolymer based 

mixed matrix membranes using iron nanoparticles and their performance using feed 

solution with different pH. 

Chapter 4 gives the detailed description of the synthesis of block copolymer mixed 

matrix membranes using linear PMAA-PMMA diblock copolymer and iron 

nanoparticles coated with various stabilizers using Non-solvent induced phase 

separation procedure (NIPS).  

Chapter 5 presents the description of the behavior of membranes from PISA formed 

particles and INPs under magnetic field with strength varying from 0 to 1.15T using 

water as feed.  
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Chapter 6 deals with the effect of magnetic field on the reduction of fouling/ 

concentration polarization effects on mixed matrix membrane from PISA formed 

particles and INPs using Bovine serum albumin as a model protein. 

Chapter 7 details the effect of magnetic field on NIPS membranes prepared with INPs 

coated with different stabilizers using water as feed. 

Finally, Chapter 8 summarizes necessary inferences of the thesis and contemplates 

possible future perspectives 
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Introduction Générale 
 

 

Les techniques de séparation membranaires ont connu un essor remarquable depuis les 

années 60 et se sont progressivement imposées comme une stratégie de choix. Depuis 

une dizaine d’années, de nombreux projets de recherche se sont focalisés sur la 

préparation de nouvelles membranes. Récemment, l’auto-assemblage de copolymères 

à blocs a été au centre de plusieurs articles scientifiques en raison de leur caractère 

amphiphile. En se basant sur les exemples tirés de la littérature, la formation de 

membranes à matrice mixte (MMM) incorporant des nanoparticules inorganiques dans 

des membranes de copolymères à blocs devrait améliorer considérablement les 

propriétés finales. La performance de ces membranes hybrides peut être encore 

améliorée grâce aux caractéristiques des particules utilisées comme la sensibilité au 

champ magnétique à partir de nanoparticules d’oxyde de Fer ou encore comme 

l’activité biocide via l’incorporation de nanoparticules d’Argent. Ce manuscrit décrit 

ainsi la préparation de nouvelles membranes hybrides à base de copolymères à blocs, 

possédant notamment des propriétés magnétiques. Les membranes magnéto-sensibles 

ont démontré une amélioration des performances avec un colmatage réduit pendant la 

filtration d’une solution de protéines. 

 Cette thèse a été réalisée dans le cadre du programme « Erasmus Mundus 

Doctorate in Membrane Engineering » (EUDIME). Trois universités partenaires dans 

le consortium EUDIME ont été impliquées: l’Université de Montpellier (UM, France ; 

Universidad Zaragoza (UNIZAR), Espagne ; et l’Universidade Nova de Lisboa (UNL), 

Portugal. Ce travail présente une approche multidisciplinaire et innovante alliant la 

synthèse de précurseurs et la préparation des membranes à matrice mixte à 

l’analyse de leur performance sous champ magnétique pour réduire le colmatage 

ou les méfaits de la concentration de polarisation. La synthèse de nanoparticules 

polymères ainsi qu’une partie des nanoparticules inorganiques a été réalisée à l’UM. La 

synthèse des nanoparticules inorganiques et leur caractérisation détaillée ont été 

réalisées à UNIZAR. La performance finale des membranes sous champ magnétique et 

ses effets sur le colmatage ont été mesurés à l’UNL. 

 Dans ce travail, un nouveau type de membrane, basée sur des copolymères à 

blocs, a été étudié en détail en utilisant deux approches différentes. Dans une première 
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voie, différentes morphologies de particules polymères sont préparées par auto-

assemblage induit par polymérisation (Polymerisation Induced Self- Assembly 

(PISA)), et utilisées pour la préparation de MMMs incorporant des nanoparticules 

inorganiques (INP). Dans la seconde voie, les particules polymères sont synthétisées en 

utilisant des copolymères diblocs linéaires et des INPs recouverts avec différents 

stabilisants, et utilisées pour la préparation des MMMs via la technique de séparation 

de phase induite par l’intrusion de non-solvant (Non-solvent induced phase separation 

(NIPS)). En exploitant les caractéristiques uniques données par les particules 

magnétiques, cette étude a pour objectif d’améliorer les performances membranaires en 

diminuant le colmatage et l’effet de la concentration de polarisation sous champ 

magnétique. Les résultats obtenus sont présentés au travers de différents chapitres, 

chacun représentant un article soumis, accepté ou en préparation.  

Le chapitre 1.1 donne une description précise des membranes faîtes à partir de 

copolymères à blocs et de leur préparation par différentes techniques. De plus, il 

présente une revue succincte de la littérature concernant les facteurs impliqués dans la 

formation des micelles de copolymères et du mécanisme de formation des pores de la 

membrane. 

Le chapitre 1.2 présente une revue détaillée de la littérature sur la préparation des 

membranes à matrice mixte via l’utilisation des nanoparticules d’oxyde de métaux en 

tant que partie inorganique. En particulier, l’étude se focalise sur les oxydes de métaux 

comme MgO, Fe2O3, Fe3O4, et TiO2 ainsi que sur les nanoparticules d’Argent pour la 

formation des MMMs. 

Le chapitre 1.3 présente une description de la synthèse des copolymères à blocs par 

polymérisation RAFT (Reversible Addition Fragmentation chain Transfer 

polymerization) ainsi que de l’évolution des différentes morphologies des 

nanoparticules polymères par PISA. Ce chapitre présente aussi des résultats 

préliminaires sur la synthèse des nanoparticules magnétiques. 

Le chapitre 2 décrit l’établissement de deux diagrammes de phases complets des 

nanoparticules de copolymères diblocs PMAA-PMMA via la technique PISA dans 

l’éthanol. La formation des membranes correspondant aux différentes morphologies 

obtenues est abordée en fin de chapitre. 
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Le chapitre 3 présente la préparation des MMMs à partir des particules polymères 

décrites dans le chapitre 2 et des nanoparticules d’oxyde de Fer, ainsi que leur 

performance en filtration modulée par la valeur du pH. 

Le chapitre 4 décrit la préparation in situ des MMMs via le mélange de copolymères à 

blocs PMAA-PMMA et de nanoparticules d’oxyde de Fer recouvertes avec différents 

stabilisants par NIPS.     

Le chapitre 5 décrit l’étude du comportement des membranes MMMs faîtes à partir 

des nanoparticules polymères par PISA et des INPs lors de la filtration d’eau sous 

champ magnétique dont l’intensité a été modulée entre 0 et 1,15T. 

Le chapitre 6 démontre les effets du champ magnétique sur le colmatage ou les effets 

de la concentration de polarisation des MMMs faîtes à partir des nanoparticules 

polymères par PISA et d’INPs pendant la filtration d’une solution modèle de protéines 

(Bovine Serum Albumin).  

Le chapitre 7 détaille les effets du champ magnétique sur les membranes préparées par 

NIPS avec des INPs recouvertes de différents stabilisants lors d’une filtration aqueuse. 

Enfin, le chapitre 8 résume l’ensemble des travaux et propose quelques perspectives. 
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Chapter 1.1 
Filtration membranes from self-assembled block copolymers 
– a review on recent progress 
 

 

 

 

 

 

 

 

 

 

The chapter has been adapted from 

L.Upadhyaya, M.Semsarilar, S.Nehache, A.Deratani, D.Quemener, Eur. Phys. J. Spec. 

Top., 2015, 224, 1883 
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Abstract 

The very recent developments in preparation of filtration membranes from self-

assembled block copolymers (BCPs) are reviewed in this paper. We look into 

membranes with very sharp pore size distribution and the approaches for manufacture 

of nanoporous films, including etching and templating, the advantages of the new 

process based on micelle assembly and phase inversion. 

The paper is divided in 2 main sections. In the first part different strategies to prepare 

membranes from block copolymers are summarized. The second part looks into the 

different factors affecting the pore formation, morphology and the characteristics of the 

membranes made from self-assembly of block copolymers. 
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1.1.1 Introduction 

In the last decade the self-assembly of amphiphilic copolymers have attracted 

significant interest mainly because of their ability to form fascinating nanostructures. 

This ability allows the fabrication of a variety of bottom up nanostructured materials 

[1-4]. These porous polymers are perfect candidates for fabrication of membrane with 

regular pore sizes. Thermodynamic interactions between the blocks within a copolymer 

are the main factor guiding the formation of certain morphology, but there is also the 

possibility of forming a range of structures in the kinetically trapped state [5]. Highly 

ordered nanostructure can be used in several applications such as ultrafiltration for 

water treatment [6], selective separation of solutes for pharmaceutical and food industry 

[7], drug delivery [8], medical filtration needs such as dialysis [9] and data storage [10]. 

Block copolymers offer great opportunities for the design of membranes either with 

selective permeation in a nanostructured continuous phase formed by one of the blocks 

or with an exceptionally regular porous structure. 

Membranes have been fabricated from block copolymers using different techniques 

such as spin-coating, extrusion, and bulk evaporation techniques as reviewed recently 

by Wu et al.[11] The main disadvantage of the mentioned methods is the need for post-

fabrication modifications to introduce porosity into the films. This extra step is often 

not preferred by the industry. Recently the use of block copolymer assembly in the 

fabrication of isoporous asymmetric membranes by solution casting and immersion in 

a non-solvent bath has been demonstrated [19-23]. This method does not require any 

post-fabrication modifications and is based on the industrial phase separation 

technique.  

In this review, we will summarize the very recent developments in preparation of 

membranes from self-assembled block copolymers for filtration application. Here the 

main and most recent self-assembly methodologies along with their exhibiting 

properties will be reviewed. The first section will focus on the different self-assembly 

techniques while the second section will compile the factors affecting the membrane 

formation.  
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1.1.2. Self-assembly 

Block copolymers (BCPs) are made of two or more chemically immiscible 

homopolymers that are covalently linked together. They are interesting materials since 

they phase separate to minimize the contact energy between the incompatible segments 

within the copolymer. This separation is limited to microphase separation because of 

the covalent bond between the copolymer segments. The resulting self-assembled block 

copolymers could then be used to make porous materials [11,17].  

To prepare porous membranes from block copolymers there are different types of self-

assembling techniques and the mains ones are listed here; (1) Phase Inversion process 

(2) Self-Assembly with Sacrificial Component, (3) Swelling Induced Morphology 

using Morphology Reconstruction, (4) Self-Assembly with BCPs as Pore Template and 

(5) Adaptive Self-Healing Membrane From Block Copolymers Assembly.  

1.1.2.1 Phase inversion process 

Phase separation is the traditional method for fabrication of membrane. This method 

could also be used in formation of membranes from block copolymers. D.S. Marques 

et al. [18] used the phase separation concept to fabricate membranes from block 

copolymer. This technique was named Self-assembly by Non solvent Induced Phase 

Separation (SNIPS). This simple and fast method involves dissolving the block 

copolymer in a suitable solvent and casting on a substrate. The solvent is evaporated 

and the resulting film is then immersed in a coagulation bath. The SNIPS process 

generates asymmetric membranes with highly porous surface. Since the surface is 

composed of uniform pores the selectivity of the membranes are usually high. 

Schematic representation of the SNIPS process is shown in Figure 1.1.  
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Figure 1.1.1 (a) SNIPS method for membrane fabrication based on PS-b-P4VP in DMF: THF: DOX 

solvent mixture (b) Cryo- FESEM image of the casting solution (c) FESEM images of top surface of 

membrane prepared with different block copolymer concentration. Reprinted with permission from Ref. 

18. 

Along with the fabrication techniques there are several parameters which affect the 

membrane formation and their structure. Indeed, the choice of the selective solvent, the 

proportions, the copolymer molecular mass, concentration and the evaporation time 

before immersion in to coagulation bath have extreme influence on the final 

morphology. The effect of these parameters in the membrane formation will be 

discussed in the second section of this review. Using this method, not only flat sheet 

but also hollow fiber membranes could be synthesized using block copolymer solutions. 

Radjabian et al. [19] synthesized the hollow fiber membranes by spinning the BCPs 

through a dry/wet phase inversion process. This work resulted in production of nano-

porous hollow fibers with cylindrical micro domains orientated vertically to the film 

surface  

1.1.2.2 Self-assembly with sacrificial component (etching) 

Philip et al. [20] synthesized porous thin films using a UV cross linked poly(styrene-b-

lactide). They casted a thin film of the block copolymer solution onto a microporous 
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support. By exposing the composite membrane to a dilute aqueous base solution, they 

selectively etched the polylactide block, producing the porous structure. This method 

has also been used with polystyrene-b-polyethylene glycol (PS-b-PEO) and 

polystyrene-b-polymethylmethacrylate (PS-b-PMMA) copolymer systems. 

In the case of PS-b-PMMA system, UV light (185 and 254 nm) was also used to etch 

the methylmethacrylate block, followed by complete removal in acetic acid to form a 

porous structure. [21] Furthermore, membranes could be prepared by a nondestructive 

nano slitting of the phase-separated polystyrene-poly-2-vinylpyridine (PS-b-P2VP) 

thin films, with uniform slitted pores, followed by solvent swelling. [22]. Figure 1.1.2 

illustrates this process which consists of spin coating a PS-P2VP solution on a silicon 

wafer, followed by an annealing step in saturated vapor of 1,1,2-trichloroethane (TCE) 

to induce the in-plane orientation of the minority micro domains (Fig.1.1.2.a). 

Hydrofluoric acid (HF) was then utilized to dissolve the sacrificial silicon oxide layer 

(Fig.1.1.2.b). After floating the film on a liquid surface, the film was collected on a 

macroporous polyethersulfone (PES) substrate (Fig. 1.1.2c). The resulting film having 

maintained its structural integrity formed a bilayered composite membrane. This 

membrane was then immersed in ethanol at 50°C for 3h followed by air drying to 

generate slitted pores with long narrow channels, in the block copolymer layer 

(Fig.1.1.2.d). When immersed in ethanol, P2VP chains are swollen and a large 

proportion of them migrate outside their original reservoir whereas the PS phases are 

still in the glassy state maintaining their structure of the film. During drying, the swollen 

P2VP chains collapse on the film surface. The pore walls with the loss of the ethanol 

generate pores where the original the P2VP cylinders were positions. These slitted pores 

were parallel to each other in local areas and are densely arranged in the film as seen 

on the SEM pictures shown in Fig. 1.1.2.e-f. The membranes obtained with this 

technique showed ultrahigh permeation and sharp selectivity.  
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                (e)                             (f) 

Figure 1.1.2. (a-d) Schematic illustration of the preparation of composite membranes using block 

copolymer films with slitted pores as selective layers.(e-f) SEM images of the morphologies obtained. 

Reprinted with permission from Ref. 22.  

Wei Sun et al. [23] used a similar technique for preparation of composite membrane 

with PS-b-P2VP selective layer. Instead of annealing with TCE vapor, the film was 

annealed with chloroform vapor to achieve the perpendicular alignment of P2VP 

cylinders. Once again the sacrificial silicon oxide layer was dissolved in HF, allowing 

the complete exfoliation of the block copolymer layer from the substrate. A 

macroporous PVDF membrane was used as support, forming a bilayered composite 

membrane upon drying in air. The block copolymer film transferred on the PVDF 

substrate was immersed in ethanol at 50 or 60°C followed by air drying at room 

temperature to induce the transformation of P2VP cylinders to pores. To avoid defects 

on the bottom surface of the membrane, PS-OH was grafted on silicon wafer. By doing 

so the formation of a wet P2VP layer was prevented, due to the strong interaction 

between the polar P2VP and the hydroxyl groups on the surface of the silicon substrate. 

The resulting membrane was highly permeable. The schematic representation of this 

system is shown in Figure 1.1.3. 
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Figure 1.1.3. Swelling induced morphology methodology. Reprinted with permission from Ref. 23. 

1.1.2.3 Self-assembly with morphology reconstruction (swelling induced 

morphology) 

Wang et al. [17] demonstrated how swelling of polymer could be used in synthesis of 

porous film. To allow swelling-induced pore-forming morphology, the non-swollen 

blocks of the copolymer should be in their glassy state at the swelling temperature. This 

allows the system to keep its overall structure stable. When the block copolymer 

particles are exposed to solvent, the solvent will diffuse through the thin corona towards 

the core of the particles. Because of the strong interaction between core and the solvent, 

the macromolecular chains of the core will stretch increasing the core volume. These 

expanded/ swollen cores will be encapsulated in glassy corona which will exert the 

pressure on swelling cores making it undergo a plastic deformation. When the exerted 

pressure exceeds the tensile strength of the corona, the micelle corona will rupture and 

the core will be exposed to the solvent. As solvent evaporation continues the deformed 

structure of the non-swollen matrix is fixed and the swollen core forming block will 

collapse on the matrix walls, forming pores. In such a system the main factor is the 

solvent used in the swelling step. The affinity of the solvent and the blocks of the 

copolymer is the determining factor. There should be a strong difference in the 

selectivity of the swelling solvent toward the two blocks. This large affinity difference 

will allow a selective swelling in the polymeric domains while the matrix stays intact. 
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Using this method Wong and co-workers [24] prepared of block copolymer- metal 

hybrid membranes as represented in Figure 1.1.4. 

 

  
Figure 1.1.4. Nondestructive preparation of nanoporous metal membranes with bicontinuous 

morphology by replication of nanoporous membranes consisting of recyclable asymmetric BCPs (green, 

glassy matrix of the BCP; red, swellable component of the BCP; yellow, deposited metal). Reprinted 

with permission from Ref. 24.  

In the Figure 1.1.4, the swollen induced morphology is presented, followed by an 

electro-deposition of a metal on the conductive substrate. Fig. 1.1.4a-c illustrates the 

principle of the swelling induced pore formation. In the first step spherical or cylindrical 

domains BCP are swollen with a selective solvent (Fig.1.1.4a). This results in an 

increase in the volume due to the solvent uptake. The glassy outer layer would resist 

the swelling resulting in fractures (Fig.1.1.4b). The swelling minority component would 

then be pushed outwards by the solvent, forming a continuous layer at the surface 

connected to the continuous network of the swollen domains within the membrane. At 

this stage the solvent evaporates inducing the swollen block to collapse. This collapse 

creates nano-pores with walls consisting of the collapsed blocks formed in the place of 

the swollen minority domains (Fig. 1.1.4c). The collapse of the surface layer consisting 

of the swellable minority component on top of the membrane leads to the formation of 

an open nano-pore system when exposed to ambience. If a conductive substrate is then 

metals could be deposited on the continuous nanoporous system by electro deposition 

(Fig. 1.1.4d). Finally, reverse replicas of the nanoporous BCP membranes were 
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obtained. Ideally the BCP could be recovered and reused (Fig.1.1.4e). The SEM picture 

of the obtained final membrane is shown in Figure 1.1.4f.  

Yin et al. [25] used the swelling induced morphology reconstruction for generating a 

very fast alignment of perpendicular cylinders in thick block copolymer films (e.g., PS-

b-P2VP) with thickness up to 600 nm by annealing in a neutral solvent. The solvent 

needs to be a good solvent for both blocks and the exposure time needs to be less than 

1 min followed by an instant evaporation (see Figure 1.1.5). The principle is similar to 

the study be Wong and co-workers explained above. The osmotic pressure generated 

by the swelling of the P2VP chains in the P2VP cylinders confined in the PS matrix, 

drove the overflow of the P2VP chains and the deformation of the PS matrix at elevated 

swelling temperatures. The P2VP cylinders were consequently transformed into 

straight pores lined with collapsed P2VP chains upon the evaporation of ethanol. The 

pore diameters of the nano-pores were mainly determined by the molecular weights of 

block copolymers and the swelling temperatures. They showed that the pore size of the 

preformed porous BCP membranes could also be tuned by the deposition of thin layers 

of oxides by atomic layer deposition and that this technique worked with high 

copolymer molecular weight (e.g., 360000 Da). The thickness of the film was tuned 

with the copolymer solution concentration. The degree of swelling, denoted as the ratio 

of the thickness of the swollen film to the initial thickness of the BCP film before 

solvent annealing, was found to significantly influence the morphology of the annealed 

films. An illustration of the pore formation is shown in Figure.1.1.5e.  
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Figure 1.1.5. SEM image (a) and the 300 nm X 300 nm AFM height image (b) of PS50k-b-P2VP16.5k films 

annealed in chloroform at room temperature for 40 s. The top-view (c) and 45º tilted (d) SEM images of 

the annealed film subjected to selective swelling in ethanol at 50 ºC for 3 h, converting the P2VP 

cylinders into straight pores. Insets in (a) and (d) are the corresponding schematic structure of the 

annealed and ethanol-treated BCP films. PS and P2VP domains are highlighted in blue and red, 

respectively. (a), (c), and (d) have the same magnification. The scale bar is shown in (d) and corresponds 

to 200 nm. (e) Schematic formation of a pore. Reprinted with permission from Adapted from Ref. 25.  

1.1.2.4 Self-assembly with block copolymers as the pore template 

The methodologies presented in previous section could be coupled with some metal 

deposition techniques to create replica of the block copolymer membrane with 

improved properties due to the presence of the metal. For example, the selective-

swelling-induced methodology could be used to form replica of the membrane just by 

atomic layer deposition (ALD) [25, 26]. To allow applications in various fields such as 

separation, active coatings, drug delivery, and lithography of the porous membranes, 

centimeter-scale arrays of aligned nanotubes of TiO2 or Al2O3 were fabricated by 

atomic layer deposition on the porous membranes followed by calcination to remove 

the BCP fraction. Furthermore, plasma-enhanced chemical vapour deposition 

e 
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(PECVD), coupled with phase inversion process to create PS-P2VP copolymer 

template to prepare highly ordered iron oxide nanoparticles with controlled size and 

spacing over a large surface area [27].  

 

1.1.2.5 Adaptive self-healing membranes from block copolymer assembly 

Quemener et al. used ABA triblock copolymer of poly(styrene-co-acrylonitrile)-b-

poly(ethyleneoxide)-b-poly(styrene-co-acrylonitrile) (PSAN-b-PEO-b-PSAN) to 

prepare membrane. They formed their membrane by spin coating a solution of their 

block copolymer in a good solvent mixture [28]. The PSAN-b-PEO-b-PSAN 

copolymer formed flowerlike micelles that are well known for creating inter-micellar 

bridges. As presented in Figure 1.1.6, the micelles corona was composed of soft and 

water soluble PEO block, allowing the structure to deform depending on the 

environmental conditions. The micelles were formed in situ (i.e. upon solvent 

evaporation). During the spin coating step flower like micelles are formed along with 

the bridges between the micelles on a mechanical support (silicon wafer) (Fig.1.1.6b.). 

This allows the formation of adaptive membranes since the morphology of this micellar 

system could be tuned depending on the filtration type and conditions. The AFM 

pictures on Fig.1.1.6c prove the adaptability of such a system. When pressure difference 

across the membrane is increased, the corona of the micelles deforms resulting in partial 

fusing of the micelles thus changing the pore size. These morphology changes were 

reversible until a certain pressure. The dynamism of such system allows it to be self-

healing under water pressure. Quemener et al. also reported a technique consisting a 

zipper assembly of micelles based on the diblock copolymer, poly(methyl 

methacrylate)- block -poly( n -octadecyl methacrylate) (PMMA-b-PODMA) [29]. This 

set up is based on a reversible micellar assembly of one or several layers of the polymer 

solution spin coated on a silicon wafer.  
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Figure 1.1.6. (a) Chemical structure of the ABA triblock copolymer. (b) Sketch of the membrane 

formation: in the course of solvent evaporation. The increase in the block copolymer concentration, 

triggers the self-assembly and production of the micelles. These micelles assemble in three dimensions 

forming a dynamic and interactive membrane. (c) Morphological changes from spheres to the wormlike 

network under compression. Reprinted with permission from Ref. 28. 

1.1.3 Parameters affecting the process of micelle and pore formation 

1.1.3.1 Effect of solvent 

The porous asymmetric membranes are formed basically by macrophase separation 

which is initiated as the solvent from casting solution migrates to the water bath. The 

phase separation will occur due to the spinodial decomposition or by copolymer self-

assembly. The diluted phase at the top layer will form the pores and the concentrated 

phase beneath will form the membrane structure resulting in an asymmetric membrane. 

The pore regularity formed is highly depending on the selection of the solvent. The 

block copolymer assembly is strongly influenced by the thermodynamic interactions 
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between solvent and the block copolymers. In the work of Marques et al. [18] the effect 

of tetrahydrofuran (THF), dimethylformamide (DMF) and 1, 4 dioxane (DOX) in 

formation of particles with polystyrene core and poly 4-vinyl pyridine shell were 

studied in detail. The thermodynamic interaction between solvent and each block was 

estimated using the solubility parameters defined as dispersive, polar and H-bond 

contribution. The selection of the solvent played an important role in the formation of 

stable micelles and pores. It was found that addition of DMF to the solution of the 

diblock copolymer in dioxane will create contracted micelles (small diameter) since it 

increases the polarity of the media while if the solvent mixture did not contain dioxane, 

P4VP chains would expand due to lower polarity, creating micelle with a softer corona. 

The Cryo-SEM and AFM pictures shown in Figure 1.1.7 are the clear indication of 

evolution of micelles and their arrangements by varying the solvent components. The 

THF-DMF-DOX produced the most stabilized micelles resulting in formation of well-

ordered films.  

Figure 1.1.7. Cryo-SEM and AFM images of 16 wt.% PS-b-P4VP  solution in different solvent mixtures. 

Reprinted with permission from Ref. 18. 

S.P Nune et al. [30] also shown that in the mixture of THF-DMF-DOX micelles are 

produced with larger size and they were compact compared to other solvent mixture. 
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Hence the addition of dioxane forced the polar P4VP blocks to contract, forming a less 

deformable shell. 

In a different study Nune and coworkers [31] explore the formation of the spherical 

particles made of PS-P4VP. THF was chosen as a good solvent for styrene blocks since 

they shares similar solubility parameters while DMF was used for pyridine block. Self-

assembly of the blocks and the formation of spherical particles happened during the 

casting process as the solvents evaporated. The self-assembly could only occur in a 

selective solvent system. When PS-P4PV is dissolved in 1:2 THF/DMF, the styrene 

block collapses forming the core of the particle. This collapse is to avoid the 

unfavorable contact of the PS chains with the DMF rich medium. On the contrary the 

pyridine block will be fully soluble in the solvent mixture hence forming the corona of 

the particles. During casting, THF evaporates faster than DMF therefore increasing the 

concentration in the top layer that forces the micelle to pack in a more ordered fashion. 

At the same time increase in the viscosity also contributes to the ordering of the 

assembled micelles.  

Karunakaran et al. [32] prepared membrane based on PS138K-b-PEO18K copolymer in 

different solvent system. The membrane prepared in THF/Sulfolane and 

THF/Dimethylacetamide (DMAc) mixtures had porous structure, whereas the 

membranes prepared from DMAc/Sulfolane mixtures were not porous. They correlated 

the solvent polymer interaction by Hansen solubility parameter as given in Table 1.1.1. 

Table 1.1.1. Solubility parameters for different solvents and polymer segments. 

 ! D (MPa0.5) ! P (MPa0.5) ! H (MPa0.5) ! = ! D
2+ ! P

2+ ! H
2)0.5 

Styrene 18.6 1.0 4.1 19.1 

Ethylene oxide 17.3 3.0 9.4 19.9 

THF 16.8 5.7 8.0 19.5 

DMAc 16.8 11.5 10.2 22.3 

Sulfolane 18.0 18.0 9.9 27.2 

Water 15.6 16.0 42.3 47.8 
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The subscript D, P and H in Table 1 are the dispersive, polar and Hydrogen bond 

contribution respectively. Larger values would mean less interaction between the 

solvent and the polymer. These porous structures were investigated by field emission 

scanning microscopic analysis shown in Figure 1.1.8. 

Figure 1.1.8. Field emission SEM and AFM images of 22.2 wt.% PS138K-b-PEO18K solution in different 

solvent mixtures and the evolution of porous structure. Reprinted with permission from Ref. 32. 

1.1.3.2 Effect of polymer block length 

Karunakaran and coworkers [32] explored the effect of the copolymer block length/ 

molecular weight in the formation of membranes. Their system was based on a PS-b-

PEO block copolymer where they varied the length of each block systematically. The 

respective compositions are summarized in Table 1.1.2. 

Table 1.1.2. PS-b-PEO copolymer composition. 

Polymer PS (wt.%) PEO (wt.%) 

PS138K-b-PEO18K (A) 88.5 11.5 

PS225K-b-PEO26K (B) 89.6 10.4 

PS227K-b-PEO61K (C) 78.8 21.2 

PS200K-b-PEO16K (D) 92.5 7.5 

System A and C resulted in formation of regular ordered pores whereas system B 

exhibited larger pores with broader pore size distribution. In all cases the core of the 

particles were composed of the PS block. Formulation C had a higher viscosity 

compared to the other samples since the longer PEO block formed intense inter-micellar 
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entanglements. Micelle with larger corona to core diameter ratio would form softer 

micelles. Also a longer corona would result in more inter-micellar entanglements 

leading to formation of stable but soft and deformable micelle colonies. By increasing 

the block length it’s possible to increase the size of micelles and there by the pore size. 

When the PEO block length was kept constant and the PS block length was varied 

worms like pores were observed. In this study the morphology of the amphiphilic block 

copolymers were predicted by the packing parameter (p) related with the enforced 

curvature of the block copolymer assembly and the relative size of the insoluble block. 

If the interaction between the solvent and the polymer blocks are kept constant, larger 

insoluble blocks would form cylindrical or worm like micelles rather than the spherical 

morphology. The FESEM and AFM images of variation of block length in 

THF/DMAc/Sulfolane system are shown in Figure 1.1.9. 

Figure 1.1.9. FESEM and AFM images showing the effect of block length variation on the membrane 

structure. Reprinted with permission from Ref. 32. 

1.1.3.3 Effect of additives 

Block copolymer dissolved in a selective solvent system would form micelle or other 

structural assemblies. For developing a membrane it’s very important to have mono-

dispersed pore size distribution as well as the pores must be accessible for fast transport. 

High density of cylindrical pores perpendicular to the surface is the ideal morphology 

for membrane applications but such an orientation is thermodynamically not favored. 

It’s important to note that the production of porous structures by block copolymer 

assembly and the aimed morphology is a challenging task. In case of charged (ionic) 

block copolymers the addition of metal ions could be very helpful to create bridges 
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between the assembled micelle and forming the ordered structure. In this spirit Sougrat 

et al. [31] used copper ions to form connections between PS-b-P4VP micelles creating 

perfect cylindrical pores. The added Cu2+ ions chelated the pendent pyridine units (the 

Lone electron pair of the nitrogen acts as a strong ligand for coordination with Cu2+). 

Consequently the viscosity of such a micellar solution would be high.  

Nune and coworkers [33] also studied the effect of addition of other cations such as 

Co++, Fe++, Ni++ on the PS-b-P4VP micellar system. They discovered that addition of 

Cu2+ results in more ordered structures compared to the other cations (Fig. 1.1.10). The 

films with iron acetate showed elongated or lamellar domains but not very porous. It 

seems that the pyridine groups coordinate with the metal ions through both sigma and 

pi bonding. The stability constant and the strength of pyridine/metal coordination are 

classified as below; 

Cu++ (2.52) > Ni++ (1.78) > Co++ (1.14) > Fe++ (0.71) 

Therefore using the right complexing agent to bind the micelles to create the final stable 

porous structure is of great importance.  

 

Figure 1.1.10. Atomic force microscopy of membranes prepared from 20 wt. % PS-b-P4VP in 56 wt. % 

DMF and 24 wt. % THF without and with 0.15 wt % of different metal acetates as complexing agent. 

The bottom right shows a cryo-scanning electron microscopy image of the membrane prepared in 

presence of Cu++. Reprinted with permission from Ref. 33. 
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In order to make more biocompatible membranes Clodt and coworkers [34] used 

carbohydrate molecules instead of metal ions. Carbohydrates like !-cyclodextrin and 

saccharose were used in 1.5 wt.% with PS-b-P4VP block copolymer in a mixture of 

THF-DMF. In this case H-bonds were formed between the pyridine units and the 

carbohydrate (hydrogen donor) added. Although these H-bonds were weaker compared 

to the metal ion interactions but it was enough to hold the micelles together and increase 

the viscosity of the solution. The added carbohydrates would be washed out during the 

precipitation step in the coagulation bath. It was observed that addition of only 1.0 wt.% 

of cyclodextrin as additive to the polymer solution, result in formation of membranes 

with flux values up to 5 times higher than the flux values obtained for membranes 

prepared without the cyclodextrin additive. 

3.4 Effect of pH 

When the block copolymer membranes used for aqueous filtration, the building blocks 

of the membrane would become charged showing different properties. Nunes and 

coworkers [31] used the PS-b-P4VP membranes for water filtration at different pH. 

They obtained a flux value of 890 l.m-2. h-1. bar-1 at pH 7 while at pH 3 the flux 

decreased to 10 l.m-2. h-1. bar-1. This significant change is due to the pyridine groups 

getting protonated at lower pH values. Up on the introduction of charge the polymeric 

chains extend to minimize the charge repulsion creating an on-off switch. A further 

study by the same group [33] showed that the flux values change sharply between pH 

4 and 6 due to the change in the pore size. This change in the pore size was registered 

using cryo-field emission scanning electron microscopy and environmental scanning 

electron microscopy techniques (see Figure 1.1.11). They also showed that having 

hydrophobic pores coated by hydrophilic segments and copper ions could offer an 

effective strategy against fouling of the membrane.  
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(a)                              (b) 

Figure 1.1.11. (a) Cryo-field emission scanning electron microscopy and (b) environmental scanning 

electron microscopy of PS-b-P4VP membranes casted from a copolymer solution in DMF/THF/Cu++, 

immersed in HNO3 (pH 2) and NH4OH (pH 10) aqueous solutions. Reprinted with permission from Ref. 

33. 

Hilke et al. [35] obtained similar results using hollow fiber membranes of PS-b-P4VP 

instead of flat sheet. They got very low water permeance at pH 2, whereas a steep and 

reversible increase in permeance was reported when pH was increased to 4.  

1.1.3.5 Effect of temperature 

The swelling temperature is one of the parameters that could be used for pore tuning. 

Yin et al. [25] showed how temperature could be used to change the pore size of the 

PS-b-P2VP block copolymer films. The swelling temperature dictates the mobility of 

the PS chains and increases the interaction between solvent (ethanol) with the P2VP 

chains. This would influence the deformation of the PS matrix and collapse of the P2VP 

chains. As swelling temperature increases the deformation of PS matrix and over flow 

of P2VP increases which creates the pores with larger diameter. It was shown that the 

pore diameter increased significantly (from 18 nm to 52 nm) when temperature 

increased from 40 to 70  C while the inter-pore distance remained same upon pore size 

changed. It was observed that the PS pore walls thinned continuously as the temperature 

increased due to the squeezing effect brought by the osmotic pressure accumulated in 

the P2VP cylinders. This leaded to increase in the membrane thickness. Swelling at 

temperatures below 50  C increased the thickness by 10% while when the temperature 

increased to 55  C the thickness increased by 20%. At 70°C the ethanol swollen 

membrane thickness increased by 80% due to the PS chain mobility. At swelling 

temperature of 70  C, the porosity was 25% more compared to that at 50°C. These values 

are relatively high compared to the values obtained using other porous material with 

hexagonally packed porous structures with porosity of 10%. It’s also important to note 
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that the swelling temperature needs to exceed the glass transition temperature (Tg) of 

PS otherwise the PS matrix would lose its structure and fall apart. 

1.1.4 Summary and perspectives  

Now a day one of the main challenges in material science is to produce membranes 

with symmetrical pores at high density. Polymeric membranes with well-developed 

pores could have many applications from filtration to templates as artificial organ 

synthesis. Considering the versatility of design and conditions employed for the 

synthesis of polymers themselves, a diverse range of chemical functionalities could be 

precisely incorporated into the polymeric membranes, either directly or by post-

fabrication modification. The functional groups can provide additional interesting 

properties including responding selectively and reversibly to external stimuli such as 

pH, temperature, and applied electrical fields, which are often impossible for inorganic 

membranes. Furthermore, with the rapid development of modern organic synthesis and 

polymer chemistry, a wealth of new tools are available for the design and construction 

of polymeric membranes, providing possibilities for creation of novel materials with 

uniform or hierarchical porous structures with preselected site-specific functionalities. 

This review has focused on the latest progress made in the development of filtration 

membranes from self-assembled block copolymers. The strategies for the preparation 

of these membranes, as well as the factors affecting the pore formation and pore tuning 

were reviewed. The attempts to construct polymeric membranes with well-defined 

porous structure and customized functionality are driven by the search for advanced 

porous membranes that could be applied to high-value applications. After identification 

of the specific applications the membrane structures could be retro-designed based on 

the accumulated knowledge in the field. Further understanding of the parameters 

influencing the structural organization of membranes at a molecular level will enable 

preparation of more sophisticated structures. Meanwhile, continued effort should be 

made to develop procedures that permit scalable preparation of polymeric membranes 

using environmentally friendly and low cost methods, since large volume production is 

a prerequisite for many potential applications.  
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Mixed Matrix Membranes (MMMs) with magnesium, 
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Abstract 

Mixed matrix membranes comprising of both organic and inorganic material qualities 

have become a prime focus for the next generation membranes. Mixed matrix 

membrane (MMM) may consist of rigid permeable or impermeable inorganic particles, 

such as zeolites, carbon molecular sieves, silica and carbon nanotubes, metal oxide 

blended with continuous polymeric matrix presents an attractive approach for 

improving the separation properties of polymeric membranes. In this review, we have 

specifically focused the discussion on metal oxides like MgO, Fe2O3, Fe3O4, and TiO2 

along with silver NPs as filler in the formation of MMMs. The effect of these fillers on 

membrane characteristics, structure and performance using different applications have 

been discussed. 
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1.2.1 Introduction 

In early 1960 to 70, a rapid growth in membrane technology has been seen with the use 

of polymeric and inorganic membranes in which polymeric membranes were 

extensively utilized for both gas and liquid application.1 The biggest problem faced by 

polymeric membranes are their mechanical stability and chemical resistance needed for 

many industrial application.2–4 The alternative will be the use of inorganic membranes 

which has excellent separation efficiency along with the chemical and thermal stability. 

But the cost related to their preparation as well as processability are the major issues 

related to these types of membranes. So the requirements of new membrane materials 

with improved characteristics made the development of Mixed Matrix Membranes 

(MMMs) with combined properties of inorganic such as thermal stability, higher 

mechanical strength, along with the qualities of polymers like flexibility and 

processability.1,5,6 

In 1988, Kulprathipanja et al.,7 demonstrated the 1st prototype of MMMs made of 

cellulose acetate and silicate blend for CO2/H2 separation where silicate helped to 

reverse the selectivity of cellulose acetate membrane from H2 to CO2. These MMMs 

has potential application in the field of separation of nitrogen from the air and CO2 from 

natural gas,1,3,5,6,8–17 separation of liquid mixture like ethanol -water by 

pervaporation,18,19 reducing the fouling phenomena.20 There are series of inorganic 

fillers available to blend with polymeric matrix like molecular sieves (e.g. Zeolite), 

Metal Organic framework’s, activated carbon, silica’s, metal oxides, activated carbon, 

polyethylene glycol, ionic liquids.1–6,8,10,11,16,20–25 

1.2.2 How to prepare? 

The MMMs could be symmetric or asymmetric as shown in Figure 1.6 The symmetric 

MMMs preparation needs good dispersion of inorganic particles (INP) in the organic 

phase with optimal loading. If the filling goes above 50%, it causes the agglomeration 

of INPs. In the case of asymmetric membranes, there will be a dense selective layer on 

a porous support which decreases the membrane resistance for transport of molecules.1 

The asymmetric membranes were prepared by synthesizing thin top layer with a careful 

deposition of INPs in it, whose size similar to the scale of the top layer as shown in 

Figure 1.2.1 which increases the capacity of particle loading thereby increasing its 
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surface to volume ratio. The use of particular type of MMMs membranes depends on 

upon what kind of mass transfer one can expect for a particular operation.6 

 

Figure 1.2.1. Different types of MMMs morphologies. (Reprinted from Dong et al., Mater. Chem. A, 
2013, 1, 4610) 

The casting solution preparation is one of the important steps in the synthesis of MMMs 

because of the presence of two different phases. The compatibility between the 

polymeric and inorganic phase, the universal solvent, their viscosity, loading and many 

more critical parameters will affect the final membranes prepared. The particle size 

used for the preparation of membrane is one more factor to be considered. When smaller 

particles are used, their higher surface/volume ratio enhances the mass transfer between 

the two phases. After addition of particles into casting solution, the even distribution of 

particles in the final membranes is needed to have optimal performance. When high 

particle loading is reached, an agglomeration is observed which increases the diffusion 

distance between the agglomerate.1,26–28 

The mixed matrix membranes are hybrid membrane that may contain solid, liquid or 

both in polymeric phase. The presence of a additionnal phase will increase the 

selectivity as well as permeability along with processability of the polymeric 

membrane. Koro’s et al.29 has well explained the estimation of permeability MMM’s 

through Maxwell model. 

 !! = ( " + 2 ! # 2$ " ( ! #  " ))/( " + 2 ! + 2$ " ( ! #  " )) 

Where P corresponds to permeability, $ "  is volume fraction, the subscript D and M 

corresponds to dispersed and continuous phase. This equation will allow us to match 
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the physical and chemical properties of organic and inorganic phase to get the needed 

enhancement in the final membrane. 

Figure 1.2.2 shows different possibilities of synthesis of MMMs using INPs and 

polymer matrix. The synthesis procedure starts with preparation of a homogeneous 

mixture of polymer and inorganic particles. There are three possibilities of doing it. In 

one, INPs are dispersed in a solvent under stirring followed by addition of polymer. 

The second possibilities are to dissolve the polymer in a suitable solvent followed by 

addition of fillers, or final strategy will be inorganic particles and polymer solution in 

a suitable solvent prepared separately followed by mixing them. Figure 1.2.1 shows the 

detailed procedure in which the 1st and third methods used to make an even distribution 

of filler molecules because of no agglomeration since the solutions are very dilute.3 

 

Figure 1.2.2. Different strategies to prepare MMMs casting solution preparation (Reprinted from Arron 

et al., Separation and Purification Technology 75 (2010) 229–242). 

After the most promising literature by Zimmerman et al.,1 several reviews on MMM’s 

focusing on the current state of the art of MMMs as an alternative to membrane 

materials for separation process, have been issued.2,3,5,14,29,30 In this review we have 
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concentrated specifically on metal oxides like MgO, Fe2O3, Fe3O4, and TiO2 along with 

silver NPs as filler in the formation of MMMs. Silica was the great filler during initial 

stages whose addition was then replaced by metal oxides like MgO, TiO2 which are the 

first metal nanoparticles used in MMMs fabrication.2 These nanoparticles of metal 

oxides have a higher surface area which increases uniform distribution of the particle 

over matrix along with non-selective void formation between the NPs surface and the 

matrix interface. 

1.2.3 MgO as filler 

The affinity and interaction between MgO NPs and the gas molecule primarily CO2 

provide great potential for use of MgO as filler. Hosseini et al.31 used MgO as filler in 

the synthesis of MMMs for the first time with Matrimid® in 15 wt% concentration for 

dehydration of isopropanol by pervaporation. The nanosized crystallites of MgO 

surface interfered with the polymer packing inducing the chains rigidification. The 

Matrimid®/MgO MMMs shown higher selectivity, but lower permeability compared 

to the original Matrimid® dense membrane. The greater selectivity was mainly due to 

the selective sorption and diffusion of water in the MgO particles, and properties change 

because of particle–polymer interface. The membranes were used for pervaporation of 

isopropanol containing ten wt. % water, the selectivity of the MMMs is around 2,000, 

which is significantly increased as compared to the corresponding  all polymeric 

membrane having a selectivity of 900.  

In 2008, Matteucci et al.32,33 used the MgO INPs in poly(butadiene) creating a polymer 

composite showing influence on CO2, CH4, N2 and H2 permeability by differential 

nanoparticle loading. The enhanced gas diffusivity was related to the high porosity of 

MgO particles embedded in the matrix. An increase in permeability was observed 

which is related to the microvoids at the polymer-particle interface as well the transport 

properties of highly porous MgO itself creating pore size greater than kinetic diameters 

of the gas molecule. The CO2 permeability was increased from 52 barrer in the polymer 

membrane made of poly(butadiene) to 650 barrer in MMMs containing 27 vol% of 

MgO. The highly porous MgO particle not only increased the transport properties of 

CO2 but also shown the higher adsorption capacity towards CO2 molecule.  
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Momeni et al.11 used the nanocomposite membranes made of polysulfone blended with 

MgO INPs synthesized by phase inversion technique for gas separation application. 

The Tg of nanocomposite membranes increased with MgO loading because of low 

mobility of MgO and higher stiffness of the particles, the mobility of polymer chain 

decreased. The particle incorporation increased the permeability of gas molecule which 

shown the growth behavior as the particle loading increased which is shown in Figure 

1.2.3A and 3B. The reults of gas permeation revealed that the increase in permeability 

was correlated to INPs addition. At 30 wt% MgO loading, the CO2 permeability was 

increased from 25.75×10-16 to 47.12×10-16 mol.m/(m2.s.Pa) and the CO2/CH4 

selectivity decreased from 30.84 to 25.65 in comparison with pure Polysulfone 

membrane. For H2, the permeability was enhanced from 44.05×10-16 to 67.3×10-16 

mol.m/ (m2.s.Pa), whereas the H2/N2 selectivity decreased from 47.11 to 33.58. The 

detailed analysis is provided in Figure 1.2.3. 

 
 
Figure 1.2.3. The comparison of gas permeability for polysulfone-MgO composite membrane (Reprinted 

from S. M. Momeni and M. Pakizeh., Brazilian Journal of Chemical Engineering, 30, (2013) 589 – 597). 

 

Othman et al.34 synthesized the membrane by mixing epoxidized natural rubber (ENR) 

and polyvinyl chloride (PVC) with MgO as filler. With pure polymer membranes, no 

pores were observed, but the addition of MgO created pores in the mixed matrix 

membranes. ENR/PVC with 2% MgO membrane had pores with a diameter ranging 

from 1.3-1.6 #m. The pore diameter of ENR/PVC with 5% MgO membrane increased 

from 1.6-1.8 #m, while the pore diameter of ENR/PVC with 8% MgO membrane 

increased from 1.4-2.9 #m. The presence of pore inside the membranes was due to the 

substitution of dense structure brought by polymer chains by highly porous MgO. As 

the amount of MgO was increased, the more compact structure was substituted. The 
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permeation capacity of ENR/PVC was increased by the addition of MgO. The 

selectivity of the membrane is detailed in Table 1.2.1. The selectivity of CO2 over N2 

was increased mainly because of acidity of CO2 resulting in higher affinity for 

physisorption towards MgO which increased the permeability and selectivity. 

Table 1.2.1. Selectivity of CO2/N2 for all membranes   

Pressure (Bars) ENR/PVC ENR/PVC with 

2% MgO 

ENR/PVC with 

5% MgO 

ENR/PVC with 

8% MgO 

2 3.0 1.8 1.3 1.2 

4 2.0 2.0 1.4 1.4 

6 1.7 2.1 1.5 1.4 

 

 

1.2.4 TiO2 as filler 

 

Significant research has been carried out on TiO2 NPs over the last five decades and are 

more attractive because of its low cost, photostability in solution, nontoxicity, redox 

selectivity and strong oxidizing power as well photocatalytic and antimicrobial 

properties. The use of TiO2 as filler in the synthesis of mixed matrix membrane become 

an attractive and profitable technique. The INPs as filler mainly used for gas separation 

as well to reduce fouling.  

Matteucci et al.35 used the TiO2 particle surface chemistry on the gas transport 

properties of the MMM by taking both glassy and rubbery system as an example. At 

lower doping concentration the characterization revealed that the particles dispersed 

individually whereas in high doping concentration they were seen as small micron-sized 

aggregate. When the application of these MMMs was tested for gas separation, the 

diffusivity and selectivity of CO2 and nonpolar gas was increased by increasing the 

INPs load. The reason for the increase in permeability was mainly due to the void 

formation at nanoparticles– polymer matrix interface, agglomeration of particles and 

weak interaction between polymer–nanoparticles at the interface during high loading 

conditions. Overall, there was a decrease in selectivity of MMMs made of Matrimid 

compared to pure Matrimid membranes. In the case of CO2, the permeability 
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enhancement of Matrimid containing 20 vol % TiO2 was 2.45 times higher than neat 

Matrimid, while CO2/CH4 selectivity decreased by 33%, revealing that the use of TiO2 

nanoparticles improved membrane performance in CO2/CH4 separation. 

Similar results have been seen in the work of Moghadam et al.12 where Matrimid 5218 

was doped with INPs. About 15% loading ensured individualization of the INPs 

whereas above 20%, detrimental aggregation was reported. The 15 wt% of INPs 

containing membrane shown about 2.76, 3.3 and 1.86 times increase in permeability 

compared to the pure Matrimid for N2, CH4 and CO2 respectively. 

Soroko et al.19 developed mixed matrix membranes by doping TiO2 in polyimide by 

using N, N-dimethylformamide/ 1, 4-dioxane solvent mixture and observed the changes 

in hydrophilicity of the membrane because of highly porous TIO2. The macro voids in 

pure PI membranes were eliminated after addition of TiO2 particles (loading above 

three wt %). The addition also enhanced the hydrophilicity of the membranes and 

compaction resistance, whereas rejection and flux remained same. 

One more usage of doping TiO2 was to decrease the fouling effect which is initially 

studied by Kwak et al.36 They synthesized reverse osmosis membrane consisting of 

aromatic polyamide thin films with titanium dioxide INPs by a self-assembly process. 

The sol-gel procedure was used to synthesize the nanoparticles with a diameter of 2- 10 

nm with anatase crystallographic form. The membrane showed the improved water flux 

behavior whose antibacterial fouling potential was tested by the survival ratios of 

the Escherichia coli (E. coli). They used both INPs capacity as well as UV exposure to 

decrease the biofouling effect. Finally, RO field studies on microbial deactivation 

revealed less loss of permeability because of the destruction of the microbial cell as 

well as there was no attachment of bacterial cells after death to the membrane. The 

schematic representation of the membrane is shown in Figure 1.2.4. 

Liang Luo et al.37 used the 40 nm sized TiO2 in anatase crystal form prepared by the 

same strategy employed by Kim et al.38. The incorporation of INPs modified the 

hydrophilicity of the poly(ether sulfone) UF membranes because of the interaction 

between the hydroxyl group of TiO2 nanoparticle and the sulfone group and ether bond 

in the poly(ether sulfone) structure by coordination and hydrogen bonding. The 

separation studies revealed the significant reduction of fouling. Later Hyun-bae et al.39 

used the same strategy for the bioreactor membrane fouling reduction where shear force 

was generated because of increase in hydrophilicity of the membranes reduced fouling. 
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Figure 1.2.4. Schematic representation of hybrid membrane (Reprinted from Kwak et al., Environ. Sci. 

Technol., 2001, 35 (11), pp 2388–2394) 

Madaeni et al.40 used polyacrylic acid (PAA) coated INPs in PVDF matrix by two 

strategies where in one the TiO2 are self-assembled by acrylic acid and in another 

strategy, in-situ grafting by polymerization of blend solution called as “grafting from” 

technique, and their arrangements are shown in Figure 1.2.5. Antifouling properties of 

the MMMs were tested using whey solution. Excellent resistance to fouling was 

observed in membranes made of functionalized TiO2 due to high grafting yield and low 

agglomeration. The covalent attachment of the TiO2 to PAA matrix made it stable even 

during cleaning of membranes. The flow recovery ratio tremendously increased 

because of TiO2 which is mentioned in Figure 1.2.5C. 

 
Figure 1.2.5. Schematic of immobilization of TiO2 nanoparticles in (A) self-assembling method and (B) 

“grafting from” technique (C) Flow recovery ratio estimation (Reprinted from Madeni et al., Journal of 

Membrane Science 380 (2011) 155– 162) 

Vatanpour et al.41 studied the effect of INPs size in the reduction of fouling using P25, 

PC105, and PC 500 based TiO2 by blending them into a matrix of polyethersulfone. If 

the surface hydrophobicity was improved because of INPs incorporation, the high 

loading of PC105 and PC 500 decreased the performance due to a high level of 

agglomeration whereas PC 25 shown reasonable dispensability. The antifouling 

A B C
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mechanism was studied using whey solution. The flux recovery percentage of P25/PES 

membrane was increased from 56 to 91% by blending 4 wt % P25 nanoparticles. The 

lower concentration of NPs reduces the chances of agglomeration compared to high 

loading. There is few more literature available which are mainly focused on membrane 

fouling, and they are detailed in Table 1.2.2. 

 

Table 1.2.2. Summary of the prepared TiO2/polymeric membranes in the literature for the antifouling 

purpose. (Reprinted from Vatanpour et al., Desalination 292 (2012) 19–29). 

 

TiO 2 Type Size 

(nm) 

Matrix Preparation of 

membrane 

Type of 

membrane 

Anatase (lab 

prepared) 

10 TFC (PA/PSf) Self-assembly RO 

Anatase (lab 

prepared) 

5-42 PES Self-assembly UF 

Anatase (lab 

prepared) 

4-7 Surface sulfonated PES Self-assembly MF 

Anatase (lab 

prepared) 

4-7 sulfonated PES Self-assembly UF 

Degussa P25 20 TFC (PA/PSf) Mixed by PA 

monomer and 

polymerized 

NF 

Degussa P25 20 TFC-SR (PVA top layer) Self-assembly RO 

Anatase (lab 

prepared) 

10-50 SMA/PVDF blend 

membrane 

Self-assembly UF 

Degussa P25 20 $OH functionalized 

PES/PI blended 

membrane 

Self-assembly NF 

Degussa P25 20 Regenerated cellulose Self-assembly UF 

Anatase (China) 80-120 TFC (PAA/PP) Self-assembly MF 

Degussa P25 20 TFC (PAA/PVDF) Self-assembly or 

mixed with monomer 

MF 

Degussa P25 20 PSf-PVDF-PAN Blended/deposited UF 



48 
 

Degussa P25-silane 

coupling agent 

modification 

20 PES/DMAc/PVP Blended UF 

Degussa P25 20 Polyamideimide-PVDF Blended UF 

TiO2 (Aldrich) 300–400 P84 co-polyimide Blended Hollow fiber 

Rutile (lab prepared) 26-30 PVDF Blended UF 

Anatase (Tayca 

Japan) 

180 Poly(vinyl butyral) Blended Hollow fiber-MF 

Degussa P25 20 PES/DMAc/PVP Blended UF 

Degussa P25 20 PVDF Blended MF 

TiO2 (American 

Elements) 

5 P84 polyimide Blended NF 

Degussa P25 20 PVDF Blended UF 

Degussa P25 20 PES/(DegOH: DMAc) Blended MF 

Sol-gel 

added/Degussa P25 

20 PVDF Sol–gel/blended Hollow fiber-UF 

Degussa P25 20 PSF Blended Hollow fiber-UF 

Anatase (lab 

prepared) 

62 Cellulose acetate Blended UF 

Degussa P25 20 PVDF/SPES/PVP Blended UF 

Rutile type (China)-

silane couple reagent 

30 Poly(phthalazine ether 

sulfone ketone) 

Blended UF 

TiO2 (Haina) 

modified by sodium 

dodecyl sulfate 

20-30 PSF Blended UF 

Anatase (lab 

prepared) 

25 PES Blended NF 

TiO2 (Sigma-Aldrich) 

/LiCl.H2O 

30 PES/DMAc/PVP Blended UF 

PA: Polyamide, PAA: Polyacrylic acid, PP: Polypropylene, TFC: Thin film composite, SMA: 

poly(styrene-alt-maleic anhydride), SPES: sulfonated PES. 
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To avoid the agglomeration of the TiO2 INPs, Teow et al.42 incorporated the INPs into 

PVDF matrix via phase separation with colloidal precipitation method with subsequent 

sonication and precipitation techniques. They found that there is a substantial effect of 

particle distribution in the matrix by the type of solvent used. The membrane prepared 

using N-methyl-2-pyrrolidone (NMP) as a solvent has smaller surface particulate 

matter and narrow particle size distribution compared to N-N-dimethylacetamide 

(DMAc) and N, N-dimethyl formamide (DMF). This is mainly due to the hydrophobic/ 

hydrophilic interactions between NPs and polymer solution.  The pore size of 

membranes prepared from NMP was relatively bigger resulting in a severe rejection of 

humic acid filtration. PVDF/TiO2 mixed matrix membrane using DMAc as a solvent 

with 0.01 g/L of TiO2 in the coagulation bath shown good permeability (43.21 l.m-2.h) 

with excellent retention properties (98.28%) of humic acid. Another work showing the 

surface property change to avoid the aggregation is by Kiadehi et al.10 They used the 

amino functionalized NPs to increase the interaction between the gas molecule and the 

MMMs. TiO2 nanoparticles were pretreated with ethylenediamine (EDA) to synthesize 

amine functionalized TiO2 which is then doped in polysulfone (PSf) matrix. The 

MMMs containing 10 wt% amino-functionalized TiO2, the permeability of N2, CH4, 

CO2 and O2 increased up to 0.69, 0.8, 3.5 and 1.1 GPU respectively. Due to the higher 

interaction of amine groups on F-nano TiO2 with polar gasses, amine-functionalized 

TiO2 possessed better performances regarding permeability and selectivity in 

comparison to pure TiO2.  

 

1.2.5 Fe2O3 and Fe3O4 as Filler 

 

Iron is most available transition metal posing high magnetic and catalytic activities. We 

have discussed some of the critical literature where Iron oxide nanoparticles have been 

used to synthesize the mixed matrix membrane mainly for waste water treatment and 

other application. The incorporation lead to increase in membrane performance with 

long shelf life as no leaching of INPs have been observed.43 

 

Iron nanoparticles in water treatment 

The main application of Iron nanoparticles in MMMs is to treat the contaminated water 

where Iron NPs adsorbs contaminant followed by its degradation or just by adsorption 



50 
 

and then the contaminant metals are leached out. In 2004, Meyer et al.26,44 used Ni/Fe 

NPs in cellulose acetate membrane for trichloroethylene (TCE) degradation which 

explained in the later section of Bi-nanoparticles use in MMMs preparation. Kim et 

al.45 produced a cationic exchange membrane (CEM) by incorporating zero valent Iron 

particles (ZVI) with size varying from 30-40 nm. The removal of trichloroethylene was 

carried out by sorption on the membrane and degradation by the immobilized ZVI.  

About 36.2 mg/L of TCE was removed within 2 h of experiment, and the adsorption 

capacity increased by 2 to 3 times by low metal loading (ca. 6.5 mg/L) as compared to 

higher loading of metal.  

 

Xu et al.46 encapsulated Iron NPs in poly(vinyl pyrrolidone) (PVP) nanofibrous 

membranes by an electrospinning technology to achieve a catalytic activity for 

groundwater purification. The composite fibers are fragile with a diameter of about 500 

nm containing evenly distributed Iron NPs which reduced the oxidization of Iron 

because of encapsulation. The catalytic activity was studied using bromate solutions 

exhibiting about 90% of retained activity compared to bare NPs. 

Tong et al.47 used the Fe2O3 to make mixed matrix membranes with nylon matrix and 

used them for filtration of ground water contaminated with nitrobenzene showing 

38.9% decrease in nitrobenzene concentration in 20 min of filtration. This is due to the 

reduction reaction carried out by embedded Iron NPs following pseudo-first-order 

kinetics.  

Daraei et al.48,49 prepared a novel polyethersulfone (PES) and self-produced 

polyaniline/iron(II, III)oxide nanoparticles by phase inversion method. The membranes 

with 0.01, 0.1 and 1 wt% Iron NPs were produced where the membrane with 0.1 wt% 

shown higher removal which is mainly due to the smoother surface of the membrane 

because of even distribution of the particles which reduced the pore size. The 0.01 wt% 

concentration was very less, and the above concentrations increased the surface 

roughness by accumulation and agglomeration of NPs. The higher level mainly 

produced the hunks since the distance between the NPs is very less. So the even 

distribution created the well accessible active site for copper ion adsorption. The Table 

1.2.3 shows the roughness, water content and the porosity of the hybrid membrane. 
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Table 1.2.3. Membrane composition with water content and porosity 

 

Membrane Moisture content (Wt %) Porosity (V/V %) 

PES 285 62 

FA0.01 293 68 

FA0.1 307 71 

FA1 328 77 

 

 
Gholami et al.50 used (polyvinyl chloride-blend-cellulose acetate/iron oxide 

nanoparticles) nanocomposite membranes for lead removal from waste water. To 

change the hydrophobicity of the membranes, they used a different concentration of 

cellulose acetate like  2.5, 5, 7.5, 10, 15, 25, 50, and 75 wt% where 10% of CA was 

picked as best concentration. The membranes containing 0.01, 0.1 and 1 wt% of Fe3O4 

were used to improve membrane rejection. A membrane with 0.1% of Fe3O4 showed 

better flux and rejection compared to others. As the amount of Iron NPs was increased 

the number of channels across the cross section was increased. As nanoparticles loading 

was increased, NPs started accumulation creating hunks in the membranes structure 

which has then reduced the salt rejection. 0.01 and 0.1% of NPs in membrane shown 

100% rejection of the lead by the membrane. The membrane water content was 

increased as NPs concentration raised to 0.1% and when it reached 1 wt%, the moisture 

content shown decline trend because of filling of cavities in the membrane by NPs 

decreasing the free available void which will also affect the mechanical strength of the 

membrane. 

Ghaemi et al.51 reported a surface modification of Fe3O4 nanoparticles by immobilizing 

silica, metformine, and amine. Mixed matrix PES nanofiltration membrane was 

prepared by embedding various concentrations of the modified Fe3O4 based 

nanoparticles as shown in Figure 1.2.6. The MMMs showed increase water flux because 

of changes in the mean pore radius, porosity, and hydrophilicity of the membranes. The 

copper adsorption capacity was dramatically increased because of improved 

hydrophilicity and also the presence of nucleophilic functional groups on nanoparticles. 

The membrane fabricated with 0.1 wt% metformine-modified silica coated Fe3O4 

nanoparticles showed the highest copper removal (about 92%) due to high affinity in 
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copper adsorption. The EDTA was used as cleaning agents making the membrane 

reusable for many cycles. 
 

 
 

Figure 1.2.6. Synthesis of MMMs with surface modified INPs (Reprinted from Gohami et al., Chemical 

Engineering Journal 263 (2015) 101–112) 
 

One more strategy to enhance the properties of MMMs is to incorporate bimetallic 

particles instead of single one. There is some literature detailed below where the 

bimetallic approach was used.  Meyer et al.26 used Ni/Fe NPs in cellulose acetate 

membrane for trichloroethylene (TCE) degradation. Phase inversion method was used 

for the synthesis of membrane containing NPs with size 24 nm. 75% reduction of TCE 

was achieved by use of 31 mg (24.8 mg Fe, 6.2 mg Ni) of NPs with ratio 4:1 for 4.25 

h. The films had a permeability of approximately 3*10-7cm s-1 bar-1. The degradation 

reaction followed pseudo-first order kinetics. There was minimal leaching of NPs into 

surrounding solution during cleaning. 

Wang et al.52 hydrophilized the PVDF MF membranes with the mixture of polyvinyl 

alcohol (PVA), glutaraldehyde, and polyethylene glycol (PEG) containing Pd/Fe 

nanoparticles. The membrane-supported Pd/Fe NPs shown high reactivity in the 

dechlorination of trichloroacetic acid (TCAA). The effects of parameters like Pd 

content, Pd/Fe NP loading, and the preservation time of Pd/Fe NPs on the 
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dechlorination of TCAA were investigated. The mixed matrix membrane showed a 

complete dechlorination following pseudo first order kinetics. The dechlorination 

reactivity of NPs remained stable for four cycles and then shown a decline in their 

catalytic activity. 

Later Wu et al.27 used the combination of Pd/Fe for degradation of trichloroethylene 

(TCE) from water using MMMs from cellulose acetate. Solution and microemulsion 

techniques were used to synthesize the iron nanoparticles. Pd/Fe bimetallic particles 

were prepared by post-coating Pd on the prepared metal nanoparticles and then blended 

with CA. The Pd/Fe shown size of 10 nm. A comparative study for the Pd/Fe (Pd 1.9 

wt%) nanoparticles from solution and microemulsion methods showed that the 

nanoparticles synthesized from microemulsion technique shown good behavior for the 

dechlorination of TCE. The studies of TCE degradation revealed that the ratio of the 

initial TCE concentration to the Pd/Fe particle loading had a significant influence on 

the observed reduction rate constant when a pseudo-first-order reaction model was 

used. 

Parshetti et al.53 used the Fe/Ni nanoparticles immobilized in nylon 66 and PVDF 

membranes used for dechlorination of trichloroethylene (TCE). The particle sizes of 

Fe/Ni in PVDF and nylon 66 membranes were 81 and 55 nm with the Ni layers of 12 

and 15 nm, respectively. Little agglomeration of immobilized Fe/Ni nanoparticles in 

nylon 66 membrane was observed. Quick hydrochlorination of TCE with ethane as the 

primary end product was followed by the immobilized Fe/Ni nanoparticles with 

pseudo-first-order Kinetics. When Ni loading was increased from 2.5 to 20 wt%, the 

dechlorination rate was increased with 16 cycles of a lifetime for the catalytic activity 

of NPs. 

Gohari et al.54 Used Fe/Mn NPs in PES matrix to form MMMs for the adsorptive 

elimination of arsenic. The casting solution consisting of Bimetal concentration varying 

from 0 to 1.5 was used. In this work, ultrafiltration (UF) mixed matrix membranes 

(MMMs) composed of polyethersulfone (PES) and Fe/Mn binary oxide (FMBO) 

particles. The increase in FMBO ratio resulted in an incline in membrane water flux 

mainly due to the increase in contact angle, surface roughness and grown in some pores 

as shown in SEM picture below (Figure 1.2.7) with its composition mentioned in Table 

1.2.4. The best performing membrane structure was fixed to 1:5:1 for Fe-Mn-PES 

showing a water flux of 94.6 l.m-2.h-1 at 1 bar of pressure with arsenic removal capacity 
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of 73.5 mg/g. 87.5% membrane adsorption capacity was regenerated with NaOH and 

NaOCl wash. 
 

 
Figure 1.2.7. SEM photographs of the cross section (numbered as 1) and the top surface (numbered as 

2) of membranes prepared from different FMBO/PES ratios (a) M0, (b) M0.5, (c) M1.0 and (d) M1.5 

membrane. (Reprinted from Gohari et al., Separation and Purification Technology 118 (2013) 64–72) 

 

Table 1.2.4. Composition and viscosity of casting dope. 
 

Membrane FMBO/PES 

ratio 

PES  

(Wt %) 

PVP  

(Wt %) 

NMP  

(Wt %) 

FMB0  

(Wt %) 

Viscosity (cp) 

M0 (control) 0.0 15.00 1.5 83.5 - 203 

M0.5 0.5 13.95 1.4 77.67 6.98 381 

M1.0 1.0 13.04 1.3 72.6 13.04 428 

M1.5 1.5 12.24 1.22 68.18 18.36 549 

 

Iron containing membranes from lithography technique for MEMS application 

Pirmoradi et al.55 Incorporated Iron NPs in PDMS matrix for MEMS application. As in 

the previously reported works, the main concern was to yield a homogeneous 

distribution of INPs in the matrix. To reach this objective, the NPs were covered with 

a hydrophobic coating as well as fatty acids enabling to inhibit the agglomeration. Free-

standing magnetic PDMS membranes were fabricated using a combination of micro-

molding, sacrificial etching, and bonding techniques. Figure 8 shows the fabrication 

steps of the free-standing membranes. Initially, the photoresist was deposited on a 

silicon substrate as a sacrificial layer on which PDMS was spin coated with 3 spinning 
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steps (500 rpm for 15 s, 1000 rpm for 15 s and  2500 rpm for 30 s) and cured at 80  C. 

Arrays of SU-8 pillars with different sizes (4–7 mm diameter) were fabricated on a 

silicon wafer by photolithography and used as a mold. Later pure PDMS was poured 

into the mold, cured at 80 &C and peeled off from the mold resulting in the formation of 

cavities in PDMS. Next, this PDMS substrate was permanently bonded to the PDMS 

magnetic membrane by O2 plasma treatment of both surfaces using PECVD.  

 

 

Figure 1.2.8. Synthesis of magnetic membrane (Reprinted from Pirmmoradi et al., J. Micromech. 

Microeng. 20 (2010) 1-8) 

 

Casting membrane containing magnetic INPs under magnetic field  

Daraei et al.49 used three different types of INPs as filler to create MMMs with PES 

matrix in N, N-dimethylacetamide (DMAc). The used fillers were neat Fe3O4, 

polyaniline (PANI) coated Fe3O4 and Fe3O4 coated multi-walled carbon nanotube 

(MWCNT). The effects of casting under magnetic field on the membrane structure and 

performance were investigated along with the fouling performance of the membranes. 

The magnetic field casting (0.1 T) improved water flux of the different mixed matrix 

membranes around 15%, 29% and 96% for Fe3O4-MWCNT-PES, PANI-Fe3O4-PES, 

and Fe3O4-PES, respectively. PANI/Fe3O4 mixed membranes showed high 

hydrophilicity which has improved the antifouling properties. Magnetic treated 

PANI/Fe3O4/PES mixed matrix resulted in better membrane performances offering 
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remarkable reusability and durability against fouling by whey proteins. Casting under 

magnetic field caused alignment of the nanofillers in the membrane top-layer and 

resulted in alteration of the skin-layer morphology and reduced the surface roughness. 

This affected the pure water flux, hydrophilicity, antifouling capability and durability 

of the fabricated membranes. The casting of the membrane under magnetic field setup 

is shown in Figure 1.2.9. 

 

Figure 1.2.9. Casting of membrane under magnetic field (Reprinted from Daraei et al., Separation and 

Purification Technology 109 (2013) 111–121) 

 

Iron NPs based MMMs for pervaporation 

Dudek et al.56 made composite membranes from chitosan with Fe3O4 cross-linked by 

sulphuric acid and glutaraldehyde and used them for pervaporation of water/ethanol 

mixture.  Permeation of water after addition of iron oxide nanoparticles to the polymer 

matrix for both types of cross-linking agents are gradually increased. The diffusion 

coefficient for ethanol and water was larger in membranes containing glutaraldehyde 

as a cross-linker as compared to membranes cross-linked by sulphuric acid. The Table 

5 shows the difference between the membrane performances for an increase in Iron NP 

concentration. The separation factor and selectivity coefficient for sulphuric acid 

(CHSA) and glutaraldehyde cross-linked (CHGA) membranes are also shown in Table 

1.2.5. 
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Table 1.2.5. Separation factor and selectivity coefficients for cross-linked membranes 

 

Magnetic Nanoparticle content 

 0% 2% 5% 7% 10% 12% 15% 

 CHSA 

Separation 

Factor 

1.0 1.25 1.27 1.31 1.38 1.42 1.43 

Selectivity 

Coeff. 

1.02 4.33 4.46 4.5 4.69 4.65 4.67 

 CHGA 

Separation 

Factor 

2.6 2.82 2.89 3.02 3.11 3.19 3.27 

Selectivity 

Coeff. 

6.52 7.06 7.74 9.43 11.61 12.06 15.28 

 
 

Iron nanoparticles with microbial properties 

Mukharjee et al.28 described Iron NP based MMMs with polyacrylonitrile UF flat sheet 

membranes for antimicrobial properties for the first time. About 48 to 65 kDa MWCO 

membranes were prepared by doping different concentrations of INPs shown in Figure 

1.2.10. The  Escherichia coli was used as a model organism to investigate antimicrobial 

properties of the membrane. The adsorption study revealed that the maximum 

adsorption capacity of the microorganism by the MMMs was 2.5 × 107 CFU.g-1. The 

experimental investigation showed that 0.4 wt% of Fe3O4 in a 15 wt% PAN 

homopolymer was optimal enough to completely remove the microorganisms and 

coliforms. The INPs reduced the surface roughness of the MMMs and thereby the 

biofouling.  Leaching of iron oxide nanoparticles from the membrane matrix was not 

detected.  
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Figure 1.2.10. SEM images of Fe3O4–PAN MMMs. (a, d, and g) Cross-sectional views of 0 wt%, 0.4 

wt% and 1 wt% MMMs; (b, e, and h) top views of 0 wt%, 0.4 wt% and 1 wt% MMMs; (c, f, and i) 

bottom views of 0 wt%, 0.4 wt% and 1 wt% MMMs (Reprinted from Mukharjee et al., Environ. Sci. 

Water Res. Technol., 2015, 1, 204–217) 

 

Iron containing membrane as ion exchange barrier 

Nemati et al.57 used Iron NPs functionalized by acrylic acid polymerization and 

embedded in PAA matrix as cation exchange membranes in THF solvent with cation 

exchange resin powder as functional group agent. The membrane water content was 

decreased from 30 to 17 % by an increase of nanoparticle content ratio along with 

enhancement in membrane hydrophilicity. When NPs load rose to 0.5 wt%, membrane 

ionic flux and permeability were enhanced which is then decreased as loading increased 

to 4 wt%. Membrane overall electrical resistance was reduced up to 0.5 wt% of NPs 

loading and then shown the increasing trend. The prepared membranes showed higher 

selectivity and low ionic flux at neutral condition compared to other acidic and alkaline 

conditions. 

AL-Hobaib et al.58 used magnetite iron oxide nanoparticles ('-Fe2O3) with size of 10 

nm in mixed matrix reverse osmosis membrane that was synthesized by interfacial 

polymerization technique from Polysulfone network. The concentration of embedded 

NPs varied from 0.1 to 0.9 wt% which increases the hydrophilicity of the membrane. 
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The flux and contact angle variation is shown in Figure 1.2.11. The permeation test 

carried out with NaCl solution at a concentration of 2000 ppm and a pressure of 225 

Psi resulted in permeate flux increase from 26 to 44 l.m-2.h-1 with 0.3 wt% NPs 

embedded in the matrix and shown salt rejection of 98%. A decline in flux above 0.3 

wt% loading was reported, due to an agglomeration of the NPs resulting in a decrease 

of the pore size. 

 
Figure 1.2.11. The flux and contact angle variation with NPs loading (Reprinted from Hobaib et 

al.,Materials Science in Semiconductor Processing 42(2016)107–110) 

 

1.2.6 Silver nanoparticles as filler 

The antimicrobial properties of Silver, made them very attractive and got demand in 

industry, food, and medicine.59 They are embedded in packaging material as sensors to 

track their lifetime, as a food additive and as juice clarifying agent.30 In 2005, Bakalgina 

et al.60 synthesized the silver membrane for antimicrobial studies and described the 

effect of the use of Polyvinylpyrrolidone and poviargol on the preparation of silver 

membranes. 

Braud et al.61 manufactured a bacterial cellulose based silver membrane with a silver 

particle diameter of 8 nm by soaking Acetobacter xylinum culture in silver solution. 

Hydrolytic decomposition of Ag–triethanolamine (Ag-TEA) compounds in aqueous 

solutions at around 50  C was formed Ag and AgO thin films. TEA acts as a tridentate 

ligand through two of the three hydroxyl OH groups together with the amine N atom. 

Ag+ is reduced to Ag02 and once these particles were formed, they act as a catalyst for 

the reduction of the remaining metal ions present in the bulk solution leading to Ag0n 

cluster growth. 
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The electrospun technology is one of the interesting technique to develop silver based 

MMMs showing a higher level of antimicrobial properties. This technology makes the 

silver NPs stable in final matrix compared to other ionic silver-containing fibers causing 

the discoloration of tissues.62 In literature some examples on the electrospun silver 

membrane are reported. Jin et al.63 prepared Ag/poly(vinyl pyrrolidone) (PVP) ultrafine 

fibers electrospun from the PVP solutions containing Ag NPs directly or a reducing 

agent for the Ag ions. Hong et al.64 reported that PVA ultrafine fibers containing AgNPs 

were prepared by electrospinning of PVA/silver nitrate (AgNO3) aqueous solutions, 

followed by heat treatment. Dong et al.65 had demonstrated in situ electrospinning 

method to fabricate semiconductor (Ag2S) nanostructure on the outer surfaces of PAN 

nanofibers. Later A Jing et al.66 synthesized chitosan-poly(ethylene oxide) fibers 

containing silver NPs by electrospinning in combination with an in-situ chemical 

reduction of Ag ions. The technique distributed the silver particles evenly in the matrix 

and the Ag-O bond made the tight interaction between NPs and the matrix. The 

membrane showed fantastic anti-microbial properties. 

Bidault et al.22,67 used the silver nanoparticles based alkaline fuel cell where silver act 

as an excellent substrate because of its good electrocatalytic action, a mechanical 

support and also for its ability to collect the current. The silver based membrane showed 

the high active surface area of 0.6 m2g-1  which resulted in the excellent electrochemical 

performance of 200 mA.cm-2 at 0.6 V and 400 mA.cm-2 at 0.4 V in the presence of 6.9 

M potassium hydroxide solution. Figure 1.2.12 shows the optical and SEM images of 

the membrane. Later they modified the membrane by adding catalyst MnO2 which 

increased the cathode activity. The modified membrane shown the right results on 

electrochemical performance which is found to be 55 mA.cm-2 at 0.8 V, 295 mA.cm-2 

at 0.6 V and 630 mA.cm-2 at 0.4 V in presence of 6.9 M potassium hydroxide solution. 

The reason behind the improved electrical performance was due to the increase in 

hydrophobicity of the membrane because of the addition of catalyst. 
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Figure 1.2.12. (a) Optical image of silver membranes; (b-c) SEM images showing the porous structure 

of silver membranes without (b) and with PTFE (c) (Reprinted from Bidault et al., Journal of Power 

Sources 195 (2010) 2549–2556) 

As previously discussed, the silver NPs are synthesized by in-situ reduction or they 

have been added to the polymer solution and then cast to form MMMs. This method 

will not show the availability of the embedded silver NPs for any surface based 

interaction. For the first time, Gunawn et al.68 developed silver embedded multiwalled 

carbon nanotube based membrane (shown in Figure 1.2.13) which inhibited the growth 

of bacteria infiltration module and also prevented the formation of biofilm helping in a 

decrease of fouling. Later Sun et al.69 used graphene oxide instead of MWNT which 

increases the permeation water capacity through the MMMs with cellulose acetate 

matrix. Under filtration condition, the flux drop was 46% for MMMs compared to CA 

membrane after 24 h of filtration. The hybrid membrane inactivated 86% of Escherichia 

Coli within 2h of contact with the membrane. Moreover, higher detachment capacity of 

the dead cell from membrane surface was found which has decreased the biofouling 

effect significantly. 

 

 
Figure 1.2.13. Schematic representation of silver embedded multiwalled carbon nanotube (Reprinted 

from Gunawan et al., ACS Nano 5 (2011) 10033–10040) 
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1.2.7 Conclusion 

The addition of inorganic materials to polymeric matrix in the formation MMMs offers 

the promising next generation membranes for both gas and liquid separation. The 

hybrid membranes will have the qualities of both materials like good selectivity and 

permeability, processability and flexibility, chemical and thermal stability and could be 

synthesized by cost effective strategies. The addition of inorganic fillers like metal 

oxides and silver NPs increased the performance of the MMMs regarding permeability 

as well as selectivity. Not only the membrane properties but also the particles have 

provided their characteristics to the MMMs like magnetic, antimicrobial and catalytic 

properties helping to solve the problems like membrane fouling, catalytic degradation 

of pollutant and microorganism inactivation making them most promising future of 

membrane technology. 
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Chapter 1.3 
Synthesis of Polymeric and Inorganic building blocks 
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1.3.1 Synthesis of Polymeric building blocks 

Living Polymerisation is one of the versatile technique where there is no intrinsic 

termination. According to IUPAC, it could be defined as a chain polymerization from 

which chain transfer and chain termination are absent.1 The discovery of this living 

polymerization technique by Michael Szwarc during 1956 had a considerable effect on 

polymer science.2,3 His innovations became the foundation for modern nanotechnology. 

There are many other mechanisms have been developed after Szwarc’s discovery 

including cationic,4 Ziegler-Natta,5 ring-opening metathesis6 and group transfer 

polymerization.7 In living polymerization, the chain end is always active; monomer can 

attach themselves to the growing polymer chain until they are exhausted. In an ideal 

living polymerization with 100% monomer conversion the Degree of polymerization 

(DP) is directly related to the initial concentrations of monomer, [M]0, and initiator, [I]0, 

by the following equation.  

DP = [M] %/[I] % 

The main characteristics of living polymerization are the linear evolution of molecular 

weight with monomer conversion shown in Figure 1.3.1 with low polydispersity 

polymers (Mw/Mn < 1.1). Living polymerization is one of the methods available to 

synthesize well-defined block copolymer with different architectures such as cyclic, 

star, comb and graft polymers.8–11 

 

Figure 1.3.1. Evolution of molecular weight with monomer conversion for both conventional free radical 

and living polymerizations.  

To produce monodisperse ‘living’ polymers, the rate of initiation must be much greater 

than the speed of propagation and there should not be any side reactions. This means 

using an appropriate monomer, a non-reactive solvent, and the protic impurities should 
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be removed.2 These requirements make the traditional living polymerization methods 

very synthetically demanding, as extensive purification is needed to ensure that no 

premature termination occurs through reactions with impurities. Furthermore, many 

functional monomers cannot be used since they contain labile protons. As a result, this 

technique has found relatively limited industrial application even though it has been 

known since the mid-1950s.2  

One of the simplest and widely accepted polymerization method is conventional free 

radical polymerization (FRP). FRP is a chain polymerization technique where the 

reaction proceeds via monomer addition to an active center, and it’s a non-living chain 

polymerization method.12 The high molecular weight polymers are produced by this 

method. Free radicals are compatible with a broad range of vinyl monomers. The 

general reaction scheme for FRP is shown in Figure 1.3.2, where R+, I and M represent 

radicals, initiator, and monomer. 

 
Figure 1.3.2. Mechanism of free radical polymerization.13 

 

Initially, the initiator is decomposed to free radical with two stages; thermal 

decomposition produces active radicals, R , which then react with the monomer to form 

a new active centre, R-M1+.When the initiator decomposes, the radicals are formed in 

the solvent cage. In this solvent cage, the radicals may react with each other, respond 

with the monomer, diffuse out of the solvent cage or undergo recombination. The two 

initiation step has different rates, where the rate of initiator dissociation is much slower 

than that of monomer addition thus making it rate determining step. During 

propagation, the polymer radicals grow rapidly through the addition of further 

monomer units. Termination occurs when two polymer radicals react together by either 
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combination or disproportionation. In conjunction strategy, the reaction between two 

propagating radicals occurs to produce one long polymer chain. Termination through 

disproportionation where the abstraction of a hydrogen atom from one propagating 

chain to another, resulting in two polymer chains with different chemical structures, 

neither of which contains an active centre. Advantages of FRP are the broad range of 

different reaction conditions and its tolerance of functionality. Disadvantages will be 

limited control over final polymer’s molecular weight   with broad molecular weight 

distribution and cannot produce any block copolymers with different architectures.14 

 
The anionic and the cationic polymerizations were the only methods available to 

produce low polydispersity polymers with well-controlled molecular weights until mid 

of the 1990s. Afterward, there are several living radical polymerization (LRP) 

approaches have been developed which are not living processes because of some 

intrinsic background termination. Hence they are termed as ‘pseudo-living’ 

polymerizations, or ‘reversible deactivation radical polymerization’ by IUPAC.15 The 

three most popular methods are nitroxide-mediated polymerization (NMP),16,17 atom 

transfer radical polymerization (ATRP),18 and reversible addition-fragmentation chain 

transfer (RAFT) polymerization.19 From these polymerizations, it is possible to achieve 

linear evolution of molecular weight and monomer conversion and the production of 

polymers with low polydispersities (typically Mw/Mn < 1.30).The NMP and ATRP are 

achieved by a method known as reversible termination where the polymer radical is 

reversibly capped by a nitroxide species or halogen atom. The RAFT polymerization is 

based on the principle of rapidly reversible chain transfer. RAFT technique is the most 

robust and versatile method over NMP and ATRP.20,21 The RAFT method is tolerant to 

monomer functionality, offers excellent control to the polymerization of vinyl esters and 

vinyl amides. RAFT can be conducted under a wide range of conditions, such as 

emulsion,22,23solution,24 dispersion25 and suspension polymerisation.26 RAFT technique was 

first reported in 199819 where the living character is achieved by rapidly reversible chain 

transfer of the propagating species using a CTA. The mechanism of RAFT technique is 

shown in Figure 3. 
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Figure 1.3.3. Proposed mechanism for reversible addition-fragmentation chain transfer (RAFT) 

polymerization.13  

 

Initiation involves the production of free radical which attacks the monomer forming 

monomer free radical which will be converted into polymeric free radical with n number 

of monomer units (P&
. ). The propagation step involves reversible chain transfer where the 

propagating polymer radical (P&
. ) adds to the RAFT CTA, forming a macromolecular chain 

transfer agent (macro-CTA) and giving out a new radical (R.). The formed radical now can 

reinitiate the polymerization by forming a further propagating radical (P'
. )). The formed 

propagating radical can now add to the macro-CTA and chain equilibrium is established 

between chains Pn and Pm. While attached to the RAFT CTA the polymer chains are 

dormant: chain growth occurs through monomer addition only when the polymer chains 

are in their free radical form. Due to chain equilibration, both propagating radicals P&
.  And 

P'
.  spend the same amount of time in their active and dormant states so they have an equal 

opportunity to propagate, leading to similar chain lengths for all polymer chains. 

Termination occurs when the monomer concentration was reduced. To have good living 

character of RAFT polymerization, it should be quenched before 100% conversion. 

There are several RAFT agents are available, and its selection mainly depends on upon the 

monomer you are going to use. The main classes of RAFT agents are shown in Figure 1.3.4, 

and they may be dithiobenzoates, trithiocarbonates, dithiocarbamates and xanthates. 
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Figure 1.3.4. Generic chemical structures of chain transfer agents (CTAs) used in RAFT 

polymerization.13,27 

 

The efficiency of RAFT agent is determined by choice of R and Z groups. R must be 

chosen so the S-R bond is relatively weak and the R. radical should be a good leaving 

group that is capable of re-initiating the polymerization. The Z group controls the 

reactivity of the CTA by modifying the relative rates of addition and fragmentation. 

This is achieved through its effect on the stability of intermediate radicals.19 The choice 

of R and Z groups depends on the monomer class of interest.  

The amphiphilic molecules having hydrophobic and hydrophilic components when 

adsorbed at the interface between two immiscible liquid phases, they form foams or 

emulsions. By self-assembly process, the elements of the system will adopt more 

ordered state. This process leads to the formation of different architectures of polymeric 

nanoparticles. Figure 1.3.4 illustrates some of the morphologies like sphere, worm, 

vesicle and lamellar morphology resulted by a self-assembly process. The shape and 

size of micellar aggregate formed depend on upon the geometry of molecule and the 

conditions of the solution like surfactant concentration, temperature, pH, and ionic 

strength. Control over the shapes gives a possibility to develop and manipulate 

nanostructures architecture. According to Israelachvili28 the structure of the aggregate 

can be predicted from the critical packing parameter (C** = V, /(A '-0 1l0), where V,  is 

the effective volume occupied by hydrophobic chains in the aggregate core, l0 is the 

maximum effective length (critical chain length), and 3mic is the effective hydrophilic 

head group surface area at the aggregate-solution interface. Figure 1.3.5 shows the 

overall summary of the aggregate structures that can be predicted from the critical 

packing parameter 4pp which is reported in Figure 1.3.4. 
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Figure 1.3.5. Illustration of some possible morphologies of self-assembled surfactant amphiphiles, 

related to the packing parameter.28 

 

The self-assembly of amphiphilic molecule mainly based on van der Waals forces, 

hydrogen bonds, and electrostatics, rather than covalent interactions. Equilibrium constant 

of this process is given by the following equation 

K =
k5

k6
= exp7[8N(96

%895
%)k : T] 

Where K is the equilibrium constant, N is the aggregation number, 96
%7and95

% are the 

chemical potentials of the surfactant molecules in solution and micelle/aggregate 

respectively, and kB is the Boltzmann constant. It is also possible to formulate this 

relationship in terms of the concentration/activity of molecules forming an aggregate made 

up of N individual parts, XN. 
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The above equation can be changed by taking concentration/activity of molecules forming 

an aggregate made up of N individual parts, 

X6 = N{X5 exp;
(95

%896
%)

k : T
<} 

Here X1 is the activity of the surfactant molecules in solution. This equation is related to the 

total solute concentration, C, by the following equation 

C = X5 + X> + X? + @ = B X 6

E

6F5
 

Combining the above two equations can define the system for dilute solutions, assuming 

ideal mixing as follows 

96
% = 9 E

% + Gk: T/N *  

Where 9E
% is the bulk energy of an infinite aggregate, !" is a constant related to the 

intermolecular interaction strength (positive) and the superscript p refers to the 

shape/dimensionality of the aggregates.  

Thus BCP self-assembly in both the solid state and dilute aqueous solution has been 

extensively studied and reported, and many different particle morphologies can be 

achieved.29–33  BCP self-assembly in the solid state has been investigated since the 

1960s. The microphase separation of BCPs in the bulk is driven by the unfavorable 

mixing enthalpy and a relatively small mixing entropy; various morphologies are 

obtained depending on the precise composition of the BCP, see Figure 1.3.6. Three 

parameters determine the extent of microphase separation of BCPs: the volume fraction 

of each block, the overall degree of polymerization and the Flory-Huggins interaction 

parameter between the A and B blocks, -AB. A lamellar phase is favored for AB block 

copolymers with equal volume fractions of each block, but for any unsymmetrical block 

composition, an ordered phase consisting of domains of the shorter block within a 

continuous phase of the major component is obtained. 
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Figure 1.3.6. Theoretical phase diagram of morphologies expected for AB block copolymers in the bulk: 

- is the Flory-Huggins interaction parameter, N is the overall degree of polymerization and fA is the 

volume fraction of block A.34–36 

 

The Flory-Huggins interaction parameter, -AB, gives the estimation of incompatibility 

between the two blocks of block copolymer which is temperature dependent and is 

shown in following equation. Here z is the number of nearest neighbors per repeat unit 

in the polymer, kBT is the thermal energy and 7AB, 7AA and 7BB are the interaction 

energies per repeat unit for A-B, A-A, and B-B, respectively. 

HJ: = L
z

k : T
O[QJ: 8L

S
2
O(QJJ + Q:: )] 

For diblock copolymers where there are no strong specific interactions, the Flory-

Huggins parameter will be small and positive and decrease with increasing temperature. 

Polymerisation-induced self-assembly (PISA) is a traditional technique of forming 

polymeric nanoparticles with different architecture in-situ. The general principle of 

PISA is illustrated by the figure shown in Figure 1.3.7. A heterogeneous polymerization 

formulation is used to synthesize an amphiphilic diblock copolymer in a non-solvent 

for the growing second block, which results in the spontaneous self-assembly of chains 

to form BCP nano-objects. 
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Figure 1.3.7. Schematic representation of polymerization-induced self-assembly (PISA), starting from a 

soluble RAFT macro-CTA, growth of an amphiphilic diblock copolymer and finally self-assembly at a 

critical DP of the solvophobic block. 

 

Both emulsion and dispersion polymerization formulations have been studied 

extensively, with each offering various advantages and disadvantages. As discussed 

earlier the most studied LRP techniques are NMP, ATRP, and RAFT, and each of these 

has been utilized in PISA syntheses of BCP nanoparticles. Charleux et al.,37,38 

synthesized the PISA formed spherical NPs by nitroxide-mediated polymerization for 

the first time in an aqueous system containing water-soluble macro alkoxyamine 

initiators chain-extended with either n-butyl methacrylate or styrene. The spheres had 

mean diameters of 40 to 110 nm with blocking efficiency below 100%. Kim et al.,39 

used a Polyethylene (oxide), PEO-based ATRP macroinitiator to form PEO-poly(N-

isopropyl acrylamide) (PEO-PNIPAM) diblock copolymers under aqueous dispersion 

polymerization conditions using ATRP PISA procedures. Pan et al.,40 used an esterified 

Polyethylene (glycol), PEG-Br macroinitiator to polymerize 4-vinylpyridine (4VP) and 

N,N’-methylene bisacrylamide (MBA) in ethanol/water mixtures. Sugihara et al.,41,42 

investigated the polymerization of the biomimetic monomer 2-(methacryloyloxy)ethyl 

phosphorylcholine (MPC) in alcohol/water mixtures, using a PEO macroinitiator. This 

resulted in the formation of particles with PMPC cores and PEO shells. There are 

several kinds of literature in the example of RAFT technique with PISA formulation. 

The first case was showed by Hawkett et al.,43 where synthesis of poly(acrylic acid)-

poly(n-butyl acrylate) (PAA-PnBA) diblock copolymer in water at 60<C using ACVA 

as initiator was done. Many groups have conducted extensive research focusing on 

= V/

Spheres

Worms

Vesicles

PolPolymerization Induced Self AssemblySoluble macro-CTA

Miscible 
Monomer
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RAFT PISA  with both emulsion and dispersion polymerization formulations.23,27,44–62 

Various morphologies have been synthesized in aqueous, alcoholic or non-polar 

solvents. Afterward, the same group extended this work by adding hydrophobic, 

polystyrene (PS) block as 3rd block to give new ABC triblock copolymer particles with 

diameters of around 50 nm via RAFT emulsion polymerization.63 Later Charleux and 

coworkers.,64 done the chain extension of water-soluble macro-CTAs by 

polymerization of a water-immiscible monomer such as Methyl methacrylate (MMA), 

styrene (S) or n-butyl acrylate (nBA). In examples mentioned above, the resulting 

amphiphilic diblock copolymer self-assembles in situ once some critical DP for the 

insoluble block is attained, with various morphologies being obtained depending on the 

ratio of the two blocks. 

RAFT polymerizations via aqueous dispersion conditions also provide a strategy for in 

situ self-assembly of amphiphilic diblock copolymers, whereby the hydrophilic block 

acts as the steric stabilizer for the hydrophobic block. Armes et al.,65 illustrated this 

approach as shown in Figure 1.3.8. The hydrophilic block was a poly(glycerol mono 

methacrylate) (PGMA) macro-CTA, which was chain-extended with a hydrophobic 

PHPMA block, resulting in the in situ formation of nanoparticles with size mentioned 

in Figure 1.3.8. 

 
Figure 1.3.8. In situ formation of sterically stabilised PGMA-PHPMA nanoparticles by RAFT aqueous 

dispersion polymerization of HPMA at =0<C. Increasing the degree of polymerization of the core-

forming block leads to larger nanoparticles, as judged by dynamic light scattering and transmission 

electron microscopy.65 

 

This is the first example of RAFT aqueous dispersion polymerization to produce a diblock 

copolymer which allows the DP of the core-forming block to be varied as required allowing 

to have different morphologies for the final diblock copolymer nanoparticles. Later Blanazs 

et al.,44 investigated morphology transitions that occur during the HPMA polymerization. 
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TEM images revealed the pure as well as mixed phases of polymeric architectures as shown 

in Figure 1.3.9. 

 
Figure 1.3.9. TEM images obtained for six poly(glycerol mono methacrylate)47-poly(hydroxypropyl 

methacrylate)x (PGMA47-PHPMAx) diblock copolymers synthesized via RAFT aqueous dispersion 

polymerization. Increasing PHPMA DP (x) results in morphological transitions; ranging from (a) 

spherical micelles, (b) a mixed phase of dimers and short worms, (c) longer worms, (d) branched worms, 

(e) branched/clustered worms to (f) vesicles.44 

 

They show the evolution of different morphologies regarding pure phase diagram by 

extensive experimentation as shown in Figure 1.3.10. 44 
 

 

Figure 1.3.10. Phase diagram for PGMA78-PHPMAx diblock copolymers synthesized via RAFT 

aqueous dispersion polymerization at concentrations between 10 and 25 % w/w. The PHPMA DP (x) is 

varied from 150 to 500 with different morphologies observed depending on the composition and 

concentration. S = spherical micelles, W = worm-like micelles and V = vesicles.44 
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The road map also called as phase diagrams illustrate the concentration dependence of the 

morphology. For example in the previous case, only spheres are obtained at 10 % w/w 

solids when using a PGMA78 macro-CTA. The evolution from spheres to worms proceeds 

by sphere-sphere fusion events based on the timescale of the experiment. At lower 

copolymer concentrations, there will be fewer collisions between spheres, thus reducing 

the chance of inelastic collisions and hence the formation of worms. An additional 

parameter that influences the morphology is the DP of the stabilizer block. Higher stabilizer 

DPs limit the morphology to kinetically-trapped spheres. 

Later Semsarilar et al.,66,67 focused on using polyelectrolytic stabilizers to form charged 

diblock copolymer nanoparticles via RAFT aqueous dispersion polymerization of PHPMA. 

The initial formulation consisted of poly(potassium 3-sulfopropyl methacrylate) 

(PKSPMA) as the stabilizer block, resulted in difficulty of achieving efficient copolymer 

self-assembly. This was due to high lateral repulsive interactions between the anionic 

stabilizer chains. 

  
Figure 1.3.11. Reaction scheme for the synthesis of poly(potassium 3-sulfopropyl methacrylate–poly(2-

hyroxypropyl methacrylate) (PKSPMA-PHPMA) diblock copolymers by RAFT aqueous dispersion 

polymerization at =0<C.67 

 

To solve the problem, a copolymer macro-RAFT agent comprising KSPMA and a non-

ionic monomer, 2-hydroxyethyl methacrylate (HEMA), was used to reduce the anionic 

charge density as shown below 

 
Figure 1.3.12. Reaction scheme for the synthesis of diblock copolymer nanoparticles via PISA using a 

P(KSPMA-stat-HEMA) statistical copolymer for the RAFT aqueous dispersion polymerization of 

PHPMA.66 
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Diblock copolymers formed by chain extension with PHPMA led to the formation of well-

defined spherical particles, without any higher order structures such as worms or vesicles. 

Later the PISA was done in the presence of salt, so as to screen the charge and reduce inter-

chain repulsion in the anionic stabilizer corona lead to the formation of worm-like and 

vesicular morphologies, along with spheres.67  

There is few more literature available using PISA technique to form different 

morphologies using emulsion or dispersion formulations.52,53,59,61,68–76 Overall the PISA 

method can form polymeric particles with different morphologies using different 

polymerization techniques. The shaped particles are in high concentration, live and can 

have control over the block length by selecting an appropriate polymerization technique 

like RAFT. 

1.3.2 Synthesis of Inorganic building blocks 

From last few years, the synthesis of superparamagnetic nanoparticles has been 

intensively developed for both fundamental scientific interest as well as for many 

technological applications. These NPs has been used in magnetic storage media,77 

biosensor applications,78 medical applications, such as targeted drug delivery,79,80 

contrast agents in magnetic resonance imaging (MRI),81–84 and magnetic inks for jet 

printing.85  The critical character of NPs to be used in above mentioned application is 

to have monodisperse size distribution. The size should be less than 100 nm with some 

application needs the coated NPs which makes them non-toxic and biocompatible. 

Some approaches have been described to produce magnetic nanoparticles, and some of 

them are detailed in this section. 

Co-precipitation from aqueous solutions has been used extensively for synthesis iron 

NPs with size varying from 30 to 100 nm by the reaction between Fe(II) salt, a base, 

and a mild oxidant in aqueous solutions.86 The size of synthesized NPs depends mainly 

on pH of the solution along with the concentration of cations present in the reaction 

mixture.87 The alteration in pH and ionic strength can lead to synthesize the particles 

with controlled size varying from 2 to 15 nm.88 The main problem here is the 

aggregation of the particles because of large surface-area to volume ratio.89 To stabilize 

the formed particles. The suspension of nanoparticles can anionic surfactants are added 

as supporting agents.90,91 The other strategies to maintain the particles are by coating 

the core with proteins,92,93 starches,94,95 polyelectrolytes.96 Naumov et al.,97 synthesized 
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the first controlled superparamagnetic iron oxide particles synthesis using alkaline 

precipitation of FeCl3 and FeCl2. The synthesis produced the magnetite (Fe3O4) 

particles with spherical structure and size was around 8 nm. The drawback of 

coprecipitation method is the synthesis of NPs with broad size distribution. 

In microemulsion technique, water in oil microemulsion consisting of nanosized water 

droplets dispersed in an oil phase which is stabilized by surfactant molecules at the 

water/oil interface.98–101The Nanocavities (size of 10 nm) formed by this emulsion 

provide a confinement effect that limits particle nucleation, growth, and agglomeration. 

By this technique, broad categories of nanoparticles can be obtained by varying the 

nature and amount of surfactant, the oil phase and by changing the reacting conditions. 

Salazar-Alvarez et al.,102 has used reverse emulsion procedure to synthesize iron oxide 

nanoparticles. The nanoemulsion composed of AOT-BuOH/CHex/H2O, with a 

surfactant/water molar ratio of 2.85 and a surfactant/ co-surfactant molar ratio of 1.  The 

oil and water phases frequently contain several dissolved components, and therefore, 

the selection of the surfactant depends on upon the physicochemical characteristics of 

the system. The usual types of surfactants used are sodium bis(2-

ethylhexylsulfosuccinate) (AOT),103–105 cetyltrimethylammonium bromide (CTAB),106 

or sodium dodecyl sulfate (SDS)107,108 as ionic surfactants. Later Vidal-Vidal et al. used 

one-pot emulsion method to have coated and uncoated magnetic Nps with 

monodisperse size distribution.109 A water-in-oil emulsion (cyclohexane/Brij-

97/aqueous phase)110 was chosen.  The nanoparticles are formed by the coprecipitation 

reaction of ferrous and ferric salts with cyclohexylamine, and allylamine, into a water-

in-oil emulsion.  The spherical-shaped particles capped with a monolayer with the size 

of 0.6 nm. Jia et al.,111 prepared chitosan/Fe3O4 composite nanoparticles in 

microreactors of small water pockets of a water-in-oil emulsion. The addition of NaOH 

into the emulsion containing chitosan and ferrous salt, the magnetic Fe3O4 and chitosan 

nanoparticles were precipitated where iron NPs were surrounded by chitosan.  The final 

particles had size ranged from 10 to 80 nm.  

The sol-gel process is widely accepted technique to synthesize nanostructured metal 

oxides.112,113  Here the hydroxylation and condensation of molecular precursors occur 

in solution. This sol is dried by removal of solvent to have three-dimensional metal 

oxide network. The general solvent used for the process is water, but the precursors can 

also be hydrolyzed by an acid or base. The catalysis by base induce the formation of a 
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colloidal gel and by acid will form a polymeric gel.114 The reaction will be carried out 

at room temperature but to have final crystalline structure heat treatments are 

needed.115,116 The magnetic ordering of sol-gel system depends on upon the phases 

formed, particle volume fractions.117 Solinas et al.,118 produced Fe2O3-SiO2 

nanocomposites with a Fe/Si molar concentration ranging between 0.25 and 0.57 by the 

sol-gel process. They have studied the effect of the surface of evaporation/volume (S/V) 

ratio of the sol and the temperature in the process. They concluded that the gelation is 

a prime important process which determines the size and the phase of the nanoparticles 

formed in the silica matrix. Raileanu et al.,119 have prepared sol-gel nanocomposite 

materials (FexOy-SiO2) using alkoxide and aqueous routes. Precursors of silica like 

tetraethoxysilane, methyltriethoxysilane, colloidal silica solution were used to have a 

comparison of the use of different precursors on final formed NPs. 

The use laser pyrolysis is one more technique to synthesize the Iron NPs with a high 

rate of production and control over experimental conditions.120 The organometallic 

precursors103–105 were used where resonant interaction between laser photons and at 

least one gaseous species, reactant or sensitizer. The use of sensitizer will help in energy 

transfer which is excited by absorption of CO2 laser radiation and collision will transfer 

the energy into reactants.121 Here initially a flowing mixture of gasses were heated and 

bombarded with a continuous CO2 laser to initiate a chemical reaction until a critical 

concentration of nuclei is reached in the reaction zone.122The nucleated particles are 

then entrained in the gas stream and are collected at the exit.120  

The polyol method, a well-known technique to have INPs with required size and shape 

by controlling the kinetic of the precipitation. This involves seeding the media with 

foreign particles (heterogeneous nucleation) which quickly separates the nucleation and 

growth steps. The disproportionation of ferrous hydroxide in media forms iron Nps of 

size varying up to 100 nm. 123 The solvent commonly used in this method is 

polyethylene Glycol because of their excellent dielectric constants, compatible with 

inorganic compounds and has a high boiling point. Polyols act as reducing agent as well 

as stabilizers which control particle growth and prevent particle aggregation. Josephus 

et al., 124studied the factors affecting the production of Iron NPs are the type of polyols 

used, ferrous salts and their concentration, hydroxyl ion concentration, and temperature. 

Cai et al.,125 developed a method involving the direct synthesis of non-aggregated 214 

magnetite nanoparticles using a modified polyol process. Polyols like ethylene glycol 
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(EG), diethylene glycol (DEG), tetra ethylene glycol (TREG), and tetramethylene 

glycol (TMEG) were directly reacted with Fe(acac)3. Only the reaction with TREG 

yielded non-agglomerated magnetite particles with uniform shape and narrow size 

distribution.  

The hydrothermal reaction method where aqueous media in reactor or autoclave is 

used at a high pressure of 2000 psi and the temperature can be above 200  C.  The 

process mainly depends on upon the ability of water to hydrolyze and dehydrate metal 

salts on elevated conditions, and very low solubility of metal oxides in water will create 

supersaturation.105 Hao and Teja126 investigated the effects of precursor concentration, 

temperature, and residence time on particle size and morphology. Teja et al.,127 used 

the continuous hydrothermal method to produce polyvinyl alcohol (PVA) coated iron 

oxide nanoparticles. The synthesis resulted in particles with uniform shape and narrow 

particle size distribution. Particle size and morphology control are one of the advantages 

of hydrothermal techniques. 

The sonolysis uses the ultrasonic irradiation creating cavities in an aqueous medium 

where the formation, growth, and collapse of microbubbles occurs.128 This process 

generates the heat at a temperature of 5000  C and pressure of 1800 kPa which enables 

many unusual chemical reactions to occur.129 This process yields amorphous materials 

instead of crystalline solids that are produced in collapsing cavitation bubbles.130 

There is more literature available on the mentioned methods as well as new methods 

improving the conventional ones to have controlled, reproducible superparamagnetic 

iron nanoparticles. Different kinds of monodisperse iron NPs have been synthesized by 

various varieties of synthetic procedures like co-precipitation, micro emulsion, sol-gel 

reactions, aerosol methods, hydrothermal decomposition of metal-surfactant 

complexes, polyols processes, and sonolysis. There are new techniques like microwave 

synthesis also proposed recently which used the rapid heating method. There are Iron 

nanoparticles were synthesized and coated with organic and inorganic substances to 

make them available for many application along with in-vitro and in vivo biological 

applications.��
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Chapter 2 

Porous Membranes from Acid decorated Block Copolymer 
Nano-objects via RAFT Alcoholic Dispersion Polymerization 
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Abstract 

The RAFT dispersion polymerization of methyl methacrylate (MMA) is conducted in 

ethanol at 70°C using a poly (methacrylic acid) (PMAA) chain transfer agent. The 

poly(methacrylic acid) block is soluble in ethanol and acts as a steric stabilizer for the 

growing insoluble PMMA chains, resulting in the in situ formation of diblock 

copolymer nano-objects (Polymerization Induced Self-Assembly (PISA)) in the form 

of spheres, worms or vesicles, depending on the precise reaction conditions as judged 

by transmission electron microscopy and dynamic light scattering studies. Two detailed 

phase diagrams using PMAA27 and PMAA47 macro-CTAs were constructed as a road 

map for synthesis of pure morphologies. It was observed that the pure phases could be 

obtained using the longer macro-CTA while the pure worm phase was not observed 

with the shorter PMAA. Spin-coated thin films of the prepared spherical particles 

exhibited a connected porous network as evaluated by electron microscopy (SEM, 

TEM). Finally, the prepared porous thin film was tested as an isoporous membrane for 

water filtration. 
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2.1 Introduction 

The research on synthesis and self-assembly of block copolymers have been the center 

of attention for many years1–7 not only among polymer chemists but also in other 

disciplines due to their potential application in nano-medicine, recombinant DNA 

technology, energy and electronics, separation science and many more.5,8–11 Subsequent 

to the invention of reversible-deactivation radical polymerization (RDRP) a wide range 

of well-defined block copolymers has been reported by various groups around the 

world.12–15 It is well known that amphiphilic block copolymers spontaneously undergo 

self-assembly in solution to minimize the unfavorable interactions between the 

solvophobic blocks and the solvent. 

A wide range of copolymer morphologies have been reported, including spherical 

micelles,8,16–18 worm-like particles18–20 and vesicles16,21,22 via a post polymerization 

method. In this method the block copolymer is initially dissolved in a good solvent to 

which selective solvent for one of the blocks is added in order to induce the self-

assembly. The major disadvantage of this route is that the self-assembly only happens 

under dilute conditions (typically <1% w/w copolymer).21 The recent development of 

polymerization induced self-assembly (PISA) has overcome this problem and enables 

the synthesis of well-defined block copolymer nano-objects up to 40% w/w directly 

without any need for post-polymerization processes.2,19,23 PISA formulations are mostly 

based on reversible addition–fragmentation chain transfer (RAFT) 

polymerization,2,3,11,17–19,21,24–26 although there have been few reports on using other 

controlled polymerization techniques.27–29 The RAFT controlled PISA systems are 

typically conducted under either aqueous emulsion30,31 or dispersion polymerization16–

18,21,32 conditions. In the latter case, the continuous phase may be water,16,21 

alcohol17,20,33 or n-alkanes,24 which underlines the versatility of this approach.  

Since 2005 numerous reports have described the synthesis of functionalized nano-

objects using the PISA approach. Despite the demonstration of the ability of this 

method to prepare particles of different chemistry and morphologies, only very few 

reports have shown the use of these nano-structures in specific applications. Herein, we 

report for the very first time the preparation of porous thin film membranes from 

nanoparticles prepared via an ethanolic PISA formulation based on PMAA-PMMA 

diblock copolymers. So far there has been only one report on PISA alcoholic dispersion 

using MMA as the core forming block.34 The resulting diblock copolymer nanoparticles 
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were characterized using transmission electron microscopy (TEM) and dynamic light 

scattering (DLS) and two detailed phase diagrams based on a short (DP 27) and a long 

(DP 47) PMAA have been constructed as a guide to synthesis of pure spherical, 

vermicular or vesicular particles. Furthermore, the spherical PMAA-PMMA particles 

were used to prepare an isoporous thin film membrane via spin coating. The efficiency 

of the resulting porous thin film membrane was characterized by water filtration tests 

and cross sectional analysis (TEM and SEM). 

 

2.2 Experimental 

Materials 

Methacrylic acid, Methyl methacrylate, 4-Cyano-4 (phenylcarbonothioylthio) 

pentanoic acid (>97%), 4,4’-azobis(4-cyanovaleric acid) (ACVA; 98%) were 

purchased from Sigma-Aldrich France and were used as received. NMR solvent 

CD3OD was purchased from Eurisotop, Saint Aubin, France. 

 

Synthesis of poly (methacrylic acid) macro-chain transfer agent  

A typical synthesis of PMMA macro-CTA was conducted as follows: Methacrylic acid 

(MAA; 5 g; 58.07 mmol), 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (540.8 

mg; 1.93 mmol), 4, 4’-azobis (4-cyanovaleric acid) (54.26 mg; 0.19 mmol; 

CTA/ACVA molar ratio = 10.0) was dissolved in ethanol (5.0 g). The sealed vessel was 

purged with nitrogen for 30 minutes and placed in a pre-heated oil bath at 70 °C for 6 

h. The polymerization was quenched by cooling the reaction mixture to 20 °C and 

subsequently exposing the mixture to the air. The reaction mixture was diluted with a 

two-time excess of ethanol. The unreacted monomer was removed by precipitation into 

tenfold excess diethyl ether. The solid after precipitation was dried under vacuum for 

24 h. 1H NMR spectroscopy indicated a mean degree of polymerization of 27 for the 

PMAA macro-CTA (calculated by comparing the integrated signals due to the aromatic 

protons at 7.2-8.0 ppm with those due to methacrylic acid backbone at (0.4 to 2.5 ppm). 

Similar reaction condition was used to synthesize PMAA macro-CTA with mean DP 

of 47.  
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Synthesis of poly (methacrylic acid)-poly (methyl methacrylate) (PMAA-PMMA) 

diblock copolymer particles  

A typical ethanolic RAFT dispersion polymerization synthesis of PMAA27 PMMA150 

diblock copolymer at 20 % w/w solids was carried out as follows: Methyl methacrylate 

(MMA; 1 g; 9.98 mmol), ACVA initiator (1.86 mg; 0.0066 mmol), and PMAA27 

macro-CTA (154.7 mg; 0.066 mmol) were dissolved in ethanol (4.0 g). The reaction 

mixture was sealed in a 10 mL round bottom flask and purged with N2 for 30 min. The 

reaction flask was kept in a preheated oil bath at 70 °C for 24 h (96% conversion as 

judged by 1H NMR spectroscopy). 

 

Analysis and characterization of block copolymers 

Copolymer molecular weight distributions were determined using size exclusion 

chromatography (SEC) performed with a double detector array from Viscotek (TDA 

305, Malvern instruments, Worcestershire, UK). The Viscotek SEC apparatus equipped 

with two column set-up with common particle size of 5 mm using THF as an eluent 

(1.0 ml/min). The Viscotek system contains a refractive index detector (RI, 

concentration detector), and a four-capillary differential viscometer. OmniSEC 

software was used for data analysis and acquisition. The number average molecular 

weights (Mn) and polydispersity index (Mw/Mn) were calculated relative to polystyrene 

standards. For SEC, the polymers were modified by methylation of the carboxylic acid 

groups on the PMAA block using excess trimethylsilyldiazomethane.35 Briefly 50 mg 

of the copolymer was dissolved in THF and a yellow solution of 

trimethylsilyldiazomethane was added dropwise at 20 °C. Upon addition, effervescence 

was observed and the solution immediately becomes colorless. Addition of 

trimethylsilyldiazomethane was continued until the solution became yellow and 

effervescence ceased. Then, a small amount of trimethylsilyldiazomethane was added 

and the solution was stirred overnight.  

Proton NMR spectra were acquired with Bruker 300 Mhz spectrometer using CD3OD 

solvent.  DLS measurements were carried out at 25 °C using scattering angles of 90°  

with a Brookhaven Instrument Corporation (BTC)- 90 plus particle size analyzer 

equipped with 35 mW  solid state laser operating at 660 nm. TEM images were acquired 

using a Technai F30 instrument operating under 80-200 keV working voltage equipped 

with CCD veleta 2Kx2K camera. To prepare the TEM samples, 10 µL of the sample 
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was placed on the carbon-coated copper grid for 60 sec and stained with ammonium 

molybdate for 20 sec. After staining, grid was dried using vacuum hose under ambient 

conditions. 

 

Filtration and membrane characterizations 

Polymer thin films were prepared using a SPS Spin 150 spin coater at 1000 rpm for 120 

sec with a speed of 100 rpm.s-1 under dry argon atmosphere. SEM analysis was 

conducted using a Hitachi S-4500 instrument operating at a spatial resolution of 1.5 nm 

at 15 kV energy. The samples were dried and coated with an ultrathin layer of 

electrically conducting platinum deposited by high vacuum evaporation. To see the 

pore connectivity within membrane cross section, microtome was carried out and 

samples observed under TEM. The membrane samples were dried at ambient 

conditions overnight. After 24 h of drying the samples were embedded in Resin (Epon 

812) at 60 °C for 24 h. The samples were then cut using Leica EM UC7 ultramicrotome, 

producing sections of 50 nm in thickness. The sections were then deposited on carbon 

coated copper grids for TEM imaging.  

For filtration tests the prepared membrane (d=2.5 cm) was fitted in a 10 mL filtration 

cell (Amicon 8010 stirred cell). Then filtration cell was connected to a water reservoir 

and compressed air line. The measurements were then performed at pressures between 

0.1 and 4.0 bars. The mass of the water passing through the membrane (permeate) is 

recorded by the SartoConnect software at regular time intervals. All filtration 

experiments were performed at room temperature with dust free ultrapure water 

(filtered through a 400 micron filter).  

2.3 Results and discussion 

Several groups36–38 have previously reported the preparation of poly(methacrylic acid) 

stabilized diblock copolymer particles via PISA method. In the present study PMAA 

chains have been used as stabilizing block to prepare particles with PMMA cores via 

RAFT dispersion polymerization. Following the procedure reported by Semsarilar et. 

al.,18 a well-defined PMAA macro-CTA with mean DP of 27 (Mn=1.9 kg/mol, Mw=2.3 

kg/mol, Mw/Mn=1.18) was synthesized in ethanol under standard RAFT polymerization 

conditions (Fig. 1S) and then block extended with MMA in ethanol at 70 °C to produce 

a series of PMAA27-PMMAy diblock copolymer morphologies (PMMA chains are 
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insoluble in ethanol) (Scheme 2.1). A kinetic study of the MMA polymerization was 

conducted when targeting DP 500 for the core forming block (Fig. 2.1A). 1H NMR 

analysis indicated that a MMA conversion of 78% was obtained after 14 h and about 

94% conversion after 24 h. The living character of the MMA polymerization was 

assessed by monitoring the evolution of the molecular weight with conversion (Fig. 

1B). The linear relationship indicates a well-controlled pseudo-living RAFT 

polymerization. The polydispersities remained around 1.20 throughout the reaction, 

with the targeted PMAA27-PMMA500 diblock copolymer having a final Mw/Mn of 1.23. 

After about 50 min, a blue tint could be observed in the reaction solution indicating the 

onset of micellization as previously reported.39 After 2 h the reaction mixture turned 

slightly turbid. Despite this change of turbidity no increase in the rate of polymerization 

was observed since ethanol as well as the unreacted MMA monomer act as good solvent 

for the growing PMMA chains. Only after crossing the critical limit (after 2h), the 

growing chains become insoluble. 

 

Scheme 2.1. RAFT synthesis of poly (methacrylic acid)-poly (methyl methacrylate) diblock nano-

objects prepared by alcoholic dispersion polymerization at 70 °C in ethanol. The final diblock copolymer 

morphology can be either spheres, worms or vesicles, depending on the precise diblock copolymer 

composition. 
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Figure 2.1. (A) Kinetic data obtained for RAFT dispersion polymerization MMA at 10 w/w % solids in 

ethanol using PMAA27 macro-CTA at 70 °C. (B) Evolution of number- average molecular weight Mn 

and Polydispersity (Mw/Mn) with monomer conversion as judged by THF SEC (vs. PS calibration 

standards). The targeted diblock composition was PMAA27 PMMA500. 

Systematic variation of the mean DP of the core-forming PMMA block (y-axis) and the 

total solids content (x-axis) allowed the construction of a detailed phase diagram for the 

PMAA27-PMMAy nano objects (Fig. 2.2). The final copolymer compositions were 

determined by 1H NMR analysis (full characterization data can be found in Table S1). 

Close examination of the phase diagram constructed using the PMAA27 macro-CTA 

(Fig. 2.2) revealed that for all solids contents (10, 12.5, 15, 20 and 30 w/w %) no 

particles were formed when the DP of the PMMA block was below 50. This is due to 

the fact that short PMMA chains are soluble in ethanol.  
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Figure 2.2. Phase diagram constructed for PMAA27-PMMAY diblock copolymer nano-objects prepared 

by RAFT ethanolic dispersion polymerization at 70 °C. Post mortem TEM images obtained at 20 w/w 

% varying the length of PMMA block showing the evolution from spheres to vesicles. (A) Y=67, Spheres 

(B) Y=87, Spheres (C) Y=115, Spheres + Short worms (D) Y=145, Spheres + Short worms (E) Y=172, 

Spheres + Short worms (F) Y=196, Spheres + Short worms (G) Y=209, Worms + Vesicles (H) Y=259, 

Vesicles. (S denotes Spheres, SW- denotes Short worms, W- denotes Worms, V- denotes Vesicles).  
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Figure 2.3. Phase diagram constructed for PMAA47-PMMAY diblock copolymer nano-objects prepared 

by RAFT ethanolic dispersion polymerization at 70 °C. Post mortem TEM images obtained at 20 w/w 

% varying the length of PMMA block showing the evolution from spheres to vesicles. (A) Y=114, 

Spheres (B) Y=142, Spheres (C) Y=198, Spheres (D) Y=212, Spheres + Short worms (E) Y=245, 

Spheres + Short worms), (F) Y=276, Worms (G) Y=345, Worms + Vesicles (H) Y=359, Vesicles. (S 

denotes Spheres, SW- denotes Short worms, W- denotes Worms, V- denotes Vesicles). 

At all concentrations as the DP of the PMMA block is increased, a gradual evolution 

of morphology from spheres to worms to vesicles was observed with mixed phases in 

between the pure phases. This is illustrated in the TEM images in Fig. 2.2 recorded for 

MMA polymerization at 20% w/w solids. A mixed phase of spheres, short worms and 

vesicles was obtained at a mean PMMA DP of 150 to 200 at solids content of 10 and 

12.5% w/w while no pure worm phase was observed at any of the concentrations 

examined.  

The DLS analysis showed that the spherical diblock copolymer particles exhibited 

relatively narrow size distributions (d= 32 nm, PDI= 0.06 for PMAA27-PMMA67 and 

d=39 nm, PDI= 0.09 for PMAA27-PMMA87 at 20% w/w) whereas worms or vesicles 

show higher polydispersities (Table S1, Fig. S2-S6). As previously explained by Armes 

and co-workers40 this is due to the fact that the Stokes-Einstein equation is only valid 

for spherical and vesicular particles.  
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To investigate the possibility of obtaining a pure worm phase, a longer stabilizer block 

with mean DP of 47 (PMAA47; Mn=3.1 kg/mol, Mw =4.0 kg/mol, Mw/Mn=1.29) was 

synthesized. The second phase diagram was constructed based on the diblock 

copolymer series of PMAA47-PMMAY. Each block copolymer was analysed by 1H 

NMR, DLS and TEM as shown in Table S2 and Fig. S7-S13. In this phase diagram 

(Fig. 2.3) at 10-12.5% w/w solids, as the DP of the core forming PMMA block 

increases, initially the diblock copolymer chains form spherical particles (DP= 150-

225) and then the mixed phases of spheres-worms (DP= 225-275) and finally a mixed 

phase of all three morphologies is obtained (up to PMMA DP of 400) with no trace of 

the pure worm and vesicle phases. When the total solids content of the system was 

increased (15- 30% w/w) then general evolution of spheres to worms to vesicles with 

marked mixed phases between the pure phases was observed. The worm phase in this 

system was also narrow (PMMA DP of 250-310) as in the other block copolymer 

systems reported so far.16,30  

The DLS analysis of the spherical particles revealed that with PMMA DP of 114 to 

198, the particle diameter changes from 33 to 48 nm in with a narrow polydispersity 

(less than 0.1). This change in size was observed visually as well as by TEM analysis 

(Fig. S7-S13). 

A sample of the spherical particles with hydrodynamic diameter of 39 nm (PDI=0.06) 

prepared using the short PMAA stabilizer block at 15% w/w (PMAA27-PMMA106) was 

selected to prepare thin film via spin coating under inert atmosphere. Once dried at 

room temperature the thin film was detached from the silicon wafer by gentle 

immersion in water. To add extra mechanical support, this detached film was 

transferred onto a commercially available nylon membrane with average pore size of 

0.2 µm. The SEM image of the top surface of this film (Fig. 2.4A) showed a 

homogeneous layer. The membrane cross-section (Fig. 2.4B and 2.4C) displayed the 

compact arrangement of the spherical particles in the thin film with thickness of about 

1.6 µm. Figure 2.4D showed the schematic representation of this compact assembly. 

To calculate the theoretical pore size of such assembly (the gaps between the packed 

particles in Fig. 2.4D), we employed a simple model based on the compact arrangement 

(hexagonal) of mono-disperse spheres.41 Here, the diameter of the spherical particle 

was considered to be 36 nm which was the average diameter value obtained by DLS 

(39 nm; See Table S1) and TEM (33 nm; See Fig. S14). Based on such calculation the 
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estimated pore size will be 14.9 nm. To check if this calculated value matched the real 

pore size of the film, microtome was performed and the film cross-section was observed 

by TEM (Fig. 2.5). It is worth mentioning that so far microtome has never been used to 

determine the pore size of films (microtome is typically used for biological samples). 

The cross-section images (Fig. 2.5B) showed pore width varying from 4 to 28 nm 

(calculated by image treatment using ImageJ software). The pore size calculated 

theoretically (14.9 nm) is within the pore size range estimated from the microtome 

analysis (4-28 nm). This pore size range falls within the boundary of nano-filtration (1-

10 nm) and lower limit of ultra-filtration (10-100 nm) membranes.42, 43

 

Figure 2.4. Scanning electron microscopic images of the thin film prepared from PMAA27-PMMA106 

spherical particles with diameter of 39 nm by spin coating (A) top surface (B) cross section with nylon 

support  (C) magnified cross section (D) Schematic representation of the model based on compact 

organization of spherical particles taken from Ref. 41. 
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Figure 2.5.  Pore size analysis of film prepared using PMAA27-PMMA106 spherical particles using 

microtome (A) Schematic representation of the cross-section (B) TEM  image of the cross-section.

 

Figure 2.6. Water mass v/s time for filtration of water at pH 6.8 and 2.5 bars. 

To test the prepared porous film as a separation membrane the supported film was 

mounted in a dead-end filtration cell (Millipore -10 mL). The filtration cell was then 

filled with water at pH 6.1 and connected to a pressurized water reservoir at 2.5 bars. 

Darcy’s law was employed43 to calculate the permeability and the flux of the membrane 

(Eq. S1 and S2). At 2.5 bars the calculated flux was 51.2 l.m-2.h-1 and the corresponding 

permeability was 20.5 l.m-2.h-1.bar-1 based on the linear regression analysis (Fig. 2.6). 
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2.4 Conclusions 

In summary, two poly (methacrylic acid) (PMAA) macro-CTAs were chain extended 

via RAFT dispersion polymerization of methyl methacrylate (MMA) at 70 °C in 

ethanol. Kinetic studies confirmed that high conversions were achieved within 24 h and 

the SEC analyses indicated well-controlled polymerization with polydispersities below 

1.23. TEM images showed well-defined diblock copolymer nanoparticles. Two macro-

CTAs with mean DP of 27 and 47 were used to construct two detailed phase diagrams 

as road maps for reproducible synthesis of pure block copolymer morphologies.  

Systematic variation of the mean DP of the hydrophobic core forming PMMA block 

and the total solid concentration enabled the formation of pure spheres, worms and 

vesicles for the longer macro-CTA (PMAA47), while pure worm phase could not be 

achieved with the shorter PMAA27 stabilizing block. PMAA27-PMMA106 spherical 

particles were successfully used to prepare thin films via spin coating method. The thin 

film analysis by electron microscopy (SEM and TEM) confirmed the porous nature of 

these films. The observed pores are due to the compact assembly of the spherical 

particles where the pores are essentially the gaps in between the packed spherical 

polymeric particles. Finally, water filtration test was performed. The obtained 

permeability suggests that these porous thin films could be used in membrane 

separation applications. In the forthcoming papers, we will explore the possibility of 

preparing membranes using particles of different morphologies (spheres, worms and 

vesicles) synthesized in this article and study the performance of the membranes 

obtained. 
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2.6 Supporting Information 

 

Figure S1.  (A) 1H NMR kinetic data obtained for RAFT dispersion polymerization of MAA at 10 w/w % 
solids in ethanol. The targeted block composition was PMAA30. (B) Evolution of number- average molecular 
weight Mn and Polydispersity (Mw/Mn) with monomer conversion as judged by THF SEC (vs. PS calibration 
standards).  

Table S1. Summary of diblock compositions, total solids content, conversion and degree of polymerization 
(DP), particle diameter and observed morphology for PMAA27-PMMAy. 

Polymer 
composition 
 

Solid 
Conc. 
(wt%) 

Target 
DP 

Conversiona 
(%)  

Real 
DP 

Hydrodynamic 
Diameterb 

(nm) 

PDIc Structured 

PMAA 27 
PMMA 50 

10 50 88.0 44 - - Soluble 

PMAA 27 
PMMA 75 

10 75 97.3 73 32 0.08 S 

PMAA 27 

PMMA 100 
10 100 86.0 86 35 0.12 S 

PMAA 27 
PMMA 125 

10 125 98.4 123 56 0.15 S 

PMAA 27 

PMMA 150 
10 150 92.0 138 136 0.38 S 

PMAA 27 

PMMA 175 
10 175 96.5 169 121 0.34 S+SW+V 

PMAA 27 
PMMA 200 

10 200 93.0 186 195 0.12 S+SW+V 

PMAA 27 
PMMA 225 

10 225 88.8 200 148 0.14 S+SW+V 

PMAA 27 
PMMA 250 

10 250 87.2 218 118 0.12 V 

PMAA 27 
PMMA 275 

10 275 90.1 248 152 0.18 V 

PMAA 27 
PMMA 300 

10 300 89.6 269 169 0.15 V 

PMAA 27 
PMMA 50 

12.5 50 74.0 37 - - Soluble 

PMAA 27 
PMMA 100 

12.5 100 87.0 87 33 0.06 S 
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PMAA 27 
PMMA 150 

12.5 150 98.0 147 39 0.07 S 

PMAA 27 
PMMA 175 

12.5 175 90.8 159 124 0.23 S+SW+V 

PMAA 27 
PMMA 200 

12.5 200 88.0 176 132 0.24 S+SW+V 

PMAA 27P
MMA 225 

12.5 225 88.8 200 134 0.18 S+SW+V 

PMAA 27 

PMMA 250 
12.5 250 94.0 235 141 0.21 V 

PMAA 27 
PMMA 50  

15 50 82.0 41 - - Soluble 

PMAA 27P
MMA 75  

15 75 94.7 71 31 0.08 S 

PMAA 27 
PMMA 100 

15 100 86.0 86 36 0.05 S 

PMAA 27 
PMMA 125  

15 125 84.8 106 39 0.06 S 

PMAA 27 
PMMA 150  

15 150 86.7 130 101 016 S+SW 

PMAA 27 
PMMA 175  

15 175 86.2 151 112 0.21 S+SW 

PMAA 27 

PMMA 200 
15 200 97.0 194 103 0.19 S+SW 

PMAA 27 
PMMA 225  

15 225 92.8 209 162 0.39 W+V 

PMAA 27 
PMMA 250  

15 250 92.0 230 126 0.09 V 

PMAA 27 
PMMA 50 

20 50 92.0 46 - - Soluble 

PMAA 27 
PMMA 75 

20 75 89.3 67 32 0.06 S 

PMAA 27 
PMMA 100 

20 100 87.0 87 39 0.09 S 

PMAA 27P
MMA 125 

20 125 92.0 115 69 0.18 S+SW 

PMAA 27 
PMMA 150 

20 150 96.6 145 121 0.26 S+SW 

PMAA 27 
PMMA 200 

20 200 86.0 172 121 0.36 S+SW 

PMAA 27P
MMA 225 

20 225 87.1 196 138 0.38 S+SW 

PMAA 27 

PMMA 250 
20 250 83.6 209 141 0.14 W+V 

PMAA 27 
PMMA 275 

20 275 94.2 259 89 0.21 V 

PMAA 27 
PMMA 300 

20 300 97.0 291 121 0.16 V 

PMAA 27 
PMMA 50  

25 50 82.0 41 - - Soluble 

PMAA 27 

PMMA 75  
25 75 92.0 69 32 0.03 S 

PMAA 27 
PMMA 100 

25 100 89.0 89 36 0.09 S 
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PMAA 27 
PMMA 125  

25 125 84.8 106 86 0.28 S+SW 

PMAA 27 
PMMA 150  

25 150 82.0 123 126 0.34 S+SW 

PMAA 27 
PMMA 200  

25 200 93.5 187 182 0.32 S+SW 

PMAA 27 

PMMA 250 
25 250 88.8 222 169 0.36 W+V 

PMAA 27 
PMMA 275  

25 275 91.2 251 91 0.12 V 

PMAA 27 
PMMA 50  

30 50 86.0 43 - - Soluble 

PMAA 27 

PMMA 75  
30 75 89.3 67 28 0.12 S 

PMAA 27 
PMMA 100 

30 100 92.0 92 32 0.13 S 

PMAA 27 
PMMA 125  

30 125 87.2 109 85 0.18 S+SW 

PMAA 27 
PMMA 150  

30 150 84.0 126 121 0.21 S+SW 

PMAA 27 
PMMA 200  

30 200 92.5 185 136 0.23 S+SW 

PMAA 27 

PMMA 225  
30 225 92.4 208 128 0.26 W+V 

PMAA 27 

PMMA 250 
30 250 91.2 228 111 0.33 W+V 

PMAA 27 
PMMA 275  

30 275 91.2 251 102 0.15 V 

PMAA 27 
PMMA 300 

30 300 93.0 279 91 0.16 V 

 

a as judged by 1H NMR 
b,c measured by dynamic light scattering 
d as judged by post mortem TEM analysis  
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Figure S2. TEM images of PMAA27-PMMAy at 10 w/w% total solids content where (A) y= 73; Spheres (B) 
y= 86; Spheres (C) y= 123; Spheres (D) y=169; Spheres + Short worms + Vesicles (E) y=218; Vesicles (F) 
y= 248; Vesicles. 

 

Figure S3. TEM images of PMAA27-PMMAy at 12.5 w/w% total solids content where (A) y= 87; Spheres 
(B) y= 147; Spheres (C) y= 159; Spheres + Short worms + Vesicles (D) y=200; Spheres + Short worms + 
Vesicles (E) y=235; Vesicles. 
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Figure S4. TEM images of PMAA27-PMMAy at 15 w/w% total solids content where (A) y= 71; Spheres (B) 
y= 106; Spheres (C) y= 130; Spheres + Short worms (D) y=194; Spheres + Short worms (E) y=230; Vesicles. 

 

 

Figure S5. TEM images of PMAA27-PMMAy at 25 w/w% total solids content where (A) y= 69; Spheres (B) 
y= 89; Spheres (C) y= 106; Spheres + Short worms (D) y=187; Spheres + Short worms (E) y=251; Vesicles. 
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Figure S6. TEM images of PMAA27-PMMAy at 30 w/w% total solids content where (A) y= 67; Spheres (B) 
y= 92; Spheres (C) y= 109; Spheres + Short worms (D) y=185; Spheres + Short worms (E) y=251; Vesicles 
(F) y= 279; Vesicles. 

Table S2. Summary of diblock compositions, total solids content, conversion and degree of polymerization 
(DP), particle diameter and observed morphology for PMAA47-PMMAy. 

Polymer 
Composition 
 

Solid 
Conc. 

(w/w %) 

Target 
DP 

Conversiona 
(%)  

Real 
DP 

Hydrodynamic 
Diameterb 

(nm) 

PDIc Structured 

PMAA 47 
PMMA 75 

10 75 96.0 72 - - Soluble 

PMAA 47 
PMMA 125 

10 125 96.8 121 - - Soluble 

PMAA 47 

PMMA 150 
10 150 94.6 142 - - Soluble 

PMAA 47 
PMMA 175 

10 175 89.1 156 34 0.09 S 

PMAA 47 

PMMA 200 
10 200 94.5 189 41 0.06 S 

PMAA 47 

PMMA 225 
10 225 99.1 223 49 0.07 S 

PMAA 47 
PMMA 250 

10 250 95.2 238 201 0.32 S+SW 

PMAA 47 
PMMA 275 

10 275 98.5 271 217 0.29 S+SW 

PMAA 47 
PMMA 300 

10 300 94.6 284 189 0.18 S+SW+V 

PMAA 47 
PMMA 325 

10 325 98.7 321 247 0.26 S+SW+V 

PMAA 47 
PMMA 375 

10 375 98.1 368 271 0.24 S+SW+V 
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PMAA 47 
PMMA 75 

12.5 75 92.0 69 - - Soluble 

PMAA 47 
PMMA 150 

12.5 150 96.6 145 - - Soluble 

PMAA 47 

PMMA 175 
12.5 175 90.3 158 31 0.09 S 

PMAA 47 
PMMA 200 

12.5 200 96.0 192 39 0.15 S 

PMAA 47 
PMMA 225 

12.5 225 98.2 221 47 0.08 S 

PMAA 47 
PMMA 250 

12.5 250 95.6 239 121 0.31 S+SW 

PMAA 47 

PMMA 275 
12.5 275 97.8 269 149 0.38 S+SW 

PMAA 47 

PMMA 300 
12.5 300 96.3 289 196 0.22 S+SW+V 

PMAA 47 

PMMA 400 
12.5 400 94.5 378 201 0.28 S+SW+V 

PMAA 47 
PMMA 50  

15 50 96.0 48 - - Soluble 

PMAA 47 
PMMA 125 

15 125 96.8 121 - - Soluble 

PMAA 47 
PMMA 150  

15 150 88.6 133 35 0.09 S 

PMAA 47 
PMMA 200  

15 200 92.5 185 39 0.21 S 

PMAA 47 
PMMA 225  

15 225 91.1 205 42 0.18 S 

PMAA 47 

PMMA 250 
15 250 87.6 219 152 0.15 S+SW 

PMAA 47 
PMMA 275 

15 275 92.7 255 141 0.36 S+SW 

PMAA 47 
PMMA 290  

15 290 92.0 267 138 0.21 W 

PMAA 47 

PMMA 300 
15 300 99.3 298 128 0.14 W 

PMAA 47 

PMMA 325 
15 325 96.9 315 152 0.28 W+V 

PMAA 47 

PMMA 350 
15 350 98.0 343 168 0.31 W+V 

PMAA 47 

PMMA 400 
15 400 89.0 356 148 0.18 V 

PMAA 47 
PMMA 50  

17.5 50 96.0 48 - - Soluble 

PMAA 47 
PMMA 125 

17.5 125 84.0 105 - - Soluble 

PMAA 47 
PMMA 150  

17.5 150 79.3 119 33 0.09 S 

PMAA 47 
PMMA 200  

17.5 200 97.5 195 39 0.06 S 

PMAA 47 
PMMA 225 

17.5 225 91.5 206 141 0.32 S+SW 

PMAA 47 

PMMA 250 
17.5 250 99.6 249 167 0.35 S+SW 
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PMAA 47 
PMMA 300 

17.5 300 91.0 273 189 0.28 W 

PMAA 47 
PMMA 350  

17.5 350 91.7 321 168 0.25 W+V 

PMAA 47 
PMMA 400  

17.5 400 92.0 368 102 0.15 V 

PMAA 47 
PMMA 50 

20 50 98.0 49 - - Soluble 

PMAA 47 
PMMA 125 

20 125 84.0 105 - - Soluble 

PMAA 47PM
MA 150 

20 150 76.0 114 33 0.08 S 

PMAA 47 
PMMA 175 

20 175 81.1 142 41 0.1 S 

PMAA 47 

PMMA 200 
20 200 99.0 198 48 0.1 S 

PMAA 47 

PMMA 225 
20 225 94.2 212 142 0.38 S+SW 

PMAA 47 
PMMA 275 

20 275 89.0 245 168 0.34 S+SW 

PMAA 47 
PMMA 300 

20 300 92.0 276 158 0.24 W 

PMAA 47 

PMMA 350 
20 350 98.5 345 172 0.31 W+V 

PMAA 47 
PMMA 400  

20 400 89.7 359 148 0.16 V 

PMAA 47 
PMMA 125 

25 125 84.8 106 - - Soluble 

PMAA 47 

PMMA 150 
25 150 79.3 119 35 0.17 S 

PMAA 47 

PMMA 200 
25 200 98.5 197 46 0.12 S 

PMAA 47 

PMMA 225 
25 225 92.4 208 147 0.24 S+SW 

PMAA 47 
PMMA 250 

25 250 96.4 241 173 0.21 S+SW 

PMAA 47 

PMMA 275 
25 275 93.4 257 182 0.38 W 

PMAA 47 
PMMA 325  

25 325 91.4 297 193 0.27 W 

PMAA 47 
PMMA 350 

25 350 90.8 318 186 0.19 W+V 

PMAA 47 
PMMA 400 

25 400 89.0 356 108 0.21 V 

PMAA 47 
PMMA 75 

27.5 75 74.6 56 - - Soluble 

PMAA 47 

PMMA 125  
27.5 125 83.2 104 - - Soluble 

PMAA 47 
PMMA 150 

27.5 150 81.3 122 38 0.07 S 

PMAA 47 
PMMA 200  

27.5 200 96.0 192 46 0.14 S 

PMAA 47 
PMMA 225  

27.5 225 92.0 207 153 0.28 S+SW 
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PMAA 47 

PMMA 275 
27.5 275 93.1 256 176 0.23 W 

PMAA 47 
PMMA 350  

27.5 350 90.0 315 193 0.32 W+V 

PMAA 47 
PMMA 400 

27.5 400 89.7 359 128 0.16 V 

PMAA 47 
PMMA 100  

30 100 61.0 61 - - Soluble 

PMAA 47 

PMMA 125  
30 125 84.0 105 - - Soluble 

PMAA 47 
PMMA 150 

30 150 78.0 117 41 0.10 S 

PMAA 47 
PMMA 175  

30 175 80.0 140 43 0.09 S 

PMAA 47 
PMMA 225 

30 225 84.0 189 47 0.12 S 

PMAA 47 
PMMA 250  

30 250 82.0 205 129 0.29 S+SW 

PMAA 47 

PMMA 275  
30 275 88.3 243 171 0.31 S+SW 

PMAA 47 

PMMA 300 
30 300 86.3 259 198 0.28 W 

PMAA 47 
PMMA 325  

30 325 91.1 296 187 0.32 W 

PMAA 47 
PMMA 350 

30 350 91.7 321 168 0.21 W+V 

PMAA 47 
PMMA 400 

30 400 92.2 369 120 0.12 V 

 

a as judged by 1H NMR 
b,c measured by dynamic light scattering 
d as judged by post mortem TEM analysis  
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Figure S7. TEM images of PMAA47-PMMAy at 10 w/w% total solids content where (A) y= 156; Spheres 
(B) y= 223; Spheres (C) y= 238; Spheres + Short worms (D) y=271; Spheres + Short worms (E) y=284; 
Spheres + Short worms + Vesicles (F) y= 368; Spheres + Short worms + Vesicles. 

 

 

Figure S8. TEM images of PMAA47-PMMAy at 12.5 w/w% total solids content where (A) y= 158; Spheres 
(B) y= 221; Spheres (C) y= 239; Spheres + Short worms (D) y=269; Spheres + Short worms (E) y=289; 
Spheres + Short worms + Vesicles (F) y= 378; Spheres + Short worms + Vesicles. 
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Figure S9. TEM images of PMAA47-PMMAy at 15 w/w% total solids content where (A) y= 133; Spheres 
(B) y= 205; Spheres (C) y= 219; Spheres + Short worms (D) y=315; Worms + Vesicles (E) y=343; Worms 
+ Vesicles (F) y= 356; Vesicles. 

 

Figure S10. TEM images of PMAA47-PMMAy at 17.5 w/w% total solids content where (A) y= 119; Spheres 
(B) y= 195; Spheres (C) y= 206; Spheres + Short worms (D) y=273; Worms (E) y=321; Worms + Vesicles 
(F) y= 368; Vesicles. 
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Figure S11. TEM images of PMAA47-PMMAy at 25 w/w% total solids content where (A) y= 119; Spheres 
(B) y= 208; Spheres + Short worms (C) y= 241; Spheres + Short worms (D) y=257; Worms (E) y=318; 
Worms + Vesicles (F) y= 356; Vesicles. 

 

Figure S12. TEM images of PMAA47-PMMAy at 27.5 w/w% total solids content where (A) y= 122; Spheres 
(B) y= 192; Spheres (C) y= 207; Spheres + Short worms (D) y=256; Worms (E) y=315; Worms + Vesicles 
(F) y= 359; Vesicles. 
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Figure S13. TEM images of PMAA47-PMMAy at 30 w/w% total solids content where (A) y= 117; Spheres 
(B) y= 189; Spheres (C) y= 205; Spheres + Short worms (D) y=243; Spheres + Short worms (E) y=259; 
Worms (F) y= 369; Vesicles. 

 
Figure S14. Particle diameter calculated from TEM image using ImageJ software for PMAA27-PMMA106 

spherical particles prepared at 15 w/w %. The TEM image of the particle is presented in Fig. S4B. 
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Flux and permeability 

According to Darcy’s law the volumetric flux could be calculated as following equation 

UWYZ7(\^ ) = _ ` /(b c f)   (l. h-1.m-2)   Eqn (S1) 

 ghigjmoWobq7(r ` ) =7 \s /7t 77 (l. h-1.m-2.bar-1)   Eqn (S2) 

Where Vp = Permeate volume, t = Time, S = Surface area and t = pressure difference. 
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Chapter 3 

Nano structured Mixed Matrix Membranes from 

Supramolecular assembly of Block Copolymer Nano-particles 

and Iron oxide Nano-particles  

 

 

 

 

 

 

The chapter is in preparation for publication authored by 

L.Upadhyaya, M.Semsarilar, S. Nehache, D.Cot, R. Fernández-Pacheco, G.Martinez, R. 

Mallada,  A. Deratani, D. Quemener, Macromolecules, 2016, 49 (20), pp 7908–7916 

 

 



132 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



133 
 

Abstract 

Mixed matrix membranes having combined properties of both polymeric and inorganic 

materials have become the principal focus on separation technology. This work insights an 

original strategy of mixed matrix membrane preparation incorporating positively charged 

inorganic nanoparticles (INPs) with negatively charged polymeric nanoparticles (PNPs) 

using spin coating technique. The PNPs with different morphologies (spheres, worms and 

vesicles) made of poly(methacrylic acid)-b-(methyl methacrylate)) diblock copolymer 

were synthesized using RAFT dispersion polymerization in ethanol at 70°C. The inorganic 

counterpart, iron oxide nanoparticles coated with poly(methacrylic acid)-b-

poly(quaternized 2-(dimethylamino)ethyl methacrylate) were synthesized and 

incorporated into the membrane acting as a bridge between the negatively charged 

polymeric particles (due to the presence of opposite electrostatic charges). Permeability 

tests were carried out using the feed of different pH at various pressures.  
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3.1 Introduction 

During the past decades, the polymeric membranes played a significant role in the 

separation of valuable compounds. However, the applications are limited because of their 

mechanical stability, especially in the case of thin films, and chemical resistance.1–3 Mixed 

matrix membranes are a possible alternative since they provide better mechanical 

properties compared to the pure polymeric membranes.4–8 These mixed matrix membranes 

are synthesized by incorporating inorganic nanoparticles in a polymeric matrix. Hybrid 

functional materials often exhibit properties of the inorganic analog, such as mechanical 

stability as well as the polymeric analog, such as flaccidity and processability.8  

The block copolymers are one of the most promising building blocks for synthesis of 

polymeric membranes because of their ability to self-assemble in forming well-organized 

periodic structures.8–19 There are several procedures available to fabricate membranes from 

block copolymers like spin coating, extrusion, and bulk evaporation.9,11,20 All these 

fabrication methods require post-fabrication steps to make the pores (such as selectively 

removing one block). The work of Abetz et al.,21 and  Nunes & Peinemann et al.,15,22,23 

have led to the invention of a novel method of membrane fabrication based on a self-

assembly of block copolymers combined to a non-solvent induced phase separation that 

result in the formation of asymmetric membranes with an isoporous surface. These 

membranes are among the most excellent asymmetric isoporous membranes where self-

assembly, phase separation, and pore formation takes place during solvent evaporation. 

The use of different block copolymers with different morphologies could potentially help 

in controlling the pore structure and size of the membranes due to their three-dimensional 

arrangements that ultimately affects the selectivity and the permeation of the membrane. 

We recently demonstrated the possibility of synthesizing negatively charged particles of 

different morphologies based on a poly(methacrylic acid)-b-poly(methyl methacrylate) 

(PMAA-PMMA) formulation using RAFT controlled polymerization induced self-

assembly (PISA). Using copolymers for the selective layer only provides large cost savings 

and may facilitate the transfer to a large-scale production. An example of isoporous thin 

film membrane was demonstrated using a solution of the preformed spherical PMAA-

PMMA particles to form the thin film membrane. This thin film was then supported on 
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Nylon support and exhibited a permeability value of 20.5 l.m-2.h-1.bar-1 at 2.5 bars 

pressure.19 In this work, we demonstrate the preparation of all polymeric membranes using 

particles of three different morphologies (pure spheres, worms, and vesicles). The block-

copolymer membranes are spin-coated directly on top of the Nylon support. Different 

morphology of the particles results in different pore size and shape. The effect of pH change 

on the membrane flux is studied. The prepared membranes are fully characterized using 

AFM, SEM, and TEM. Subsequently, the equivalent mixed matrix membranes are 

prepared via the addition of iron-oxide nanoparticles with positive surface charge (iron-

oxide cores coated with quaternized poly(2-(dimethylamino) ethyl methacrylate)). The 

addition of these particles results in enhanced mechanical stability of the membranes in 

conjugation with the possibility of tuning the pore size

3.2 Materials & Methods 

Materials 

Methacrylic acid, methyl methacrylate, 4-cyano-4 (phenylcarbonothioylthio) pentanoic 

acid (>97%), 4,4’-azobis(4-cyanovaleric acid) (ACVA; 98%), 2-dimethylaminoethyl 

methacrylate, methyl Iodide, tetrahydrofuran, iron(III) chloride hexahydrate, iron(II) 

chloride tetrahydrate and ammonium hydroxide(28 %) were purchased from Sigma-

Aldrich and were used as received. NMR solvents CD3OD, CDCl3, and D2O were 

purchased from Eurisotop, Saint Aubin, France. 

  

Synthesis of poly(methacrylic acid) macro-chain transfer agent 

A typical synthesis of PMAA macro-CTA was conducted as follows: methacrylic acid 

(MAA; 5 g; 58.07 mmol), 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (324.5 mg; 

1.16 mmol), 4, 4’-azobis (4-cyanovaleric acid) (32.55 mg; 0.12 mmol; CTA/ACVA molar 

ratio = 10.0) was dissolved in ethanol (5.0 g). The sealed vessel was purged with nitrogen 

for 30 minutes and placed in a pre-heated oil bath at 70 °C for 6 h. The polymerization was 

quenched by cooling the reaction mixture to 20 °C and subsequently exposing the mixture 

to the air. The reaction mixture was diluted with a two-time excess of ethanol. The 

unreacted monomer was removed by precipitation into tenfold excess diethyl ether. The 
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solid after precipitation was dried under vacuum for 24 h. 1H NMR spectroscopy indicated 

a mean degree of polymerization of 47 for the PMAA macro-CTA (calculated by 

comparing the integrated signals due to the aromatic protons at 7.2-8.0 ppm with those due 

to the methacrylic acid backbone at (0.4 to 2.5 ppm).  

 

Synthesis of poly(methacrylic acid)-b-poly(methyl methacrylate) (PMAA-PMMA) 

diblock copolymer particles 

A typical ethanolic RAFT dispersion polymerization synthesis of PMAA47-PMMA150 

diblock copolymer at 15 % w/w solids was carried out as follows: Methyl methacrylate 

(MMA; 1 g; 9.98 mmol), ACVA initiator (1.86 mg; 0.0066 mmol), and PMAA47 macro-

CTA (269.4 mg; 0.066 mmol) were dissolved in ethanol (4.0 g). The reaction mixture was 

sealed in a 10 mL round bottom flask and purged with N2 for 30 min. The reaction flask 

was kept in a preheated oil bath at 70 °C for 24 h (96% conversion as judged by 1H NMR 

spectroscopy). 

 

Synthesis of quartenized DMAEMA 

The quaternized DMAEMA was synthesized using the protocol described previously.34,35 

In a beaker 2-(dimethylamino) ethyl methacrylate (10.0 g, 0.06 mol) and THF (100 mL) 

was added. This solution was stirred in an ice bath for 20 min before the addition of methyl 

iodide (9.93 g, 0.07 mol). A white precipitate was immediately formed, which was isolated 

via filtration, washed with THF, and dried under vacuum. The structure of quaternized 2-

(dimethylamino)ethyl methacrylate (qDMAEMA) monomer was confirmed by 1H NMR 

analysis in D2O and is shown in SI Figure S4. 

 

Synthesis of poly(methacrylic acid)-poly(quaternized 2-(dimethylamino)ethyl 

methacrylate) (PMAA47-PQDMAEMA 50) diblock copolymer 

 A typical RAFT polymerization synthesis of PMAA47-PQDMAEMA50 diblock copolymer 

was carried out as follows: Quaternized DMAEMA (qDMAEMA; 1 g; 3.35 mmol), ACVA 

initiator (1.86 mg; 0.0066 mmol), and PMAA47 macro-CTA (271.5 mg; 0.067 mmol) were 

dissolved in water (9.0 g). The reaction mixture was sealed in a 25 mL round bottom flask 
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and purged with N2 for 30 min. The reaction flask was kept in a preheated oil bath at 70 °C 

for 14 h (99.8% conversion as judged by 1H NMR spectroscopy) 

 

Synthesis of Iron Nanoparticles coated with PMAA47-PQDMAEMA50 

 These particles were prepared following the method described by Armes et al..25  An 

aqueous sol of ultrafine magnetite nanoparticles was synthesized by co-precipitation of 

ferric and ferrous salts in the presence of the PMAA47-PQDMAEMA50 stabilizer on the 

addition of ammonium hydroxide. In a typical procedure, 200 mg of copolymer stabilizer, 

69.6 mg of iron(III) chloride hexahydrate, and 25.7 mg of iron(II) chloride tetrahydrate 

were dissolved in 3 mL water in a 10 mL round bottom flask equipped with a stirrer and 

rubber septum. The mixture was deoxygenated under N2 for at least 30 min. The reaction 

flask was then immersed in an oil bath set at 80 °C, and after 10 min, 0.3 mL of ammonia 

solution (28%) was injected by syringe. The solution rapidly became black, indicating the 

formation of magnetite nanoparticles. The reaction was stirred for 1 h at 80 °C, after which 

purification of the magnetite sol was achieved by dialysis. The final concentration of the 

PMAA47-PQDMAEMA50 copolymer-stabilized magnetite particles was 6.7 mg/mL. 

 

Analysis and characterization of block copolymers and Inorganic nanoparticles 

Copolymer molecular weight distributions were determined using size exclusion 

chromatography (SEC) performed with a double detector array from Viscotek (TDA 305, 

Malvern Instruments, Worcestershire, UK). The Viscotek SEC apparatus equipped with 

two column set-up with a characteristic particle size of 5 mm using THF as an eluent (1.0 

mL/min). The Viscotek system contains a refractive index detector (RI, concentration 

detector), and a four-capillary differential viscometer. OmniSEC software was used for 

data analysis and acquisition. The number average molecular weights (Mn) and 

polydispersity index (Mw/Mn) were calculated about polystyrene standards. For SEC, the 

polymers were modified by methylation of the carboxylic acid groups on the PMAA block 

using excess trimethylsilyldiazomethane.36Briefly, 50 mg of the copolymer was dissolved 

in THF, and a yellow solution of trimethylsilyldiazomethane was added dropwise at 20 °C. 

Upon addition, effervescence was observed, and the solution immediately becomes 

colorless. The addition of trimethylsilyldiazomethane was continued until the solution 
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became yellow and effervescence ceased. Then, a small amount of 

trimethylsilyldiazomethane was added, and the solution was stirred overnight.  

Proton NMR spectra were acquired with Bruker 300 Mhz spectrometer using CD3OD, 

CDCl3, and D2O solvents. DLS measurements were carried out at 25 °C using scattering 

angles of 90°  with a Brookhaven Instrument Corporation (BTC)- 90 plus particle size 

analyzer equipped with 35 mW solid state laser operating at 660 nm. Zeta potentials of the 

particle were measured with Brookhaven Instrument Corporation (BTC)-Zeta potential 

Analyzer equipped with 35 mW solid state laser operating at 660 nm. Thermogravimetric 

analysis was carried out with Mettler Toledo TGA/SDT A851c LF/1100  C with MT 5 

balance and Pt-Pt/ Rh 30% thermo element sensors. AFM images were obtained with a 

Pico SPM II provided by Molecular Imaging. The imagery was controlled by the PicoView 

1.10 software. The experiments were all carried out in tapping mode. The types of tips used 

were PPS-FMR purchased from Nanosensors with a frequency resonance between 45-115 

kHz and a force constant between 0.5-9.5 N/m. Gwyddion 2.25 software was used to treat 

the images.TEM images were acquired using a Technai T20 instrument operating under 

80-200 keV working voltage equipped with CCD veleta 2Kx2K camera. To prepare the 

TEM samples, 10 µL of the sample was placed on the carbon-coated copper grid for 60 sec 

and stained with ammonium molybdate for 20 sec. After staining, the grid was dried using 

vacuum hose under ambient conditions. 

 

Filtration and membrane characterizations 

Polymer thin films were prepared using an SPS Spin 150 spin coater at 1500 rpm for 120 

sec with a speed of 100 rpm.s-1 under dry argon atmosphere. SEM analysis was conducted 

using a Hitachi S-4500 instrument operating at a spatial resolution of 1.5 nm at 15 kV 

energy. The samples were dried and coated with an ultrathin layer of electrically 

conducting platinum deposited by high vacuum evaporation. To see the pore connectivity 

within membrane cross section, microtome was carried out and samples observed under 

TEM. The membrane samples were dried at ambient conditions overnight. After 24 h of 

drying the samples were embedded in Resin (Epon 812) at 60 °C for 24 h. The samples 

were then cut using Leica EM UC7 ultramicrotome, producing sections of 50 nm in 

thickness. The sections were then deposited on carbon-coated copper grids for TEM 
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imaging. SEM images were obtained using Hitachi S4800 operating under 0.1 kV to 30 kV 

working voltage, To prepare the SEM samples, the membranes on nylon film were frozen 

in liquid nitrogen for 5 min followed by sectioning it.  

For filtration tests, the prepared membrane (d=2.5 cm) was fitted with a 10 mL filtration 

cell (Amicon 8010 stirred cell). Then filtration cell was connected to a water reservoir and 

compressed air line. The measurements were then performed at pressures between 0.1 and 

4.0 bars. The mass of the water passing through the membrane (permeate) is recorded by 

the SartoConnect software at regular time intervals. All filtration experiments were 

performed at room temperature with dust free ultrapure water (filtered through a 400-

micron filter).  

 

3.3 Result & Discussion 

In our previous work19, we have demonstrated that PNPs of different morphologies such 

as spheres, worms, and vesicles could be prepared via RAFT dispersion polymerization of 

methyl methacrylate using poly(methacrylic acid) macro-CTA (Scheme 3.1). The 

construction of detailed phase diagrams of such system allowed us to target and synthesize 

diblock copolymers of desired pure morphologies. In this work, we use the previously 

reported phase diagram and prepare samples of pure spheres (PMAA47-PMMA185; Mw/Mn= 

1.06, Mn=19.5 kg/mol), worms (PMAA47-PMMA267; Mw/Mn= 1.08, Mn=27.4 kg/mol ) and 

vesicles (PMAA47-PMMA356; Mw/Mn= 1.24, Mn=28.4 kg/mol). Figure 3.1 shows the TEM, 

SEM and AFM images of these pure phases (for synthesis procedure and full 

characterization details see Table S1 and Fig. S1).  
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Scheme 3.1. Mixed matrix membrane preparation via spin coating a mixture of Iron oxide nanoparticles coated 

with PMAA47-PQDMAEMA50 and polymeric particles of different morphologies composed of PMAA47-PMMAy 

diblock copolymers synthesized via RAFT-mediated ethanolic dispersion polymerization at 70 °C.

To prepare the membranes, About 1.5 mL of a 15 (w/w %) polymeric nanoparticle solution 

in ethanol was deposited on a Nylon support (see Fig. S2 and S3 for full specifications) via 

spin coating. The deposited polymeric layer forms the active separation layer while the 

Nylon support provides mechanical stability. The prepared membranes were immersed and 

stored in the water right after the spin coating step. 

The SEM images of the prepared membranes using solutions containing spheres (PMAA47-

PMMA185, 15 w/w %), worms (PMAA47-PMMA267, 15 w/w %) and vesicles (PMAA47-

PMMA356, 15 w/w %) show no defect and the thickeness of the top layer was about 1.5 µm. 

The defectless membranes were tested using a dead end water filtration set-up (Millipore, 

10 mL). The prepared membranes were mounted in a dead end filtration cell filled with 

water at pH 7.1. To ensure the stability of the membranes, they were conditioned at each 

pressure (40 minutes) prior to data collection. The setup pressure was increased gradually 

from 0 to 4 bars. The flux and the permeability values were calculated based on Darcy’s 

law (Eq. S1 and S2).24  
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Figure 3.1. TEM, SEM and AFM images of polymeric nanoparticles (A, D, G) Spheres; PMAA47-PMMA185, 

15 w/w %, (B, E, H) Worms; PMAA47-PMMA267, 15 w/w %, (C, F, I) Vesicles; PMAA47-PMMA356, 15 w/w 

%.

Figure 3.2. (A) Water flux (Jv) and (B) corresponding permeability (Lp) for membranes made out of spheres, 

worms, and vesicles.  

Figure 3.2A and B shows the evolution of flux (Jv) and permeability (Lp)  for membranes 

prepared from spheres, worms, and vesicular PNPs. The membranes prepared using 

spherical particles gave a flux value of 243.6 l.h-1.m-2  at 2 bars, but this value decreased as 

the pressure was increased to 4 bars (Fig. 3.2A). The membranes prepared from the vesicles 

had a flux value of 142.6 l.h-1.m-2 at 2 bars. This value rose to 161.3 l.h-1.m-2 at 3 bars but 

declined and reached 91.6 l.h-1.m-2 as pressure was increased to 4 bars. In the case of 
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membranes from  worm-like micelles exhibits a much lower flux values at all pressures 

with an ascending trend reaching 113.5 l.h-1.m-2 at 4 bars. The SEM studies (Fig. 3.3A & 

C) revealed that the PNP layer from spheres and vesicles intrude into the Nylon support 

when the pressure is increased to 4 bars. Although in the case of the wormlike micelles the 

flux values does not decline as much as in case of membranes from spheres and vesicles 

(up to 4 bars), but still partial intrusion of the polymeric layer into the nylon support is 

observed (Fig. 3.3B). This could be more prominantly seen in the permeability curve (Fig. 

3.2B). Since the membrane thickness is comparable in all 3 cases, these data suggest that 

the flux values are directly related to the morphology of the copolymer particles and their 

arrangment in the active layer. The spherical and vesicular particles do not have strong 

enough cohesion to withstand the increasing pressure, and the flux value difference comes 

from the fact that the pore size of the two active layers is different due to the size of the 

spheres (32.9 nm) and vesicles (45-110 nm). But when worm-like particles are used, the 

pore size is much smaller due to their entanglement, resulting in very low flux and 

permeability values. We believe that this entanglement is also the reason why the active 

layer tends not to intrude  into the support layer under pressure. 

One possible solution to stop the PNPs from penetrating into the Nylon support is by 

introducing particles with an opposite surface charge. To do this, we have synthesized iron-

oxide nanoparticles coated with positively charged polymeric chains (see Fig. S4 and S5 

for full details).25–27 The choice of the positively charged inorganic nanoparticle (INP) 

instead of the positively charged polymeric particle (PNP) is not only to connect the 

negatively charged PNPs better (via opposite electrostatic charges) but also to introduce 

some rigidity to the membrane.6,28 As discussed previously the PNPs were synthesized in 

ethanol. To make sure that the PNPs were fully charged, they were transferred to water by 

titration with distilled water followed by evaporation of ethanol and their zeta potential was 

measured (see Table S1).29  In order to find how much INPs were needed to bridge the 

PNPs together, the PNP solutions (6.7 mg/mL) were titrated against INPs solution with a 

fixed concentration of 6.7 mg/mL. Figure S6 shows the amount of the INP at 6.7 mg/mL, 

required to precipitate the solutions containing PNPs with different morphologies at pH 

7.1. About 3.21, 1.91 and 1.62 mL of INPs were needed to reach the isoelectric point for 

spheres, vesicles, and vermicular samples. In order to prepare the casting solution 
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containing the oppositely charged particles, 1.5, 0.9 and 0.7 mL of INP solution were added 

to 1.0 mL (6.7 mg/mL) of the spherical, vesicular and vermicular PNP solutions 

respectively. These added amounts of INPs would provide the maximum number of 

positive charges before reaching the isoelectric point where precipitation takes place. The 

casting solution was stirred overnight at room temperature and about 1 mL of solution was 

spin coated on Nylon support. After spin coating, the membrane was immediately 

immersed in water to avoid drying and formation of defects (cracks) on the surface. Also 

to confirm that the presence of the INPs are not affecting the packing of the PNPs during 

the spin coating, the Nylon supported thin film membranes were analyzed using AFM (Fig. 

S7). 

 

Figure 3.3. SEM images (top surface) of the diblock copolymer thin film membranes after filtration made of 

(A) spherical (B) worm-like and (C) vesicle particles. 

Filtration experiments were carried out following the same procedure explained 

previously. The flux and the permeability for the 1st cycle of filtration were plotted against 

pressure for feed solution with pH 7.1 for the three different membranes. These data are 

shown in Figure 3.4. Unlike the membranes prepared from only PNPs, these mixed matrix 

membranes show a steady increase in flux as the pressure increases. 

The permeability is one of the crucial characteristics of membrane. The presence of 

inorganic particles in the polymer matrix is one of the parameters affecting the permeability 

of the polymeric membranes. Because of intrusion of the top layer, it was seen that the 

permeability was decreasing for membranes out of pure polymeric particles. In the 

presence of inorganic particles, it was observed that the membranes had constant 

permeability as shown in Figure 3.4B. The nearly constant permeability curves tend to 

indicate that the active layer has been stabilized and there is no compaction. There is small 

change in permeability in case of membranes from worms at 1 bar of pressure which is due 

to the compaction of the layer. Membranes from spherical particles still exhibit higher 
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values of flux compared to membranes prepared from vesicles and worm-like particles. As 

mentioned previously this is due to the particle size and their packing in the active layer. 

The SEM top and cross section images (Fig. 3.5), reveal the intact active layer after 

filtration up to 4 bars. To check the reproducibility of the obtained flux values, the pressure 

values were increased from 1 bar to 4 bars and then decreased to 1 bar in a full cycle (Fig. 

S8).  

 

Figure 3.4. (A) Water flux (Jv) and (B) corresponding permeability (Lp) at pH= 7.1 for membranes made 

from spheres, worms, and vesicles with INP’s.  

 

Figure 3.5. SEM images of film top surface with inscribed cross-section before and after filtration for 

membranes made out of spheres (A & B),  worms (C & D) and vesicles (E & F) blended with INPs. 
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Since the PNPs used in this work are pH sensitive (due to the presence of PMAA on the 

surface; pKa = 6.1)29, filtrations tests were carried out at different pH values. Feed solution 

with pH values above and below the PMAA pKa (10.1 and 3.1) was selected for filtration. 

Initially membranes made from spherical particles without INPs were tested. As it could 

be seen in Figure 3.6A,  the flux value at pH 3.1 increases with the increasing pressure. 

This suggests that the polymeric active layer is stable under the applied range of pressure 

and pH (see Fig. S9A-B).  Unlike pH 3.1, at higher pH value (10.1) a reverse flux trend is 

observed. We believe that this is due the increased surface charge of the polymeric 

particles. This increased surface charge causes more repulsions between the particles. 

Consequently the active layer is pushed into the support layer with minimum pressure 

applied, blocking the pores of the support and decreasing the flux. This could be clearly 

seen in the SEM images of the membrane top surface before and after filtration (Fig. S10A-

B). When oppositely charged INPs are added to the casting solution the active layer is 

reinforced. The flux values both at low and high pH, increases linearly with the increasing 

pressure (Figure 3.6B). At pH 10.1, the flux increases steadily from 175 l.h-1.m-2 at 1 bar 

to 525 l.h-1.m-2 at 4 bars.  

 

 

Figure 3.6. Water flux (Jv) at different pH values for membranes made from spheres (A) without INP and 

(B) with INP. 

The SEM analysis confirms this reinforcement (Fig. S9 and S10 C-D). It seems that at pH 

3.1, the addition of the positively charged INPs does not improve the performance of the 

membrane (contrary to pH 7.1 and 10.1) since this pH value is much lower than the pKa 

of PMAA (6.1). This means that there is only limited number of available negative charges 

to interact with the positively charged INPs at pH values below the pKa of the PMAA.  
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Figure 3.7. Water flux (Jv) at different pH values for membranes made from worm-like micelles (A) without 

INP and (B) with INP. 

The flux values of the membranes made from worm-like micelles in the absence of INPs 

(Fig. 3.7A), increases linearly with pressure with the exception of pressures higher than 3 

bars with feed solution of pH 10.1. Above 3 bars, the flux value slightly drops down (from 

100 l.h-1.m-2 at 3 bars to 90 l.h-1.m-2 at 4 bars). The SEM image of the top surface of this 

membrane shows some partial intrusion of the active layer into the support layer (Fig. 

S10F). Like membranes from spherical particles, the addition of the INPs improve the 

stability of the membrane but this effect is very limited compared to the previous set of 

membranes (from spheres) since the worm-like micelles exhibit physical entanglements 

that gives mechanical stability to the membranes (with or witout INPs).  

 

 

Figure 3.8. Water flux (Jv) at different pH values for membranes made from vesicles (A) without INP and 

(B) with INP. 
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due to increasing surface charge and repulsion between the particles the membrane active 

layer loses its adherence and trespasses into the support layer, resulting in the lower flux 

values (Fig. S10J). Once again addition of the INPs bearing the opposite surface charge 

improves the stability of the active layer profoundly. Undoubtedly, it could be seen in 

Figure 8B that the flux raises from 170 L.h-1.m-2 (pH 3.1; 4 bars) to 500 L.h-1.m-2 (pH 10.1; 

4 bars). SEM images confirm that the addition of INPs help the mechanical stability of the 

membrane active layer at both lower (3.1) and higher (10.1) pH values (Fig. S9 and S10 

K-L).  

All the flux values presented above was the mean average of several (repeated) filtration 

cycles (Fig. S11). A careful examination of the permeability graphs (for different 

morphologies) at pH 10.1 (Fig. S12) reveals a slight decrease in the permeability values of 

the membranes from spheres and vesicles. A possible reason for this decrease may be due 

to the presence of more deprotonated methacrylic acid groups at pH 10.1. So it is probable 

that at this point the added amount of the INPs are not enough to hold the PNPs together 

to maintain the ordered structure under applied pressures. To check the possibility of 

achieving linear flux evolution at pH 10.1 for membranes prepared from spheres and 

vesicles, the amount of added INP was increased to 1.4, and 0.9 mL respectively. The flux 

and corresponding permeabilities of these new membranes are plotted in Figure S13. The 

flux reaches 662.3 l.h-1.m-2 and 579.6 l.h-1.m-2 for membrane from spherical and vesicular 

particles respectively at 4 bars of pressure. The corresponding permeability values are  

almost constant at all pressures (165 l.h-1.m-2.bar-1 for spheres and 148 l.h-1.m-2.bar-1 for 

vesicles). 

To calculate the theoretical pore size of the membranes, a simple model was employed 

based on the compact arrangement (hexagonal) of monodisperse spheres.19,30 This 

calculation was only done for the spherical particles since the vermicular and vesicular 

particles deviate regarding size and a polydispersity from the employed model. The 

diameter of the spherical particle was considered 36 nm which is the average value obtained 

from DLS (39 nm; see Table S1) and TEM (32.9 nm; see Fig. S1). Based on such 

calculation the estimated pore size would be 14.9 nm. This pore size range falls within the 

lower limit of ultra-filtration (2-100 nm) membranes.31,32 To check pore connectivity, 

microtome was performed, and the film cross-sections were observed under TEM (Fig. 
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S14). The cross-section image (membranes from spherical particles) (Fig. S14B), show 

pore width varying from 2 to 20 nm (calculated by image treatment using ImageJ software). 

In the case of the worm-like micelles (Fig. S14C), the microtome section, revealed a 

reduced pore connectivity which is the main reason for lower flux compared to spherical 

and vesicular membranes. Vesicular membranes exhibit smaller pores compared to 

membranes from spherical particles with pore width varying from 1 to 13 nm (Fig. S14D). 

In order to illustrate the availability of the free methacrylic acid units on the particles 

forming the membrane (negative charges that are not engaged with the positive charges on 

the surface of the INPs) copper sulfate solution (5 mM, pH 7.2)33 was filtered through the 

membrane (only spherical morphology). The membranes were conditioned overnight, and 

filtration was performed from 1 to 4 bar. The retentate, as well as the permeate, was 

analyzed by atomic absorption. For membrane without INPs, the copper concentration in 

the retentate was increased from 5 to 5.5 mM whereas in the case of membranes containing 

INPs the copper concentration in retentate was increased to 7.1 mM. This experiment 

clearly indicates that the difference in copper ion concentration in retentate for both 

membranes is due to the engagement of the available free negative charges with the 

positively charged copper ions (see Table S2 in SI). Based on our calculation about 1.9 

mM of copper ion were linked with the acid groups of the polymeric particles for the 

membrane without INPs. In the latter case, only 0.2mM copper ion were attached  to the 

membrane (since most of the acid groups in the membrane are involved with the INPs). 

Figure S15 shows the images of membranes (with and without INPs) after copper filtration. 

Judging by the color, there is not much copper chelated to the membrane with INPs (Fig. 

S15A) whereas in the absence of the INPs more Cu2+ binds to the free carboxylic acid 

groups available on the surface of the particles hence the more intense blue color (Fig. 

S15B).  
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3.4 Conclusions 

In summary, polymeric nanoparticles with different morphologies such as spheres, worms, 

and vesicles were prepared by chain extension of poly(methacrylic acid) (PMAA47) macro-

CTAs via RAFT dispersion polymerization of methyl methacrylate (MMA) at 70 °C in 

ethanol. Nanostructured porous films were then made by spin coating of the nanoparticle 

solution on a nylon support film. Water filtration using these membranes was carried out 

at pH 7.1 that revealed the intrusion of the top layer into the mechanical support. To 

overcome the instability of the active layer under pressure, positively charged iron-oxide 

nanoparticles, coated with positively charged poly(quaternized DMAEMA) were 

synthesized and incorporated into the membranes. The flux of the mixed matrix membranes 

prepared using this method was tested under different pressure and pH values. Since the 

pKa value of polymethacrylic acid on the surface of PNPs is about 6.1 the pH of the feed 

solution was varied from 3.1 to 10.1 and filtration experiments were repeated. The 

membranes from spheres showed the highest flux and constant permeability compared to 

the worms and vesicles. The highest flux recorded was 662.3 l.h-1.m-2 and 579.6 l.h-1.m-2 

for membranes from spheres and vesicles at pH 10.1 whereas 232.3 l.h-1.m-2 was obtained 

for membranes from worms at pH 10.1 and pressure of 4 bars. In the case of neutral pH 

(7.1), the membranes from spheres showed the flux of 375.3 l.h-1.m-2 whereas membranes 

from worms and vesicles showed flux of 152.8 l.h-1.m-2 and 328.3 l.h-1.m-2 respectively at 

4 bars of pressure. When the pH was below the pKa value of methacrylic acid (3.1), there 

was no considerable change in flux with and without INPs. The flux was found to be 205.6 

l.h-1.m-2, 109.7 l.h-1.m-2 and 179.6 l.h-1.m-2 for membranes from spheres, worms and 

vesicles respectively. The membrane from spheres found to be the best performing 

compared to the others with a pore size between 2- 20 nm following lower limit of 

ultrafiltration and an upper bound of nanofiltration. The successful bonding of positively 

charged INPs to negatively charged polymeric particles (PNPs) resulted in an increased 

mechanical property of the final membrane. In the forthcoming papers, we will explore the 

possible magneto-responsive behavior of these mixed matrix membranes under a magnetic 

field of different strengths. 
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3.6 Supporting information 

Table S1. Summary of diblock compositions, total solids content, conversion and degree of polymerization 
(DP), particle diameter, Mw/Mn and observed morphology for PMAA47-PMMAy. 

Polymer 
Compo. 

Solid 
Conc. 

(w/w %) 

Target 
DP 

Conversiona 
(%) 

Real  
DP 

Hydrodynamic 
Diameterb 

(nm) 

PDIc Zeta 
Potentiald 

(mV) 

Mw/Mn
e Structure f 

PMAA 47 
PMMA 200 

15 200 92.5 185 39 0.21 -32 1.06 S 

PMAA 47 
PMMA 290 

15 290 92.0 267 138 0.27 -37 1.08 W 

PMAA 47 

PMMA 400 
15 400 89.0 356 148 0.18 -42 1.24 V 

a as judged by 1H NMR 
b,c measured by dynamic light scattering 
d  measured by Zeta potential Analyser 
e as judged by size exclusion chromatography 
f as judged by post mortem TEM analysis  
 

 
Figure S1. Particle diameter calculated from TEM image using ImageJ software for PMAA47-PMMA185 

spherical particles prepared at 15 w/w %. The TEM image of the particle is presented in Figure 3.1A. 

 

 
Figure S2. SEM images of Nylon support (A) Top surface (B) Cross-section.   
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Flux and permeability 
According to Darcy’s law the volumetric flux could be calculated using the following equation 

ulvx7(wy ) = V* /(|1~)   (l. h-1.m-2)                 Eqn (S1) 

Pe€•ea‚ƒlƒ|„7(…* ) =7 w†/7tP77 (l. h-1.m-2.bar-1)   Eqn (S2) 

Where Vp = Permeate volume, t = Time, S = Surface area and tP = pressure difference. 

 

Figure S3. Flux analysis for Nylon support.  

 

Figure S4. NMR Spectra of QDMAEMA monomer in D2O.  
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Figure S5. INPs coated with PMAA47-PQDMAEMA50 (A) TEM image (B) Particle size distribution from 

TEM image analysis (C) Zeta potential and (D) Thermogravimetric Analysis.  

Calculation of the molar ratio of PNP: INP 

Polymeric nanoparticles  

Total solid contents of Polymer solution    15% 

Amount of polymer in 1 gram of solution 6.7 mg 

Amount of PMAA47 in 1 gram of polymer solution 1.36 mg = 3.35*10-7 mol 

Inorganic nanoparticles  

Total Concentration Iron core coated with PMAA47-
PQDMAEMA50 

6.7 mg/mL 

Amount of Iron in 6.7 mg/mL ( TGA analysis) 23.8% 

Amount of polymer in 6.7 mg/mL (TGA analysis) 76.2 % = 5.105  mg 

Amount of PQDMAEMA50 in 5.105 mg of 
PMAA47-PQDMAEMA50  

2.63 mg = 1.76*10-7 mol
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Figure S6. Titration results of 6.7 mg/mL INPs coated with PMAA47-PQDMAEMA50 against PNPs solution 

to reach the isoelectric point (complete precipitation) at pH 7.1. 

 

Figure S7. Atomic force microscopic images of (A) Spheres (PMAA47-PMMA185, 15 w/w %) (B) Worms 

(PMAA47-PMMA356, 15 w/w %) (C) Vesicles (PMAA47-PMMA356, 15 w/w %) blended with INPs coated 

with PMAA47-PQDMAEMA50. 

 
Figure S8. One filtration cycle (increasing (open circles) and decreasing pressure (open triangles)) at pH 7.1 

for membrane made of spheres blended with INPs.  
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Figure S9. Cross-sectional SEM images of the membranes before and after filtration (A & B) from spherical 

particles (without INP) (C & D) from spherical particles with INP (E & F)  from worm-like particles without 

INP(G & H) from worm-like particles with INP (I & J) from vesicles without INP  (K & L) from vesicles 

with INP (pH of the water used in the filtration was maintained at 3.1). 

 

Figure S10. SEM images of cross-section and top surface of membranes on nylon support before and after 

filtration: (A & B) from spheres (with no INPs) (C & D) from spheres with INPs (E & F) from worms with 

no INPs (G \ H) from worms with INPs (I \ J) from vesicles with no INPs’ (K \ L) from vesicles with 

INPs (All filtration tests were performed at pH 10.1).  
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Figure S11. One filtration cycle (increasing and decreasing pressure) at pH 10.1 for membrane made of 

spheres and worms (A), and vesicles (B).  

 

Figure S12. Flux and Permeability for membranes made from spheres, worms and vesicles used for filtration 

of water at pH10.1. 

 

Figure S13. (A) Water flux (Jv) at pH 10.1 for mixed matrix membranes made of spheres, worms and 

vesicles with increased amount of the positively charged INPs (B) Corresponding permeability’s. 
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Figure S14. Pore analysis of the film prepared using PNPs using microtome (A) Schematic representation 

of the microtome analysis. TEM image of the cross-section for membranes from (B) spheres (C) worms and 

(D) vesicles. 

Copper Sulfate Filtration 

Original concentration of Copper sulfate = 5 mM 

Conditioning time: 12 Hrs at Room temperature and pressure 

Table S2. The Permeate and Retentate copper concentration (membrane in Figure  S15) 
 

Membrane type Copper 
concentration 
upstream side 

Copper 
concentration in 

Retentate  

Copper 
concentration in 

permeate 
(Downstream) 

Copper ions stayed 
in membrane 

Membranes from 
spherical particle 

without INP’s 

5 5.5 2.6 1.9 

Membranes from 
spherical particle 

with INP’s 

5 7.1 2.7 0.2 

 
 

Membrane
top surface

Cross-section

Microtome

Tilting and placing 
on TEM grid

Membrane
Cross-section

A B

C D

50 nm

30 nm 40 nm
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Figure S15. Digital images of the membrane (from spherical particles) after copper sulfate filtration (A) 

membranes with INPs (B) membranes without INPs. 
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Chapter 4 

Mixed Matrix Membranes from self-assembly of block 

copolymer aggregates and functionalized iron oxide 

nanoparticles 
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Abstract 

The mixed matrix membranes provide an exciting alternative to the traditional membranes 

because of their favorable properties from both building blocks which are necessary for 

many of separation application. The block copolymer directed synthesis of the MMMs is 

a innovation in the field of membrane science. In the current work the mixed matrix 

membranes from PMAA-b-PMMA block copolymer and an iron oxide, magnetic 

nanoparticles are demonstrated. The block copolymers were synthesized by RAFT 

technique, and three different types of Inorganic nanoparticles (INPs) with various surface 

properties are synthesized. The casting solution is prepared by mixing the different amount 

of Diblock copolymer in THF and Iron oxide INPs in water creating the particles in casting 

solution which was then converted into membranes by tape casting or spin coating. The 

particles and the membranes are characterized by TEM, DLS, and SEM. The permeation 

behavior of membranes from tape casting and spin coating were characterized by simple 

filtration tests from 1 bars to 4 bars of working pressure using water as feed at pH 7.1. 
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4.1 Introduction 

The block copolymer-based polymeric membranes that have been prepared within the last 

decade suffer from certain limitations regarding chemical functionality and mechanical 

stability.1 These drawbacks could be overcome by preparation of mixed matrix membranes 

where inorganic particles are incorporated into a polymeric matrix. The resulting hybrid 

membranes will express the combined properties of the inorganics, such as mechanical 

stability and pressure resistivity with the flexibility and processability of polymeric 

materials.2–4 Up to date, different types of inorganic materials have been used such as 

zeolite,5–17 mesoporous materials,18–21 metal oxides,22–39 carbon nanotubes40 and metal 

organic frameworks.41–46 The incorporation of metal oxides in hybrid membranes is an 

attractive strategy to induce higher mechanical strength to the membrane as well as giving 

them valuable properties like magnetic, antimicrobial behavior and photochemical 

reactivity that could open the space for advanced hybrid membranes.30,31,31,32,47  

An important objective in the development of membranes is to bring together high 

selectivity and high flux character in one single membrane. To achieve this, membrane 

needs to be very thin and selective with controlled pore size and high porosity.48 

Amphiphilic block copolymers are an excellent candidate for this purpose since they can 

self-assemble into highly ordered structures. The application of these self-assembled 

systems could be found in many fields like biological materials, medicines, electronics, 

catalysis and in membrane technology.28,49–58  

To this date, several strategies have been developed to make membranes from block 

copolymers by spin coating, extrusion, and bulk evaporation.56,59,60 The self-assembly and 

non-solvent induced phase separation (SNIPS) is the most famous method of forming the 

membranes with well-ordered pores.25,60–62 In the case of SNIPS, block copolymers are 

dissolved in the solvent system and cast on the substrate. After required time of 

evaporation, the substrate is transferred to a coagulation bath to complete the phase 

separation creating the ordered pores with highly asymmetric cross sections. Ulrich 

Wiesner and coworkers have demonstrated that titanium oxide could be incorporated in 

membranes made up of triblock copolymer poly(isoprene-b-styrene-b-4-vinylpyridine) 

(PI-b-PS-b-P4VP).63 This system forms membranes with thin nanoporous top surface and 
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high permeability and selectivity. Later Nune et al.64 deposited silver oxide particles on the 

surface of pore walls of isoporous block copolymers membranes made from PS-b-P4VP 

featuring anti biocidal characteristics. 

In our previous chapter, we have demonstrated that mixed matrix membrane could be 

prepared from PMAA-b-PMMA particles of different morphologies (spheres, worms, and 

vesicles) synthesized via polymerization induced self-assembly (PISA) and iron oxide 

nanoparticles coated with quaternized poly(2-dimethylamino)ethyl methacrylate. We also 

demonstrated that the added amount the inorganic sols with positive surface charge, as well 

as the pH values, play a crucial role in the mechanical stability of the prepared membranes.  

In this work, we demonstrate that a straightforward linear diblock copolymer of 

poly(methacrylic acid)-b-(methyl methacrylate)(PMAA47-b-PMMA69; Mw/Mn= 1.02 Mn= 

10.1 kg/mol) along with iron oxide nanoparticles could be used in the preparation of mixed 

matrix membranes with magnetic properties. Well-defined linear diblock copolymers 

based on poly(methacrylic acid)-b-poly(methyl methacrylate) (PMAA-PMMA) are 

synthesized by RAFT controlled polymerization and the iron-oxide cores coated with 

poly(methacrylic acid), quaternized poly(2-(dimethylamino) ethyl methacrylate and meso-

2, 3-dimercaptosuccinic acid using different synthetic routes. The membranes were 

prepared from casting solutions containing the diblock copolymer in a good solvent (THF) 

and the iron oxide nanoparticles in water. Membranes were cast using either traditional 

tape casting or spin coating methods. The resulting mixed matrix membranes are fully 

characterized by SEM, TEM, EDX and water filtration tests. 

4.2 Experimental 

Synthesis of poly (methacrylic acid) macro chain transfer agent (PMAA47) 

A typical synthesis of PMAA macro-CTA was conducted as follows: Methacrylic acid 

(MAA; 5 g; 58.07 mmol), 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (324.5 mg; 

1.16 mmol), 4, 4’-azobis (4-cyanovaleric acid) (32.55 mg; 0.12 mmol; CTA/ACVA molar 

ratio = 10.0) was dissolved in ethanol (5.0 g). The sealed vessel was purged with nitrogen 

for 30 minutes and placed in a pre-heated oil bath at 70 °C for 6 h. The polymerization was 

quenched by cooling the reaction mixture to 20 °C and subsequently exposing the mixture 
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to the air. The reaction mixture was diluted with a two-time excess of ethanol. The 

unreacted monomer was removed by precipitation into tenfold excess diethyl ether. The 

solid after precipitation was dried under vacuum for 24 h. A mean degree of polymerization 

(DP) of 47 was confirmed by end group analysis: the aromatic CTA signals at 7.4 ppm 

were compared to those assigned to the polymer backbone at 3.6 ppm using 1H NMR 

spectroscopy. 

 

Synthesis of poly (Methacrylic acid)-poly (methyl Methacrylate) (PMAA47-PMMA y) 

Methyl methacrylate monomer (10 g; 99.8 mmol), 4, 4’-azobis (4-cyanovaleric acid) 

initiator (39.9 mg; 0.14 mmol) and PMAA47 macro-CTA (5.77 mg; 1.4 mmol) were 

dissolved in ethanol (20 g). The reaction mixture was sealed in a 10 mL round bottom flask 

and purged with N2 for 30 min. The reaction flask was kept in a preheated oil bath at 70 °C 

for 24 h (96% conversion as judged by 1H NMR spectroscopy). Unreacted monomer was 

removed by precipitation with excess diethyl ether. The purified solid was dried under 

vacuum for 24 h.  

Synthesis of Iron nanoparticles coated with PMAA47 

200 mg of PMAA stabilizer, 232.2 mg of Iron (III) chloride hexahydrate and 85.8 mg of 

Iron (II) chloride tetrahydrate were dissolved in 3 mL of water in a 10 mL flask containing 

stirrer and rubber septum. The mixture was deoxygenated by purging with N2 for 30 min. 

The reaction flask was immersed in an oil bath set at 80 °C. After 10 min, 1 mL of 

Ammonium hydroxide solution (28%) was injected. The solution rapidly turned black, 

indicating the formation of magnetite nanoparticles. The reaction was stirred for 1hr at 80 

°C. The reaction mixture was dialyzed against water for 24 h. The final concentration of 

the PMAA stabilized magnetite particles was 5.9 mg/mL. 

Synthesis of Iron nanoparticles coated with PMAA47-PQDMAEMA 50 

An aqueous sol of ultrafine magnetite nanoparticles was synthesized by co-precipitation65 

of ferric and ferrous salts in the presence of the PMAA47-PQDMAEMA50 stabilizer on the 

addition of ammonium hydroxide. In a typical procedure, 200 mg of copolymer stabilizer, 
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69.6 mg of iron(III) chloride hexahydrate, and 25.7 mg of iron(II) chloride tetrahydrate 

were dissolved in 3 mL water in a 10 mL round bottom flask equipped with a stirrer and 

rubber septum. The mixture was deoxygenated under N2 for at least 30 min. The reaction 

flask was then immersed in an oil bath set at 80 °C, and after 10 min, 0.3 mL of ammonia 

solution (28%) was injected by syringe. The solution rapidly became black, indicating the 

formation of magnetite nanoparticles. The reaction was stirred for 1 h at 80 °C, after which 

purification of the magnetite sol was achieved by dialysis. The final concentration of the 

PMAA47-PQDMAEMA50 copolymer-stabilized magnetite particles was 6.7 mg/mL. 

Synthesis of DMSA-coated Iron nanoparticles 

A solution consisting of Iron (III) acetylacetonate [Fe (acac)3] (0.2 g) and triethylene glycol 

(30 mL) were vigorously mixed in 250 mL three neck round bottom flask using a 

mechanical stirrer.66 This solution was degassed with nitrogen for 30 min. The resulting 

mixture was heated at 180 °C for 30 min to achieve the decomposition of the precursor. 

After dissolution, the temperature was raised to 280 °C and kept at this temperature for 30 

min. The resulting black solution was cooled and precipitated in ethanol: ethyl acetate 

mixture (1:4). The magnetic precipitate was then separated by magnetic separation by 

applying the magnetic field of 0.3 T. 25 mg of meso-2, 3-dimercaptosuccinic acid (DMSA) 

was dissolved in 10 mL of water and added to the magnetic precipitate. Aqueous sodium 

hydroxide solution (0.1 M) was then added to the suspension containing DMSA and the 

magnetic precipitate (drop-wise) producing a clear solution with no aggregates. This 

solution was dialyzed against water for 24 hrs. The final concentration was 5.6 mg/mL. 

 

Characterization 

Copolymer molecular weight distributions were determined using size exclusion 

chromatography (SEC) performed with a double detector array from Viscotek (TDA 305, 

Malvern Instruments, Worcestershire, UK). The Viscotek SEC apparatus equipped with 

two column set-up with a characteristic particle size of 5 mm using THF as an eluent (1.0 

mL/min). The Viscotek system contains a refractive index detector (RI, concentration 

detector), and a four-capillary differential viscometer. OmniSEC software was used for 

data analysis and acquisition. The number average molecular weights (Mn) and 

polydispersity index (Mw/Mn) were calculated about polystyrene standards. For SEC, the 
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polymers were modified by methylation of the carboxylic acid groups on the PMAA block 

using excess trimethylsilyldiazomethane.67 Briefly, 50 mg of the copolymer was dissolved 

in THF, and a yellow solution of trimethylsilyldiazomethane was added dropwise at 20 °C. 

Upon addition, effervescence was observed, and the solution immediately becomes 

colorless. The addition of trimethylsilyldiazomethane was continued until the solution 

became yellow and effervescence ceased. Then, a small amount of 

trimethylsilyldiazomethane was added, and the solution was stirred overnight.  

Proton NMR spectra were acquired with Bruker 300 Mhz spectrometer using CD3OD, 

THF, and D2O solvents. DLS measurements were carried out at 25 °C using scattering 

angles of 90°  with a Brookhaven Instrument Corporation (BTC)- 90 plus particle size 

analyzer equipped with 35 mW solid state laser operating at 660 nm. Zeta potentials of the 

particle were measured with Brookhaven Instrument Corporation (BTC)-Zeta potential 

Analyzer equipped with 35 mW solid state laser operating at 660 nm. Thermogravimetric 

analysis was carried out with Mettler Toledo TGA/SDT A851c LF/1100  C with MT 5 

balance and Pt-Pt/ Rh 30% thermoelement sensors. TEM images were acquired using a 

Technai F30 instrument operating under 80-200 keV working voltage equipped with CCD 

veleta 2Kx2K camera. To prepare the TEM samples, 10 µL of the sample was placed on 

the carbon-coated copper grid for 60 sec and stained with ammonium molybdate for 20 

sec. After staining, the grid was dried using vacuum hose under ambient conditions. 

Magnetic properties were studied using vibrating sample magnetometer (VSM, Lake Shore 

7410) operating at room temperature and 2 Tesla as well as by using superconducting 

quantum interference device (SQUID; model MPM-55S, Quantum Design). Samples were 

prepared by placing 80 µl of a colloidal suspension of the as-prepared nanoparticles into a 

nonmagnetic Teflon capsule sealed with a screw cap to prevent losses at reduced pressures. 

Diamagnetic contributions from the sample holder and solvent were subtracted from the 

curves. 

 

Filtration and membrane characterizations 

Polymer thin films were prepared using an SPS Spin 150 spin coater at 1500 rpm for 120 

sec with a speed of 100 rpm.s-1 under dry argon atmosphere. SEM images were obtained 

using Hitachi S4800 operating under 0.1 kV to 30 kV working voltage. To prepare the 
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SEM samples, the membranes on nylon film were frozen in liquid nitrogen for 5 min 

followed by sectioning. For filtration tests, the prepared membrane (d=2.5 cm) was fitted 

with a 10 mL filtration cell (Amicon 8010 stirred cell). Then filtration cell was connected 

to a water reservoir and compressed air line. The measurements were then performed at 

pressures between 0.1 and 4.0 bars. The mass of the water passing through the membrane 

(permeate) is recorded by the SartoConnect software at regular time intervals. All filtration 

experiments were performed at room temperature with dust free ultrapure water (filtered 

through a 400-micron filter).  

 

Magnetic filtration 

The influence of the application of an external magnetic field in the separation performance 

was evaluated using a GMW Dipole Electromagnet (Model 3473-70, USA) which provides 

magnetic fields up to 2.5 T accepting pole gaps ranging from 0 to 100 mm. Permeation 

experiments were carried out in a homemade cross flow filtration cell disposition with 

membrane pores perpendicularly positioned towards the electromagnet poles. A uniform 

magnetic field was applied to the membrane surface.  

4.3 Results and Discussions 

Mixed matrix membranes are usually made of a mixture of polymeric and inorganic 

components. In this work the polymer used is a simple linear diblock copolymer of 

poly(methacrylic acid)-b-(methyl methacrylate) that was synthesized via homogeneous 

RAFT solution polymerization in ethanol at 70°C. After purification, the diblock 

copolymer was fully characterized using 1H NMR and SEC (PMAA47-b-PMMA69; 

Mw/Mn= 1.02 Mn= 10.1 kg/mol). To aggregate the prepared amphiphilic diblock copolymer 

into micelles, the copolymer was first dissolved in tetrahydrofuran (THF) and then pure 

water at neutral pH was added as the bad solvent for the PMMA block in order to induce 

the micellization (1 mL of the diblock copolymer solution at 20 w/w % in THF titrated 

with water at pH 7). Up to addition of 0.3 mL of water, the solution stayed clear although 

the dynamic light scattering detected particles of about 100 to 150 nm (Table S1). When 

the added water reached 0.4 mL, the solution turned cloudy, and DLS showed a value of 
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162 nm (Table S1). To visualize the formation of the nanoparticles after addition of water, 

post-mortem TEM analysis was performed. As shown in Figure S1, when only 0.1 mL of 

water was added a mixture of polydisperse bicontinuous and multilamellar micelles were 

formed (Fig. S1A). The addition of more water resulted in the formation of spherical 

particles with few continuous and multilamellarmicelles (Fig. S1B). Above 0.3 mL of 

added water only polydisperse spherical micelles could be observed (Fig. S1C-I).  

To prepare the inorganic nanoparticles, iron salts (FeCl2 and FeCl3) were co-precipitated 

in the presence of different types of stabilizers. When PMAA47 was used as a stabilizer, 

superparamagnetic iron oxide particles (SPIONs) with a hydrodynamic diameter of  14.2 

nm were formed. The TEM analysis of the dried particles suggested a diameter of  4.6 nm. 

These particles had a saturation magnetization value of 12.7 emu/g and coercivity of 3.1 

Oe (Fig. S2). These particles bare negative surface charge due to the presence of the 

polymethacrylic acid groups on their surface (Fig. S2E). When PMAA47-b-

PQDMAEMA50 were used as a stabilizer, SPIONs of 34.7 nm were formed. The dry 

diameter of these particles (from TEM analysis) was about 5 nm with a saturation 

magnetization of 10.1 emu /g and coercivity of 4.9 Oe (Fig. S3). These particles bare 

positive surface charge due to the presence of the quaternized amine groups on their surface 

(Fig. S3E). The third type of the iron oxide nanoparticles, were prepared using 

dimercaptosuccinic acid (DMSA) as the stabilizer and a high-temperature (280 °C) 

procedure as explained by Santamaria et al.66 The resulting nanoparticles had a 

hydrodynamic diameter of 21.2 nm (Fig. S4A) and dry diameter of 5.3 nm (Fig. S4B). 

These defined nanoparticles exhibit magnetic properties of 64 emu/g with a coercivity of 

7.0 Oe (Fig. S4).  

To prepare the bespoke mixed matrix membranes (Scheme 4.1) from the prepared 

polymeric and the inorganic components, a homogeneous casting solution was prepared by 

addition of 0.2 or 0.35 mL of water (with or without inorganic nanoparticles) to 1 mL 

solution of PMAA47-b-PMMA69 at 20 w/w %. This solution mixture was stirred 4 hours 

before casting. The membranes were cast on nylon film and, after a given evaporation time, 

the semi-dried film was immersed in a water bath to complete the phase separation using a 

non-solvent.  
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Scheme 4.1. Mixed Matrix Membrane preparation via tape casting and spin coating of a mixture of INPs 

and PMAA47-PMMA69 linear diblock copolymer. 

Initially, the casting solutions were prepared in the absence of the inorganic particles. 

Control membranes were prepared by casting these solutions containing PMAA47-

PMMA69 (20 w/w %) with different amounts of water (0.1 – 1.0 mL). We were expecting 

to have hydrophilic membranes due to the presence of the PMAA block that is soluble in 

THF: H2O mixture. But to our surprise, the membranes exhibited hydrophobic 

characteristic with high contact angles between 100 and 123 degrees (Fig. S5). To identify 

which block formed the corona of the particles, 1H NMR studies were carried out. 0.5 mL 

of 20 w/w % diblock copolymer in deuterated THF was titrated with deuterium oxide. 

Proton signals were recorded after addition of every 0.025 mL of D2O. As shown in Figure 

1, after addition of 0.3 mL of D2O the characteristic signal of PMMA (3.5 ppm) as well as 

the signals of the RAFT agent (7-8 ppm) was still visible. This meant that the hydrophobic 

PMMA chains were forming the corona of the particles instead of the hydrophilic PMAA. 

A possible explanation for this could be as follows; both blocks forming the diblock 

copolymer were soluble in THF. As water was added, some of the methacrylic acid units 

got deprotonated (since the pH of the used water was above the pKa of the polymethacrylic 

acid; 6.1). The introduced negative charge (due to deprotonation of the acid groups) was 
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