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ABSTRACT 

Nanocomposite Isoporous Membrane via Magnetite Nanoparticle Assembly 

Yihui Xie 

 

Membrane technology is one of the most promising technologies for addressing the 

global water crisis as well as in many other applications. One of the drawbacks of current 

ultra- and nanofiltration membranes is the relatively broad pore size distribution. Block 

copolymer membranes with ultrahigh permeability and very regular pore sizes have been 

recently demonstrated with pores being formed by the supramolecular assembly of 

core/shell micelles. Our study aimed at developing an innovative and economically 

efficient alternative method to fabricate isoporous membrane by self-assembly of 

magnetic nanoparticle with a polystyrene shell, mimicking the behavior of block 

copolymer micelle. Fe3O4 nanoparticles of ~13 nm diameter were prepared by co-

precipitation as cores. The initiator for ATRP was covalently bonded onto the surface of 

magnetic nanoparticles with two strategies. Then the surface initiated ATRP of styrene 

was carried out to functionalize nanoparticles with polystyrene through a “grafting from” 

method. Finally, the nanocomposite membrane was cast from 50 wt % Fe3O4@PS brush 

polymer solution in DMF via non solvent phase inversion. Microscopies reveal an 

asymmetric membrane with a dense thin layer on top of a porous sponge-like layer. This 

novel class of asymmetric membrane, based on the pure assembly of functionalized 

nanoparticles was prepared for the first time. The nanoparticles are well distributed 

however with no preferential order yet in the as-cast film. 
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1 Introduction 

1.1 Water crisis 

Water is widely regarded as the most essential of natural resources, yet freshwater 

systems are directly threatened by human activities.
1 

The world’s population increase, 

global anthropogenic climate change, continuous municipal and industrial wastes 

pollution, and larger water consumption of energy and agriculture combine to exacerbate 

the situation. In the latest report the World Health Organization (WHO) has estimated 

that over 780 million people (11%) are still without access to improved sources of 

drinking water in 2010 and most diarrheal deaths in the world (88%) are caused by 

unsafe water, sanitation or hygiene.
2 

Beyond conventional water treatment processes, a 

new class of “high performance and cost effective” technology is needed to address the 

global water crisis, especially for the developing countries. 

 

1.2 Membrane processes in water treatment 

Membrane processes, as modern physicochemical separation techniques that use 

differences in permeability (of water constituents) as a separation mechanism, are one of 

the most promising technologies for addressing the water crisis. During membrane 

treatment, feed water is pumped against the semipermeable membrane typically synthetic 

polymeric material, as a selective barrier, resulting in the production of treated water 

(permeate) and concentrated waste stream (brine) containing impermeable components.
3
 

The main advantages of membrane technology include that they require no additives or 

regeneration of spent media; they can be performed at low temperatures and low energy 
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consumption. Moreover, membrane processes are flexible to downscale and upscale and 

integrate into other separation or reaction processes.
4
 Currently four types of pressure-

driven membranes are employed in water reuse and desalination: microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), and reverse-osmosis (RO) membranes. Their 

characteristic pore size and intended application is shown on Table 1-1.  

Table 1-1. Membrane classification by pore size and target species
5
 

Membrane type Pore size (μm) Target species 

microfiltration (MF) 0.1 Particles, Sediments, Algae, Protozoa, bacteria 

ultrafiltration (UF) 0.01 Small colloids, Viruses 

nanofiltration (NF) 0.001 
Dissolved organic matter, Divalent ions (Ca

2+
, 

Mg
2+

) 

reverse-osmosis (RO) nonporous Monovalent Species (Na
+
, Cl

-
) 

 

1.3 Block copolymer membranes 

Although membrane technologies have already been commercialized, next 

generation membranes with improved water flux, salt rejection, and resistance to fouling 

and degradation of the membranes are required to meet future needs.
6, 7

  

Isoporous block copolymer membranes with uniform, aligned nanopores show great 

promise for manufacturing highly permeable water treatment membranes. Higher 

permeability membranes can decrease the energy cost for a given membrane area and 

capacity, and reduce capital cost or plant size by requiring less membrane area for a given 

capacity.
6
 Block copolymers are macromolecules composed of multiple block polymeric 
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species. Self-assembly, defined as “autonomous organization of components into patterns 

or structures without human intervention”,
8
 of block copolymer provides the opportunity 

for narrow pore size distributions and high porosities, as well as sharp molecular weight 

cut-off. In self-assembly, a highly ordered structures will form based on the respective 

interactions of different blocks with the solvent, one soluble, the other insoluble, in order 

to reach a thermodynamically favorable arrangement.
9
 The ratio between blocks controls 

the nanostructure of the macromolecule.
10

 For instance, densely packed cylindrical pores 

in dense films, which are ideal for water separation membranes have been formed via 

block copolymer self-assembly by varying the concentrations and conditions, followed 

by etching.
11

 

 

Figure 1-1. Surface pores in a membrane cast on glass, from 20% PS-b-P4VP solutions with 

56% DMF, 24% THF, and 0.15% Cu(Ac)2, immersed in water after 20 s of evaporation
13
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Although different approaches have been proposed for block copolymer membranes, 

a difficult issue is their manufacture in large-scale with reproducible long-range order. 

Peinemann et al. combined block copolymer self-assembly with conventional phase 

inversion, the industrially well-established membrane formation method, to achieve 

highly ordered, asymmetric porous membranes composed of block copolymer 

materials.
12

 It is a large step forward leading to solve the issue of large scale 

manufacturing processes of isoporous membranes, which is needed for practical water 

treatment application. No additional etching step was needed in opposite to other 

approaches in the literature. However until later the mechanism of membrane formation 

could not be understood. Nunes et al.
13, 14

 recognized for the first time the role of micelle 

formation and supramolecular micelle assembly in the formation of the isoporous 

membranes (see Figure 1-1) and optimized this approach to manufacture reproducible 

films with ultrahigh density of monodispersed pores based on the self-assembly of Cu
2+

-

polystyrene-b-poly(4-vinylpyridine) complexes and nonsolvent induced phase separation. 

Water fluxes of 890 L m
-2

 h
-1

 bar
-1

 were obtained, which are at least one order of 

magnitude higher than those of commercially available membranes with comparable pore 

size. Later the same asymmetric isoporous membrane could be obtained without metal-

polymer complexation.
15

 This could be achieved by the selective solvent system 

THF/DMF/Dioxane and the addition of single-walled carbon nanotubes. Also, the sharp 

switchable pH response of the nanoporous films has been demonstrated by cryo-field 

emission scanning electron microscopy, SAXS, and ultra/nanofiltration.  
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1.4 Membranes with nanofillers 

Nanomaterials are providing novel opportunities to develop more efficient and cost 

effective nanostructured and reactive membranes for water reclamation and desalination. 

Nanocomposite membranes, which consist of nanoparticles embedded in a polymeric 

membrane, have been widely studied.
16, 17

 Incorporation of functional (e.g., adsorptive, 

(photo) catalytic and antimicrobial) nanomaterials into water treatment membranes 

enables new functionality, such as high permeability, catalytic reactivity, and fouling 

resistance. Different nanofillers have been reported in membrane preparation (carbon 

nanotubes (CNT), inorganic particles). The physical properties of CNTs may be utilized 

in nanocomposite membranes to improve upon the mechanical stability of the membrane 

or as a tool to disrupt polymer packing of the active layer in traditional reverse osmosis 

membranes. Wang et al.
18

 reported on high-flux filtration membranes with a dense 

hydrophilic nanocomposite coating top layer. The incorporation of MWNTs into the 

hydrophilic top layer improved mechanical strength and durability while simultaneously 

enhancing water permeability. The well-known photocatalytic material, TiO2, may be 

incorporated as an anti-fouling coating. Kim et al.
19

 dip-coated TiO2 onto an interfacially 

polymerized fully cross-linked polyamide TFC membrane with a surface layer 

functionalized with carboxylate groups. Testing with E. coli-containing feed water has 

shown superior anti-biofouling properties, especially with the aid of UV excitation, 

without compromising the flux and salt rejection performance of the original membrane. 

RO membranes containing zeolite molecular sieves were prepared and consequent 

changes in membrane characteristics were observed.
20

 The membranes were smoother, 

more hydrophilic and more negatively charged with increasing nanoparticle loading, that 
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resulted in a slight improvement in salt rejection relative to the hand cast TFC membrane 

without zeolite nanoparticles. 

 

1.5 Research objective 

To the best of our knowledge, current studies on nanocomposite membranes are 

limited to addition of nanomaterials to the membrane matrix. Our study first proved that 

nanocomposite membranes could be created directly from polymer functionalized 

nanoparticles. The ultimate goal of this project is to develop an innovative and 

economically efficient method to fabricate isoporous membrane by self-assembly of 

magnetic nanoparticles with a polystyrene shell as an analog to block copolymer micelles 

in selective solvents, mimicking their behaviors as illustrated by Figure 1-2. Obviously, 

the cheap magnetite nanoparticles as substitute for expensive block copolymers would 

reduce the cost of isoporous membranes significantly. 

 

Figure 1-2. Schematic diagram of fabrication of nanocomposite isoporous membranes via 

magnetite nanoparticle self-assembly  
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1.6 Self-assembly of nanoparticles 

Nanoparticle self-assembly in the thin film has been investigated by previous reports. 

Kohji Ohno et al.
21

 synthesized monodispersed silica coated with well-defined high-

density PMMA brushes. A thin surface film was formed at the air-water interface by 

depositing one drop of the polymer-grafted silica nanoparticle suspension on the surface 

of pure water in a Petri dish. The two-dimensional ordered arrays on the film were 

demonstrated by TEM and AFM (see Figure 1-3). In TEM image, the nanoparticle cores 

visible as dark circles are uniformly dispersed throughout the film, surrounded by PMMA 

chains as fringes. The AFM image exhibits that the protrusions composed of nanoparticle 

core and PMMA layer surrounding the core are standing with a constant spacing on the 

substrate.  

Figure 1-3. TEM (left) and AFM (right) images of the thin films of silica particles coated 

with PMMA
21

 

Chen Xu et al. investigated the self-assembly of PMMA-grafted magnetite 

nanoparticles in homopolymer PMMA and lamellar-forming block copolymer PS-b-

PMMA films.
22, 23

 Polymer-grafted nanoparticles and polymers were mixed in solvent. 

Nanocomposite films were prepared by spin casting this solution onto piranha cleaned 



21 
 

silicon substrates. The films were dried in a vacuum oven at room temperature and then 

annealed under vacuum at 185 °C for different times. For the shortest PMMA brush, the 

morphology of nanocomposite films goes from dispersed to aggregated upon increasing 

nanoparticle concentration. At high concentration, nanoparticles form small aggregates 

which frustrate the assembly of a lamellar structure. The effect of polymer lengths is 

different. In PS-b-PMMA block copolymer matrix, increasing brush molecular weight 

drives the magnetite nanoparticles into large aggregates, and the block copolymer 

assembles into onionlike rings around these aggregates. On the other hand, the uniform 

dispersion of PMMA-grafted nanoparticles in PMMA copolymer film can be obtained at 

high brush lengths. 

 

1.7 Properties and applications of magntetite nanoparticles 

Magnetite is a ferrimagnetic mineral with chemical formula Fe3O4. It is one of 

several iron oxides, a member of the spinel group, and the most magnetic of all the 

naturally occurring minerals on Earth.
24

 The structure of Fe3O4 crystal is shown in Figure 

1-4. Fe3O4 has a cubic inverse spinel structure with a space grouping of Fd3m.
25

 The unit 

cell has 32 O
2-

 ions which are regular cubic close packed along the [110] direction. The 

lattice constant is a = 0.839. There are two different iron sites: tetrahedral sites which are 

occupied by Fe(III), and octahedral sites which are occupied by both Fe(II) and Fe(III). 

Fe3O4 crystals are overlaid with octahedral and mixed octahedral/tetrahedral layers along 

the [111] direction.
26
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Figure 1-4. Crystal structure of Fe3O4, green atoms are Fe
2+

, brown atoms are Fe3
+
, white atoms 

are oxygen.
27

 

Compared with the bulk materials, nanoparticles always have many novel 

properties.
28

 Frenkel and Dorfman
29

 were the first to predict that a particle of 

ferromagnetic material, below some critical particle size would be monodomain, i.e. a 

particle that is a state of uniform magnetization at any field. Because of the very small 

crystal size and surface effects, magnetic nanoparticles exhibit remarkable new 

phenomena such as superparamagnetism, high field irreversibility, high saturation field, 

extra anisotropy contributions and shifted loops after field cooling.
30, 31

 In recently years, 

Fe3O4 nanoparticles have been showing great application potential in various disciplines 

including magnetic seals in motors, magnetic inks for jet printing, data storage, catalysis, 

and removal of toxic elements from industrial wastes.
32

 Especially in biomedical field, 

many novel applications have been proposed and investigated such as enzyme and 

protein immobilization, genes, radiopharmaceuticals, contrast agents for magnetic 

resonance imaging (MRI), diagnostics for cancer diagnosis, immunoassays, biological 
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labels, RNA and DNA purification, magnetic cell separation and purification, 

magnetically-controlled targeted drug carriers as well as magnetic fluid hyperthermia 

(MFH).
33, 34

 

 

1.8 Synthesis of magnetite nanoparticles 

Common methods to synthesize spherical magnetite nanoparticles include co-

precipitation, thermal decomposition, hydrothermal synthesis, microemulsion, 

sonochemical synthesis. The most conventional method for obtaining Fe3O4 is co-

precipitation, first performed by Massart using alkaline precipitation of FeCl3 and 

FeCl2.
35

 This method consists of mixing ferric and ferrous ions in a 1:2 molar ratio in 

highly basic solutions at room temperature or at elevated temperature. The chemical 

reaction of Fe3O4 formation may be written as: 

                            

Eq. 1-1 

The size and shape of the nanoparticles are determined by the type of salt used (chlorides, 

sulfates, nitrates, perchlorates, etc.), the ferric and ferrous ions ratio, the reaction 

temperature, the pH value, ionic strength of the media, and the other reaction parameters 

(e.g. stirring rate, dropping speed of basic solution).
36

 The coprecipitation technique is 

probably the simplest and most efficient chemical pathway. However, it contains some 

drawbacks like broad size distribution and irregular crystallite shape. The Sun group 

proposed a classic thermal decomposition strategy to synthesize monodispersed 

magnetite nanoparticles.
37

 In the synthetic process, phenyl ether was used as a solvent, 
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oleic acid and oleylamine were surfactants, and Fe(acac)3 and 1,2-hexadecanediol were 

added to the reaction system. Fe3O4 nanoparticles with a tunable particle size ranging 

from 4 to 20 nm were prepared by ‘‘seed-mediated growth.’’ An ultra-large-scale 

synthesis of monodisperse iron oxide nanocrystals with the thermal decomposition 

approach was developed by the Hyeon group.
38

 They used Fe(III) oleates as the precursor. 

They could control the particle size of monodisperse iron oxide nanoparticles from 5 nm 

to 22 nm at different decomposition temperature and ageing time. In recent years, the 

thermal decomposition process has motivated intense research efforts because of good 

crystallinity and a relatively monodisperse, controlled size distribution. The use of 

microemulsions as nanoreactors to nucleate nanoparticles is also an effective way to 

achieve good control of magnetite nanoparticle size and distribution. This method 

pioneered by the Pileni group
39

 is a very flexible technique for the preparation of many 

different types of monodisperse metallic and metal oxide nanoparticles. The water-in-oil 

emulsions are currently being used to synthesize superparamagnetic iron oxide 

nanoparticles.
40

 Water-in-oil (W/O) microemulsions are isotropic, thermodynamically 

stable liquid media under the surfactant present. In these systems, fine microdroplets of 

the aqueous phase are trapped within assemblies of surfactant molecules dispersed in a 

continuous oil phase. The surfactant-stabilized microcavities (typically in the range of 10 

nm) provide a confinement effect that limits particle nucleation, growth, and 

agglomeration,
41

 leading to a narrow size range and uniform physical properties of 

magnetite nanoparticles. The synthesis of magnetite nanoparticles by hydrothermal 

method has been reported. Wang et al.
42

 reported a one-step hydrothermal process to 

prepare highly crystalline Fe3O4 nanopowders (40 nm) at 140 ℃ for 6 h. Zheng et al.
43
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reported a hydrothermal route for preparing Fe3O4 NPs with diameter of 27 nm in the 

presence of a surfactant, sodium bis(2-ethylhexyl)sulfosuccinate (AOT). It is suggested 

that Fe3O4 nanoparticles prepared by hydrothermal synthesis could have better 

crystallinity than those from other processes, therefore higher saturation magnetization.
44

 

In addition, magnetite nanoparticles can also be prepared by the other methods such as 

sonochemical synthesis
45

, electrochemical synthesis
46

, polyol method
47

, and 

microorganism or bacterial synthesis (especially the Magnetotactic bacteria and iron 

reducing bacteria)
48

, etc. 

 

1.9 Functionalization of nanoparticles 

For coating nanoparticles with polymers to form polymer brush or core-shell 

structure, two different approaches have been employed: “grafting to” and “grafting from” 

the particle surface (see Figure 1-5).
49, 50

 “Grafting to” involves the grafting of pre-

existing polymer chains onto the particle by means of either physisorption or covalent 

bond formation (chemisorption).
51

 Although this method tends to be very flexible, it is 

difficult to produce thick and very dense polymer brushes because of steric repulsions 

between polymer chains, and polymer chains have a high probability of grafting onto 

more than one particle at a time.
52

 In the “grafting from” approach, a polymer brush is 

grown directly from the initiator-functionalized particle surface.
53

 Controlled/“living” 

polymerization techniques are optimal for the preparation of polymer brushes following 

the grafting from strategy, as they allow accurate control over brush thickness, 

composition, and architecture.
54

 Among the Controlled/“living” polymerization 
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techniques, the most widely used method for the growth of polymer brushes from 

surfaces is atom transfer radical polymerization (ATRP) because it can produce polymer 

(and copolymer) brushes with narrow molecular weight distributions and for which a 

broad variety of monomers can be used.
55

  

 

Figure 1-5. Synthetic strategies for the preparation of polymer brushes: (A) physisorption 

of diblock copolymers via preferential adsorption of the red blocks to the surface (grafting 

to approach); (B) chemisorption via reaction of appropriately end-functionalized polymers 

with complementary functional groups at the substrate surface (grafting to approach); (C) 

polymer brushes grown via surface-initiated polymerization techniques (grafting from 

approach)
50

 

1.10 Surface-initiated ATRP 

ATRP was invented in 1995 by Jianshan Wang and Krzysztof Matyjaszewski.
56, 57

 

Figure 1-6 illustrates its mechanism. Mechanistically, ATRP is based on the reversible 
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redox activation of a dormant alkyl halide-terminated polymer chain end by a halogen 

transfer to a transition metal complex (e.g. Cu(I)). This process leads to the homolytic 

cleavage of the carbon-halogen bond, which generates a free and active carbon-centered 

radical species at the polymer chain end. This activation step involves an inner sphere 

single electron transfer from the transition metal complex, which is oxidized, to the 

halogen atom. Thereafter, in a fast, reversible reaction, the oxidized form of the catalyst 

reconverts the propagating radical chain end to the corresponding halogen-capped 

dormant species. Repeating the whole process, the polymer chain will grow until the 

monomer supply is depleted and will remain active either until more monomer is added, 

in which case chain growth will resume, or until a terminating agent is deliberately 

introduced.
58

 SI-ATRP (Surface-initiated ATRP) was first reported in 1997 by Huang and 

Wirth, who successfully grafted poly(acrylamide) (PAM) brushes from benzylchloride-

derivatized silica particles.
59

 They found that addition of free, sacrificial initiator was 

necessary to achieve a controlled polymerization to increase the concentration of the 

deactivating Cu(II) species in order to allow a controlled polymerization. Another 

strategy to overcome the insufficient deactivator concentration that results from SI-ATRP 

is to add the deactivating Cu(II) species directly to the polymerization solution.
60

 

Figure 1-6. Mechanism of metal complex-mediated ATRP 
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SI-ATRP requires the presence of initiators on the nanoparticle surface that can 

induce the polymerization process. So modification of the magnetite nanoparticles with 

small molecules containing functional groups is crucial for subsequent polymerization. 

Although effective to initiate ATRP,
61, 62

 capping groups of the chelate type like carboxyl 

and phosphonate often suffer from dissociation of the polymeric chains from the core 

surfaces due to the hydrolytic instability of the surface attachment and the dynamic 

exchange between the polymeric chains and other competing molecules. Alternatively, 

siloxane linkages are promising for the surface modification. The introduction of covalent 

linker groups allows the permanent attachment of polymer chains to individual particles. 

Various alkoxysilanes have been developed to meet diverse needs with different terminal 

groups, such as amino groups, halogens, and methacryl groups. For instance, Mondragon 

et al. presented the synthesis of core–shell Fe3O4@polymer nanoparticles by SI-ATRP 

with 2-(4-chlorosulfonylphenyl) ethyltrichlorosilane (CTCS) as the initiator.
63

 The siloxy 

group of CTCS was used as an anchor to the surface, and the chlorosulfonylphenyl group 

acted as the initiator group for ATRP. The mechanism of the silane agent modifying on 

the surface of magnetite nanoparticles is depicted in Figure 1-7. The hydroxyl groups on 

the iron oxide nanoparticle surface reacted with the methoxy groups of the silane 

molecules leading to the formation of Si–O bonds and leaving the terminal functional 

groups available for immobilization the other substance. 
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Figure 1-7. Mechanism for modifying the silane agents on the surface of nanoparticles
64

  

 

1.11 Nonsolvent Induced Phase Separation  

Nonsolvent Induced Phase Separation is the technique used to fabricate our 

nanocomposite membrane. Asymmetric membranes with a very thin, dense skin layer 

supported by a porous sublayer are most commonly prepared by this process.
65

 A 

homogeneous polymer solution is cast as a flat film or spun as a fiber, exposed to air for a 

specific time and thereafter, immersed in a coagulation bath containing a nonsolvent for 

the membrane-forming polymer. Phase inversion occurs by bringing the initially 

thermodynamically stable polymer solution to an unstable state by solvent and 

nonsolvent exchange due to diffusion during the quench step, and the membrane is 

formed.
66

 The main route of the phase inversion process involves two different types of 

phase transition,
67

 which can be illustrated in a classic ternary phase diagram (see figure 

1-8). These are: (1) liquid-liquid phase separation, in which the completely miscible 
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solution crosses the binodal boundary to enter the two-phase region (from I to II), and (2) 

solidification (from I to III or from II to III; since the viscosity of the polymer solution 

increases to a certain assumed value, the motion of polymer chains will be limited and the 

system can be regarded as a solid to fix the membrane structure. 

 

Figure 1-8. Ternary phase diagram of EVAL-DMSO-water system. I: homogeneous solution 

region; II: two-phase region; III: solidification region
67
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2 Experimental Section 

2.1 Material 

Ferric chloride hexahyrate (FeCl3·6H2O, ≥99%), ferrous sulfate heptahydrate 

(FeSO4·7H2O, ≥99%), ammonium hydroxide (NH3·H2O, 28-30%), oleic acid (OA), 

sodium sulfate (Na2SO4, ≥99.0%, anhydrous, powder), toluene (anhydrous, 99.8%), 

ethanol (absolute, ≥99.8%), γ-aminopropyl triethoxysilane(APTES, ≥98%), triethylamine 

(TEA, ≥99.5%), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA, 99%), styrene 

(≥99%), copper(I) bromide (Cu(I)Br, 98%), N,N-dimethylformamide (DMF, anhydrous, 

99.8%), neutral aluminum oxide (Al2O3), sodium hydroxide (NaOH, ≥98%, pellets), 

tetraoctylammonium bromide (TOAB, 98%), (1-bromoethyl)benzene (97%), deuterated 

chloroform (CDCl3) and tetrahydrofuran (THF, anhydrous) were purchased from Aldrich 

Chemical Co. Toluene (laboratory) and methanol (laboratory) were obtained from Fisher 

Chemical. sodium chloride (NaCl, 99%) and 2-bromoisobutyryl bromide (BiBB, 98%) 

were supplied by Alfa Aesar and Acros Co., respectively. Deionized water was produced 

by Millipore water system. Styrene was passed through neutral alumina column to 

remove inhibitors. All other reagents were used as received from commercial sources. 
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Figure 2-1. Illustration of the synthesis route of polystyrene coated MNPs 
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2.2 Synthesis of OA coated magnetite nanoparticles 

Magnetite nanoparticles (MNPs) were synthesized by co-precipitation method. First 

ferric chloride hexahydrate (FeCl3·6H2O) (13.515g, 0.05mol) and ferrous sulfate 

heptahydrate (FeSO4·7H2O) (6.95g, 0.025mol) were dissolved into 500 mL deionized 

water. The as-prepared iron precursor solution was stored at 4 °C. In a 250mL round 

bottom flask, 100 mL iron precursor solution was magnetically stirred under N2 

protection, followed by adding 20 mL 28~30% (w/w) NH3·H2O quickly at room 

temperature. The solution color changed from orange to black, leading to a black 

precipitate. Then under vigorous stirring, 0.5 mL oleic acid was dropped into the 

dispersion slowly at 80 °C in 1 h. The homogeneous MNPs water dispersion was then 

mixed with 120 mL toluene in a 500 mL separating funnel. By adding about 10g of 

sodium chloride, MNPs transferred into toluene phase with intensively shaking. The 

resulting toluene based MNPs dispersion was mixed with anhydrous sodium sulfate in a 

250 mL Erlenmeyer flask to remove the remaining water. After being desiccated 

overnight, the supernatant was filtered by a fritted filter funnel (porosity 3) to remove 

solids with vacuum. Finally, oleic acid coated magnetite nanoparticles (MNPs@OA) 

dispersion was obtained. 20 mL as-synthesized MNPs@OA dispersion was precipitated 

by 20 mL ethanol, followed by magnetic separation. Then, these MNPs were re-dispersed 

into toluene and re-precipitated by ethanol. This procedure was repeated 3 times to 

remove the excess free OA followed by dried in vacuum at room temperature overnight. 

The dried MNPs@OA were obtained. 
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2.3 Synthesis of pristine magnetite nanoparticles 

100 mL iron precursor solution was added into a 250mL round bottom flask and 

magnetically stirred under N2 protection, followed by adding 20 mL 28~30% (w/w) 

NH3·H2O quickly at room temperature. The solution color changed from orange to black, 

leading to a black precipitate. The co-precipitation was carried out in 1 h under vigorous 

magnetic stirring at 80 °C. This was followed by centrifugation (8000 rpm) and 

decantation. Then the black product was re-dispersed into distilled water. The washing 

procedure was repeated 5 times to remove the remaining excess ions and adjust pH to 7. 

At last, pristine magnetic nanoparticles powder was obtained by dried under vacuum at 

room temperature. 

 

2.4 Synthesis of 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propanamide  

BTPAm was synthesized following the method previously reported by Sun et al.
68

 2-

bromoisobutyryl bromide (BiBB) (0.99 mL, 8 mmol) was dissolved in 100 mL dry 

toluene denoted as solution A. γ-aminopropyl triethoxysilane (APTES) (1.87 mL, 8 

mmol) and triethylamine (TEA) (1.2 mL, 8 mmol) were dissolved in 100 mL dry toluene 

denoted as solution B. Through an additional funnel, solution A was added dropwise to 

solution B in a 500 mL round bottom flask at 0 °C in 30 min under nitrogen. The mixture 

was stirred for 3 h at 0 °C in ice water bath and then for another 12 h at room 

temperature. The reaction is illustrated by Figure 2-1. The resulting suspension was 

passed through 0.22 μm Duropore membrane filter with vacuum to remove the 

triethylamine hydrobromide solid salts, which was collected and dried at 125 °C 
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overnight. The filtrate was evaporated by rotary evaporation and the final product, 

yellowish oily liquid, 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propanamide 

(BTPAm) was obtained.  

 

2.5 Synthesis of Initiator coated magnetite nanoparticles 

Initiator coated magnetite nanoparticles were synthesized via two routes, as 

illustrated by Figure 2-1. In Synthesis route 1, MNPs@OA were first modified with 

amino group, and then functionalized to possess bromine as the end group, which could 

initiate SI-ATRP. In Synthesis route 2, MNPs@OA were coated with the initiator, 

BTPAm, through direct immobilization.  

2.5.1 Synthesis Route 1 

100 mL MNPs@OA (~ 10 mg/mL) dispersion was transferred into a 250 mL round 

bottom flask, which was connected to a Dean-Stark trap with a condenser on the top. 

Azeotropic distillation was performed at 140 °C oil bath under nitrogen in this setup to 

remove trace water in magnetite nanoparticle dispersion. After about 1 h, no more water 

condensed to the bottom of Dean-Stark trap. Then, APTES (1 mL, 4.27 mmol) was added 

through syringe. The reaction mixture was kept at 140 °C temperature for 12 h under 

vigorous stirring. The obtained APTES-modified MNPs were precipitated by 100 mL 

methanol, followed by magnetic separation. Then, these MNPs were re-dispersed into 

100 mL toluene and re-precipitated by methanol. This procedure was repeated 5 times to 

remove the uncondensed APTES. The obtained amino-functionalized MNPs dispersed in 
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toluene were denoted as MNPs@NH2. Parts of MNPs@NH2 were dried under vacuum 

for characterization. Thereafter, MNPs@NH2 were used to immobilize the initiator. The 

procedure is as follows: 100 mL of MNPs@NH2, triethylamine (0.6 mL, 4.27 mmol), and 

BiBB (0.53 mL, 4.27 mmol) were placed in a dried 250 mL flask immersed in an ice 

water bath. The mixture was stirred under nitrogen protection for 3 h at 0 °C and then for 

another 12 h at room temperature. The products bromine coated magnetite nanoparticles 

(MNPs@Br) were precipitated by 100 mL methanol, followed by magnetic separation. 

Then, these MNPs were re-dispersed into 100 mL toluene and re-precipitated by 

methanol. This procedure was repeated 3 times to remove the unreacted BiBB and 

replaced OA, followed by dried under vacuum at room temperature overnight. 

2.5.2 Synthesis Route 2. 

The content of MNPs@OA was diluted with dry toluene to 3.3 mg/mL. 150 mL 

homogeneous toluene based MNPs dispersion was poured into a 250 mL round bottom 

flask, followed by 30 min ultrasonic mixing. Then 0.5 mL BTPAm and 3 mL TEA were 

added into the flask. After being stirred for 48 h at room temperature under nitrogen 

atmosphere, 150 mL methanol was added into the mixture to precipitate MNPs, followed 

by magnetic separation. Then, these MNPs were re-dispersed into toluene and re-

precipitated by methanol. This procedure was repeated 5 times to remove the ungrafted 

initiators and other impurities. Finally, initiator (BTPAm) coated magnetite nanoparticles 

(MNPs@BTPAm) were dried in vacuum at room temperature overnight.  

 

2.6 Surface Initiated ATRP on magnetite nanoparticles 
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First, to a 25 mL Schlenk tube, 80 mg MNPs@Br powder and 8 mL inhibitor free 

styrene were added, and the atmosphere was exchanged for N2. Then the mixture was 

sonicated for 30 min to make MNPs well dispersed in styrene. Meanwhile, Cu(I)Br 

(0.057 g, 0.4 mmol), PMDETA (0.084 mL, 0.4 mmol) were dissolved in 1 mL DMF. The 

mixture was stirred until the homogenous green color was seen. Then, the Cu(I)Br-

PMDETA solution was added into the Schlenk tube via syringe. The reactor was 

immediately degassed by three freeze-pump-thaw cycles with N2, and then the mixture 

was stirred in a constant temperature oil bath at 110 °C for 16 h. After the polymerization 

was complete, the polymerization solution was diluted with 200 mL THF and passed 

through a fritted filter funnel (porosity 3) which was filled with neutral Al2O3 powder to 

remove Cu(I)Br-PMDETA catalyst. The filtrate was concentrated by rotary evaporation. 

The viscous polymer solution was added to 200 mL methanol, and a brown solid 

precipitated. The solids were isolated by the magnet, and redispersed in THF. Methanol 

was added to precipitate polystyrene (PS) grafted magnetite nanoparticles (MNPs@PS), 

followed by centrifugation (13000 rpm). The final products MNPs@PS were dried at 

room temperature under vacuum. PS chains were cleaved from the MNPs as follows: the 

polymer grafted MNPs (50 mg) were dispersed into 10 mL toluene. The dispersion was 

mixed with 10 mL 3M sodium hydroxide aqueous solution and 50 mg 

tetraoctylammonium bromide (TOAB) as a phase transfer catalyst. The mixture was 

vigorously stirred at 60 °C for a week to etch the silica surrounding MNPs with strong 

base. The organic layer was isolated and washed by distilled water several times. Then 

the solvent was evaporated by rotary evaporation and dried polymer solids were obtained. 

Next, the solids were mixed with 100 mL dilute hydrochloric acid (3M) and stirred at 
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40 °C for several days to dissolve remaining iron oxide particles, until the color of solids 

turned from yellow to white. Finally, he cleaved polystyrene was washed by distilled 

water for several times to adjust pH to 7, dried at 60 °C, and then subjected to Gel 

Permeation Chromatography (GPC) measurement. 

 

2.7 ATRP of pure polystyrene 

First, to a 25 mL Schlenk tube, Cu(I)Br (0.063 g, 0.44 mmol), PMDETA (0.09 mL, 

0.44 mmol) and inhibitor free styrene (5 mL, 44 mmol) were added, and the atmosphere 

was exchanged for N2. Then, the initiator, (1-bromoethyl)benzene (0.06 mL, 0.44 mmol) 

was added via syringe. The mixture was stirred in a constant temperature oil bath at 

90 °C for 130 min. After the polymerization was complete, the solution was diluted with 

500 mL THF and passed through a fritted filter funnel (porosity 3) which was filled with 

neutral Al2O3 powder to remove Cu(I)Br-PMDETA catalyst. The filtrate was 

concentrated by rotary evaporation. The viscous polymer solution was added to 200 mL 

methanol, and the precipitation of white solids was observed. Pure polystyrene was 

obtained after being filtered and then dried at 60 °C. 

 

2.8 Preparation of membranes formed by non-solvent phase inversion  

Membranes were cast from solutions containing 50 wt % polystyrene coated 

magnetite nanoparticles (MNPs@PS) or pure polystyrene in DMF on a glass plate, using 

a casting blade with 100 μm gate height. The solvent was allowed to evaporate for 25 s at 
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room temperature, and the film was immersed in a water bath. Finally, the obtained 

nanocomposite membrane from MNPs@PS and pure polystyrene membrane were dried 

at ambient conditions. 

 

2.9 Characterization 

2.9.1 Powder X-ray Diffraction (XRD) 

Powder X-ray diffraction (XRD) measurement was carried out to characterize the 

crystal structure of the prestine magnetite nanoparticles synthesized by co-precipitation. 

The XRD pattern was recorded using a Bruker D8 Advance diffractometer with Cu Kα 

radiation source (λ = 1.5406 Å) at 40 kV and 40 mA. The data were collected from 2θ=20 

to 70 º at a step size of 0.01º and a scan speed of 2 second per step. 

2.9.2 Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS) measurements were taken with a Malvern 

Zetasizer Nano ZS equipped with a 4 mW solid state He-Ne laser (λ = 633 nm) at a 

scattering angle of 173º. Samples of 0.5 mg/mL dispersed in toluene were measured at 

20 °C using 12mm square glass cuvettes for the hydrodynamic diameters and size 

distribution of MNPs. 

2.9.3 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier transform infrared spectroscopy (FT-IR) was performed on a Thermo 

Nicolet iS10 FT-IR instrument to investigate the chemical structures, in which the spectra 
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were recorded between 400 and 4000 cm
-1

 with 256 scans at a resolution of 0.964 cm
-1

. 

The powder samples of Fe3O4 nanoparticles and polymer were ground with KBr and then 

compressed into pellets. For liquid samples, a drop of liquid was mixed with KBr and 

compressed into a pellet. 

2.9.4 Thermogravimetric Analysis (TGA)  

Thermogravimetric analysis (TGA) for the pristine and functionalized magnetite 

nanoparticles was monitored using a TA instrument Q50. In a typical procedure, about 6 

mg of powder sample was placed into a platinum crucible and heated from 20 to 1000 °C, 

at a heating rate of 5 °C/min under under a constant flow of nitrogen of 60 mL/min. 

2.9.5 Magnetic Property Measurement 

The magnetic properties of MNPs were studied with a Magnetic Property 

Measurement System (MPMS
®
 SQUID VSM), utilizing Superconducting Quantum 

Interference Device (SQUID) and Vibrating Sample Magnetometer (VSM). The 

magnetizations of MNPs were measured as a function of the applied magnetic field 

between -20000 Oe and +20000 Oe at ambient condition. 

2.9.6 Nuclear magnetic Resonance Spectroscopy (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy was performed using a Bruker 

600 MHz spectrometers. 
1
H NMR spectra were obtained with deuterated chloroform 

(CDCl3) as the solvent to study the chemical structure of as-synthesized initiator 

BTPAm.  
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2.9.7 Gel Permeation Chromatography (GPC) 

Number average molecular weights (Mn), weight average molecular weight (Mw), 

and polydispersity indices (PDI) of the pure polystyrene and polystyrene grafted on the 

magnetite nanoparticle surface were determined using gel permeation chromatography 

(GPC). GPC were performed at room temperature on a Viscotek GPCmax VE-2001 

system consisting of a HPLC pump, one guard column and two LT4000L (pore size 1500 

Å) analytical columns (300×7.8 mm, particle size 7 μm), Model 305 TDA detectors and 

Smartline 2600 UV detector. Polymer samples were dissolved in THF at a concentration 

of 2 mg/mL before being injected into the system. THF was used as a solvent at a flow 

rate of 1 mL/min. Narrow molecular weight linear polystyrene standard (99 kDa) was 

used for calibration. 

2.9.8 Scanning Electron Microscope (SEM) 

The membrane surface and cross section of MNPs@PS nanocomposite membrane 

were observed on FEI Nova Nano scanning electron microscope (SEM) at 5 kV. FEI 

Quanta 200 FEG SEM was used to analyze the morphology of the pure polystyrene 

membrane at 2 kV. For surface imaging, a small piece of membrane sample was mounted 

on a flat aluminum stub, using aluminum tapes. For cross section, the membrane sample 

was mounted on a 90º aluminum stub vertically with double-coated carbon tapes. Before 

the observation, the samples were coated with platinum by sputtering using a K575X 

Emitech equipment with the duration time of 30 s. The membranes were fractured in 

liquid nitrogen in the case of cross section. 
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2.9.9 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) was accomplished using an Agilent 5500 SPM 

AFM operating in tapping mode at ambient conditions to characterize the surface 

morphology of MNPs@PS nanocomposite membrane. The image was acquired with a 

Bruker probe in which the nominal spring constant is 2.8 N/m, tip radius is around 10 nm 

and resonance frequency are 71.27 kHz. 

2.9.10 Transmission Electron Microscopy (TEM) 

The membrane was embedded in epoxy resin. Ultrathin section (120 nm) were cut 

and put on a 3mm TEM grid. Imaging of samples was performed on a Titan G2 80–300 

kV transmission electron microscope (TEM) from FEI Company (FEI Company) 

equipped with a 4 k × 4 k CCD camera model US4000 and an energy filter model GIF 

Tridiem (Gatan, Inc.). Electron energy loss spectroscopy (EELS) signal from Iron (Fe-L 

edge of 721 eV) was acquired in energy-filtered TEM (EFTEM) mode for the distribution 

of Fe phases in the samples. The elemental map was created by using a 3-window 

method. 
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3 Result and Discussion 

3.1 Synthesis of OA coated magnetite nanoparticles 

The synthesis strategy was presented in Figure 2-1. The formation of magnetite 

nanoparticle cores was accomplished by co-precipitation process, adding 1:2 ratio of 

Fe
+2

/Fe
+3

 to an aqueous solution, maintained in an inert atmosphere at a high pH which 

was obtained by addition of NH3·OH solution. As shown in Figure 3-1, the pristine 

magnetic nanoparticles were examined by XRD, which represents patterns of iron oxide 

nanoparticles with six characteristic peaks of 2θ, 30.2 (220), 35.5 (311), 43.3 (400), 53.5 

(422), 57.1 (511) and 62.6 (440) for Fe3O4, which are similar to the standard data for 

magnetite.
69

 It indicates that Fe3O4 crystals are the resulting material. The particle size of 

magnetite nanoparticles produced was 13 nm, calculated using Debye-Scherrer formula,
70

 

from the XRD patterns, shown in Figure 3-1.  

              

Eq. 3-1 

In Debye-Scherrer formula shown above (Eq. 3-1), Dhkl is the average particle size 

parallel to the (hkl) plane, k is a geometrical constant with a typical value of 0.89 for 

spherical particles, λ is the wavelength of the radiation, β is the full width at half 

maximum (FWHM) in radians, and θ is the position of the diffraction peak. The strongest 

peaks (311) were used for calculation.  

The oleic acid coated magnetite nanoparticles (MNPs@OA) were obtained in the 

same way of pristine Fe3O4 nanoparticles, but using OA as surfactants. OA is widely used 

in nanoparticle synthesis because it can form a dense protective monolayer, thereby 

producing highly uniform and monodisperse particles, which is essential to the further  
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Figure 3-1. X-ray powder diffraction patterns of the pristine Fe3O4 nanoparticles 

modification. First, oleic acid stabilized nanoparticles could be well dispersed in water by 

the protection of the double layers of OA. By adding salts NaCl as inducer, they could 

transfer into toluene under the protection of single layer of OA. Salts were used to 

destroy the emulsion formed by free oleic acid and accelerate the separation of water and 

organic solvent. This method to produce oil soluble nanoparticles from water soluble 

nanoparticles has been reported.
71

  

The morphology of spherical oleic acid coated magnetite nanoparticles is confirmed 

by TEM (see Figure 3-2). The size of MNPs calculated by analyzing TEM image (Figure 

3-2 (b)) is 12.9 nm, which is similar to crystallite size 13nm determined by XRD. The 

electron diffraction pattern (inset in Figure 3-2) consisting of rings indicates the good  
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Figure 3-2. TEM images of OA coted Fe3O4 nanoparticles in toluene (a) low magnification, 

(b) high magnification, and the electron diffraction pattern (inset) 

 

Figure 3-3. Hydrodynamic size distribution of OA coated Fe3O4 nanoparticles in toluene, 

determined by Dynamic Light Scatttering 

 

D=18.9 nm 

PDI=0.29 

(a) (b) 
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crystallinity of the nanoparticles. No big aggregates can be observed in TEM image of 

low magnification (Figure 3-2 (a)). It indicates that MNPs@OA can be well dispersed in 

toluene. To complement the TEM images which only provide information on the Fe3O4 

cores, hydrodynamic diameter of oleic acid coated MNPs was measured by DLS. Figure 

3-3 shows the narrow hydrodynamic size distribution of MNPs and average diameter of 

18.9 nm. The difference of particle size between TEM and DLS results from two reasons. 

First is that in the TEM image (Figure 3-2), only the core of Fe3O4 can be observed, and 

the organic shell is not discernible due to the lack of contrast. The thickness of the OA 

layers on the particle surfaces contributes to the larger size measured by DLS. Another 

factor comes from the difference of measuring environment between light scattering and 

TEM. Particles can swell and be surrounded by liquid shells in solvent, while volumetric 

shrinkage may also occur during drying in TEM sample preparation. Generally, particle 

sizes are larger than that measured by transmission electron microscopy.
72

   

Figure 3-4 displays the FT-IR spectra of the pristine Fe3O4 (a), pure oleic acid (b) 

and Fe3O4 nanoparticles coated with OA(c). In Figure 3-4 (a), three bands at 572, 1624 

and 3386 cm
-1

 can be observed from spectrum of pristine Fe3O4 nanoparticles. The broad 

band with a maximum at 572 cm
-1

 corresponds to the vibration of the Fe–O bonds in the 

crystalline lattice of Fe3O4. The presence of this characteristic peak indicates that the 

MNPs were synthesized successfully by co-precipitating an aqueous Fe
3+

/Fe
2+

 solution.
73

 

The characteristic bands of hydroxyl groups, 1624 and 3386 cm
-1

, also appear in the 

spectrum of pristine MNPs because during preparation in an aqueous environment, their 

surfaces were readily covered with hydroxyl groups.
74 

In the curve of oleic acid, two 

sharp bands at 2926 and 2855 cm
-1

 are attributed to the asymmetric CH2 stretch and the 
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Figure 3-4. FT-IR spectra of (a) pristine MNPs, (b) oleic acid and (c) OA coated MNPs 

 

Figure 3-5. EDX spectrum of OA coated magnetite nanoparticles 
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symmetric CH2 stretch, respectively. The intense peak at 1712 cm
-1

 is derived from the 

existence of the C=O stretch and the band at 1286 cm
-1

 exhibits the presence of the C–O 

stretch. The O–H in-plane and out-of-plane bands appeared at 1466 and 939 cm
-1

, 

respectively.
75

 Compared with the pristine MNPs, besides the characteristic bands of Fe–

O bonds and hydroxyl groups still exist in the spectrum of OA coated MNPs (see Figure 

3-4 (c)), a few new absorption bands appear after the oleic acid coating. It can be seen 

that the absorption peaks at 2922 cm
−1

 and 2852 cm
−1

 represent the stretching vibration 

of C–H bond in the OA chain coated on the nanoparticles. These two bands shifted to a 

lower frequency region than that of pure oleic acid, which indicates that the hydrocarbon 

chains in the monolayer surrounding the nanoparticles were in a closed-packed, 

crystalline state.
76

 The C=O stretch band of the carboxyl group in oleic acid, present at 

1712 cm
-1

 in the spectrum of the liquid oleic acid, is absent in the spectrum of 

MNPs@OA. Instead, there are two new bands at 1534 and 1406 cm
-1

, which are related 

to the asymmetric COO
–
 and symmetric COO

–
 vibration, and an adsorption band at 1068 

cm
-1

 arises from C–O single bond stretching. These results reveal that oleic acid is 

chemisorbed onto the Fe3O4 nanoparticles as a carboxylate ligand through chelating 

bidentate interaction.
77

 To further determine the surface chemical composition of MNPs, 

TEM/EDX analysis was carried out. The EDX spectrum of MNPs@OA is depicted in 

Figure 3-5. According to the characteristic X-ray emission, Fe, O, C, Cu, Na, Cl and Si 

can be identified from the spectrum. The presence of iron and oxygen reveals the 

elemental composition of nanoparticles. But OA layers on the MNPs cannot be 

confirmed since the carbon coated copper TEM grid was used, which produced an 

intensive background of carbon and copper. Sodium and chloride were coming from the 
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remaining Cl
-
 in iron precursor, FeCl3 and phase transfer inducer, NaCl added during the 

extraction. Silicon was probably present in the sample as a contaminant. 

 

Figure 3-6. TGA curves of (a) pristine MNPs, (b) MNPs@OA, (c) MNPs@NH2, (d) 

MNPs@Br, (e) MNPs@BTPAm, (f) MNPs@PS, (g) pure PS 

Thermogravimetric analysis was studied for pristine MNPs, MNPs@OA, 

MNPs@NH2, MNPs@Br, MNPs@BTPAm, MNPs@PS and pure PS from room 

temperature to 1000 °C under N2 protection, as shown in Figure 3-6. The TGA curve of 

pristine MNPs indicates that the weight loss of Fe3O4 can be neglected at high 

temperature up to 1000 °C, which implies N2 flow could prevent Fe3O4 from being 

oxidized to Fe2O3 effectively. The oleic acid content on the surface of magnetite 

nanoparticles was determined by TGA curve (b), which shows a final weight loss of 

about 38%. A two-step mass loss can be observed. The first continuous mass loss of 
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about 7% was obtained from a temperature of 170 and 610 °C. The second sharp mass 

loss of about 30% occurred between 720 and 880 °C. Because organic compounds are 

supposed to be decomposed at 600 °C, the first weight loss is attributed to the 

degradation of oleic acid coated on the nanoparticles. The second weight loss after 

720 °C may result from the reduction of Fe3O4 nanoparticles by the reducing byproducts 

from the degradation of oleic acid.
78

 

  

3.2 Synthesis of initiator coated magnetite nanoparticles via Route 1 

ATRP initiator coated magnetite nanoparticles were synthesized via two routes, as 

illustrated by Figure 2-1. In Synthesis route 1, amino groups were first immobilized on 

the surfaces of the iron oxide core to obtain Fe3O4@NH2 nanoparticles via ligand-

exchange between OA and APTES and condensation reaction between the hydroxyl 

groups on the MNPs and triethoxysilane groups of APTES. Secondly, the NH2 groups on 

Fe3O4@NH2 nanoparticles were further reacted with 2-bromoisobutyryl bromide (BiBB), 

leading to ATRP initiator Fe3O4@Br.  

The morphology of magnetite nanoparticles functionalized with NH2 group and 

bromide are shown in Figure 3-7 (a, b) and Figure 3-7 (c, d), respectively. Similar 

morphologies can be observed for the magnetite nanoparticles coated with oleic acid and 

after the two step modification, and the diameters of the nanoparticle cores almost 

remained unchanged. However, DLS measurement indicates the hydrodynamic diameter 

of MNPs was altered in the course of the functionalization process. The hydrodynamic 

diameter of MNPs@NH2 was increased to 30.5 nm (see Figure 3-8 (a)), much higher than  
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Figure 3-7. TEM images of MNPs@NH2 in toluene (a) low magnification, (b) high 

magnification, and MNPs@Br in toluene (c) low magnification, (d) high magnification 

that of original MNPs@OA. But after immobilizing BiBB, the hydrodynamic diameter of 

MNPs@Br dropped to 18.9 nm, similar to MNPs@OA. This phenomenon implies that 

being coated with amino group weakened the dispersibility of magnetite nanoparticles, 

leading to particle agglomeration, while the bromide as end group on the nanoparticle 

surface enabled MNPs to disperse well in toluene. No silica encapsulated small 

aggregates of several MNPs or multilayer formation due to the self-condensation of  

(a) (b) 

(c) (d) 
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Figure 3-8. Hydrodynamic size distribution of (a) MNPs@NH2 and (b) MNPs@Br in 

toluene, determined by Dynamic Light Scatttering  

D=30.5 nm 

PDI=0.14 

(b) 

(a) 

D=18.9 nm 

PDI=0.14 
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trialkoxysilane,
79

 is observed in the final product MNPs@Br, which could accommodate 

SI-ATRP to form monodisperse MNPs@PS.  

 

Figure 3-9. FT-IR spectra of (a) MNPs@OA, (b) APTES, (c) MNPs@NH2, (d) BiBB, and (e) 

MNPs@Br 
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Figure 3-9 displays the FT-IR spectra of MNPs@OA (a), liquid APTES (b), 

MNPs@NH2 (c), liquid BiBB (d), and MNPs@Br, from top to bottom of the graph. In 

Figure 3-9 (a), the characteristic bands of Fe–O bonds at 568 cm
-1 

and hydroxyl groups at 

1628 and 3421 cm
-1 

exist in the spectrum of MNPs@OA. After the oleic acid coating, it 

can be seen that the absorption peaks at 2922 cm
−1

 and 2852 cm
−1

 represent the stretching 

vibration of C–H bond in the OA chain, two new bands at 1534 and 1406 cm
-1

, which are 

related to the asymmetric COO
–
 and symmetric COO

–
 vibration, and an adsorption band 

at 1068 cm
-1

 arises from C–O single bond stretching. It can be seen from Figure 3-9 (b) 

that three strong peaks at 1123 cm
−1

, 1050 cm
−1 

and 961 cm
−1

belong to Si–O–Si vibration 

from free liquid APTES, and two peaks at 3354 cm
−1 

and 1640 cm
−1 

contribute to N–H 

stretching vibration and NH2 bending, respectively. Two bands at 2932 cm
−1 

and 2891 

cm
−1 

can be assigned to the C–H stretching vibration of propyl group in APTES. The 

silica network is adsorbed on the magnetite surface by Fe–O–Si bonds. But this 

adsorption band cannot be seen in the FTIR spectrum because it appears at around 584 

cm
−1

 and therefore overlaps with the Fe–O vibration of magnetite nanoparticles.
80

 So, the 

introduction of APTES to the surface of MNPs can be confirmed by the bands at 930 

cm
−1

 assigned to the Si–O–Si groups (see Figure 3-9 (c)). It is worth to note that 

compared with that of OA coated MNPs (at 572 cm
–1

), the characteristic absorption 

bands of the Fe–O bond of APTES coated Fe3O4 shift to higher wavenumbers of 584 cm
–

1
. The explanation is that Fe–O–H groups on the surface of the Fe3O4 particles were 

replaced by Fe–O–Si(O–)2–R. Higher electronegativity of –Si(O–)2– than H leads to the 

enhancement of bond force constant for Fe–O bonds, so that the absorption bands shift to 

higher wavenumbers.
81

 Figure 3-9 (e) shows the FT-IR spectrum of MNPs@Br in 
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comparison with those of MNPs@NH2 (Figure 3-9 (c)) and BiBB (Figure. 3-9 (d)). 

According to the spectra, the strong band at 1767 cm
–1 

which belongs to Br–C=O 

stretching from BiBB is replaced by a new band at 1646
–1

 representing N–C=O group on  

 

 

Figure 3-10. EDX spectra of (a) MNPs@NH2, and (b) MNPs@Br 

(a) 

(b) 
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the magnetite nanoparticle surface.
82

 This result confirms that the reaction between the 

anchored amino group on the nanoparticle surface and BiBB was successful with the 

formation of N–C=O group and bromide group has been immobilized to obtain 

MNPs@Br. 

To further determine the surface chemical composition of MNPs, TEM/EDX 

analysis was carried out. The EDX spectrum of MNPs@NH2 is depicted in Figure 3-10 

(a). It is surprising to see that only iron is detected in the specimen. Oxygen in the Fe3O4 

crystal lattice, silicone and nitrogen from APTES coating are all absent in the spectrum. 

Further investigation is needed to explain this phenomenon. In figure 3-10 (b), the 

presence of silicon and bromine along with iron and oxygen clearly support the 

successful immobilization of bromide group acting as ATRP initiator on the surface of 

MNPs.  

 

3.3 Synthesis of initiator coated magnetite nanoparticles via Route 2 

ATRP initiator coated magnetite nanoparticles were synthesized via two routes, as 

illustrated by Figure 2-1. In Synthesis route 2, a one-step method was employed to 

synthesize the triethoxysilane derivative, BTPAm via an amide bond formation between 

ϒ-aminopropyl triethoxysilane (APTES) and 2-bromoisobutyryl bromide (BiBB), first 

reported by Sun et al.
68

 Then, MNPs@OA was coated with the initiator, BTPAm, through 

direct covalent immobilization, which is the combination of ligand exchange reaction and 

condensation of triethoxysilane. In this reaction, TEA was required as a catalyst. 

Replaced OA was bonded with TEA through the COO– functionality, which accelerated 
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the procedure of ligands exchange between OA and BTPAm. In addition, TEA could 

catalyze the hydrolyzation of triethoxysilane to silanol. 

 

Figure 3-11. 
1
H Nuclear magnetic resonance spectra of BTPAm and APTES 

In Figure 3-11, the chemical structure of BTPAm is demonstrated by 
1
H NMR (600 

MHz, CDCl3) δH: 0.40 (t, 2H, SiCH2), 0.98 (t, 9H, CH3CH2OSi), 1.42 (m, 2H, 

SiCH2CH2), 1.70 (s, 6H, CH3C), 3.02 (q, 2H, CH2NH), 3.58 (q, 6H, CH3CH2OSi). The 

similar result was reported by other researchers.
68, 83

 The disappearance of the triple peak 

at 2.56 for CH2NH2 in APTES confirms the complete reaction. Calculated from the 

weight of the byproduct, triethylamine hydrobromide, the conversion was 98%. The 

reaction between ϒ-aminopropyl triethoxysilane (APTES) and 2-bromoisobutyryl 

bromide (BiBB) is also monitored by FT-IR. Figure 3-12 (c) exhibits characteristic 

absorption signals of BTPAm. The broad band around 1105–1080 cm
−1 

(Si–O–Si 

vibration), two peaks at 1530 cm
-1

 (N–H bending) and 3360 cm
-1

 (N–H stretching) derive 
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from APTES moiety
 
(see Figure 3-12 (a, c)).

 
Figure 3-12 (b) shows a strong band at 1767 

cm
–1 

which belongs to Br–C=O stretching in BiBB. But this band disappears in the 

spectrum of BTPAm, while a new band at 1658
–1

 which corresponds to N–C=O carbonyl 

stretching is present (see Figure 3-12 (c)). This result indicates that the reaction between 

APTES and BiBB was complete.
83, 84

 

 

Figure 3-12. FT-IR spectra of liquid (a) APTES, (b) BiBB, and (c) BTPAm 

The morphology of magnetite nanoparticles functionalized with ATRP initiator, 

BTPAm are shown in Figure 3-14 (a, b). The diameter of the nanoparticle cores and 

morphology almost remained the same after immobilization of BTPAm. But severe 

aggregation of nanoparticles can be observed in TEM pictures. The poor dispersibility is  
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Figure 3-13. TEM images of BTPAm coted Fe3O4 nanoparticles in toluene (a) low 

magnification, (b) high magnification 

 

Figure 3-14. Hydrodynamic size distribution of BTPAm coated Fe3O4 nanoparticles in 

toluene, determined by Dynamic Light Scatttering 

(a) (b) 

D=26.6 nm 

PDI=0.27 
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also revealed by DLS measurement, which indicates the hydrodynamic diameter of 

MNPs was increased to 26.6 nm (see Figure 3-14), much higher than that of original 

MNPs@OA and MNPs@Br. Actually, MNPs@BTPAm possessed the same surface 

composition as MNPs@Br, but via different synthesis route. In MNPs@Br, it was 

bromide as end group on the nanoparticle surface that enabled MNPs to disperse well in 

toluene. Thus, the difference of hydrodynamic diameter and dispersibility must rely on 

the coating density of the initiator moiety, which will be discussed later. 

As shown by Figure 3-15, the immobilization of BTPAm on the surface of 

magnetite nanoparticles did not make a big difference on surface composition. The 

characteristic adsorption peaks of BTPAm (Figure 3-15 (b)), 1105–1080 cm
−1 

(Si–O–Si 

vibration), 1530 cm
-1

 (N–H bending), 3360 cm-1 (N–H stretching) and 1658
–1

 (N–C=O 

carbonyl stretching) are indiscernible in the spectrum of MNPs@BTPAm (Figure 3-15 

(c)). One the other hand, the spectrum of MNPs@BTPAm is quite similar to that of 

MNPs@OA. But the absorption peaks at 2922 cm
−1

 and 2852 cm
−1

 (C–H stretching 

vibration) bond, 1534 and 1406 cm
-1

 (asymmetric COO
–
 and symmetric COO

–
 vibration) 

and 1068 cm
-1

 (C–O stretching) from OA chain become smaller relative to Fe–O band at 

580 cm
-1 

than those peaks in the spectrum of MNPs@OA (Figure 3-15 (a)). The lower 

coating density is also supported by EDX spectrum. In Figure 3-16, although elements 

from BPTAm like Br and Si still can be detected, their contents are so low that they are 

almost covered by background. These results imply that oleic acid was replaced by 

BTPAm through ligand exchange, but the adsorbed BTPAm could not be coated onto the 

surface of nanoparticles covalently through condensation of triethoxysilane. Inadequate 
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coating of initiator BTPAm which could be washed out from the surface readily led to 

naked magnetite nanoparticles unable to disperse well in toluene. 

 

Figure 3-15. FT-IR spectra of (a) MNPs@OA, (b) BTPAm, (c) MNPs@BTPAm 

 

Figure 3-16. EDX spectrum of BTPAm coated magnetite nanoparticles 



62 
 

In Figure 3-6, MNPs after each stage of modification give their distinctive TGA 

curves, which provide indications of the amount of organic components on MNPs. 

Considering the SiO2 ash remained in the residue after oxidation, the coating density of 

MNPs@NH2, MNPs@Br, and MNPs@BTPAm can be estimated from TGA analysis and 

their molecular weight according to the following equation: 

                             
             

  (   )        
 

Eq. 3-2 

where W is the total weight loss of sample, ρFe3O4 is the density of Fe3O4, NA is 

Avogadro’s constant, M is the molecular weight, d is the diameter of magnetite 

nanoparticles.
85

 The results are summarized in the table below: 

Table 3-1. Coating density of functionalized magnetite nanoparticles 

Functionalized MNPs Total weight loss Coating density (1/nm
2
) 

MNPs@NH2 10% 12.9 

MNPs@Br 16% 6.2 

MNPs@BTPAm 6% 2.1 

Table 3-1 lists the coating density of functionalized magnetite nanoparticles via 

Synthesis Route 1 and Route 2. It is estimated that the graft density of amino group-

coated MNPs (MNPs@NH2) is about 12.9 molecules per nm
2
. After the second step 

modification, the coating density of ATRP initiators on the surface of MNPs@Br is 

reduced to about 6.2 molecules per nm
2
. This is probably because some APTES 

molecules on the surface of MNPs did not react with BiBB. Nevertheless, the initiator 

coating density in Synthesis Route 1 is still much higher than that of MNPs@BTPAm in 

Synthesis Route 2, only 2.1 molecules per nm
2
 as shown in Table 3-1. The more efficient 
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immobilization of initiator via Route 1 is mainly because that the condensation of the 

siloxane groups in APTES was promoted by water removal by azeotropic distillation at 

high temperature. By azeotropic distillation of water residues, the condensation reaction 

was driven to high conversions, yielding in a tight inter-cross-linked functional 

monolayer on the particle surface.
86

 But in Route 2 MNPs@OA and BTPAm in toluene 

could not be refluxed, but only react at ambient condition since BTPAm was thermal 

sensitive. Another explanation is that functionalization of MNPs with NH2 followed by 

Br on the surface in a two-step fashion made it easier for organic molecules to attach to 

nanoparticle surface and form covalent bond. This is a great advantage over direct 

immobilization of initiator in Synthesis Route 2, which suffered stronger steric hindrance 

from relatively bigger molecule, BTPAm. Because of higher coating density, MNPs@Br 

possesses better dispersibility than MNPs@BTPAm in organic solvent, as proven by 

TEM image and DLS. In addition, more initiators on the surface of MNPs provide 

polymers more sites to graft from. Thus we chose MNPs@Br to conduct ATRP on the 

particle surface to synthesize polymer brushes with a core/shell structure.  

 

3.4 Surface initiated ATRP of styrene on magnetite nanoparticles 

The bromine-terminated MNPs (MNPs@Br) were subsequently used for the copper-

mediated ATRP of styrene without addition of free initiators (sacrificial initiators) to 

form magnetite/polystyrene core/shell nanoparticles, as described in Figure 2-1. As a 

reference, free polystyrene was synthesized via conventional ATRP in the presence of 

CuBr/PMDETA complex as catalyst and (1-bromoethyl)benzene as initiator.  
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Figure 3-17. GPC traces of (a) free polystyrene and (b) cleaved polystyrene chains 

Table 3-2. Results from the GPC analysis of free PS and cleaved PS 

Sample Mn (g/mol) Mw (g/mol) PDI Weight loss (%) Coating Density (1/nm
2
) 

Free PS 9998 11667 1.17 99 N/A 

Cleaved PS 3215 8041 2.50 94 1.8 

To determine the molecular weight of the tethered PS chains the magnetite core was 

etched with sodium hydroxide and hydrochloric acid, and the cleaved polymer chains 

were characterized using GPC. The GPC traces of free polymer chains and are cleaved 

polymer chains from MNPs surface shown in Figure 3-17 (a) and (b), respectively. 

According to the GPC analysis, the molecular weight and polydispersity (PDI) of PS on 

the surface of nanoparticles and free PS can be calculated. The GPC results are 

summarized in Table 3-2. The total weight loss is determined by TGA analysis (see 

Figure 3-6). Coating density is estimated by Eq. 3-2. The average molecular weights (Mn) 

of free and cleaved polymer chains are about 9998 and 3215 g/mol, respectively. The low 
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PDI (Mw/Mn = 1.17) of pure polystyrene synthesized without MNPs clarifies a controlled/ 

‘‘living’’ polymerization, which is also supported by the sharp peak in Figure 3-17 (a) 

indicating narrow molecular weight distribution. The value of Mw/Mn from cleaved 

polystyrene, 2.50 is considerably higher than that of pure free polystyrene. A broad peak 

indicating that the polymer brushes on the surface of nanoparticles have wide molecular 

weight distribution can be observed in Figure 3-17 (b). This observation points out that 

the surface initiated ATRP of PS was uncontrolled. The high polydispersity of 

polystyrene on MNPs may be attributed to formation of insufficient Cu(II) during 

polymerization and etching processes. It has been established that Cu(II), the persistent 

radical in ATRP, generated during the surface polymerization is vital in controlling the 

polymerization. The low concentration of the surface-initiating groups leads to low 

concentration of Cu(II).
87

 Although the use of sacrificial initiator would alleviate this 

problem, by producing sufficient concentration of Cu(II) to control the atom transfer 

equilibrium, this would result in the formation of free polymer that will have to be 

separated from the reaction mixture.
62

 The problem of broad molecular weight 

distribution also might come from incomplete etching processes. Although HF is widely 

used to degraft polymer chains from nanoparticle surface by attacking Si–O–Si bond,
88， 

89
 In our research, NaOH replaced extremely detrimental HF to cleave Polystyrene from 

MNPs. However, it was difficult to achieve complete dissolution of silica in NaOH 

solution because the tightly packed silica network was protected by thick PS shell which 

was unable to disperse in aqueous environment. Thus several polystyrene chains were 

likely to be still linked together through Si–O–Si bonds after cleavage reaction, and 

subjected to GPC measurement. Obviously, in this case, the GPC result cannot reflect the 
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true molecular weight and polydispersity. The coating density as calculated from the 

GPC and TGA is found to be nearly 1.8 molecules per nm
2
. The graft density is only one 

third of the value expected from the initiator graft density (see Table 3-1). This might be 

explained by non-participation of some MNPs in the polymerization due to insufficient 

dispersion of the particles, and more radical–radical coupling followed by associated 

termination under surface polymerization conditions than conventional solution ATRP of 

the same monomer, due to proximity of the propagating chain ends to each other.
90

 

   

Figure 3-18. TEM images of polystyrene coted Fe3O4 nanoparticles in toluene (a) low 

magnification, (b) high magnification 

The morphology of magnetite nanoparticles grafted with polystyrene is shown in 

Figure 3-18 (a, b). After surface coated with PS, MNPs could be well dispersed in toluene. 

Nanoparticles were stabilized by steric repulsion of polystyrene chains in good solvent. 

Minimal aggregation can be observed in TEM picture for the magnetite nanoparticles 

coated with polystyrene, and the diameters of the nanoparticle cores almost remained 

unchanged. DLS measurement indicates the hydrodynamic diameter of MNPs@PS was 

(a) (b) 



67 
 

increased to 33.1 nm (see Figure 3-19), much higher than than MNPs@Br. Now that no 

significant aggregation occurred, the growth of particle size can be ascribed to the coating 

of PS shell. Then the average thickness of PS shell is estimated to be around 20 nm. But 

high PDI of hydrodynamic diameters seems to contradict the homogeneous particle 

distribution from TEM analysis. We hypothesized it might be due to the wide molecular 

weight range of polymer grafted on the surface, leading to non-spherical particles and 

diverse sizes. 

 

Figure 3-19. Hydrodynamic size distribution of polystyrene coated Fe3O4 nanoparticles in 

toluene, determined by Dynamic Light Scatttering 

The successful grafting of polystyrene can be confirmed by the FT-IR spectrum, as 

shown in Figure 3-20. The spectrum of polystyrene coated MNPs (Figure 3-20 (a)) 

displays bands at 3025 cm
-1

 and 1601 cm
-1

 corresponding to the C–H asymmetric 

stretching and C=C stretching of aromatic ring, respectively. The peak at 2920 cm
-1

 is  

D=33.1 nm 

PDI=0.60 
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Figure 3-20. FT-IR spectra of (a) polystyrene coated Fe3O4 nanoparticles, (b) pure PS 

 

Figure 3-21. EDX spectrum of polystyrene coated magnetite nanoparticles 
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attributed to C–H asymmetric aliphatic stretching of the carbon chain backbone. The 

characteristic peaks at 1654–1942 cm
-1

, 756 and 696 cm
-1

 attests to the phenyl group in 

polystyrene. Figure 3-20 (b) shows that the FT-IR spectroscopy of MNPs@PS agrees 

with the as-prepared pure polystyrene perfectly. The Fe–O bond observed in the previous 

modification steps is absent in the spectrum of MNPs@PS, which confirms that the iron 

oxide core was encapsulated by thick polymer shell. The core/shell structure is also 

demonstrated by EDX spectrum of MNPs@PS (see Figure 3-21), where the relative 

abundance of iron, oxygen and silicon diminishes significantly, and carbon coming from 

polymer chains becomes the predominant element on the surface of hybrid magnetite 

nanoparticles. Moreover, for the polystyrene grafted MNPs and pure polystyrene powder, 

their TGA curves are shown in Figure 3-6 (f) and (g). Two curves display a rapid weight 

decrease in the same region between 340 and 440 °C which is attributed to the 

decomposition of polystyrene. This observation supports the fact that polystyrene was 

grafted onto the surface of MNPs successfully as well. 

To study the magnetization of MNPs further, Magnetic Property Measurement 

System (MPMS
®
 SQUID VSM) was utilized. Figure 3-22 shows the magnetic hysteresis 

loops of as-synthesized pristine MNPs and functionalized MNPs at each stage including 

OA coated, amino and bromide terminated, BTPAm coated, and polystyrene grafted 

magnetite nanoparticles at room temperature in the field range of ±20000 Oe. The first 

observation is that there is no remanence from the hysteresis loops of all the samples and 

the coercivity is almost negligible in the absence of an external magnetic field, suggesting  

that these as-synthesized magnetic nanoparticles possess superparamagnetic behavior at  
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Figure 3-22. SQUID magnetic hysteresis loops for MNPs at different modification steps 

room temperature.
91

 The reason for the superparamagnetism of MNPs is mainly that their 

size is so small that each particle is a single magnetic domain and the energy barrier for 

its spin reversal is easily overcome by thermal vibrations.
77

 In our study, the diameter of 

MNPs core is about 13 nm, which is less than 25 nm, the critical size of magnetite to 

exhibit superparamagnetism at room temperature based on the theoretical calculation.
92

 

Superparamagnetism means that nanoparticles would not retain any magnetism after 

removed of the magnetic field. Otherwise, residual magnetism would make these 

nanoparticles to aggregate irreversibly, which is unfavorable for the release of drug, and 

may lead to the jam of blood vessel.
93

 So, superparamagnetism is an especially important 

property needed for magnetite hybrid nanoparticles to be used in targeted drug delivery 

and release.
94

 The saturation magnetization (Ms) value of the MNPs is listed in Table 3-3. 

If taking percentage of Fe3O4 in the complex into account, the saturation magnetization 
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can be normalized by the mass of iron oxide nanoparticles after subtracting the coating 

weight based on TGA results. The normalized Ms is also shown in Table 3-3. As we can 

see, the saturation magnetization of the unmodified pristine Fe3O4 nanoparticles is about 

63.4 emu/g at room temperature, which is consistent with the value reported by other 

researchers.
77, 82

  The Ms value of MNPs@OA decreases significantly but the normalized 

Ms is almost identical to pristine MNPs, implying that the reduced Ms is due to the low 

content of Fe3O4 in the mixture diluted by oleic acid, while the magnetic property of the 

magnetite core was not sacrificed after surfactant coating. As to initiator coated MNPs 

via Synthesis Route 1, it can be observed that the normalized saturation magnetization of 

MNPs@NH2 and MNPs@Br drop to 55.8 and 46.8 emu/g, successively, which indicates 

that the covalently bonded silica monolayer which was highly packed on the MNPs 

surface could impair the magnetic property of magnetite considerably. However, Table 3-

3 shows that the normalized Ms of MNPs@BTPAm synthesized via Route 2 did not 

suffer the damage of magnetization. This can be attributed to the very low coating density 

of BTPAm on the surface which was almost naked. This result agrees with the 

observation from TEM (see Figure 3-13), FT-IR (see Figure 3-15) and TGA (see Figure 

3-6). The existence of PS grafted onto the surface of the magnetite nanoparticles results 

in a low Ms of MNPs@PS, 8.7 emu/g. But considering the content of Fe3O4, The 

normalized Ms rises to 133.5 emu/g, on the contrary. This unexpected finding has never 

been reported before. It might be attributed to the measurement error from the low 

magnetization value. A reasonable explanation is still under investigation. 
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Table 3-3. Saturation magnetization of magnetite nanoparticles 

Sample Ms (emu/g sample) % Fe3O4 Normalized Ms (emu/g Fe3O4) 

Pristine MNPs 63.4 98.5 64.4 

MNPs@OA 39.8 62.2 64.0 

MNPs@NH2 50.6 90.6 55.8 

MNPs@Br 39.4 84.1 46.8 

MNPs@BTPAm 60.6 94.0 64.5 

MNPs@PS 8.7 6.5 133.5 

 

3.5 Preparation of MNPs@PS nanocomposite membrane 

In a typical non-solvent inversion procedure, Nanocomposite membrane of about 

100 μm thickness was cast from solutions containing 50 wt % MNPs@PS in DMF with 

the evaporation time of 25 s at room temperature. The final membrane was formed by 

being immersed in a water bath. Furthermore, the polystyrene membrane cast from as-

prepared pure polystyrene was fabricated at the same conditions to be compared with 

nanocomposite membrane. Their morphology was examined by scanning and 

transmission electron microscopy and atomic force microscopy. 

 

Figure 3-23. Pictures of the MNPs@PS nanocomposite membrane (a) and the pure 

polystyrene membrane (b) 
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The nanocomposite membrane cast from MNPs@Polystyrene polymer brushes and 

the conventional pure polystyrene membrane are shown in Figure 3-23. Compared with 

the white PS membrane, the MNPs@PS membrane displays brown color resulting from 

the magnetite nanoparticles embedded into the matrix. The as-fabricated nanocomposite 

membrane was very brittle. So it was impossible to measure its pore size distribution by 

porometer, and water permeability by filtration test. But the pure polystyrene membrane 

was even more fragile, which could be broken into pieces easily as shown in Figure 3-23 

(b). 

Figure 3-24 shows the SEM images of the final morphology of the MNPs@PS 

nanocomposite film and pure PS film. A dense layer without any apparent pore can be 

observed on the top of the membrane surface as shown by Figure 3-24 (a). The bright 

spots on the membrane surface represent Magnetite cores in the hybrid nanoparticles with 

core/shell structure, which possess higher contrast than polymeric shell under SEM. It 

implies that the nanoparticles are well distributed in the as-cast film and no aggregation is 

observed. The bottom layer exhibits a different morphology which is highly porous with 

disordered macropores. The larger pores on Figure 3-24 (b) indicates that the 

concentration of polymer was lower at bottom than at top layer. The increased local 

polymer concentration on the top was caused by the partial evaporation of DMF just 

before the immersion in water, and the viscosity at the film top layer also increased. A 

dense thin layer on top of the porous sponge-like layer formed by spherical 

interconnected cavities is seen in the cross-section morphology (see Figure 3-24 (c)). In 

addition, an asymmetric structure is also disclosed by the apparent vertical gradient of 

pore sizes with induced by the graded concentration across the membrane.  
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Figure 3-24. (a-d) SEM images of the MNPs@PS nanocomposite film: (a) top, (b) bottom, 

and cross-sectional view at (c) low magnification, (d) high magnification; (e-f) SEM images 

of the pure PS film: (e) top and (f) cross-sectional view 
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The gradually increased pore size from upper to lower layer observed in cross-section is 

consistent with the surface morphology in Figure 3-24 (a, b). The SEM image of cross-

section of the nanocomposite film under high magnification confirms that the 

functionalized nanoparticles were uniformly dispersed in the wall between two pores as 

shown by Figure 3-24. The pure polystyrene membrane was studied as a reference. 

Figure 3-24 (e) shows a homogeneous nonporous upper surface of PS membrane, similar 

to nanocomposite membrane. A sponge-like structure can be observed under the cross-

sectional view, but the pores were more disordered in PS film as shown by Figure 3-24 

(f). 

The morphology of MNPs@PS membrane is confirmed by Atomic Force 

Microscopy as shown by Figure 3-25. Besides a nonporous top layer, the height and 3D 

AFM images exhibit an uneven surface (see Figure 3-25 (a, b)). The AFM images of the 

bottom layers show a highly porous bottom formed by micron-sized irregular pores. The 

results of AFM measurement agree with the asymmetry displayed by SEM pictures. We 

tried to use Magnetic Force Microscopy (MFM) to explore the magnetic field distribution 

at nanoscale. Unfortunately, it was impossible to get any meaningful information from 

the MFM image (not shown here). Two obstacles have to be overcome. The first is that 

the magnetization of nanoparticles was too low to generate sufficient signal for single 

particle distribution, which has been confirmed by SQUID VSM (see Figure 3-22). The 

second problem is that the roughness of the membrane surface could not provide a 

homogeneous distance between the tip and surface, which is required for MFM 

measurement.  
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Figure 3-25. AFM images of the film surface of the MNPs@PS nanocomposite film: (a) the 

height image, (b) the 3D image of top layer, and (c) the height image, (d) the 3D image of 

bottom layer 

TEM characterization was carried out to get information on the morphology of the 

nanocomposite membrane at high magnification (see Figure 3-26) and investigate if any 

preferential particle order could be detected. The samples were embedded in epoxy resin, 

followed by cutting. The resin penetrates the membrane pores. Darker region in Figure 3-

26 (a) corresponds to the cross-section of the MNPs@PS nanocomposite membrane and 

the brighter regions inside the membrane are the resin-filled pores. The upper part in 

Figure 3-26 (a) has more small pores, while the lower part has larger pores, indicating the 

asymmetry formed by the macroscopic phase separation. Figure 3-26 (b) shows the 

homogeneous distribution of MNPs@PS in the membrane (dark spots), which are  
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Figure 3-26. TEM (elastic electrons) images of the cross-sectional morphology of the 

MNPs@PS nanocomposite film at different magnifications (a-c) and (d) inelastic electron 

TEM image specific for Fe (bright spots) of the same region of (c) 

surrounded by polystyrene matrix (grey region). The morphology and size of the particles 

did not change after casting membrane, compared with nanoparticles dispersed in solvent   

(see Figure 3-18). The images in Figures 3-26 (c) and (d) were obtained from the same 

membrane part.  However while (c) is a regular image formed by elastic electrons, image 

(d) was formed by electrons which lost energy absorbed by interaction with Fe atoms 

when crossing the thin sample slice. The image was taken to confirm the elemental 

distribution on the cross-section of membrane. The light regions correspond to iron. The 
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distribution of iron agrees with the distribution of the magnetite nanoparticle cores in the 

same region as shown by Figure 3-26 (c). It confirms the composition of the brush 

polymer that formed the nanocomposite membrane and supports the uniform dispersion 

of nanoparticles frozen in film. 

The above characterization of the as-fabricated MNPs@PS nanocomposite 

membrane demonstrates that we were able to prepare for the first time a novel class of 

asymmetric membrane, based on the pure assembly of functionalized nanoparticles.  

However the membranes did not possess the desired monodispersed pore size distribution 

and ultrahigh porosity, which we originally expected. This indicates that the 

functionalized magnetite nanoparticles with a core/shell structure could not simply 

imitate micelles formed by block copolymer self-assembly. So it is necessary to have a 

close look at the mechanism of the formation of isoporous structure in block copolymer 

membrane, where an ordered distribution of cylindrical pores is seen on the top and 

irregular, larger pores dominate the morphology with respect to the distance from the 

surface.
15

 Actually the mechanism is a combination of two different processes—the 

conventional nonsolvent-induced phase separation and the self-assembly of PS-b-P4VP 

block copolymers. The solvent evaporation before the immersion in water leads to a 

concentration gradient between the interface to the air and the bottom. Maintaining a high 

concentration and enough viscosity is critical to the ordered micelle assembly on the top 

layer. When the water enters the solution, a fast solvent-water exchange leads to an 

abrupt decrease of chain mobility, freezing the morphology. On the top layer (higher 

concentration regime), microphase separation due to block copolymer self-assembly into 

micelles and their supramolecular arrangement guides the pore formation. Below the 
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rather cylindrical and well-ordered pores, macrophase separation occurs at the lower 

concentration regime, forming a disordered porous substrate.
13, 14

 Consequently, high 

density of well-ordered cylindrical channels perpendicular to the film surface on top of 

the non-ordered graded porous structure typical for phase-inversion membranes is created, 

which is practically the best morphology for fast transport across the film aiming at 

membrane application including water purification.  

Our unsuccessful attempt to obtain the well-ordered cylindrical channels on the 

MNPs@PS nanocomposite membrane is attributed to the uncontrolled nanoparticle 

assembly. Although the distribution of particles is homogeneous without agglomeration, 

the arrangement lacks any regular order. These nanoparticles are just packed randomly 

with diverse distances between particles (see Figure 3-26). The hexagonal order formed 

by copolymer micelles cannot be detected in nanoparticle assembly. Here we propose 

some possible factors to explain why the functionalized nanoparticles are unable to act as 

an analog to copolymer micelles and mimic their assembly behavior. First, the pristine 

Fe3O4 nanoparticles synthesized by coprecipitation in aqueous solution are not 

completely monodispersed with respect to size and shape. Secondly, the SI-ATRP 

process free of sacrificial initiator on the surface of nanoparticles produces the polymer 

with extremely high PDI, leading to a wide range of thickness of polymer shells. These 

two factors combine to form an irregular morphology of the micelle-like nanoparticles, 

which is unable to induce well-ordered porous structure. On the other hand, the micelles 

formed by block copolymer are homogeneous spheres because the spontaneous assembly 

is driven by thermodynamics to protect the solventphobic blocks from unfavorable 

interactions. Besides the nanoparticles, the solvent also plays an important role in the 



80 
 

membrane fabrication. Although DMF is a relatively bad solvent to PS, its polarity is still 

not high enough to hinder the polystyrene brush swelling and force it contract to form a 

harder, less deformable shell. The future plan to address the above problems will be 

discussed in ‘Conclusion and Prospect’ section. 
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4 Conclusion and Prospect 

In this study, our goal was to develop an innovative and economically efficient 

method to fabricate isoporous membrane by self-assembly of magnetic nanoparticle with 

a polystyrene shell, mimicking the behavior of block copolymer micelle. A “grafting 

from” approach was presented for surface modification of magnetite nanoparticles with 

polystyrene. First Fe3O4 nanoparticles of ~13 nm diameter were prepared by co-

precipitation in aqueous solution and modified with oleic acid to get an excellent 

dispersibility in organic solvent. The initiator for ATRP was covalently bonded onto the 

surface of magnetic nanoparticles with two strategies: 1) silanization of ϒ-aminopropyl 

triethoxysilane (APTES) onto the surface and then esterification with the initiator, 2-

bromoisobutyryl bromide (BiBB); 2)  direct ligand exchange and condensation of 

triethoxysilane containing an ATRP initiating site, 2-bromo-2-methyl-N-(3-

(triethoxysilyl)propyl) propanamide (BTPAm). Then the surface initiated ATRP of 

styrene was carried out with a copper complex catalyst, Cu(I)Br-PMDETA. Various 

techniques, including FTIR, EDAX, TEM, DLS, TGA, and VSM, were employed at 

different surface modification stages to confirm the successful surface functionalization. 

Synthesis Route 2 was found to be better than Route 1, which resulted in higher initiator 

coating density. The molecular weight (Mn) of the tethered PS chains on nanoparticle 

surface was 3215 g/mol with a graft density of 1.8 molecules per nm
2
. A high 

polydispersity of the as-synthesized polymer indicates an uncontrolled SI-ATRP on the 

MNPs. Finally, the nanocomposite membrane was cast from 50 wt % Fe3O4@PS brush 

polymer solution in DMF via non solvent phase inversion. The surface and cross-

sectional morphology of the membrane was examined by SEM, AFM and TEM. The 
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result was an asymmetric membrane with a dense thin layer on top of a porous sponge-

like layer. This novel class of asymmetric membrane, based on the pure assembly of 

functionalized nanoparticles was prepared for the first time. The nanoparticles are well 

distributed however with no preferential order yet in the as-cast film. The functionalized 

magnetite nanoparticles with a core/shell structure could not simply imitate micelles 

formed by block copolymer self-assembly, probably because the nanoparticle cores were 

not completely monodisperse and spherical and the molecular weight distribution of 

grafted PS should be sharper. Another possible reason is that the chosen solvent was not 

optimized and promoted the polymeric shell swelling and deformation. 

To achieve the challenging goal to form isoporous membrane with ultrahigh 

porosity, efforts are needed to optimize our research. First, we intend to employ a thermal 

decomposition strategy to synthesize monodispersed magnetite nanoparticles, which was 

developed by Sun et al.
37

 The nanoparticles obtained by this method are more uniform 

than co-precipitation used in our study. In terms of functionalization, the polydispersity 

of polymer is expected to improve by introduction of sacrificial initiator into the SI-

ATRP system. In addition, we are trying to graft alternative polymers with better 

mechanical strength onto the MNPs surface. A more contract polymeric shell is required 

to form regular arrangement of nanoparticles via self-assembly. So adding some ethanol 

or methanol into the cast solution to increase the polarity of solvent might help to form 

the ordered particle assembly before immersion into water. Beyond the functionalized 

nanoparticles with a core/shell structure, the self-assembly of Janus particles has been 

proved to be able to establish the long-range ordered crystal lattice in solution with a 

highly porous pattern as reported by Chen et al.
95

 If we could freeze analogous structures, 
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it would be possible to obtain selective membranes, in which some holes are hydrophobic 

and others hydrophilic. Inspired by these exciting results, we also consider the fabrication 

of isoporous membrane via self-assembly of Janus particles a promising route to give 

continuity to this work. Finally modeling the system will help to choose the most 

convenient preparation conditions. 
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