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ABSTRACT 

 

Magnetic iron oxide nanoparticles have attracted increasing attention in the past 

several years because of their use not only in fundamental scientific studies but also in 

many technology fields, including magnetic storage media, biosensing applications, 

magnetic resonance imaging, and oil exploration. Numerous methods have been 

applied to synthesize magnetic iron oxide nanoparticles, such as coprecipitation, 

thermal decomposition, hydrothermal synthesis, sol-gel reactions, and others. Main 

obstacles remain control over particle size distribution and instability in suspensions 

containing electrolytes such as seawater and high salinity water. In this work, we 

successfully synthesized magnetic iron oxide nanoparticles with proper particle size, 

considerable magnetism and good stability in seawater and high salinity water. In 

particular, long-term colloidal stability of around 100 nm iron oxide nanoparticles in 

high salinity water at high temperature in the presence of calcium carbonate was 

achieved for the first time. The effect of ligand molecular weight, polymerization 

morphology, monomer structure, molar ratio of different monomers of the surface 

modifiers, and synthesis media on stability and particle size distribution of the 

nanoparticles were investigated. X-ray diffraction, vibrating sample magnetometer, 

and particle size distribution were used to characterize the structure and properties of 

synthesized nanoparticles. Possible reasons of nanoparticle stability in high salinity 

water (and lack of in seawater) in the presence of calcium carbonate was discussed.  
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Magnetic iron oxide nanoparticles (IONPs) have attracted much attention in the past 

ten years for many technology applications, including magnetic storage media [1], 

data storage [2], biosensor applications [3], medical applications [4][5] (such as 

targeted drug delivery, cancer diagnosis, and magnetic resonance imaging), 

environmental remediation [6], and as oil exploration tracers [7]. With appropriate 

surface modification, the magnetic IONPs can be suitable for different kinds of 

applications and offer several unique advantages over other materials. First, they are 

physically and chemically stable, biocompatible, and environmentally safe. Second, 

because of their magnetism they can be manipulated by an external magnetic field. 

Finally, the raw materials are inexpensive and the yields are relatively high, which 

makes magnetic IONPs amenable to large-scale production.  

There are several problems with the magnetic iron oxide nanoparticles prepared so far, 

including poor particle size distribution control, loss of magnetism and dispersibility 

due to aggregation. In order to understand ferrofluid behavior and improve 

applications, careful studies related to fluid stability, control of surfactants, particle 

sizes, materials, and physical behavior are essential [8]. 

Magnetic IONPs only need to be stable at room temperature and deionized water (DI) 

for most of the above applications. However, given our interest in developing stable 

tracers for oil exploration applications, stability of nanoparticles in high temperature 
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and brine is required. Figure 1(a) shows schematically how tracers can be utilized for 

reservoir characterization. The process involves three steps. First, nanoparticle tracers 

are injected at the injection well into the reservoir. Second, along the pathway, tracers 

interact with the nearby environment and undergo certain physical and chemical 

changes. Finally, tracers are recovered at the production well. By analyzing the 

residence time, peak structure, concentration change and composition change, 

valuable information of the subsurface environment can be obtained.  

Magnetic tracers offer several advantages including better reliability, higher sensitivity 

and less loss compared to fluorescent organic dyes. Besides, their larger size compared 

to molecular tracers can greatly help reduce the reservoir survey time. However, the 

synthesis of stable magnetic tracers is still challenging. The problem comes from the 

materials stability under reservoir conditions. The tracers must be stable enough to 

survive the harsh subsurface conditions. Moreover, the nanoparticles need to be 

colloidally stable in high salinity water. According to DVLO theory [9], electrostatic 

repulsion and Van Der Waals attraction are two opposite forces, determining whether 

a colloidal system should coagulate or not (Figure 1(b)). High ion concentration of 

brine, especially the presence of high valence ions, greatly reduces the repulsion force 

of the charged particles and causes their coagulation. The critical coagulation 

concentration (CCC) can be simply expressed as  
6

1
CCC

z
 , where z represents 

the valence. That means that very small amount of high valence ions, such as Ca2+, 

Ma2+, can induce coagulation of the particles. The stability in brine is hard to achieve 
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and few magnetic iron oxide nanoparticles have been reported to be stable in brine at 

high temperature.   

  

Figure 1. (a) Schematic of reservoir 

characterization using nanoparticle tracers. 

 

(b) Schematic diagram of DVLO theory. 

1.2 Synthesis of Magnetic Iron Oxide Nanoparticles     

1.2.1 Coprecipitation 

Numerous methods have been developed for the synthesis of magnetic IONPs, among 

which coprecipitation is the most convenient, simple and efficient one. Iron oxides 

with either Fe3O4 or γ -Fe2O3 structures are usually prepared in aqueous solutions by 

the coprecipitation of Fe2+/Fe3+ salts under alkaline conditions at room temperature or 

elevated temperatures with inert gas protection. The chemical reaction of Fe3O4 

formation can be written as follows:  

2 3

3 4 22 8 4Fe Fe OH Fe O H O      .  
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However, magnetite (Fe3O4) is not very stable and can be converted into maghemite (γ 

-Fe2O3) in the presence of oxygen, as expressed in the following:  

3 4 2 3 22Fe O H Fe O H O   .  

Therefore it is important to use an inert gas environment during the synthesis to 

prevent magnetite from further oxidization. 

There are two stages in the coprecipitation process: a short burst of nucleation, when 

the concentration of the species reaches critical supersaturation followed by slow 

growth of the nuclei by diffusion of the solutes to the surface of the crystal [10]. To 

prepare monodisperse IONPs, nucleation should be avoided during nuclei growth. 

Size selection process can also be used to get monodisperse particles, where an 

electrolyte solution or a nonsolvent is added to a stable colloidal solution, causing 

larger particles to precipitate and leaving smaller particles in the supernatant. By this 

approach the size distribution of nanoparticles can be reduced. 

Massart first prepared superparamagnetic IONPs without using organic stabilizing 

agents [11]. In this process, an aqueous mixture of FeCl2/FeCl3 was added to an 

ammonia solution and an alkaline ferrofluid was made by peptizing the obtained 

gelatinous precipitate. The obtained magnetite particles were roughly spherical, and 

their mean diameter was 8 nm as measured by x-ray diffraction [12]. The parameters 

of this process were carefully studied to demonstrate the influence of base, pH, added 

cations and the Fe2+/Fe3+ ratio on the yield of the coprecipitation reaction and the 
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diameter of the nanoparticles. With all of these parameters controlled, it is possible to 

obtain nanoparticles with a size ranging from 4 to 17 nm [8]. 

Many follow-up experiments have shown that the size and shape of the nanoparticles 

can be tailored by adjusting pH, ionic strength, temperature, Fe2+/Fe3+ ratio, and nature 

of the salts (perchlorates, chlorides, sulfates, and nitrates). Babes et al. studied the 

influence of different parameters on magnetic properties and size, including media 

composition (hydroxide media and Fe2+/Fe3+ ratio), flux rates (iron flow, TMAOH 

flux), iron concentration, and oxygen [13]. According to their research, the mean 

particle size increased with the Fe2+/Fe3+ ratio and iron concentration [Table 1], and 

magnetic susceptibility followed the same trend [Figure 2]. The mean size of 

magnetite particles also depends on the acidity and the ionic strength of the 

precipitation medium. As shown in Figure 3, the higher the pH, the smaller the particle 

size and size distribution width will be [14]. 

Table 1. (a) Influence of Fe2+/Fe3+ ratio on the 

mean size. 

(b) Influence of Fe concentration on the 

mean size. 
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Figure 2. (a) Influence of Fe2+/Fe3+ ratio on 

magnetic susceptibilities of particles. 

(b) Influence of Fe concentration on magnetic 

susceptibilities of particles. 

 

Figure 3. (a) Micrograph of magnetite 

particles precipitated in aqueous medium.  

(b) Influence of the pH of precipitation 

on the mean particle size. 

Recently, several modified coprecipitation methods have been developed to synthesize 

high-quality iron oxide nanoparticles. Wu et al. synthesized nanoscale magnetic Fe3O4 

powders with homogenous size and shape distribution by ultrasonic-assisted chemical 

coprecipitation, and reported that Fe3O4 powder coated with C12H25OSO3Na had better 

dispersion and uniform size [15].  Liu et al. introduced a simple method to prepare 

Fe3O4-chitosan nanoparticles by coprecipitation with a static magnetic field. The result 

showed no obvious difference of the nanoparticles structure while morphology varied 
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from random sphere-like to rod-like and the magnetic character was changed [16]. 

Pereira et al. introduced a new generation of base to induce the magnetic nanoparticles 

coprecipitation. The alkanolamines isopropanolamine (MIPA) and diisopropanolamine 

(DIPA) were for the first time used as coprecipitation agents instead of the traditional 

bases reported in the literature (sodium hydroxide, ammonia) [17].  

The main advantage of coprecipitation process is that a large amount of nanoparticles 

can be synthesized. However, it has some disadvantages. First, nucleation and particle 

growth are unlikely to be totally separated and the growth of nanocrystals is governed 

by kinetic factors, therefore, particle size and size distribution of the IONPs cannot be 

easily controlled. Second, the obtained IONPs often exhibit low crystallinity, since 

most reactions are performed at room temperature. To avoid the above limits, several 

alternative strategies have been developed, as listed in the following.   

 

1.2.2 Thermal decomposition 

High-temperature thermal decomposition of the iron precursor in hot surfactant 

solution is a good way to synthesize IONPs with high monodispersity, high 

crystallinity and narrow size distribution. Thermal decomposition of organometallic 

precursors, such as Fe(CO)5 [18], Fe(acac)3 [19], and iron oleate [20], can lead to the 

formation of iron nanoparticles. By subsequent oxidation, monodisperse iron oxide 

can be prepared.          
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Hyeon et al. added Fe(CO)5 to a mixture of octyl ether and oleic acid at 373K and kept 

it heated under refluxing for 1 hour. The resulting solution was cooled to room 

temperature and dehydrated (CH3)3NO was added as a mild oxidant. The mixture was 

then heated to 403K in an argon environment and maintained for 2 hours. Highly 

crystalline and monodisperse iron oxide nanocrystallites were obtained by increasing 

the reaction temperature slowly to reflux and continuing reflux for 1 hour [18]. Hyeon 

also developed ultra-large-scale syntheses of monodisperse nanocrystals, using 

nontoxic and inexpensive iron chloride instead of toxic and expensive iron 

pentacarbonyl [21], and synthesized monodisperse IONPs with a size of 6-13nm 

(Figure 4) [22], where one nanometer level increments in diameter can be controlled.  

Woo reported an easy synthesis of IONPs (5- and 11-nm maghemite and 19-nm 

magnetite) by thermal decomposition of Fe(CO)5 in the presence of the residual 

oxygen of the system and consecutive aeration, in which low-grade reagents and 

solvents and house air are utilized [23]. Moreover, thermal decomposition method is 

also used to synthesize iron oxide with different shapes [24]. For example Figure 5 

shows the TEM micrographs of nanocubes and nanospheres obtained by thermal 

decomposition by Amara [25].  

By adjusting the ratios of the organometallic compounds, surfactant, and solvent, 

along with the reaction temperature and time [19, 21, 22, 23, 25], highly crystalline 

and monodisperse IONPs with good magnetic properties and size control can be 

obtained. However, several shortcomings should be mentioned. Most of the obtained 
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IONPs are soluble in hydrocarbon solvents but not in water. This feature, along with 

toxic and expensive organometallic precursors, and high temperature environment, 

limited the application of the thermal decomposition strategy.  

  

Figure 5. (A) TEM micrograph of iron oxide nanocubes obtained by thermal decomposition at 

350°C for 2 h of solid mixtures of ferrocene and polyvinylpyrrolidone (PVP) (weight ratios 1:1). 

(B) TEM micrograph of the iron oxide nanospheres obtained by thermal decomposition at 350°C 

for 4 h of a solid mixture of ferrocene and PVP (weight ratio 1:5). 

 

Figure 4. TEM images of a) 6-, b) 7-, c) 8-, d) 9-, e) 10-, f) 11-, g) 12-, and h) 13-nm-sized air-

oxidized iron oxide nanoparticles showing the one nanometer level increments in diameter. 
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1.2.3 Hydrothermal and solvothermal synthesis  

Hydrolysis and oxidation or neutralization of mixed metal hydroxides are two main 

routes for the formation of magnetic nanoparticles via hydrothermal conditions. These 

two reactions are similar, except that ferrous salts are used in the first method [26]. 

Hydrothermal reactions are performed in reactors or autoclaves at high pressure 

(>2000 psi) and high temperature (>470 K). Wang et al. reported an approach to the 

synthesis of a variety of nanocrystals with different chemistries and properties [27]. As 

shown in Figure 6(a), this liquid–solid–solution (LSS) process involved the reduction 

of metal ions by ethanol at the interfaces of metal linoleate (solid), ethanol–linoleic 

acid liquid phase (liquid) and water–ethanol solution (solution) at different designated 

temperatures [27].  By adopting bi-metal precursors in a certain mole ratio, IONPs can 

be prepared through coprecipitation reactions following this LSS phase transfer and 

separation process. The TEM image in Figure 6(b) shows that magnetic nanocrystals 

of Fe3O4 with diameters ~10 nm formed 2D patterns and showed good uniformity.  

(a) (b) 

Figure 6. (a) Scheme of liquid–solid–solution (LSS) phase transfer synthetic strategy. (b) TEM image of Fe3O4 

(9.1± 0.8 nm; Fe2+ : Fe3+=1:2; 16°C). 
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Chen and Xu optimized the reaction parameters that affect the formation of Fe3O4 

powders, including reaction time, solvent composition and reaction temperature [28]. 

Li et al. synthesized ultrafine α-Fe2O3 and Fe3O4 nanoparticles through a hydrothermal 

process at 150°C from a (NH4)2SO4∙FeSO4∙6H2O solution in the presence of hydrazine 

and noticed that pH values of the aqueous solution influenced the formation of α-

Fe2O3 and Fe3O4 particles [29].         

The hydrothermal and solvothermal routes are promising methods to obtain shape-

controlled IONPs. Chen et al. developed a size- and shape-controlled synthesis of α-

Fe2O3 via a facile template-free hydrothermal route with different reaction time and 

solvent [30]. The obtained samples included nanoparticles, nanopolyhedra, and 

nanoparticles-aggregated microcubes.  

Moreover, hydrothermal and solvothermal processes have been applied to effectively 

increase the size of many different crystal materials. Deng et al. used the solvothermal 

method to successfully produce a series of ferrite MFe2O4 (M=Fe, Mn, Co, Zn) 

microspheres with a tunable diameter range of 200 nm to 800 nm [31]. This approach 

provides a one-step, simple, and inexpensive method for the preparation of large-size 

monodisperse magnetic microspheres.  

 

1.2.4 Sol-gel reactions and polyol method 

The sol-gel process is a classical wet route to the synthesis of metal oxide 

nanoparticles. In this system, a sol is a stable dispersion of colloidal particles or 
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polymers in a solvent, and a gel consists of a three dimensional continuous network, 

which encloses a liquid phase.    

Hydroxylation and condensation of molecular precursors in solution produces a sol, 

and further condensation and inorganic polymerization lead to a three-dimensional 

metal oxide network referred to as wet gel [8]. Further heat treatments are needed to 

acquire the final crystalline state. The properties of a gel depend on the structure 

created during the sol stage of the sol-gel process. Monte et al. prepared isolated γ -

Fe2O3 in a silica network by heating a gel obtained from a solution of nitrate salt and 

TEOS in ethanol at 400°C [32]. A detailed study of the influence of the preparation 

variables has been carried out in order to determine the optimum conditions to obtain 

pure gamma iron oxide particles with a precise size. By changing the preparation 

conditions, particles with a mean diameter from 5 to 15 nm were prepared.  

The sol-gel method uses an oxidation reaction while the polyol method uses a 

reduction reaction. Polyol process use polyols (ethylene glycol, diethylene glycol) to 

reduce metal salts to metal particles to prepare inorganic, non-aggregated particles. 

The polyols in this method often serve as high-boiling solvent and reducing agent, as 

well as stabilizer to control the particles growth and prevent interparticle aggregation 

[24][33]. Cai et al. developed a facile route to prepare high performance magnetite 

nanoparticles using a modified polyol process [33]. Several advantages were 

mentioned, including mass production potential, good solubility in water and other 

polar solvents, higher crystallinity, and narrow size distribution of the nanoparticles.  
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Compared to the hydrothermal method, the sol-gel reaction does not require high 

pressure. Compared to the coprecipitation method, the obtained IONPs of the sol-gel 

and polyol methods can be easily dispersed in water and other polar solvents, and have 

higher crystallinity and saturation magnetization. On the other hand, relatively high 

cost of the metal alkoxides and the release of alcohol during the calcination step are 

the disadvantages of the sol-gel process. 

 

1.2.5 Other methods 

Besides the above methods, many other methods have been developed to synthesize 

magnetic IONPs in recent years, such as sonolysis [34], biosynthesis [35], 

electrochemical methods [36], and flow injection synthesis [37]. 

The sonolysis method uses the chemical effects of high intensity ultrasound from 

acoustic cavitation to produce nanoparticles. The high temperature spot formed by the 

rapid collapse of sonically generated cavities allows the conversion of ferrous salts 

into magnetic nanoparticles. The sonolysis of an aqueous solution of Fe(CO)5 in the 

presence of sodium dodecyl sulfate leads to the formation of a stable hydrosol of 

amorphous Fe3O4 nanoparticles[38].  

Biosynthesis of iron oxide nanoparticles is a kind of bottom-up method where the 

main reaction is reduction/oxidation. The microbial enzymes or the plant 

phytochemicals with antioxidant or reducing properties are responsible for the 
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reduction of salts into nanoparticles. The biosynthesis method is usually 

environmentally friendly and the products exhibit good biocompatibility [35].  

The electrochemical methods adjust current density to control particle size of 

nanoparticles. Rodrı´guez-Lo´pez et al. synthesized magnetic IONPs with controlled 

size distribution by applying dissymmetric potential pulses to iron-based electrodes in 

aqueous solution [36].  

Flow injection synthesis is actually a modified coprecipitation method where different 

precursors can be added by pumping with a certain flow rate. Alcarez et al. reported a 

novel synthesis method based on the flow injection technique [37]. The technique 

consisted of continuous or segmented mixing of reagents under laminar flow regime in 

a capillary reactor. The particles possessed small size and narrow particle size 

distribution.  

 

1.2.6 Comparison 

Table 2 is a brief summary comparison of the synthetic methods for producing 

magnetic iron oxide nanoparticles [24]. Coprecipitation method is used in this project 

because the reaction is simple, does not require high temperature or high pressure 

environment, the nanoparticles are water soluble, and this method is inexpensive and 

highly scalable. The other methods are not as well suited for our application.  
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Table 2. Comparison of the methods for producing magnetic IONPs. (Statistics from Reference 8, 12, 24) 

Method Reaction  Condition Temp. 

[ºC] 

Size 

distribution 

Shape 

control 

Water 

solubility 

Yield 

Coprecipitation Very simple Ambient 20-150 Medium Not good Good High 

Thermal 

decompostion 

Complicated Inert 

atmosphere 

100-350 Very narrow Very good Bad Low 

Hydro- and 

solvothermal 

method 

Simple  High 

pressure 

150-220 Very narrow Very good Bad Medium 

Sol-gel and 

polyol method 

Complicated Ambient 25-200 Narrow Good Very good Medium 

Sonolysis 

method 

Very simple Ambient 20-50 Narrow Bad Good Medium 

Biosynthesis Complicated Ambient Room 

temp. 

Broad Bad Good Low 

Electrochemical 

method 

Complicated Ambient Room 

temp. 

Medium Medium Medium Medium 

Flow injection 

synthesis 

Simple Ambient 20-150 Medium Not good Good High 

Aerosol/vapor 

methods 

Complicated Insert 

atmosphere 

>100 Relatively 

narrow 

Medium Medium medium 

Microemulsion Complicated Ambient 20-80 Narrow Good Good Low 

 

1.3 Our Work 

In this project, we synthesized magnetic iron oxide nanoparticles by chemical 

coprecipitation technique. Different parameters, including the polymer morphology, 

ligand molecular weight, molar ratio of monomers and synthesis media, of the surface 

chemistry were tested and compared. By using random copolymer as ligand, magnetic 

iron oxide nanoparticles between 10 and 60 nm with good thermal and chemical 

stability, and good stability at high temperature in high salinity water in the presence 

of calcium carbonate was prepared for the first time.  
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CHAPTER 2 SYNTHESIS OF SALINITY-STABLE IRON OXIDE 

NANOPARTICLES 

2.1 Experimental 

2.1.1 Materials 

Iron(III) chloride hexahydrate (97%), iron(II) chloride (98%), hydrochloric acid (36.5-

38.0%),  sodium bicarbonate (≥99.0%), calcium chloride (anhydrous, ≥99.9%), 

ammonium hydroxide solution (28% NH3 in H2O), [2-

(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (MEDS, 

97%),  2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt solution (AMPS, 

50 wt. % in H2O), acrylic acid (AA, 99%), tetraethylthiuram disulfide (TTD, ≥97%) , 

sodium persulfate (SPS, reagent grade, ≥98%), 4,4’-azobis(4-cyanovaleric acid) 

(V501, ≥98.0%), dimethylformamide (DMF, ACS reagent, ≥99.8%), tetrahydrofuran 

(THF, anhydrous, ≥99.9%, inhibitor-free), allylamine (ALA, 98%), vinylformamide 

(VFA, 98%), and vinylimidazole (VIM, ≥99%) were purchased from Sigma-Aldrich. 

2-Oxazolidone, diethylene glycol, polyvinyl alcohol, 1-methyl-2-pyrrolidone, 

glycerol, polyacrylamide, n-(trimethoxysilylpropyl)ethylenediaminetriacetate 

(trisodium salt, 35% in water), carboxyethylsilanetriol (disodium salt, 25% in water), 

(3-trimethoxysilylpropyl) diethylenetriamine, tech-95, aminopropylsilsesquioxane in 

aqueous solution were obtained from Gelest.3-((((1-

Carboxyethyl)thio)carbonothioyl)thio)propanoic acid (TTC) was synthesized at 
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Cornell University by Dr. Genggeng Qi. Deionized water was generated with a Milli-

Q integral pure and ultrapure water purification system and used in all experiments. 

 

2.1.2 Synthesis 

Synthesis of polyol and other high temperature modified IONPs. Ferric chloride 

was used as precursor, and polyol or similar compounds served as high-boiling solvent 

and reducing agent. In a typical synthesis, 2 mmol of FeCl3∙6H2O and 25 ml of 

glycerol was added into a three-neck round-bottomed flask stirring under nitrogen 

environment. The mixture was slowly heated to 200°C and kept for 2 hours under 

refluxing.  After cooling down to room temperature, a black homogeneous colloidal 

suspension comprised of magnetite nanoparticles was obtained. 

Synthesis of silane modified IONPs. 1 mmol of silane, 4 mmol of FeCl3, and 2 mmol 

of FeCl2 were dissolved in aqueous acid solution, then the solution was added into 

ammonia under stirring, followed by heating at 85°C for 24 hours.  After the reaction a 

black colloidal solution containing IONPs was formed. 

Synthesis of random copolymer ligands. For simplicity, the random copolymers 

were labeled as (A)x-co-(B)y or (A)x(B)y-co-(C)z,  where A, B, C represents the 

monomers, and x, y, z represented the molar ratio. Similarly, the obtained block 

copolymers were labeled as (A)x-b-(B)y or (A)x(B)y-b-(C)z. It should be mentioned that 

the copolymer was also used to represent the nanoparticles. Different molar ratios of 

AMPS, MEDS and AA (such as (AMPS)0.25(MEDS)0.75-co-(AA)0.25, (AMPS)0.5 
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(MEDS)0.5-co-(AA)0.25, (MEDS)-co-(AA)0.25) were dissolved in water to make an 

aqueous solution. In one example, 50mmol of MEDS, 50mmol AMPS, and 25mmmol 

acrylic acid were dissolved in 50g of water for (AMPS)0.5 (MEDS)0.5-co-(AA)0.25. 

25mmol NaHCO3 was then added into the solution to adjust pH. The pH was set 

between 6 and 7 to avoid hydrolysis. After adding 1mmol of SPS as the initiator, the 

solution was heated to 70°C for 4 hours in a nitrogen atmosphere.  The solution 

became viscous when heated and the obtained ligand was put in the refrigerator to 

prevent further hydrolysis.  

Synthesis of block copolymer ligands. TTC and TTD were introduced as the chain 

transfer agents for the controlled copolymerization of block copolymer. The molecular 

weight was controlled by the amount of chain transfer agent, and different conditions 

were tested, including the sequence of monomer polymerization, solvent, time and 

temperature. For example, to synthesize (AMPS)-b-(AA)0.25, 100 mmol of AMPS and 

5 mmol of TTC were first dissolved in 25ml water, then 4 mmol of NaHCO3 and 1 

mmol of V501 was added into the solution, and the solution was heated at 75°C for 4 

hours. Then 25 mmol of AA and 1 mmol of V501 were added to the solution and kept 

it at 75°C for another 2 hours. 

Synthesis of IONPs by coprecipitation method. To synthesize random-copolymer-

modified IONPs, 3 mmol of ferric chloride and 1.5 mmol of ferrous chloride 

(Fe3+/Fe2+=2:1) was dissolved in 50g deionized water as a source of iron ions. The 

iron salt solution was mixed with a proper amount of the random copolymer ligand 
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prepared as described above. The solution was then added dropwise into an 

ammonium hydroxide base (3 ml of 28% NH3 in H2O, 37g deionized water) under fast 

stirring and the solution turned black immediately. The solution was heated at 70°C in 

nitrogen environment for 30 minutes and then at 90°C for 90 minutes. Following the 

solution was cooled and centrifuged to obtain the iron oxide nanoparticles.  

In order to improve the stability of the nanoparticles in both seawater and high salinity 

water, two other synthesis methods were developed where the deionized water was 

replaced by synthetic high salinity water (50g of CaCl2∙2H2O dissolved in 1000mL of 

deionized water) and synthetic seawater without magnesium (46g of NaCl and 18g of 

CaCl2∙2H2O dissolved in 1000mL of deionized water). The rationale of this synthesis 

was to eliminate unstable nanoparticles right after the synthesis and focus only on 

those systems that showed good stability during the synthesis. For simplicity, IONPs 

prepared using synthetic high salinity water and synthetic seawater would be labeled 

HS-synthesized and SW-synthesized.  

Same method was applied to synthesize block-copolymer-modified IONPs except the 

use of the block copolymer ligand. 

 

2.1.3 Characterization 

Stability test of the obtained nanoparticles in both seawater and high salinity water 

was performed at 95°C, and was labeled SW and HS accordingly. High temperature 

and synthetic high salinity water were used to simulate the subsurface environment 
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while high temperature and synthetic seawater were used to test the potential of 

delivery using seawater as the medium. For each sample, samples were taken after 

0,1,7,14,28 days of stability testing. For some stability tests, calcium carbonate was 

added to simulate the mineral rock.  

Particle size distribution is important to understand the physical and chemical 

properties of a material suspension. A series of particle size distributions measured by 

Dynamic Light Scattering (DLS, Zetasizer Nano Z) of a sample at different times of 

stability testing (Day 0, Day 1, Day 7, Day 14, Day 28) can reveal the change of 

particle size with time, and provide information on possible aggregation (and the 

kinetics of aggregation).  

The samples were also characterized by X-ray diffraction (XRD) obtained on a 

Scintag Theta-Theta X-ray diffractometer. The XRD intensity data were collected over 

the range 20° < 2θ< 60° at room temperature. Magnetic properties were evaluated on a 

vibrating sample magnetometer (VSM, Physical Property Measurement System) at 

room temperature.  

 

2.2 Results and Discussion 

2.2.1 High temperature synthesis and silane surface modification of IONPs   

Table 3 shows the structures of the compounds used for high temperature synthesis. 

All of the nanoparticles obtained by high temperature synthesis were stable in 

deionized water but not in high salinity water. Polyvinyl alcohol and polyacrylamide 
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were introduced to demonstrate that functional groups such as –OH and –NH were not 

suitable in high salinity water. Weak physical bonding to iron particles and relatively 

low grafting of short ligands were two other possible reasons for the brine instability.  

Table 4 shows the types of silanes used for surface modification of IONPs. Strong 

covalent bond, functional group with more polarity and increasing grafting of ligands 

were introduced as part of the silane surface modification. The stability results are 

shown in Table 5. The nanoparticles were stable in seawater (SW) and high salinity 

water (HS) up to one day but in seven days precipitation occurred. The ligands were 

oligomers with small molecular weight, and the grafting was still too low to provide 

enough coating to make the particles stable enough. Next, polymeric ligands were 

used to increase grafting as a potential solution for the brine stability.  

Table 3. Compounds used for high temperature synthesis of IONPs.   

2-Oxazolidone 

 

Diethylene glycol 

 

1-Methyl-2-

pyrrolidone 

 

Glycerol 

 

Polyvinyl alcohol 

 

Polyacrylamide  
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Table 4. Silanes for surface modification of IONPs. 

N-(trimethoxysilylpropyl)ethylenediaminetriacetate, 

trisodium salt, 35% in water 

Carboxyethylsilanetriol, disodium salt, 25% 

in water 

  

 

(3-Trimethoxysilylpropyl)diethylenetriamine, tech-

95 

Aminopropylsilsesquioxane in aqueous 

solution 

 

 

 

Table 5. Stability test of IONPs prepared by silane surface modification.  

Sample Environment Day 1 Day 7 

 

HS 

  

 

SW 
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SW 

 

 

 

SW 

 

 

 

2.2.2 Copolymer ligands 

The copolymer ligands to be used should contain both a hydrophilic end and an iron-

binding end. The hydrophilic end is introduced to improve water solubility and the 

iron-binding end is where IONPs can be grafted to. Two kinds of ligand structures 

were prepared in this project, random copolymer and block copolymer (Figure 7).  

The block copolymer has defined molecular weight and is usually prepared by atom-

transfer radical-polymerization (ATRP) [39] or reversible addition-fragmentation 

chain transfer (RAFT) [40]. In this project chain transfer agent was applied for the 

controlled copolymerization. The obtained nanoparticles using block copolymer had 

spherical structure with iron-binding end forming the core and hydrophilic end on the 

outside, and the iron oxide particles were grafted to the core, as shown in Figure 8(a). 

This spherical structure was expected to provide better protection of the iron oxide 

particles so that the obtained nanoparticles would show better stability. However, the 

relatively small molecular weight of the copolymer might make them hard to surround 

the iron particles sufficiently. On the other hand, random copolymer is easy and 
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inexpensive to prepare and has larger molecular weight. The morphology of the 

obtained nanoparticles using random copolymer is shown in Figure 8(b). The random 

structure limited the precise size and shape control of the nanoparticles, but the 

copolymer with larger molecular weight might be more capable to provide enough 

coating to make the particles stable enough.  

The particle size of one random copolymer ((AMPS)
0.5

(MEDS)
0.5

-co-(AAC)
0.25

) and 

one block copolymer ((AMPS)
0.5

(MEDS)
0.5

-b-(AAC)
0.25

) were measured. As shown in 

Figure 9, the mean particle size is ~10 nm for random copolymer while ~1 nm for the 

block copolymer, which is consistent with our assumption that random copolymer had 

larger molecular weight and much higher viscosity compared to the block copolymer.  

 

 

 

Figure 7. Sketch of alternating copolymer, random copolymer and block copolymer.   
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Figure 8. (a) Spherical nanoparticles using a 

block copolymer ligand.     

 (b) Nanoparticles using random copolymer 

ligand.  
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Figure 9. Particle size distribution of random copolymer ligand and block copolymer ligand. Red line 

is (AMPS)
0.5

(MEDS)
0.5

-b-(AAC)
0.25, and black line is (AMPS)

0.5
(MEDS)

0.5
-co-(AAC)

0.25.  
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2.2.3 Block-copolymer-modified IONPs 

Table 6 lists the block-copolymer-modified IONPs with good solubility in water. As 

mentioned before, the molecular weight was controlled by the amount of chain 

transfer agent, although the exact value of molecular weight was not measured. Some 

other nanoparticles obtained by using block copolymer ligand either couldn’t dissolve 

in water or didn’t produce nanoparticles (as judged by the lack of the solution turning 

black).  

Table 6. Block-copolymer-modified IONPs with good solubility in deionized water. 

Block Copolymer Molar ratio Molecular 

weight 

Synthesis 

media 

AMPS MEDS AA HS SW 

(AMPS)
0.5

(MEDS)
0.5

-b-(AAC)
0.25

 0.5 0.5 0.25  √ √ 

(AMPS)
0.5

(MEDS)
0.5

-b-(AAC)
0.1

 0.5 0.5 0.25  √ √ 

(AMPS)-b-(AA)
0.25

 1  0.25 High √ √ 

(AMPS)-b-(AA)
0.25

 1  0.25 Medium √ √ 

(AMPS)-b-(AA)
0.25

 1  0.25 Low √ √ 

(AMPS)-b-(AA)
0.5

 1  0.5 Medium √ √ 

(AMPS)-b-(AA)
0.5

 1  0.5 Low √ √ 

(AMPS)-b-(AA)
0.1

 1  0.1  √ √ 

 

Stability test results of (AMPS)-b-(AA)0.5 and (AMPS)-b-(AA)0.25 are shown in Table 

7. We can see that nanoparticles exhibit better stability in HS than SW. Besides, 

increasing the molar ratio of AMPS:AA can lead to better brine stability. Whether the 

synthetic media is seawater or high salinity water doesn't make much difference in the 

observed stability.  
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Further increasing the ratio of AMPS:AA improved the stability of prepared 

nanoparticles with no precipitate in 14 days in HS in the presence of CaCO3 as shown 

in Table 8. This is a very encouraging result because stability in HS with CaCO3 is 

hard to achieve. However, precipitation occurred in all of the samples after 28 days of 

stability testing. The reason is that the molecular weight of the block copolymer is still 

not large enough. Therefore, random copolymers with larger molecular weight were 

investigated. Besides, we can see that for the block copolymer ligands, the 

introduction of MEDS doesn’t leads to better HS stability.  

 

Table 7. Stability test of (AMPS)-b-(AA)0.5 and (AMPS)-b-(AA)0.25. 

Sample Stability test 

Environment 

Day 0 Day 1 Day 7 

(a) (AMPS)-b-(AA)0.5, 

SW-synthesized 

SW 

   

HS 

   

(b) (AMPS)-b-(AA)0.5, 

HS-synthesized 

 

SW 

   

HS 
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(c) (AMPS)-b-(AA)0.25, 

SW-synthesized 

 

SW 

   

HS 

   

(d) (AMPS)-b-(AA)0.25, 

HS-synthesized 

 

SW 

   

HS 

   

 

Table 8. Stability test of (AMPS)0.5(MEDS)0.5-b-(AA)0.1 and (AMPS)-b-(AA)0.1 with CaCO3. (a) 

(AMPS)0.5(MEDS)0.5-b-(AA)0.1, HS-synthesized, SW-stability. (b) (AMPS)0.5(MEDS)0.5-b-(AA)0.1, HS-

synthesized, HS-stability. (c) (AMPS)-b-(AA)0.1, HS-synthesized, SW-stability. (d) (AMPS)-b-(AA)0.1, 

HS-synthesized, HS-stability. 

Sample Day 0 Day 1 Day 7 Day 14 Day 28 

(a) 

     

(b) 

     

(c) 

     

(d) 
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Figure 10 shows the particle size distribution of block-copolymer modified 

nanoparticles, which was measured before the stability test. We can see for most 

nanoparticles, the mean particle size lies between 15 to 40 nm, which is very 

appropriate for the intended application. The distribution of the particle size is not 

very narrow and the full width at half maximum (FWHM) is around 10-30 nm, which 

means the nanoparticles as prepared are not highly monodisperse. 

 

 

Figure 10. Particle size distribution of block-copolymer-modified IONPs. HS-synthesized and SW-

synthesized refers to the synthetic media. SW, HS, Di refers to the stability test environment. 

  

2.2.4 Random-copolymer-modified IONPs 

Different batches of IONPs with random copolymer ligands were prepared by 

changing the heat temperature, heat time and molar ratio of ligands. The most stable 
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nanoparticle systems are listed in Table 9. We also prepared IONPs using allylamine 

(ALA, 98%), vinylformamide (VFA, 98%), and Vinylimidazole (VIM, ≥99%) as 

alternative monomers containing iron-binding groups (Table 10), to test the effect of 

functional group –NH2, –C=O, and –N=C. However, nanoparticles prepared using 

ALA, VIM and VFA as iron-binding ligands are not as stable as IONPs prepared using 

AA, as shown in Table 11. Coagulation occurred in all of the nanoparticles in one day 

and nanoparticles with ALA even precipitated at room temperature. Therefore we 

conclude that acrylic acid (AA) is the most suitable for iron-binding due to the strong 

binding affinity of AA to multivalent cations. 

Table 9. Random-copolymer-modified IONPs with good solubility in deionized water. 

Random Copolymer Molar ratio Synthesis media 

AMPS MEDS AA HS SW 

(AMPS)
0.5

(MEDS)
 0.5

-co-(AA)
0.25

 0.5 0.5 0.25 √ √ 

(AMPS)
0.25

(MEDS)
0.75

-co-(AA)
0.25

 0.25 0.75 0.25 √ √ 

(MEDS)-co-(AA)
0.25

   1 0.25 √ √ 

(AMPS)
0.5

(MEDS)
 0.5

-co-(AA)
0.15

(ALA)
0.15

 0.5 0.5 0.15   √ 

(AMPS)
0.5

(MEDS)
 0.5

-co-(AA)
0.15

(VFA)
0.15

 0.5 0.5 0.15   √ 

(AMPS)
0.5

(MEDS)
 0.5

-co-(AA)
0.15

(VIM)
0.15

 0.5 0.5 0.15   √ 

 

Table 10. Three alternative monomers containing iron binding group and the corresponding formulas. 

Chemical  Allylamine N-Vinylformamide Vinylimidazole 

Skeletal 

formula 
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Table 11. Stability test of nanoparticles using alternative iron-binding monomers. (a)(AMPS)0.5(MEDS) 

0.5-co-(AA)0.15(ALA)0.15, SW-synthesized. (b) (AMPS)0.5(MEDS) 0.5-co-(AA)0.15(ALA)0.15, SW-

synthesized (20% more ligands than (a) added in the synthesis) (c)(AMPS)0.5(MEDS) 0.5-co-

(AA)0.15(VIM)0.15, SW-synthesized. (d)(AMPS)0.5(MEDS) 0.5-co-(AA)0.15(VFA)0.15, SW-synthesized. 

 

As shown in Table 12, IONPs of (AMPS)0.5(MEDS)0.5-co-(AA)0.25 and (MEDS)-co-

(AA)0.25 exhibit no precipitation in any of the vials except Sample (d) at 28 days.  

Although the color of the solution faded a little during testing, it is clear that the 

solution still contained most of the nanoparticles under the high temperature 

environment for almost one month. This result shows that most nanoparticles 

synthesized by random copolymer with either (AMPS)0.5(MEDS)0.5-co-(AA)0.25, or 

(MEDS)-co-(AA)0.25 have good stability in both SW and HS. Therefore, by using 

random copolymers with AMPS and MEDS as hydrophilic-end monomer, magnetic 

No. Environment  Day 0 Day 1 No. Environment  Day 0 Day 1 

(a) 

 

SW 

  

(c) 

 

SW 

  

HS 

  

HS 

  

(b) 

 

SW 

  

(d) 

 

SW 

  

HS 

  

HS 
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iron oxide nanoparticles with good stability in high salinity water and seawater were 

successfully prepared. 

Table 12. Stability test of (AMPS)0.5(MEDS)0.5-co-(AA)0.25 and (MEDS)-co-(AA)0.25. (a) - (d) are 

nanoparticles of (AMPS)0.5(MEDS)0.5-co-(AA)0.25. (a) SW-synthesized, SW-stability. (b) SW-

synthesized, HS-stability. (c) HS-synthesized, SW-stability.  (d) HS-synthesized, HS-stability. (e) - (f) 

are nanoparticles of (MEDS)-co-(AA)0.25. (e) SW-synthesized, SW-stability. (f) SW-synthesized, HS-

stability. (g) HS-synthesized, SW-stability. (h) HS-synthesized, HS-stability.  

Sample  Day 0 Day 1 Day 7 Day 14 Day 28 

(a)  

     
(b) 

     
(c) 

     
(d) 

     
(e)  

     
(f)  

     
 (g) 

     
(h)  
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To further test the stability of these nanoparticles, we repeated the above stability test 

in the presence of calcium carbonate, as shown in Table 13. For all of the seawater 

tests, including (a) (c) (e) (g), the solution turned colorless and precipitation occurred 

after 7 days in high temperature environment, which indicated the prepared 

nanoparticles were not stable enough in simulated seawater environment. For the high 

salinity tests, sample (b) and (d), which were synthesized with (AMPS)0.5(MEDS)0.5-

co-(AA)0.25, also formed precipitation. However, no precipitation was found in sample 

(f) and (h), which were synthesized with (MEDS)-co-(AA)0.25 and the solution was 

still transparent. No precipitation under high temperature environment in the presence 

of calcium carbonate for 28 days demonstrated that the prepared nanoparticles have 

excellent stability in high salinity water environment.  

Nanoparticles of (AMPS)0.25(MEDS)0.75-co-(AA)0.25 were prepared using the same 

method, and the stability test results are shown in Table 14. Similarly, nanoparticles 

exhibits better stability in high salinity water than in seawater, but none of these 

samples were stable after 28 days in high temperature environment. 
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Table 13. Stability test of (AMPS)0.5(MEDS)0.5-co-(AA)0.25 and (MEDS)-co-(AA)0.25 with the presence 

of CaCO3. (a) - (d) are nanoparticles of (AMPS)0.5(MEDS)0.5-co-(AA)0.25. (a) SW-synthesized, SW-

stability. (b) SW-synthesized, HS-stability. (c) HS-synthesized, SW-stability.  (d) HS-synthesized, HS-

stability. (e) - (f) are nanoparticles of (MEDS)-co-(AA)0.25. (e) SW-synthesized, SW-stability. (f) SW-

synthesized, HS-stability. (g) HS-synthesized, SW-stability. (h) HS-synthesized, HS-stability. 

Sample  Day 0 Day 1 Day 7 Day 14 Day 28 

(a)  

     

(b) 

     

(c) 

     

(d) 

     

(e)  

     

(f)  

     

 (g) 

     

(h)  
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Table 14. Stability test results of (AMPS)0.25(MEDS)0.75-co-(AA)0.25 with CaCO3. (a) HS-synthesized, 

SW-stability. (b) HS-synthesized, HS-stability. (c) SW-synthesized, SW-stability.  (d) SW-synthesized, 

HS-stability.  

Sample Day 0 Day 1 Day 7 Day 14 Day 28 

(a)  

     

(b) 

     

(c) 

     

(d) 

     

 

From the above stability test results, it is clear that for random copolymer ligands, 

higher molar ratio of MEDS: AMPS leads to better high salinity stability. MEDS is the 

better monomer for stability, but AMPS can offer better water solubility. Therefore we 

still need to find a way to use both MEDS and AMPS as monomers. Second, all the 

above experiments show that the prepared nanoparticles exhibit better stability in 

seawater than in high salinity water. This is an interesting observation since high 

salinity water has higher ion concentration. According to DVLO theory nanoparticles 

should be more likely to coagulate in high salinity water. Third, the influence of 

calcium carbonate is important. Note that the testing solution pH is ~ 5.9 with CaCO3 

and ~ 6 without CaCO3. One explanation is that larger particles (>100 nm) are more 
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likely to be absorbed by the CaCO3 surface, which is demonstrated by the particle size 

distribution in the following section. Whether the presence of CaCO3 will affect the 

aggregation of nanoparticles is still under investigation. Besides, whether the 

nanoparticles were synthesized in seawater or high salinity water affected the 

properties of the particles, and seawater environment seems to be a better choice. 

Table 12 shows that nanoparticles prepared with random copolymer 

(AMPS)0.5(MEDS)0.5-co-(AA)0.25 and (MEDS)-co-(AA)0.25 had quite good stability in 

seawater and high salinity water without calcium carbonate. Figure 11 and Figure 12 

are the particle size distributions of (MEDS)-co-(AA)0.25 and (AMPS)0.5(MEDS)0.5-co-

(AA)0.25 after different time of stability testing. Except Figure 12(d), all of the other 

seven figures exhibit a similar trend in particle size distribution. The mean particle 

size increased from 15-40 nm to aroud 100 nm in the first seven days and changed 

little in the following 20 days at high temperature. According to literature [41], most 

nanoparticles have been shown to aggregate once they are hydrated. In this project, 

nanoparticles stop aggregating after the particle size reaches around 100 nm, which 

can be beneficial to many technology applications.  

The particle size distribution of the nanoparticles shown in Figure 12(d) is different, 

where the mean particle size increased from 15 nm at day 0 to around 50 nm at first 

and then remained almost unchanged in a month. However, we can’t conclude that 

nanoparticles didn’t aggregate much, because precipitation occurred at day 28 of the 

nanoparticles shown in Table 12(d) and we only used the supernatant for 
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measurement. Indeed, the nanoparticles in the supernatant did undergo aggregation. 

We repeated the particle size measurement by taking the supernatant as well as the 

precipitation of the day 28 nanoparticles of Table 12(d).  Figure 13(a) is the contrast, 

where we can see that there were two peaks for the nanoparticles, and the larger peak 

represents the precipitated particles.  

As shown in Table 13 (f) and (h), iron oxide nanoparticles with (MEDS)-co-(AA)0.25 

have excellent stability in high salinity water in the presence of calcium carbonate. We 

also measured the particle size distribution of nanoparticles and the results are shown 

in Table 13 (f) and (h) (Figure 13 (b) and (c)). In the presence of CaCO3, the mean 

particle size changed unpredictably with time. The change of mean particle size is 

more like fluctuation upward, as shown in Figure 13 (d). One explanation is that with 

time nanoparticles did aggregate, and the larger particles were more likely to be 

absorbed by CaCO3 powders, therefore the mean particle size of the remained 

nanoparticles was hard to measure. However, the mean particle size kept smaller than 

100nm the whole time, which means our method can prepare saline-stable magnetic 

iron oxide nanoparticles with proper particle size.  
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(a) SW-synthesized, SW-stability.  (b) SW-synthesized, HS-stability. 
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(c) HS-synthesized, SW-stability. (d) HS-synthesized, HS-stability. 

Figure 11. Particle size distribution of (MEDS)-co-(AA)0.25.  
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(a) SW-synthesized, SW-stability.  (b) SW-synthesized, HS-stability. 
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(c) HS-synthesized, SW-stability. (d) HS-synthesized, HS-stability. 

Figure 12. Particle size distribution of (AMPS)0.5(MEDS)0.5-co-(AA)0.25. 
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Figure 13. Particle size distribution of (MEDS)-co-(AA)0.25. (a) Comparison between only supernatant 

and supernatant and precipitation, HS-synthesized, HS-stability, day 28. (b) SW-synthesized, HS-

stability with CaCO3. (c) HS-synthesized, HS-stability with CaCO3. (d) Mean particle size vs stability 

test time. Black line is SW-synthesized, HS-stability with CaCO3, and red line is HS-synthesized, HS-

stability with CaCO3.  
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Figure 14. Particle size distribution of random-copolymer-modified nanoparticles before the stability test. 

(a) (AMPS)0.5(MEDS)0.5-co-(AA)0.25, SW-synthesized, SW. (b) (AMPS)0.5(MEDS)0.5-co-(AA)0.25, SW-

synthesized, HS. (c) (AMPS)0.5(MEDS)0.5-co-(AA)0.25, HS-synthesized, SW.  (d) (AMPS)0.5(MEDS)0.5-co-

(AA)0.25, HS-synthesized, HS. (e) (MEDS)-co-(AA)0.25, SW-synthesized, SW. (f) (MEDS)-co-(AA)0.25, 

SW-synthesized, HS. (g) (MEDS)-co-(AA)0.25, HS-synthesized, SW. (h) (MEDS)-co-(AA)0.25, HS-

synthesized, HS. (i) (AMPS)0.25(MEDS)0.75-co-(AA)0.25, HS-synthesized, HS. (j) (AMPS)0.25(MEDS)0.75-

co-(AA)0.25, HS-synthesized, SW. (k) (AMPS)0.25(MEDS)0.75-co-(AA)0.25, SW-synthesized, SW.   

Figure 14 plots the particle size distributions of the prepared iron oxide nanoparticles 

with good water solubility using random-copolymer ligands. These particle size 
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distributions were measured before the stability test. All of the mean particle size are 

between 15 and 50 nm. For the same copolymer ligand, whether the nanoparticles was 

prepared in seawater or high salinity water doesn’t affect the particle size much. 

Besides, each transparent nanoparticle solutions has one peak in particle size 

distribution, but the full width at half maximum (FWHM) of different samples varied 

from 10nm to 30 nm at day 0 and increased to more than 50nm at day 28, which 

means the prepared nanoparticles were not highly monodisperse. After 28 days at high 

temperature, the particle size usually exceeded 100nm.  

To test the magnetic properties of the nanoparticles we used a hard magnet. Initially 

while the particles are suspended they cannot be pulled out of suspension. Therefore, 

we reprecipitated the nanoparticles by adding an appropriate amount of acetone to the 

solution and separated them using a magnet [Figure 15]. This procedure was repeated 

three times to remove the remaining ligands and salts, and the obtained nanoparticles 

were put in the freeze dryer for one day for lyophilization.  
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Figure 15. Separation of iron oxide nanoparticles from the solution by magnetic force. The 

top is (AMPS)0.5(MEDS)0.5-co-(AA)0.25, SW-synthesized, and bottom one is 

(AMPS)0.5(MEDS)0.5-co-(AA)0.25, HS-synthesized. (a) Iron oxide nanoparticles dissolved in 

water. (b) After adding acetone, precipitation occurred. (c) A magnet positioned next to the 

vial facilitates the separation of the iron oxide nanoparticles from solution.  

 

The dried samples respond to a magnet as shown in Figure 16(a). Efforts to measure 

the magnetic properties using a vibrating sample magnetometer (VSM) failed. 

According to the instructions, 5-10 mg of magnetic particle sample is enough for VSM 

characterization. But the machine couldn’t locate the position of our nanoparticle 

sample probably because of their low magnetism and noise in the spectrum. In a 

second experiment we used a larger amount of nanoparticles (~80 mg) in a capsule 

and filled the capsule with cotton so that samples were tightly fixed (Figure 16(c)). 
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However, the machine was still unable to locate the position of the sample, as shown 

in Figure 16(b). We read a value of the location (33mm) to continue the measurement 

and the result is shown in Figure 16(d), which showed that the magnetism of the 

nanoparticles is too low for the machine to distinguish it from the noise. Three other 

batches of iron oxide nanoparticles were tested and none of them had enough 

magnetism. The reason of the low magnetism is that the prepared nanoparticle had a 

low concentration of iron oxide (~15% to 20%) and the samples were not thermally 

treated to improve the crystallinity and thus the sample magnetization.  

Figure 17 shows the x-ray diffraction pattern of nanoparticles of (AMPS)0.25 

(MEDS)0.75-co-(AA)0.25. We can see that there is no obvious peak characteristic of a 

crystalline iron oxide. Thus we conclude that the samples are amorphous.   
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Figure 16. Magnetism test of IONPs. (a) A simple test that showed the prepared nanoparticles could be moved by a 

magnet. (b) The capsule filled with cotton and ~80 mg nanoparticles was fixed by two rods in the sample holder. 

(c) The interface of VSM. The plot is scanned moment vs sample offset. The sample was actually located between 

30 and 35 mm, but the machine could not distinguish the sample moment from the noise and gave a wrong location 

value. (d) The magnetization curve of the obtained iron oxide nanoparticles. 
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Figure 17. The XRD pattern of IONPs of (AMPS)0.25 (MEDS)0.75-co-(AA)0.25, HS-synthesized. 

 

2.3 Conclusions 

Using random copolymer ligands, magnetic iron oxide nanoparticles with proper 

particle size (15- 60 nm) and good stability in seawater and high salinity water were 

prepared using coprecipitation method. More importantly, by using (MEDS)-co-

(AA)0.25 as ligand, long term colloidal stability (over one month) of ~100 nm magnetic 

iron oxide nanoparticles in high salinity water in the presence of calcium carbonate 

was achieved for the first time. The effect of ligand molecular weight, polymerization 

morphology, monomer structure, molar ratio of different monomers, and synthesis 

media on stability and particle size distribution of the nanoparticles were investigated 

and the results were correlated to the structure and chemistry of the ligand. 
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