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Chapter 1 

 

Iron oxides and Magnetite 

 

Abstract 

Iron oxides are a class of compounds that are composed of iron, oxygen and/or hydroxide 

ions and are subject of study in many disciplines from environmental and industrial 

chemistry to biology and corrosion science. Among all the different types of the iron 

oxides, magnetite is the most studied member owing to its excellent magnetic properties 

and its non-toxic, biocompatible nature. This chapter briefly focuses on general properties 

and essential synthesis pathways of the iron oxides and magnetite of which detailed 

studies will be reported in the later chapters of this thesis. 
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1.1 Iron oxides 

Iron oxides are compounds encountered in many different parts of nature and have an 

essential role in various geological and biological systems thus receive multidisciplinary 

attention, as shown in Figure 1.1. There are 16 known iron oxides classified in two 

different groups according to their ion content (Table 1.1). Oxides are composed of only 

iron (Fe2+,3+) and oxygen (O2-) ions while oxy-hydroxides contain additional hydroxide (OH-) 

ions. Those oxides and oxy-hydroxides differ in composition of the stated ions and/or their 

crystal structure. 

 

Figure 1.1 Multi-disciplines of the iron oxides [1] 

Geologically these iron oxides may form and also transform to another type according 

to the pathways and conditions given in Figure 1.2. Goethite can be readily found in rocks 

and is one of the most stable iron oxides at ambient conditions. As a consequence, it is 

believed to be either the first type that is formed or the one that formed as a result of 

many transformations.[1] Goethite powder is yellow and is also used as a pigment. 

Lepidocrocite, having an orange color, can also be found in rocks as well as in soils and 

rusts. It is formed mainly as a result of Fe2+ oxidation. Akageneite is a rare iron oxide which 

is encountered in chloride- or fluoride-rich environments. On the other hand, ferrihydrite 

is a common iron oxy-hydroxide, which can be found as nanocrystals in nature, and is an 
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essential precursor for more stable iron oxides. Ferrous hydroxide (Fe(OH)2) is an 

important iron oxide, however, it is not found in nature as a mineral. It is easily oxidized to 

form another intermediate, green rust (containing chloride or sulphate ions) and its 

further oxidation leads to the formation of magnetite. Hematite is also one of the oldest 

iron oxide minerals known. It has a red color and is common in rocks and soils. Along with 

goethite, it is quite stable and believed to be an end product of many transformations. 

Magnetite is a ferrimagnetic iron oxide that contains both Fe2+ and Fe3+ ions. It has a black 

color and gives magnetic properties to the rocks which can be used to determine the age 

or structural history of formation by using the remaining magnetization as a result of 

earth’s geomagnetic field. This remaining magnetization is called remanence and is a 

property of ferromagnetic materials (also of ferrimagnetic as in magnetite) where the 

magnetic domains are partially aligned if magnetized by an external magnetic field and 

remain magnetized when the field is removed. Magnetite can easily be oxidized in the 

presence of oxygen and transforms to maghemite, which is also a ferrimagnetic mineral, 

however with reduced magnetic properties. 

Table 1.1 Classification of the iron oxides. 

Iron oxides Iron (oxy)-hydroxides 

Hematite α-Fe2O3 Goethite α-FeOOH 

Magnetite Fe3O4 Lepidocrocite γ-FeOOH 

Maghemite γ-Fe2O3 Akagenite β-FeOOH 

Wüstite FeO Feroxyhyte δ'-FeOOH 

 β-Fe2O3 Ferrihydrite Fe5HO8.4H2O 

 ε-Fe2O3 Bernalite Fe(OH)3 

  Ferrous Hydroxide Fe(OH)2 

  Green Rusts FeIII
xFeII

y(OH)3x+2y-zAz 

   FeOOH 

   δ-FeOOH 
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Figure 1.2 Formation pathways of the iron oxides and (oxy)-hydroxides[1]. 

On the other hand, iron oxides can be prepared synthetically via different procedures 

which affect the final properties of the material, such as particle size, morphology, 

crystallinity, size distribution, etc.  Generally hematite, akageneite, goethite and 

ferrihydrite may be produced by hydrolysis of ferric salts. For this method it is important 

to control the hydrolysis rate, pH, temperature and ferric salt concentration in order to 

obtain single phase iron oxide.[2, 3] As mentioned before, ferrihydrite can also be used as a 

precursor for more stable iron oxides, such as goethite, hematite or their corresponding 

mixtures.[1, 4, 5] As goethite and hematite form via different pathways, formation 

conditions for one through a ferrihydrite precursor prevent the formation of the other. 

For instance, aggregation of ferrihydrite near its isoelectric point favors hematite 

formation, while increasing or decreasing the solution pH promotes goethite formation.[6] 

Oxidative hydrolysis of ferrous salts is a widely used method to produce goethite, 
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lepidocrocite, magnetite, ferrihydrite and feroxyhyte. The transformation of ferrous ions 

via hydrolysis and oxidation to ferric compounds is accomplished through green rust of 

ferrous hydroxide intermediates. This is a complicated method as it may produce different 

iron oxides or their mixtures. Like the hydrolysis of ferric salts, it is important to precisely 

control the reaction conditions to obtain a pure product. For some species, e.g. magnetite, 

it is essential to prevent oxidation by using an inert atmosphere. Generally, at low pH, 

lepidocrocite or goethite can form, while increasing the pH in the presence of a mild 

oxidant favors the formation of magnetite.[7-9] The presence of oxygen generally leads to 

the formation of goethite[10] while rapid oxidation as a result of a strong oxidant such as 

H2O2 yields feroxyhyte.[11, 12] The ratio of ferrous ion, base and oxidant concentrations can 

also result in a mixture of different iron oxides.[13] In addition physical phase 

transformations may take place under specific conditions for which the final product 

retains the crystal structure of the initial material as in the case of cubic maghemite 

particles formed through the oxidation of magnetite. Finally hydrothermal or thermal 

decomposition methods can be used to produce almost monodisperse iron oxide 

particles.[14, 15] This method involves continuous liberation of iron ions (especially FeIII) at 

high temperature and pH and by the help of an oxidizing or a reducing agent the final 

phase is formed. The advantage of this pathway is controlling the supply of the reactant 

via decomposition of iron salt throughout the formation. 

The synthesis pathways for iron oxides generally yield particles with diameters from a 

few nanometers to several micrometers with various morphologies. As mentioned before, 

it is also quite possible to have a mixture of various iron oxides as a result of specific 

conditions used for the synthesis of the particles, thus it is important to carefully 

characterize the product. The characterization of these particles is generally accomplished 

by transmission electron microscopy (TEM) for crystal size and morphology, X-ray 

diffraction (XRD) or electron diffraction (ED) for phase identification. Infrared absorption, 

Mössbauer and Raman spectroscopy can also be used for additional and supporting 

information. Furthermore, the color of the product may be indicative, as each iron oxide 

has a characteristic color which can be quantified by using theoretical colors of iron oxide 

given in the Munsell color system.[1, 16] It should be noted that XRD or Mössbauer 
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spectroscopy are more reliable techniques as iron oxides often exist as mixtures and use 

of color as an indicator may not be conclusive. For phase identification of iron oxides 

generally XRD is preferred. By using the Bragg equation, the positions of the reflections 

obtained for a sample lead to the calculation of distances between the atomic layers (d-

spacing) that can identify the iron oxide phase(s) present, although it is important to 

account for lattice strain as is often neglected. For some iron oxides which have similar 

crystal structures (e.g. magnetite – maghemite) Raman and Mössbauer spectroscopy can 

be used as a complementary method to identify the structure.[17]  

1.2 Magnetite 

Magnetite nanoparticles became one of the most used magnetic nanomaterials in heat 

transfer[18-20], water purification[21-23], biosensing[24, 25] and cell separation[26, 27] as well as in 

the biomedical field including drug delivery[28-30], magnetic hyperthermia[31, 32] and 

magnetic resonance imaging (MRI)[33, 34] due to its unique magnetic and biocompatible 

properties (Table 1.2). Magnetite contains both divalent ferrous and trivalent ferric ions 

and it is a member of the spinel group. In Nature it is most commonly encountered as 

octahedral crystals expressing their [111] faces (Figure 1.3). However, synthetic magnetite 

may have round, cubic or octahedral morphologies. Among all minerals it is the first one 

for which X-ray diffraction was applied.[35] Magnetite is ferrimagnetic at room 

temperature where the preferred magnetization is along [111] direction. Coercivity and 

remanence of magnetite are highly affected by morphology, size and size distribution of 

the particles.[36, 37] The arrangement of the different valence iron ions in two specific sites 

causes an electron transfer through a path generating a magnetic field. If the grain size of 

magnetite particles is less than about ~20 nm, individual particles have single randomly 

aligned magnetic domains leading to superparamagnetic behavior.[38] The effective usage 

of magnetite in specific applications is dependent on their size, shape and stability which 

are determined by the synthesis method. Magnetite nanoparticles also have a large 

surface-to-volume ratio and therefore easily aggregate in order to decrease the surface 

energy. Over-oxidation of magnetite, e.g. to maghemite due to the presence of oxygen 

during the synthesis or storage, affects the magnetization of the particles. As a 
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Table 1.2 Applications of magnetite nanoparticles. (Methods; 1: coprecipitation, 2: thermal decomposition, 3: hydrothermal synthesis, 4: physical 

transformation). 

Method Size (nm) Application Notes Ref. 

1,2 6 – 10 Heat transfer 28% increase in thermal conductivity of water upon addition of 2.5 wt. % particles. 

Changes in thermal conductivity depend on particle concentration, synthesis 

method and base fluid. 

[18] 

1 15 Heat transfer Thermal conductivity of ethylene glycol increases with volume fraction and this 

enhancement is temperature independent. 

[19] 

1 60 Heat transfer Laminar flow heat transfer coefficient of magnetic nanofluid increased up to 300% 

in the presence of an external magnetic field. This enhancement depends on 

Reynolds number as well as magnetic field strength. 

[20] 

3 9 Water purification Magnetite-reduced graphene oxide composites were used. Over 91% and 94% 

removal of dye pollutants, rhodamine B and malachite green were achieved 

respectively. 

[21] 

4 12.5 Water purification Effect of particles size on arsenic removal was studied and results showed that 

when particle size decreases from 300 nm to 12.5 nm, adsorption capacity increases 

300 times.  

[22] 
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Table 1.2 Applications of magnetite nanoparticles. (Methods; 1: coprecipitation, 2: thermal decomposition, 3: hydrothermal synthesis, 4: physical 

transformation – Continued). 

Method Size (nm) Application Notes Ref. 

1 10 Water purification Magnetite-reduced graphene oxide composites were used. Composites show nearly 

complete removal of arsenic from water. 

[23] 

1 7 Biosensor Aging of synthesized magnetite nanoparticles for 19 months did not influence the 

morphology and magnetic properties of the particles which were proposed to be 

used as microbeads for biosensor applications. 

[24] 

1 8 Cell separation Particles were synthesized in the presence of a surfactant, polyethylene 

oxide/polypropylene oxide. 95% of E. coli was removed from the feed by 

countercurrent magnetophoresis after one pass. Separation efficiency increases 

with decreasing flow rate and increasing magnetic particle concentration. 

[26] 

1 10 Cell separation Particles were coated with anionic, cationic and nonionic surfactants. Chitosan 

coated particles gave the highest recovery of E. coli (over 90%). 

[27] 

3 70 Drug delivery Mesoporous magnetite nanoparticles have higher doxorubicin loading capacity than 

normal particles. 90% of the incorporated drug was released after 12 hours. 

[29] 
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Table 1.2 Applications of magnetite nanoparticles. (Methods; 1: coprecipitation, 2: thermal decomposition, 3: hydrothermal synthesis, 4: physical 

transformation – Continued). 

Method Size (nm) Application Notes Ref. 

1 10-25 Drug delivery Oleic acid coated magnetite nanoparticles were loaded with anti-cancer drugs 

doxorubicin and paclitaxel. Drug incorporation efficiency was 75% and 95% for 

doxorubicin and paclitaxel respectively. Complete release of the drug obtained after 

2-3 weeks. 

[28] 

1 20 Drug delivery Temperature responsive magnetite/PEO-PPO-PEO block copolymer nanoparticles 

were used. Uptake and release of ibuprofen was controlled by changing the 

temperature. Monosialotetrahexosylganglioside loaded magnetite was shown to be 

effective for spinal cord damage treatment. 

[30] 

1 10 Hyperthermia Magnetic nanoparticles coated with cationic liposomes were used. The surface of 15 

mm tumors in mice was maintained at 45 oC by alternating magnetic field for 30 

minutes and 2 rounds per day. Complete tumor regression was achieved after 1 to 6 

rounds.   

[39] 

1 6 MRI Measurements showed notably decreased T1 and T2 relaxation times. MRI signal 

intensity was 62% of the original after 5 days which offer prolonged monitor 

without further dosing 

[33] 

9 
  



                                                        

 
consequence it is important to apply suitable surface agents such as polymers or 

biomolecules to prevent aggregation (i.e. increase colloidal stability) and oxidation of the 

magnetic core. There are versatile synthesis methods for preparing magnetite 

nanoparticles with different size, morphology and magnetic properties. Briefly, co-

precipitation,[40] partial oxidation,[8] high temperature thermal decomposition,[14, 41, 42] 

microemulsion[43, 44] and hydrothermal synthesis[45, 46] are the most used methods for the 

production of magnetite nanoparticles.[47-50] The summary and specific properties of the 

abovementioned synthetic methods are presented in Table 1.3.  

 

Figure 1.3 Natural octahedral magnetite from Cerro Huanaquino/Bolivia[51]. 

Among these pathways, co-precipitation (or chemical precipitation) is a facile and 

simple technique which uses the stoichiometric mixing of ferrous and ferric ions (2/1) in 

an inert environment followed by the addition of base to precipitate superparamagnetic 

magnetite particles (Figure 1.4b) leading to the following reaction:[40]  

Fe+2  + 2Fe+3  + 8OH- →  Fe3O4 + 4H2O 

The essential advantages of this method are that it can be carried out at room 

temperature and is easily scaled-up. It is also possible to reproduce the product if the 

reaction conditions (e.g. pH, temperature, type of the iron salt) are kept constant. 

However, it is difficult to control the size, shape and size distribution of the particles. 

Furthermore the saturation magnetization of the synthesized superparamagnetic particles 

is considerably less than that of bulk magnetite.  
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Several authors investigated magnetite formation using the co-precipitation method 

by altering the reaction conditions. Lin et al. synthesized magnetite nanoparticles having 

mean size of 18 nm and broad size distribution using a chemical precipitation method 

without surfactant.[52] Frimpong et al. showed that  applying a citric acid coating on 

magnetite nanoparticles in a two-step coprecipitation reaction leads to considerably 

different physical and magnetic properties compared to a one-step reaction in which more 

stable hydrophilic particles are obtained.[53] Kumar et al. successfully coated 14 nm 

superparamagnetic magnetite nanoparticles with poly(glutamic acid) sodium salt.[54] 

Martinez-Mera et al. prepared 4 nm to 43 nm of magnetite nanoparticles with 

coprecipitation method without surfactant at room temperature by varying the duration 

of the reaction.[55] Iwasaki et al. prepared size-controlled, highly crystalline magnetite 

nanoparticles in aqueous medium at room temperature and showed the particle size to be 

affected by the coexisting anions in the system.[56] Kang et al. reported a modified co-

precipitation method where iron salts were added to a base solution in a controlled 

manner after which monodisperse and spherical magnetite nanoparticles were obtained. 

Furthermore, it was shown that maghemite particles can be obtained via direct oxidation 

of magnetite nanoparticles by aeration.[57] Recently, co-precipitation by slow addition of 

reactants was also demonstrated to produce single domain magnetite nanoparticles.[58, 59] 

Superparamagnetic magnetite nanoparticles can also be produced by the thermal 

decomposition method. These reactions are performed at high pressures and 

temperatures by using relatively expensive systems and solvents. In this method, 

nanoparticles with a high level of monodispersity can be achieved by the high 

temperature decomposition of iron precursors such as ferric acetylacetonate. However, 

without additional treatments, the synthesized particles are only dispersible in organic 

solvents. Sun and Zeng reported on the well-known procedure for the synthesis of 

monodisperse oleic acid capped magnetite nanoparticles. It was further shown that these 

particles can also be used to produce larger particles of desired size by using them as 

seeds in successive reactions.[14]  Zhang and Misra used thermal decomposition method to 

produce magnetite nanoparticles with an average size of 5 nm,[60] while, Wang et al. 
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reported an alternative thermal decomposition method for magnetite particles using oleic 

acid as a stabilizer at relatively low temperature (140 oC).[61] 

The use of micoemulsions and hydrothermal synthesis are two other methods for the 

production of highly crystalline magnetite nanoparticles. Microemulsions are co-

dispersions of two immiscible liquids which are separated and stabilized by a suitable 

surfactant layer. The micro-droplets that are formed serve as a reactant compartment and 

also limit the nucleation and growth of the particles, thus allowing control of the final 

morphology.[62] Although it is possible to tune the reaction conditions in order to prepare 

magnetite nanoparticles with different properties,[43] the yield is relatively low for such a 

complicated system which makes this method unsuitable for commercial production. On 

the other hand, hydrothermal synthesis, where particles are formed in a sealed reactor 

from an aqueous solution at high pressure and temperature, can be used as an alternative 

for the production of monodisperse magnetite nanoparticles.[63, 64] 

 

Figure 1.4 TEM images of the product synthesized by a) partial oxidation showing octahedral 

ferromagnetic nanoparticles[7] b) co-precipitation showing superparamagnetic particles with various 

morphologies[65]. 

In addition to the abovementioned synthesis methods which are capable of producing 

small, superparamagnetic magnetite nanoparticles, it is also possible to use the aqueous 

partial oxidation method for the synthesis of magnetite nanoparticles in the ferrimagnetic 

domain. In this method, ferrous ions are partially oxidized to ferric ions at basic conditions 

by the help of a mild oxidant. The method was first described by Sugimoto and Matijevic 
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who performed the reaction at elevated temperatures; however, it is also possible to 

obtain monodisperse ferrimagnetic particles at ambient conditions.[8, 9, 13] The pioneering 

work of Sugimoto and Matijevic was then used and analyzed by many other groups.[66] 

Morales et al. used an ethanol/water mixture as solvent for the precipitation of ferrous 

sulphate in alkaline medium where it was partially oxidized to form magnetite 

nanoparticles. They reported that the particles synthesized were stable at neutral 

conditions due to the presence of sulphate anions on the surface of the particles.[67] 

Vereda et al. followed the same approach and described specific iron/base/oxidant ratios 

for the synthesis of highly monodisperse ferromagnetic magnetite nanoparticles (Figure 

1.4a).[68] Although the majority of the published reports carried out the partial oxidation 

method at elevated temperatures, Nishio et al. reported a protocol for a size-controlled 

synthesis at various temperatures below 37 oC. Their results also indicated that an 

increase in the reaction temperature from 4 to 37 oC leads to a decrease in the average 

size of the particles from roughly 100 nm to 30 nm.[9] As this method can produce 

mixtures of various iron oxides, it is important to tightly control the reaction conditions in 

order to obtain pure magnetite (e.g. slower oxidation, higher pH).[1] 

Table 1.3 Characteristics of the synthesis methods for magnetite[48]. 

Method Simplicity Temp. Duration Solvent Size 

distribution 
Control Yield 

Co-

precipitation 
Simple 20-90 Hours Water Relatively 

narrow 
Poor High 

Partial 

oxidation 
Moderate 20-90 Hours Water Relatively 

narrow 
Good High 

Thermal 

decomposition 
Complicated >100 Hours-

Days 
Organic Very 

narrow 

Very 

good 
High 

Microemulsion Complicated 20-50 Hours Organic Relatively 

narrow 
Good Low 

Hydrothermal 

synthesis 
Simple >200 Hours Water-

ethanol 

Very 

narrow 

Very 

good 
Medium 
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In nature magnetotactic bacteria produce species-specific magnetite nanoparticles 

with uniform size and morphology at ambient conditions which suggest that a controlled 

biomineralization process takes place.[69, 70] Magnetite particles produced in magnetotactic 

bacteria have average sizes of 35 to 120 nm[70] and are in the single domain size range of 

magnetite.[71]  

 

Figure 1.5 TEM image of a single magnetotactic bacteria[72] 

Magnetite produced by magnetotactic bacteria can have different morphologies, 

including cuboctahedra, hexahedra and octahedra according to the bacteria species.[73]  

Magnetite particles produced in magnetotactic bacteria are enveloped by a lipid bilayer 

membrane vesicle called magnetosomes, which contain several membrane proteins 

(Figure 1.5).[70] Magnetosomes are organized in a chain on a protein strand that follows 

the primary axis of the bacteria, which results in a magnetic dipole allowing the bacteria to 

orient itself in the geomagnetic field of earth.[74-76] Several magnetosome proteins have a  

hydrophobic N terminal and hydrophilic C terminal containing carboxylic and hydroxyl side 

chains that are known to bind iron ions.[77] Mms6, which is one of those proteins, was 

found to have an active role for the magnetite formation in some magnetotactic 

bacteria.[77] Later work by Prozorov et al. also support the hypothesis that the Mms6 

serves for the formation of uniform and isomorphic magnetite nanocrystals.[78] Magnetite 

formed by the co-precipitation method in the presence of Mms6 produced uniform 

crystals with average sizes of 25 nm while the absence of this protein yields irregular 

shapes and a broad size distribution.[77]  Amemiya et al. used partial oxidation of ferrous 

hydroxide with the addition of Mms6 to produce 20 nm cubic magnetite crystals, whilst in 

the absence, the particles were octahedral with an average size of 32 nm. In addition, the 

particles formed in the presence of Mms6 showed a narrower size range.[79] Iron binding 
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analysis suggested that the C-terminal region of Mms6 is the iron binding site while the N-

terminal was suggested to be the binding site for the magnetosome.[77] By using the 

functionality of the opposite ends of the peptide, for surface anchoring and mineral 

binding, respectively, Staniland et al. achieved a pattern of uniform magnetite 

nanoparticles grown on a patterned self-assembled monolayer.[80] Further studies of 

Arakaki et al. concentrated on using short synthetic peptides mimicking the C-terminal 

and N-terminal of Mms6 protein in the partial oxidation method for producing magnetite 

nanoparticles. Magnetite synthesis using the peptide named M6A which contains the C-

terminal acidic region of Mms6 resulted in the formation of uniform-sized cubo-

octahedral crystals with narrow size distribution.[81] 

1.3 Conclusion 

Iron oxides are encountered frequently in our daily life and exist in different forms in 

nature. These compounds, derived from iron and oxygen, differ in their crystal structure, 

morphology and magnetic properties. There are versatile synthetic methods for the 

production of iron oxides among which magnetite is possibly the most important one. The 

essential reasons behind the use of magnetite in various applications are its 

biocompatibility and superior magnetic properties as it is the most magnetic naturally 

occurring mineral known. Fields of application are versatile as the magnetic properties of 

magnetite particles vary according to the synthesis method used. Although magnetite was 

the subject of countless studies for decades, the synthesis pathways at ambient conditions 

mimicking the perfection of nature still remain a challenge. As the range of its applications 

in various fields continues to expand, it is no doubt that magnetite will get growing 

attention in the coming future.   

1.4 Aim and outline of the thesis 

The objective of the research presented in this thesis is to study extensively the 

formation, properties and applications of magnetite which is the most magnetic naturally 

occurring mineral. For this purpose, initially the control over magnetite formation via 

different synthetic routes was investigated. As the effective use of magnetite in desired 

applications depends on the stability and the magnetic properties of the particles, various 
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polymers and surfactants were introduced to the most common synthetic methods to 

enhance the colloidal stability in aqueous medium. Furthermore the effect of these 

surface agents on the magnetic properties of the particles was studied. Finally, the 

possible applications of magnetite nanoparticles in heat transfer systems were analyzed 

by investigating the impact of the presence of magnetite nanoparticles on the thermal 

conductivity of different base fluids. 

Chapter 1 gives a general summary of the iron oxides and in particular magnetite. 

Literature survey on the synthesis methods and various applications that require tailored 

magnetic properties are also presented in this chapter. 

Chapter 2 presents a study that focuses on the control of magnetite formation via co-

precipitation and partial oxidation methods at ambient conditions in the presence of 

poly(amino acids), which mimics the mineralization process in Nature, specifically that of 

magnetotactic bacteria. The effect of these additives on the size, shape, organization and 

magnetic properties of magnetite are discussed in this chapter.  

In chapters 3 and 4, the studies on the colloidal stability of both superparamagnetic 

and ferromagnetic magnetite nanoparticles are presented. For this purpose magnetite is 

synthesized by co-precipitaton and partial oxidation methods in the presence of 

biocompatible polymers and their effect on morphology and stability are examined.    

Chapter 5 presents the reduction of magnetic properties due to the change in the 

thickness of the magnetically disordered layer at the outmost shell of magnetite 

nanoparticles upon application of surface agents that are mainly used to stabilize 

magnetite. Reduction of this magnetic phase was investigated for commercial (amine and 

carboxyl funtionalized) and synthesized (oleic acid coated) magnetite nanoparticles of 7 

nm – 12 nm by using vibrating sample magnetometry and the tiron chelation test. 

Finally, chapter 6 describes the effect of superparamagnetic magnetite nanoparticles 

on the thermal conductivity of polar base fluids. Magnetite nanoparticles were prepared 

by different synthetic routes in the presence of hydrophilic additives and the changes in 
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thermal conductivity of water and ethylene glycol, which are common heat transfer fluids, 

were studied as a function of temperature and particle concentration. 
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Chapter 2 

 

Bioinspired synthesis of magnetite nanoparticles 

 

Abstract 

Magnetite is one of the most used magnetic nanomaterials due to its excellent magnetic 

and biocompatible properties, and has wide applications in optical, mechanical and 

electronic devices as well as in biomedical applications after suitable functionalization. The 

effective use of magnetite in those fields is dependent on the size, shape and colloidal 

stability of the nanocrystals. However, it is a challenge to take control over magnetite 

morphology, size and even organization with known synthesis procedures without the use 

of high temperatures, hence still remains an important goal. Biological systems show 

impressive control over the properties of mineral structures and naturally magnetotactic 

bacteria produces magnetite nanoparticles with uniform sizes and morphologies at 

ambient conditions, which suggest that a controlled biomineralisation process takes place. 

Inspired by Nature, it is proposed to use partial oxidation of a ferrous hydroxide precursor 

for the synthesis of magnetite nanoparticles under biomimetic conditions, i.e. in water 

and at room temperature using the polymeric additive polyaspartic acid (pAsp) as a 

control agent. Results demonstrate the possibility of growth regulation through 

conversion of a precursor by the interaction with a soluble polymer.  
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2.1 Introduction 

Nature produces materials with excellent chemical and physical properties and offers 

inspiration to understand ideal systems to understand and implement the corresponding 

formation pathways of these materials to synthetic pathways for producing novel 

materials with enhanced properties. For instance, many biominerals have superior 

mechanical,[1, 2] optical,[3, 4] and magnetic[5, 6] properties and most are composed of nano-

scale substructures in mutual interaction with organic compounds.[7-9] Magnetite (Fe3O4) 

is a wide-spread magnetic iron oxide encountered in biological and geological systems and 

also used in many technological and biomedical applications,[10] e.g. in drug delivery,[11, 12] 

separation techniques[13] and as contrast agent in magnetic resonance imaging[14], due to 

its biocompatible and excellent magnetic properties. As magnetic properties are highly 

affected by the crystal size and morphology, it is crucial to control the formation of 

magnetite nanoparticles. In Nature this is achieved by organisms - such as magnetotactic 

bacteria, producing size-controlled magnetically aligned single crystals of magnetite within 

magnetosome membranes[15, 16], i.e. vesicles containing several proteins.[17] This controlled 

synthesis of magnetite is believed to be accomplished via precursor phases, which is a 

common pathway for other biominerals.[18, 19] Mms 6, which is one of the proteins in the 

magnetosome membrane vesicles was found to have an active role for the controlled 

magnetite formation in magnetosomes.[20] Further studies showed that hydrophilic acidic 

C-terminal region of Mms6 is responsible for the formation of uniform sized cubo-

octahedral crystals with narrow size distribution.[21]  

Synthetically, the co-precipitation of Fe2+ and Fe3+ is the most applied route for the 

synthesis of magnetite.[22] This method uses the exact stoichiometric ratio needed for 

magnetite formation which is 1:2 for [Fe2+] and [Fe3+]. As the amounts of the iron ions are 

well controlled, it is convenient to obtain magnetite particles preventing oxidation within 

the system by using an inert atmosphere (if not maghemite, Fe2O3, is obtained).[23] This 

route generally produces superparamagnetic particles (<20 nm) with various 

morphologies. However, although the method is fully reproducible, the control over 

particle morphology, mean size, size distribution and hence the magnetic properties is 

challenging without additional treatments due to fast reaction kinetics.[24, 25] It was 
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previously shown that the corresponding fast reaction kinetics may be controlled through 

additives,[17, 24, 26-28] the slow addition of reagents[29, 30] or using a more viscous reaction 

medium.[26] Additionally, the use of ferrihydrite precursor in the synthesis was shown to 

be an alternative pathway to improve control during magnetite formation.[30] Magnetite 

can also be synthesized through the gradual oxidation of Fe2+ to Fe3+ in the presence of an 

oxidant at high pH.[31-37] This oxidation step combined with the nucleation and growth of 

the particles requires longer reaction times than the more frequently used co-

precipitation method. This gives better opportunities for surface active polymers to 

interact with the iron oxide surface and take a role in the nucleation and growth during 

formation. It is possible to obtain particles in the ferrimagnetic domain by using the partial 

oxidation method for which mostly elevated temperatures have been preferred.[34-36] This 

method is also capable of producing other iron oxides, such as goethite, feroxyhyte and 

ferrihydrite if the reaction conditions, e.g. pH and rate of oxidation, are not optimized for 

a particular product.[23] If the pH is around 7, goethite is formed, while at higher pH values 

magnetite formation is favored. Under these conditions, if the oxidation is too rapid due 

to aeration or presence of a strong oxidant then feroxyhyte is formed.[23]  

Several authors used the partial oxidation method for the synthesis of magnetite 

nanoparticles both in the presence and absence of additives using high temperatures or 

ambient conditions. Nishio et al. controlled the size of magnetite nanoparticles prepared 

by partial oxidation at pH 12.3 by varying the reaction temperature from 4 oC to 37 oC. It 

was shown that oxidation of ferrous hydroxide by the weak oxidant sodium nitrate yielded 

pure magnetite in this temperature range. It was further shown that by increasing the 

reaction temperature, the average size of the particles decreased from 100 nm to 30 nm 

(Figure 2.1).[33] Amemiya et al. synthesized magnetite nanoparticles in the presence of 

Mms6 -an acidic protein that was shown to be active in the formation of bacterial 

magnetite in magnetotactic bacteria- and reported that the produced crystals had a 

uniform size, a narrow size distribution as well as a uniform morphology.[20] Furthermore, 

M6A, the acidic region of Mms6 that is leading the control over magnetite formation was 

used to control the morphology of the particles synthesized through in this method.[21] 
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Figure 2.1 TEM micrographs of bare magnetite nanoparticles synthesized by partial oxidation of 

ferrous hydroxide at a) 4 oC, b) 15 oC, c) 25 oC, d) 37 oC [33]. 

Vereda et al. adopted the method described by Sugimoto and Matijevic[34] in which a 

ferrous hydroxide intermediate is oxidized by potassium nitrate at 90 oC and obtained 50 

nm octahedral magnetite nanoparticles without other iron oxide phases.[36] Osaka et al. 

further investigated the effect of different ferrous ion sources in the formation of 

magnetite particles by partial oxidation and their results showed that chloride and sulfate 

species yielded almost identical particles with sizes of 35 nm.[38]  

The present study aims to achieve biomimetic control over the size and shape of 

magnetite crystals but also over their organization in solution. For this, α,β-poly(aspartic 

acid) (pAsp) will be used as an additive for the synthesis of magnetite via partial oxidation 

of a ferrous hydroxide precursor to control the corresponding reaction kinetics. Results 

demonstrate that due to the fast reaction kinetics co-precipitation method is only capable 

of producing superparamagnetic magnetite nanoparticles that are not significantly 
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affected by the presence of pAsp. On the other hand, the partial oxidation of the ferrous 

hydroxide precursor at room temperature yields larger ferrimagnetic nanoparticles in 

aqueous media. It is shown that lower solution supersaturation allows control over 

nucleation, growth and colloidal stability of the particles using a negatively charged 

polymer. 

2.2 Experimental 

2.2.1 Materials 

For the synthesis of iron oxide nanoparticles, analytical grade ferric chloride (FeCl3) 

and ferrous sulfate heptahydrate (FeSO4.7H2O) were obtained from Riedel-de Haen. 

Ferrous chloride tetrahydrate (FeCl2.4H2O), sodium hydroxide (NaOH) and Sodium nitrate 

(NaNO3)   were purchased from Merck. α,β poly(Aspartic Acid) sodium salt (pAsp, Mw 7.7 

kg/mol, DP 56) was obtained from Sigma Aldrich (Figure 2.2). All chemicals were used as 

received.  

 

Figure 2.2 Structure of α,β poly(aspartic acid) 

2.2.2 Characterization 

Transmission electron microscopy (TEM): For dry TEM, 200 mesh Cu grids with carbon 

films (Agar Scientific) were used. Sample preparation involved dropping 3 μL aqueous 

dispersion onto a TEM grid, filtering and drying by air. For cryoTEM, 200 mesh Cu grids 

with Quantifoil R 2/2 holey carbon films (Quantifoil Micro Tools GmbH) were used. Sample 

preparation was performed using an automated vitrification robot (FEI Vitrobot Mark III) 

by plunging in liquid ethane.[39] All TEM grids were surface plasma treated for 40 seconds 

using a Cressington 208 carbon coater prior to use. TEM samples were studied using a FEI 
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Tecnai 20 (type Sphera) operated at 200 kV, equipped with a LaB6 filament and a 1k x 1k 

Gatan CCD camera, or on the TU/e cryoTITAN (FEI, www.cryotem.nl) operated at 300 kV, 

equipped with a field emission gun (FEG), a post-column Gatan Energy Filter (GIF) and a 

post-GIF 2k x 2k Gatan CCD camera. Gatan DigitalMicrograph (including DiffTools) and 

ImageJ softwares were used for TEM image and SAED pattern analysis. 

Crystal size and shape measurements: Crystal size distributions were determined by 

manually measuring both the long and short axis of 100-200 individual crystals per sample 

in calibrated TEM images in MATLAB. The average of the long and short axis per crystal 

was taken as the crystal size. The measured particles were categorized according to their 

morphology and classified as “octahedral” when the crystal facets could be clearly 

discriminated, or “rounded” when not. 

Cryo-electron tomography: The 3-dimensional (3D) reconstructions were obtained from 

tilt series recorded on the TU/e CryoTitan. The alignment and 3-dimensional (3D) 

reconstruction of the raw data sets was performed with the software IMOD.[40] The 

segmentation and visualization of the 3D volumes was performed with the software Amira 

4.1 (Mercury Computer Systems) and Avizo (Visualization Science Group). 

X-ray diffraction (XRD): XRD measurements were performed on a Rigaku Geigerflex 

powder diffractometer using copper radiation at 40 kV and 30 mA and a graphite 

monochromator to eliminate Cu Kβ radiation. Samples were prepared on cover glasses 

from dried ground powder. The XRD patterns were acquired by step scans with step sizes 

of 0.01°- 0.02° and an appropriate dwell time. 

Vibrating sample magnetometry (VSM): VSM measurements were performed on a TM-

VSM101483N7-MRO magnetometer (Tamakawa Co., Ltd., Sendai, Japan). Samples were 

prepared by dispersing ~ 3 mg dried sample in a mixture of 1 mL 40% SDS-PAGE solution, 

10 μL TEMED (N,N,N’,N’-tetramethylethylenediamine, crosslinker) and 10 μL 10% APS 

buffer (activator), which gellifies in a few minutes to fix the sample. The magnetic 

hysteresis loops were acquired at room temperature from +1 T to −1 T. The results were 

corrected for the diamagnetic background of the sample container/holder and normalized 

with respect to the sample mass. 
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Raman spectroscopy: Raman spectroscopy was performed on a Jobin-Yvon Labram 

spectrometer equipped with HeNe laser (excitation wavelength 632.81 nm), a holographic 

grating (600 grooves/mm), an ultra-long working distance objective (Olympus, 

magnification 100 x, numerical aperture 0.8) and a CCD camera. 

Zeta Potential measurements: Surface charge analysis was performed on a Malvern 

Zetasizer Nano SZ instrument. Magnetite particles were dispersed in water via 

ultrasonication. Disposable DTS1060 zeta cells were used for zeta potential measurements 

consisting of 12 zeta runs at 20 °C. 

2.2.3 Synthesis of superparamagnetic magnetite nanoparticles by co-precipitation 

Ferrous (Fe2+) and ferric (Fe3+) salts (molar ratio 0.5, total Fe concentration 32.5 mM) 

were dissolved in 80 mL ultrapure water, which was de-aerated for 30 min using a N2 flow 

to remove dissolved oxygen, by mixing for 15 min using a mechanical stirrer at a constant 

stirring rate of 50 rpm. Addition of 10 mL, 1.285 M NaOH solution to the aqueous iron 

mixture caused immediate precipitation of magnetite as indicated by a rapid color change 

from yellow (Figure 2.3a) to black (Figure 2.3b). The resulting mixture was aged for 30 min 

while stirring. For the synthesis in the presence of pAsp, the polymer was dissolved in 

water to which the iron chloride salts were added (amino acid/Fe ratio = 1/5). All reactions 

were performed at 20 °C in a jacketed vessel and the temperature was controlled by an 

external thermostat bath. Finally nanoparticles were collected from the suspension for 

further analyses and dried in a vacuum oven for overnight at 60 °C. 

 

Figure 2.3 Color change of the reaction mixture during magnetite synthesis by co-precipitation from 

a) orange to b) black after addition of NaOH. 
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2.2.4 Synthesis of ferrimagnetic magnetite nanoparticles by partial oxidation 

The synthesis of magnetite nanoparticles by partial oxidation was adopted from 

previous studies with minor modifications.[32, 33] First, 10 mL 0.1 M ferrous chloride 

solution was added to 190 mL 21 mM NaOH solution. Both solutions were de-aerated for 

1 hour. Then, 0.3 g NaNO3 was added for the partial oxidation of ferrous hydroxide. The 

resulting mixture was aged for 24 hrs while stirring at 50 rpm. Throughout the synthesis, a 

gradual color change from whitish green to dark green and finally to black was observed, 

indicating the formation of intermediates and magnetite, respectively (Figure 2.4). For the 

synthesis in the presence of pAsp, the polymer was dissolved in the NaOH solution before 

the ferrous chloride solution was added (amino acid/Fe ratio = 1/5). All reactions were 

performed at 20 °C. Nanoparticles were collected from the suspension for further analyses 

and dried in a vacuum oven for overnight at 60 °C. 

 

Figure 2.4 Color change of the reaction mixture during magnetite synthesis by partial oxidation from 

a) clear to b) whitish green after the addition of ferrous salt indicating formation of Fe(OH)2 

precursor and to c) dark green showing the intermediate formation and finally to d) black. 

2.3 Results and discussion 

Magnetite nanoparticles were first synthesized via a fast co-precipitation method where 

sodium hydroxide solution is added rapidly to a mixture of ferrous and ferric salts in de-

aerated water (final pH 12.5) to instantaneously precipitate magnetite nanoparticles. 

Superparamagnetic magnetite synthesized by this method is known to consist of 

crystalline random oriented nanoparticles with various morphologies, having an average 

size in between 6-10 nm with a broad size distribution.[24] 
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Figure 2.5 Magnetite synthesis by co-precipitation. a) TEM image of control particles, b) TEM image 

of particles synthesized in the presence of pAsp, c) Typical SAED pattern of particles via co-

precipitation showing diffraction rings indexed as magnetite crystal planes, d) Crystal size 

distributions without (Conrol) and with pAsp as an additive. 

Initially, the presence of a magnetite phase was confirmed by selected area electron 

diffraction as shown in Figure 2.5c, which exhibited characteristic lattice indices of 

Magnetite/Maghemite phases and white spots/bright diffraction rings indicated the 

formation of highly crystalline nanoparticles.[23] According to TEM, particles had various 

morphologies from cubic to spherical when the synthesis was performed either in the 

presence or absence (control) of pAsp (Figures 2.5a and 2.5b). Size analysis by measuring 

particle sizes on TEM micrographs showed that the synthesis performed in the presence of 

pAsp gave particles in the range of 4 nm to 15 nm having an average size of 7.6 nm. 
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Similarly when the synthesis was performed without any additive (control experiment), 

magnetic nanoparticles had an average size of 8 nm. The sample standard deviations of 

the populations were found to be as 1.5 nm for both of the experiments conducted with 

and without pAsp, respectively (Figure 2.5d and Table 2.1).  

Table 2.1 Crystal size and shape measurements for products of co-precipitation, without (control) 

and with poly(aspartic acid) (pAsp) as an additive. 

Sample 
Number of measured 

crystals 
Crystal size ± standard deviation 

Control 150 8.0 ± 1.5 nm 

pAsp 150 7.6 ± 1.5 nm 

 

Finally, the magnetic properties of particles synthesized in the presence and absence 

of pAsp via co-precipitation method was investigated by Vibrating sample magnetometry 

(VSM). Hysteresis loops for both control and pAsp samples showed no coercivity and 

remanence, indicating superparamagnetic behavior as  expected on the basis of their 

small particle diameters (<10 nm) (Figure 2.6). As the saturation magnetization values 

were similar for both cases and no significant influence on neither the morphology nor the 

size of the magnetite nanoparticles were obtained via addition of pAsp, it was concluded 

that the additive had no significant influence on the formation of magnetite nanoparticles. 

This was attributed to the fast reaction kinetics associated with the rapid increase in pH 

which induced a high supersaturation and the consequent formation of many nucleation 

points.  

In order to slow down the reaction kinetics, oxidative aging of ferrous hydroxide 

precursor was applied for the synthesis of magnetite nanoparticles in ferrimagnetic 

domain. Synthesis was performed using a method previously described by Nishio et al.[33] 

Briefly, ferrous chloride and sodium hydroxide solutions (pH 12.3) which were previously 

deaerated for 1 hour, are mixed in a well-sealed jacketed reactor. Upon mixing, the color 

of the solution immediately turns into a whitish green, indicating the expected formation 

of ferrous hydroxide precursor, which is then gradually turned to dark green and black 
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after the addition of the oxidant. Reactions were performed at room temperature under 

continuous nitrogen flow. 

 

Figure 2.6 Hysteresis loops for particles synthesized in the presence and absence (control) of pAsp. 

Initially, time resolved experiments were performed on the control experiment 

(without additives) in order to have detailed insight in the early stages of magnetite 

formation by partial oxidation. For this purpose, samples were taken in their native state 

at different time intervals and collected samples were immediately vitrified in liquid 

ethane using a FEI Vitrobot[39] which was also deaerated with nitrogen to prevent the 

uncontrollable oxidizing by air. Later on, samples were analyzed with Cryo-TEM. It was 

decided to take samples at t = 0 which is defined as the time when the ferrous salt 

solution was added into the sodium hydroxide solution, and one and then two hours after 

the addition of the oxidant which promotes the gradual oxidation of initially formed 

ferrous hydroxide precursor. 

Low dose electron diffraction (LDED) analysis showed that the addition of ferrous 

chloride solution to the base solution precipitated the expected platelets of Fe(OH)2 which 

was validated by matching corresponding d-spacing values with the literature (Figure 

2.7a).[23] After the addition of nitrate, the whitish green color of the ferrous hydroxide 

changed to dark green. While cryo-TEM did not show any changes on the morphology or 

size of the precursor, additional reflections obtained by low dose electron diffraction 
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indicated a phase transition to other intermediates with different stoichiometries (Figure 

2.7b).  

 

Figure 2.7 Low-dose electron diffraction patterns for the early stages of magnetite formation 

through partial oxidation of Fe(OH)2 precursor in the absence of pAsp. a) SAED pattern of particles 

after addition of Fe(II) to the base solution indicating formation of Fe(OH)2 precursor b) SAED pattern 

of particles 1 hour after the addition of oxidant showing additional reflections c) SAED pattern of 

particles 2 hours after the addition of oxidant showing phase change of the precursor and formation 

of magnetite crystals d) SAED pattern of particles after 24 hours showing diffraction rings matching 

with magnetite. Brightness and contrast are adjusted in all images for better visibility.  

Because the obtained d-spacing values of these intermediates were close to many other 

iron oxides, no definite assignment could be made. However, after two hours, the 

conversion of these intermediates to magnetite was observed (Figure 2.7c) and full 

transformation was achieved after 24 hours (Figure 2.7d). As the average size and 

morphology of the precursors formed at the early stages (hexagonal platelets of typically 

≈70 nm) were completely different to those of the magnetite particles obtained after 2 
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hours (octahedral, ≈30 nm), suggests that the conversion occurs through a dissolution-

reprecipitation mechanism rather than through a solid state conversion. It was also 

suggested that due to the formation and precipitation of the Fe(OH)2 precursor and other 

possible intermediates as a result of their low solubility at the corresponding pH, high 

supersaturation levels as in the case of co-precipitation method were avoided. This 

provides an extended period of growth after nucleation and enhances the possibility of 

interaction in between the additives and the formed crystal surface. 

 

Figure 2.8 Magnetite synthesis through partial oxidation without additives. a) TEM images of the 

particles Inset: TEM image at higher magnification b) XRD pattern with indexation to magnetite 

crystal planes c) SAED pattern showing diffraction rings indexed to magnetite d) Hysteresis loop by 

VSM measurement Inset: Enlargement of magnetic hysteresis showing coercivity and remanence e) 

Raman spectrum indicating non-oxidized magnetite. 
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After showing the possibility of using the partial oxidation of ferrous hydroxide for 

controlled synthesis of magnetite, experiments were performed both in the presence and 

absence of pAsp. The formation of magnetite was first demonstrated by XRD and SAED 

analyses (Figure 2.8b and 2.8c). Along with magnetite, the formation of minor amounts of 

goethite was also indicated by XRD which was possibly formed due to local low pH 

regions.[23] Although XRD is sufficient for distinguishing magnetite and/or maghemite from 

other types of iron oxides, it is not straight forward to classify magnetite and maghemite 

separately as those have almost the same d-spacing values and diffraction patterns. As a 

consequence Raman spectroscopy was carried out which was found to be adequate for 

distinguishing magnetite from maghemite.[41] As illustrated in Figure 2.8e, iron oxide 

nanoparticles synthesized in the absence of any additives via the partial oxidation method 

has an intense peak at 671 cm-1, confirming that sample consisted of magnetite only.[41]   

 

Figure 2.9 Size distribution of the particles synthesized by partial oxidation in the absence (control) 

and presence of pAsp. Inset : Long and short axis measurement of an individual particle. 
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Table 2.2 Crystal size and shape measurements for products of partial oxidation, without (control) 

and with poly(aspartic acid) (pAsp) as an additive. 

Sample 

Number of 

measured 

crystals 

Crystal size 

± sample standard 

deviation 

Number of 

octahedral crystals 

(fraction) 

Number of 

rounded crystals 

(fraction) 

Control 192 34 ± 11 nm 131 (65%) 72 (35%) 

pAsp 158 25 ± 6 nm 29 (15%) 165 (85%) 

 

TEM results showed that particles formed in the absence of pAsp had an average size 

of 34 ± 11 nm (Figures 2.8a and 2.9) of which 65% had octahedral morphology (Figures 

2.11b-d, Table 2.2). On the other hand, when the synthesis was performed in the 

presence of pAsp, the average size of the particles decreased to 25 nm (Figures 2.10a and 

2.9). TEM and cryo-TEM analysis revealed that, unlike for the control experiment, the 

product consisted of 85% rounded particles showing the role of polymer as a growth 

control agent (Figures 2.11f-h, Table 2.2). The size analysis further showed that the 

change in the short axis length of the particles is comparable to the change in long axis 

length when the synthesis was performed in the presence of pAsp, indicating no 

elongation on a specific direction due to polymer attachment. This result indicates that 

pAsp inhibits the particle growth by unspecific surface binding. Further comparison of the 

relative amounts of rounded vs. facetted shapes for magnetite nanoparticles of the same 

size range (25 – 35 nm) synthesized in the presence and absence of pAsp showed that the 

number of rounded morphologies were consistently higher for the particles synthesized 

under the influence of pAsp which demonstrated that the development of facets is not 

connected to the larger particles size of the control crystals and underlines the role of 

polymer as a growth controller (Figures 2.11a-c-e-g). Additionally, the reduced size 

distribution suggests that pAsp is also able to control the nucleation period as compared 

to the control experiment. Unlike for the control experiment, which led to the formation 

of random aggregates, TEM showed that the particles synthesized in the presence of pAsp 

formed long strings (Figures 2.10b-c), which was attributed to the corresponding 

alignment of magnetic dipoles and/or the chelation of functional (active) carboxyl groups  
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Figure 2.10 Magnetite synthesis through partial oxidation in the presene of pAsp. a) TEM images of 

the particles Inset: TEM image at higher magnification b,c) Low-magnification dry TEM images of the 

product showing the nanoparticles assemble into long strings d) Cryo-TEM image of the particles e) 

Hysteresis loop by VSM measurement Inset: Enlargement of magnetic hysteresis showing coercivity 

and remanence f) Computer visualization of an assembly of nanoparticles viewed under different tilt 

angles showing attachment of different strings with different colors. 
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Figure 2.11 Size and morphology distributions for particles synthesized in the absence (a,b,c,d) and 

presence (e,f,g,h) of pAsp. a,e) Size distribution of particles, b,f) Morphology distributions of 

particles, c,g) Morphology distributions of particles in the size range of 25 nm – 35 nm, d,h) 3D 

visualizations of the main morphology obtained by cryo-electron tomography (Cryo-ET). 

of pAsp on the magnetite surface during nucleation and growth stages, as proposed 

previously.[42, 43] Additionally cryo-TEM and cryo-ET were used in order to clarify whether 

the particles had formed strings on the TEM grid due to drying or whether string 

formation occurred already in solution. Figures 2.10d and 2.10f clearly show that the 

particles had already formed chains in solution and are not the result of drying. It should 

also be noted that the strings of particles were dispersible in water, in contrast to the 

control particles that precipitated immediately. Furthermore, zeta potential 

measurements of the sample showed that the net charge of the particle surface was 
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around -30 mV, suggesting that the polymer is present on the surface and prevents the 

uncontrolled aggregation that occurs for bare particles. Additionally, the obtained 

reduction in particle size and the observed morphological changes also suggested that 

pAsp was adsorbed to the nanoparticle surface and inhibits the growth. 

Magnetite nanoparticles synthesized by partial oxidation in the presence of pAsp were 

also analyzed by liquid cell STEM for which a sample is introduced in a chamber defined by 

two Si3N4 membranes and which allows visualization of a specimen in aqueous medium 

via scanning transmission electron microscopy.[44] STEM imaging for particles prepared in 

the presence of pAsp, given in Figure 2.12, confirmed the existence of strings composed of 

individual particles dispersed in solution, as was demonstrated by cryo-TEM. The 

measurement also showed that the individual particles within the solution were fixed in 

distinct chains and did not attach/detach or exchange between chains. Shorter chains 

were found to be more mobile while the aggregated chains had no movement at all. 

Liquid cell TEM analysis could not be performed on bare control particles as those were 

not stable in aqueous medium and accumulated on the Si3N4 windows of the chamber. 

For the investigation of their magnetic properties, hysteresis loops were obtained with 

a vibrating sample magnetometer (VSM) at room temperature for dry particles and are 

given in Figures 2.8-d and 2.10-e. Both in the presence and absence of pAsp, the particles 

have ferrimagnetic properties as is demonstrated by the existence of remanence and 

coercivity in the magnetization loop.  

 
Figure 2.12 Scanning Transmission Electron Microscopy (STEM) image of particles synthesized in the 

presence of pAsp through partial oxidation. 
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This observed ferrimagnetism for both the control and the polymer-stabilized particles is 

solely due to larger average particle size (25 – 35 nm) compared to the ~8 nm particles 

obtained from the co-precipitation reaction. For bare particles saturation magnetization 

(Ms) value is around 79.4 emu/g which is slightly lower than the value of 87.8 emu/g 

stated by Nishio et al. for the same type of particles.[33] The saturation magnetization for 

the particles synthesized in the presence of pAsp was found to be 77.7 emu/g, which is 

slightly lower than for the bare particles and attributed to the smaller particle size. In 

addition, this decrease in saturation magnetization will be partially due to the adsorption 

of non-magnetic pAsp onto the surface of the particles, as shown previously by Yuan et al. 

and as is also discussed in Chapter 5.[45] The coercivity of pAsp-coated magnetite particles 

was found to be lower than that of bare particles as the average size was smaller. It is 

further known that the morphology of the magnetic particles also affects the coercivity in 

the order of spheres<cubes<octahedral.[23] 

For the comparison of co-precipitation and partial oxidation methods that produce 

different particles with different magnetic properties (superparamagnetic and 

ferrimagnetic particles, respectively), it is important to consider the corresponding 

reaction conditions. In the case of co-precipitation, solution supersaturation (𝜎𝜎) with 

respect to magnetite is quite high, as shown in Equation 4.1: 

σ=ln�
[Fe]0

[Fe]eq
� ≈14 Eq. 4.1 

where, [Fe]0 is the total initial iron concentration that is equal to 2.9x10-2 M and [Fe]eq is 

the solubility of magnetite (3x10-8 M).[46] This high supersaturation leads to immediate 

formation of many nucleation sites after the addition of base. As the formation of 

magnetite nanocrystals consumes all the iron ions in the solution, while the pH remains 

constant, further growth of the particles is prevented. On the other hand, for partial 

oxidation, the soluble ferrous ion concentration drops remarkably from initial [Fe2+] = 5 

mM to [Fe2+]eq ≈ 2.8x10-12 M, as shown below: 

Ksp(ferrous hydroxide) = [Fe2+] [OH−]2 = 10−15.15 ≈ 7.1 · 10−16 [23] Eq. 4.2 
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[Fe2+]eq = Ksp / [OH−]2 = 7.1 · 10−16 / (1.6 · 10−2)2 ≈ 2.8 · 10−12 M Eq. 4.3 

Although it is difficult to estimate the solubility of magnetite under these conditions due 

to the continuous change in [Fe3+], the low solubility of ferrous hydroxide precursor 

ensures that high supersaturation levels are prevented during conversion of Fe2+ to Fe3+, 

which reduce the number of nucleation events and thus allow continuous growth after 

nucleation, leading to larger particles. 

2.4 Conclusion 

Magnetite nanoparticles were successfully synthesized by the aqueous partial 

oxidation of ferrous hydroxide precursor in alkaline medium. The control experiment 

which was conducted at room temperature produced large aggregates of octahedral, 

ferrimagnetic magnetite nanoparticles having an average size of roughly 35 nm. When the 

synthesis was performed in the presence of pAsp, the average size, morphology, 

organization and stability in aqueous medium was found to be affected due to polymer 

attachment onto the surface of magnetite crystals. Results showed a decrease of the 

average particle size from 35 nm to 25 nm, while the morphology of the particles changed 

from facetted to spherical. It was demonstrated by liquid STEM and cryo-TEM analysis that 

the particles formed micro-chains composed of many individual magnetite crystals due to 

interparticle magnetic or electrostatic interactions. No detachment of the nanoparticles 

was observed in liquid cell TEM experiments. The presence of pAsp also enhanced the 

colloidal stability of the particles due to negative surface charge which gives the 

opportunity to use the synthesized particles in different applications. As the same additive 

had no influence on the final product in the co-precipitation method, the importance of 

the reaction kinetics on the controlled formation of magnetite nanoparticles is pointed 

out. It is proposed that the polymer additive does not affect the crystal nucleation or 

growth throughout the co-precipitation method. This is a result of faster reaction kinetics, 

which leads to the immediate formation of many nucleation sites and depleting the iron 

source needed for further growth. In contrast, for partial oxidation which is based on the 

gradual oxidation of ferrous hydroxide precursor, the slower reaction kinetics allows the 
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pAsp to interact with the developing mineral and to have considerable effect on 

mineralization process. The decrease in average size, the changes in particle morphology 

from octahedral to spherical and the narrower size distribution suggest that pAsp is active 

during both nucleation and growth. The alignment of the particles is most likely due to 

magnetic dipole interactions while the polymer prevents the aggregation of individual 

strings composed of several ferrimagnetic magnetite nanoparticles.  

Hence, with this bio-inspired approach, it is possible to alter the kinetics of 

mineralization of magnetite nanoparticles by the addition of simple polymeric additives 

which allows the control over size, shape and organization thus magnetic properties in 

aqueous medium and at ambient conditions as are also used by magnetotactic bacteria.  
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Chapter 3 

 

Dispersion of superparamagnetic magnetite nanoparticles 

using thermoresponsive stabilizer poly(ethylene imine)-graft-

poly(oligo(ethylene glycol methyl ether) methacrylate 

 

Abstract 

In this chapter, a simple route to synthesize poly(ethylene imine)-graft-poly(oligo(ethylene 

glycol methyl ether) (PEI-graft-POEGMA) functionalized superparamagnetic magnetite 

nanoparticles is described. The PEI-graft-POEGMA coated magnetite nanoparticles were 

synthesized by a basic aqueous co-precipitation method and analyzed by transmission 

electron microscopy, thermogravimetric analysis, vibrating sample magnetometry and 

dynamic light scattering. Copolymer functionalized magnetite nanoparticles with an 

average size of 7.4 nm were found to be stable in aqueous medium and the resulting 

magnetite – copolymer suspension is a promising candidate for the applications that seeks 

thermoresponsive properties. 

 

 

 

 

* This work has been published: A. Kleine, C. L. Altan, U. E. Yarar, N. A. J. M. Sommerdijk, S. Bucak, S. 

J. Holder, Polym. Chem. 2014. 
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3.1 Introduction 

Magnetic iron oxide particles having sizes from a few nanometers to several 

micrometers are widely used in a number of biomedical applications such as drug 

delivery,[1, 2] magnetic resonance imaging (MRI)[3-5] and separation techniques.[6] For drug 

delivery systems, magnetic particles with suitable polymer coatings containing drugs are 

directed to tumor sites by using a controlled external magnetic field. Specific 

thermoresponsive polymers can trigger drug release due to local temperature changes 

induced by magnetic nanoparticles via an applied magnetic field. Thus thermoresponsive 

polymer - magnetic nanoparticle complexes are potential candidates for magnetically 

directed targeting, magnetically induced drug delivery and hyperthermia.[1, 7, 8]  

Magnetite (Fe3O4), which contains both Fe+2 and Fe+3 ions is the most used material 

for magnetic nanoparticles due to its excellent magnetic properties and biocompatibility. 

Many synthesis methods have been reported for the aqueous synthesis of 

superparamagnetic magnetite nanoparticles of which chemical co-precipitation is the 

most frequently used owing to its simplicity. In this method, ferrous and ferric ions are 

mixed in a stoichiometric ratio of 1 to 2 in the presence of a base at high pH under inert 

conditions. The latter is to prevent oxidation of particles to maghemite which is also a 

magnetic iron oxide but has a lower saturation magnetization. Superparamagnetic 

magnetite nanoparticles are generally stabilized with surfactants or polymers preventing 

sedimentation and/or aggregation in solution.[2] It has previously been shown that 

poly(ethylene imine) (PEI) can absorb onto magnetic nanoparticles as primary layer and a 

secondary layer of poly(ethylene oxide)-co-poly(glutamic acid) can give particles long term 

stability in physiological salt solution.[9] Poly(ethylene glycol) (PEG) or poly(ethylene oxide) 

(PEO) has also been used by several groups to obtain stability in aqueous medium.[10-12] 

PEO possesses the advantage of being non-toxic and biocompatible and is widely used in 

biomedical applications. PEI has also been investigated as a gene therapy carrier due to 

the high number of ammonium groups that are available to electrostatically interact with 

phosphate groups in DNA.[13-15] Such polymeric ammonium groups are ideal cationic 

stabilizers for magnetite nanoparticles however PEI is relatively cytotoxic. Copolymers 

formed from PEI and stimulus responsive polymers have been used for systems which are 
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effective for controlled release.[16, 17] The PEI-graft-POEGMA copolymers used for the 

synthesis of stable superparamagnetic nanoparticles were specifically designed to take 

advantage of a number of design principles for nanoparticle stabilization and biomedical 

application. The PEI backbone (of which a significant variety is commercially available) has 

the function of providing a number of amine groups that can directly interact with the iron 

oxide surface. A recent research reported an improved nanoparticle stability by using a 

dendritic stabilizer rather than linear analogues.[18] While dendritic stabilizers are 

attractive for many applications, the synthesis of such materials is multistep, time 

consuming and costly. On the other hand, branched or hyperbranched materials offer 

many of the advantages that dendritic compounds can offer at a fraction of the cost and 

synthetic effort. For this, a low molecular weight branched PEI backbone was chosen for 

the synthesis of PEI-graft-POEGMA. The POEGMA polymer component is a bottle – brush 

type polymer with a polymethacrylic backbone containing side chains of oligoethylene 

oxide. POEGMA has shown significant promise for bioconjugate systems due to its water 

solubility and thermoresponsive properties.[19, 20]  

This chapter presents the stabilization of superparamagnetic magnetite nanoparticles 

via a synthetic PEI-graft-POEGMA polymer by taking advantage of the adsorption ability of 

the PEI backbone with magnetite surface and steric stabilization from the comb - like 

POEGMA chains[21] which also have thermoresponsive properties. 

3.2 Experimental 

3.2.1 Materials 

Ferric chloride (FeCl3) and ferrous sulfate heptahydrate (FeSO4.7H2O) were purchased 

from Riedel-deHaen and sodium hydroxide (NaOH) was purchased from J.T. Baker. All 

were analytical grade and used without further purification. Oligo(ethylene glycol methyl 

ether) methacrylate (Mn ≈ 360, Sigma-Aldrich) , 2-bromo-2-methylpropanoyl bromide 

(98%, Sigma-Aldrich), tetrahydrofuran (analytical reagent grade, Fisher Scientific) and 

ethanol (analytical reagent, Fisher Scientific) were purchased and used without further 

purification.  
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3.2.2 Characterization 

Particle sizes, distributions and morphologies of the nanoparticles were analyzed by 

FEI Tecnai G2 Sphera Transmission electron microscope (TEM) operating at 200 kV by 

drying 30 µL of samples on carbon coated 200 mesh copper grids. Phase identification of 

synthesized nanoparticles was obtained by Rigaku X-Ray difractometer (XRD) by scanning 

2-theta range of 20o to 70o at room temperature with 0.02 theta increments per 10 s. 

Magnetic properties of both bare and PEI-b-POEGMA coated particles were analyzed by 

vibrating sample magnetometry (VSM) in a dry state and room temperature. DLS 

measurements were performed on the PEI-graft-POEGMA stabilised nanoparticle 

dispersions using a Malvern Zetasizer Nano ZS with Dispersion Technology Software (DTS). 

For all measurements, 10 scans were repeated three times and the average at each 

temperature were reported. 

3.2.3 Synthesis of magnetic nanoparticles 

Superparamagnetic magnetite nanoparticles were prepared by facile chemical co-

precipitation method with slight modifications. Typically, FeCl3 (0.141 g) and FeSO4.7H2O 

(0.121 g) were dissolved in 40 mL distilled water which was de-aerated by bubbling with 

nitrogen for 30 minutes to remove any dissolved oxygen before use. The solution was 

then stirred for 15 minutes for complete mixing under nitrogen atmosphere. A solution of 

PEI-graft-POEGMA (38 mg) in aqueous NaOH (0.257 g in 10 mL) was added to the iron 

salts solution rapidly and solution changes color from orange to black immediately 

indicating the formation of magnetite nanoparticles. Amount of PEI-b-POEGMA was 

adjusted in such a way that iron to amine groups of PEI backbone molar ratio was 100:1. 
The resulting solution was then stirred for another 30 minutes at room temperature. 

Particles were collected after centrifugation and final precipitate was then dried in 

vacuum oven overnight at 60 oC. Magnetite nanoparticles without stabilizer were 

prepared with identical procedure but without the addition of PEI-graft-POEGMA.  
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Figure 3.1 Structure of PEI-graft-POEGMA copolymer. 

3.2.4 Synthesis of poly(ethylene imine)-graft-poly(oligo(ethylene oxide) methyl ether 

methacrylate) (PEI-graft-POEGMA) 

OEGMA (Mn = 300, 5 g, 18.1 mmol), CuCl (0.0036 g, 0.362 mmol), 4,4’-dinonyl-2,2’-

bipyridine (dNBpy) (0.2959 g, 0.724 mmol) and ethanol (14 ml) were mixed and sealed in a 

Schlenk tube. The reaction of 2-bromo-2-methylpropanoyl bromide with low molecular 

weight PEI sample (Mn = 600) produced a PEI macro-initiator (PEI-Br) suitable for the atom 

transfer radical polymerization (ATRP) of OEGMA and after 45 minutes of degassing with 

nitrogen, PEI – initiator in ethanol (0.1 g/mL) was injected via gastight syringe. The mixture 

was left stirring at room temperature under nitrogen for 48 hours. The polymer was 

isolated by slow addition of THF solution to an excess of hexane. The product finally 

precipitated as a green viscous liquid and was collected by centrifugation prior to drying 

overnight under vacuum at 35 oC. The synthesis of PEI-graft-POEGMA copolymer was 

performed by A. Kleine from the Functional Materials Group of the University of Kent. 

Additional synthesis details and corresponding characterization can be found elsewhere. 
[22] 

3.3 Results and Discussion 

3.3.1 Characterization of PEI-graft-POEGMA stabilized magnetic nanoparticles 

The synthesis of superparamagnetic magnetite nanoparticles by chemical co-

precipitation is known to yield crystalline random oriented particles with various 
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morphologies, having an average size between 6 to 10 nm with a fairly broad size 

distribution.[23] The morphology of the particles prepared in the presence of PEI-graft-

POEGMA was analyzed by Transmission Electron Microscopy (TEM) while size and size 

distribution analyses were performed by measuring 150 particles on TEM images (Figure 

3.2-a). The presence of the polymer does not seem to affect the size and size distribution 

significantly. As seen from Figure 3.2-b, the average size of the bare particles was 

determined to be 7.9 nm while particles coated with PEI-graft-POEGMA had an average 

size of 7.4 nm. The size distributions of both samples were almost the same with sample 

standard deviations of 1.35 nm and 1.50 nm for PEI-graft-POEGMA coated and bare 

magnetite nanoparticles, respectively. Dynamic light scattering (DLS) analysis of a 1 wt% 

dispersion of the stabilized particles at 20.1 oC gave a number average particle diameter of 

48.3 nm with a standard deviation of 8.58 nm. This particle diameter is considerably larger 

than that is observed by TEM and indicated that the particles form aggregates in solution, 

as is well documented.[24-28]   

 

Figure 3.2 TEM micrograph of PEI-graft-POEGMA stabilized superparamagnetic iron oxide 

nanoparticles (a), Size distributions of bare and PEI-graft-POEGMA stabilized nanoparticles (b). 

As can be seen from Figure 3.2, the particles show no specific shape but irregular 

morphologies which is not different than the particles synthesized in the absence of PEI-

graft-POEGMA. Higher magnification analysis of the particles via TEM showed cubic, 

octahedral and spherical morphologies as are often obtained from chemical co-

precipitation. X-ray diffraction analysis of the nanoparticles synthesized in the presence of 
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PEI-graft-POEGMA, given in Figure 3.3, shows the characteristic reflections of peaks 

assigned to magnetite and/or maghemite without existence of other iron oxide phases. As 

was expected for the co-precipitation method, there was no difference in the morphology 

or diffraction pattern between the particles prepared with and without PEI-graft-

POEGMA. 

 

Figure 3.3 X-ray diffraction pattern for PEI-graft-POEGMA stabilized superparamagnetic 

nanoparticles compared with simulated pattern of magnetite.  

The magnetic properties including saturation magnetization, coercivity and remenance 

of the particles prepared in the presence and absence of PEI-graft-POEGMA were 

analyzed by Vibrating Sample Magnetometry (VSM). Figure 3.4-a shows the corresponding 

hysteresis loops with no coercivity or remenance indicating that both samples have a 

superparamagnetic nature. The saturation magnetization of particles coated with PEI-

graft-POEGMA was found to be 40.7 emu/g while for bare particles it is 48 emu/g which in 

both cases is less than for bulk magnetite[29]. The lowering of saturation magnetization for 

the particles prepared in the presence of copolymer can be attributed to the presence of 

the non – magnetic PEI-graft-POEGMA coating as the crystal structure, morphology and 

average size of the nanoparticles remain unchanged.[30] The effect of surface coatings on 

the magnetic properties of magnetite nanoparticles is investigated in the chapter 5 of this 

thesis.[30] 
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Figure 3.4 Magnetization (a) and TGA (b) curves of bare and PEI-graft-POEGMA stabilized iron oxide 

nanoparticles. 

Thermogravimetric analysis (TGA) given in Figure 3.4-b showed a 6 % weight loss for 

uncoated superparamagnetic iron oxide nanoparticles due to the release of adsorbed 

water from the nanoparticle surface. On the other hand PEI-graft-POEGMA coated 

magnetic nanoparticles showed a further loss of 8.5 weight % demonstrating the existence 

of a degradable organic component (PEI-graft-POEGMA) on the iron oxide nanoparticles.  

As many applications require stable superparamagnetic iron oxide nanoparticles, it is 

essential to apply a suitable surfactant or polymer coating during (one-step) or after (two-

step) the synthesis. Superparamagnetic magnetite nanoparticles prepared in the presence 

of PEI-graft-POEGMA copolymer were dispersed in distilled water by sonication after 

drying. Although some settling occurred over time, the dispersed particles largely 

remained stable over days. It should be noted that bare particles without any surface 

modifications aggregated and precipitated in a matter of minutes. 

3.4 Conclusion 

In summary, a facile synthetic route is presented for the preparation of 

thermoresponsive poly(ethylene imine)-graft-poly(oligo(ethylene glycol methyl ether) 

(PEI-graft-POEGMA) functionalized superparamagnetic iron oxide nanoparticles. It was our 
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aim to obtain an attachment between the polymer backbone and the magnetite surface 

via the PEI amine groups and stabilization via ethylene glycol tails in polar solvents. XRD 

and ED results validated the formation of magnetite and/or maghemite phase and TGA 

results showed the existence of a polymer coating on the nanoparticle surface. Particles 

prepared in the presence of the PEI-graft-POEGMA copolymer were superparamagnetic 

while saturation magnetization was found to be less than bulk magnetite but comparable 

with that of the bare nanoparticles taking the PEI-graft-POEGMA layer into account. The 

function of the synthetic PEI-graft-POEGMA was demonstrated as a stabilizer in the 

preparation of superparamagnetic iron oxide nanoparticles which retained all the 

characteristics of bare nanoparticles.  
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Chapter 4 

 

Polymer-directed synthesis and stabilization of ferrimagnetic 

magnetite nanoparticles in water 

 

Abstract 

In this chapter a novel synthesis method for the production of water soluble, single 

domain magnetite is reported. Octahedral ferrimagnetic magnetite nanoparticles with an 

average size of ~55 nm were synthesized through oxidative aging of a ferrous hydroxide 

(Fe(OH)2) precursor at high pH in water. The synthesis was also carried out in the presence 

of the hydrophilic polymer poly(acrylic acid). Particle morphology changed from 

octahedral to spherical while the average size decreased to 40 - 50 nm. Dispersions of 

these particles were stable in water for several days making them suitable for various 

applications such as magnetic hyperthermia. 
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4.1 Introduction 

There is a growing interest in the synthesis of magnetite nanoparticles due to their 

excellent magnetic and biocompatible properties. The effective use of these nanoparticles 

in a variety of applications such as heat transfer,[1, 2] drug delivery,[3] magnetic 

hyperthermia[4] and MRI[5] mainly depends on their magnetic properties and colloidal 

stability. Therefore efforts are being made towards the synthesis and stabilization of 

magnetite in both polar and organic solvents with suitable additives that have affinity to 

the magnetite surface without affecting the magnetic properties. These properties can be 

tuned by using different synthetic routes with or without additives, as magnetic properties 

are largely determined by particle size and morphology. Magnetite nanoparticles with 

sizes below 20 - 30 nm are superparamagnetic at room temperature while larger single 

domain particles are ferrimagnetic having higher magnetic saturation with persistent 

coercivity and remanence.[6] There are versatile synthesis methods for the production of 

magnetite nanoparticles, using thermal decomposition [7-9], microemulsions [10, 11] and 

hydrothermal synthesis [12, 13]. However, the most used method to synthesize magnetite 

nanoparticles is co–precipitation due to its simplicity.[14] In this method both Fe2+ and Fe3+ 

salts are mixed at a 1:2 stoichiometric ratio in aqueous medium under inert conditions and 

particles are precipitated after a sharp increase of pH by the addition of a suitable base. 

While this is a very convenient way to produce superparamagnetic magnetite 

nanoparticles, it yields particles with a wide size distribution and irregular morphologies 

all of which prevent uniform magnetic, chemical and physical properties.[15, 16] On top of 

that, the saturation magnetization of these superparamagnetic nanoparticles is usually 

considerably less than that of the bulk phase. Alternatively, magnetite nanoparticles can 

be synthesized via the partial oxidation method in a aqueous medium, where a ferrous 

salt solution is gradually oxidized by a mild oxidant at basic conditions. One of the 

advantages of this method is the capability of producing single domain ferrimagnetic 

nanoparticles in water with a uniform morphology and size distribution. Oxidative aging of 

ferrous salt was first described by Baudisch.[17] Sugimoto and Matijevic then studied this 

method to prepare magnetite nanoparticles of different sizes.[18] Their work later on was 

used and intensively analyzed by several other groups.[19] Morales et al. synthesized 
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magnetite from 30 nm to 300 nm by precipitation of Fe(SO4) in alkaline medium in the 

presence of an oxidant. They reported that using a mixture of ethanol/water as the 

medium lead to particles which are colloidally stable at pH 7 due to sulphate anions being 

strongly bound to the surface. Additionally their calorimetric experiments showed that a 

sample prepared in ethanol/water mixture had a specific absorption rate (SAR) value of 95 

W g-1 at a particle concentration of 5 mg ml-1 which is among the highest values 

reported.[20] Vereda et al. also used the same synthesis method and reported specific 

conditions for the preparation of uniform single domain octahedral magnetite 

nanocrystals.[21] Tada et al. performed the oxidaton of Fe(OH)2 in the presence of H2O2 at 

room temperature and neutral conditions and showed the possibility of immobilizing 

biomolecules during magnetite synthesis.[22] Partial oxidation of Fe(OH)2 was also used to 

control the size and morphology of magnetite nanoparticles where the small acidic protein 

Mms6, isolated from Magnetospirillum magneticum, was introduced to the reaction and 

acted as a nucleation and/or growth modifier.[23] These ferrimagnetic magnetite 

nanoparticles are interesting for specific applications, such as magnetic hyperthermia[24, 

25], magnetic particle imaging (MPI)[26] and other biomedical applications.[27] However, 

strong magnetic attractions due to the high degree of magnetization and hydrophobic 

interactions in many cases cause ferrimagnetic particles to aggregate and precipitate 

easily.[28] Although oxidative aging of ferrous hydroxide has been used to synthesize 

magnetite nanoparticles at different conditions for many years, studies that concentrate 

on the colloidal stability of the corresponding particles are limited. As a consequence, a 

simple route that can produce ferrimagnetic magnetite nanoparticles readily stabilized in 

water is needed for the development of future potential applications. An appropriate 

coating with polymers, biomolecules or surfactants can improve stability and protect the 

surface of magnetite from oxidation which deteriorates the magnetic properties. While 

these additives enhance stability, they can also tailor the surface functionality for 

additional attachments in specific applications. Such a core – shell structure of 

functionalized magnetite nanoparticles benefits both from the basic magnetic properties 

of the core and the intrinsic properties of the coating agent e.g. biocompatibility or 

biodegradability. However a non – magnetic coating around the particles may also alter 

the magnetic properties of the particles, which should be taken into consideration.[29] 
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The aim of this study is to formulate a one-step synthesis method for stabilized 

ferrimagnetic magnetite nanoparticles with poly(acrylic acid) using partial oxidation. As 

poly(acrylic acid) is deprotonated at all pH values > ~6 (pKa = 4.2), it is expected to bind to 

the iron cations on the magnetite surface,[30] but also extend into the solution providing 

electrostatic stabilization. Indeed there have been many reports showing the successful 

applications of poly(acrylic acid) in many biomedical applications.[31-34] Previously 

poly(acrylic acid) was used in the synthesis of magnetite nanoparticles, either as stabilizer 

or as growth control agent. Yin et al. used high-temperature hydrolysis for the synthesis of 

water soluble superparamagnetic magnetite nanoparticles by using poly(acrylic acid) as a 

capping agent.[35] The same group also showed that it is possible to synthesize uniform 

colloidal clusters of superparamagnetic magnetite nanoparticles that were again highly 

dispersible in water due to surrounding poly(acrylic acid) chains.[36] Lin et al. showed that 

superparamagnetic magnetite particles synthesized via co-precipitation in the presence 

and absence of poly(acrylic acid) have different mean particle sizes, indicating that 

poly(acrylic acid) acted as a nucleation and growth control agent. It was also shown that 

the stability of the particles can be tuned as a result of electrostatic and steric repulsion by 

changing the pH of the medium.[37] 

Although synthetic routes for superparamagnetic magnetite nanoparticles stabilized in 

aqueous medium are well established in the literature. Here we demonstrate the first 

synthetic route to obtain ferrimagnetic particles with narrow size distribution and high 

saturation magnetization suspended in aqueous medium by a commercial polymer. These 

colloidally stable magnetic nanoparticles synthesized via partial oxidation with a 

hydrophilic biocompatible polymer at neutral pH lend themselves for potential biomedical 

applications. 

4.2 Experimental 

4.2.1 Materials 

Potassium hydroxide and potassium nitrate were purchased from J.T. Baker and Sigma 

Aldrich respectively. Ferrous sulfate heptahydrate (FeSO4.7H2O) was purchased from 
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Riedel-de Haen and poly(acrylic acid) (Mw: 250 kDa and 450 kDa ) were purchased from 

Aldrich. All chemicals were used without further purification.  

4.2.2 Characterization 

Transmission electron microscopy (TEM) images and selected area diffraction patterns 

(SAED) for the samples were obtained with a FEI Tecnai G2 Sphera operating at 200 kV 

with LaB6 filament and a bottom-mounted 1024 x 1024 Gatan 794TM CCD camera. For 

analysis, 30 µL of samples were dried on carbon coated 200 mesh copper grids. Phase 

identification of the particles synthesized in the presence of poly(acrylic acid) was 

obtained by Rigaku X-Ray difractometer (XRD) by scanning 2-theta range of 10o to 70o at 

room temperature with 0.02 theta increments per 10 s. Magnetic properties of both bare 

and poly(acrylic acid) coated particles were analyzed and hysteresis loops were obtained 

by Vibrating Sample Magnetometry (VSM) in a dry state and at room temperature. 

Dynamic light scattering (DLS) measurements were performed on a Malvern Zetasizer 

Nano ZS by dispersing functionalized particles in ultrapure water using ultrasonic 

agitation. 

4.2.3 Synthesis of ferrimagnetic magnetite nanoparticles 

The synthesis of ferrimagnetic magnetite nanoparticles was adopted from a previous 

study of Vereda et al. [21] which is a slight modification of Sugimoto and Matijevic’s 

method. [18] Briefly, 12.5 mL KNO3 solution (2 M) and 6.25 mL KOH solution (2.78 M) were 

added to 100 mL of water and transferred to a 500 mL round bottom flask. Then the 

solution was degassed for 60 minutes. Simultaneously, a ferrous salt solution (0.5 M) was 

prepared by dissolving 0.868 g FeSO4.7H2O in 6.25 mL of degassed water. The iron 

solution was then added to the main flask containing the base and the oxidant. The 

mixture was bubbled with nitrogen for another minute. The flask was immediately sealed 

airtight with a rubber stopper and put in an oil bath that was preheated and maintained at 

90 oC.  After 4 hours the reaction mixture was cooled down and particles were isolated 

with a handheld magnet. The collected particles were washed with ultrapure water and 

recollected with a handheld magnet several times. Finally, the particles were dried in a 

vacuum oven at 60 oC for overnight. Polymeric additives and surfactants were introduced 
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into the synthesis by dissolving them in the KOH & KNO3 solution and concentrations were 

adjusted either 1:1 or 1:5 according to the ratio of the iron ions present to functional 

groups of the additives respectively. The rest of the synthesis procedure was identical.  

4.3 Results and Discussion 

Magnetite nanoparticles were prepared by oxidation of iron(II) ions in the presence of 

an oxidant at high pH. The method is based on the gradual oxidation of ferrous ions to 

ferric ions in order to form magnetite nanoparticles. This step combined with the 

nucleation and growth of the particles requires significantly longer reaction times (hours) 

than the frequently used fast chemical precipitation method (seconds) and thus provides a 

better opportunity for surface active polymers to interact with the iron oxide surface. 

The size and morphology of the particles synthesized by partial oxidation were 

analyzed by transmission electron microscopy (TEM). TEM analysis showed that the 

synthesis performed in the absence of any additives yields octahedral particles with a 

uniform morphology and narrow size distribution. As shown in Figure 4.1, the average 

particle size was found to be 54.6 nm with a sample standard deviation of 10 nm by 

measuring the length of the two diagonals of the corresponding octahedron (Figure 4.2). 

This result exactly matches the previous findings of Vereda et al. [21] 

 

Figure 4.1 TEM micrographs of bare magnetite nanoparticles synthesized by partial oxidation of 

ferrous hydroxide. 
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Phase identification of the samples prepared in the absence of additives was 

performed by X-ray and electron diffraction analyses. Results showed that bare particles 

were highly crystalline and all the d-spacings and corresponding peak positions matched 

well with those of magnetite. It has been reported that unless the reaction conditions are 

accurately controlled, this method is capable of producing various iron oxides.[38]  

Nevertheless XRD and SAED analysis showed that the product was phase pure and no 

other iron oxide phases were present. 

 

Figure 4.2 Size distributions of magnetite nanoparticles synthesized without additives (55±10 nm). 

The synthesis of the magnetite nanoparticles was first performed in the presence of 

trisodium citrate, poly(ethyleneimine) (25 kDa), poly(ethylene oxide) (100 kDa), 

poly(ethylene oxide) (600 kDa) and poly(acrylic acid) (8 kDa) as these additives were 

previously shown to enhance the stability of magnetite nanoparticles when other 

synthetic routes were employed. [36, 37, 39-46] According to the TEM analysis the average 

particle sizes were in the range of 50 – 80 nm (Figure 4.3). Moreover, it was clearly seen 

that the presence of trisodium citrate affected the growth of the particles as the 

morphology changed from octahedral to rounded particles as compared to the control 

experiment. Similar effects of citrate were also reported previously in several other 

studies. [44-46] It is evident that trisodium citrate aided the growth of the particles as the 

average particle size increases compared to bare particles. Additionally when the 

concentration of trisodium citrate is increased, the average particle size of the sample 

decreased from 79 nm to 52 nm while in both cases the size distributions of the particles 
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were still wider than the control experiment implying that trisodium citrate affects both 

the nucleation and growth of the nanoparticles. This decrease in average particle size by 

the increase in the concentration of citrate groups is in line with the previous study of Jing 

et al.[46]  

 

Figure 4.3 Particle size distributions of samples prepared in the presence of different additives with 

mean markers and outliers. Concentrations were adjusted either 1:1 or 1:5 according to the ratio of 

the iron ions present to functional groups of the additives respectively 

In contrast to trisodium citrate, the presence of poly(ethylene oxide) (600 kDa) and 

poly(acrylic acid) (8 kDa) resulted in larger particles with octahedral morphology as shown 

in Figure4.3 and Figure 4.4. On the other hand, poly(ethyleneimine) (25 kDa) and 

poly(ethylene oxide) (100 kDa) were not found to have much influence on the formation 

of magnetite nanoparticles as the average sizes of the particles were comparable with the 

control experiment. However, in the case of poly(ethylene oxide), the size distribution was 

broader than with poly(ethyleneimine) where the particles had almost the same 

distribution as the bare particles. Hence all additives, apart from poly(ethyleneimine) led 

to particles having a broader size distribution as compared to the bare particles. 

Moreover, none of the abovementioned additives did significantly increase the colloidal 

stability of the synthesized magnetite nanoparticles in either neutral or basic conditions.  

Partial oxidation of ferrous hydroxide at high temperature was also performed in the 

presence of poly(acrylic acid) (450 kDa) at 1:1 ratio of iron ions present to functional 
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groups  of the polymer (Fe2+/-COO-). The corresponding particles were analyzed by TEM 

(Figure 4.4-f and Figure 4.5) and the average particle size was found to be around 49 nm 

with a sample standard deviation of 16 nm. The obtained nanoparticles showed a wider 

size distribution as compared to the control experiment (Figure 4.6) which suggest that 

the presence of the polymer promoted the nucleation of new particles during the growth 

process. 

 

Figure 4.4 TEM micrographs of the particles synthesized in the presence of various additives. a) Bare 

b) poly(ethylene oxide) (100 kDa) 1:1 c) poly(ethylene oxide) (600 kDa) 1:1 d) poly(acrylic acid) (8 

kDa) 1:1 e) poly(acrylic acid) (8 kDa) 1:5 f) poly(acrylic acid) (450 kDa) 1:1 g) trisodium citrate 1:1 h) 

trisodium citrate 1:5 i) poly(ethyleneimine) (25 kDa) 1:1 – Scale bars are 100 nm. 
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Comparable to the effect of trisodium citrate, the morphology of the particles was also 

changed from octahedral to spherical which is most likely due to the interaction of the 

functional groups on the polymer with magnetite surface during growth. Most strikingly, 

these particles exhibited a colloidal stability that was not achieved by any other additive or 

the same polymer of lower molecular weight. 

 

Figure 4.5 TEM micrographs of the particles synthesized in the presence poly(acrylic acid) (450 kDa). 

X–ray and Electron diffraction analyses of the particles synthesized in the presence of 

poly(acrylic acid) (450 kDa) confirm the formation of single phase magnetite without 

existence of any other iron oxides by comparing the positions and relative intensities of all 

reflections (Figure 4.7). 

 

Figure 4.6 Size distributions of magnetite nanoparticles synthesized in the presence of poly(acrylic 

acid) (450 kDa) (49±16 nm). 
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Figure 4.7 a) Dry powder X–ray diffraction patterns of particles prepared in the presence and 

absence of poly(acrylic acid) (450 kDa) b) Electron diffraction radial average of bare particles 

synthesized in the absence of any additives. The inset shows the corresponding Selected area 

diffraction pattern (SAED). 

Dynamic light scattering (DLS) analysis showed that the number average hydrodynamic 

diameter was 72 nm for particles synthesized in the presence of poly(acrylic acid) (450 

kDa) which is significantly higher than the diameter of 49 nm that was obtained with TEM 

analysis for the same particles. This increase in size shown by DLS obtained can be 

attributed to the presence of the polymer on the surface of the magnetite particles 

(Figure 4.8). 

For magnetic properties, hysteresis loops obtained at room temperature are given in 

Figure 4.9. Bare particles prepared by oxidation of ferrous hydroxide were found to have 

saturation magnetization (Ms) value around 69.2 emu/g which is less than 81.6 emu/g 

stated by Vereda et al. for the same type of particles.[21] Particles synthesized in the 

presence of poly(acrylic acid) (450 kDa) had a comparable saturation magnetization of 

68.7 emu/g. Although both particles showed ferrimagnetic properties due to the existence 

of remanence and coercivity on the magnetization loop, these ferrimagnetic properties 

were lower for the poly(acrylic acid) coated particles due to their reduced average size.  
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Figure 4.8 Number average distribution given by DLS measurement for particles synthesized in the 

presence of poly(acrylic acid) (450 kDa). 

 

Figure 4.9 VSM measurements of particles synthesized in the presence and absence of poly(acrylic 

acid) (450 kDa). 
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Figure 4.10 TEM micrographs of the particles synthesized in the presence of poly(acrylic acid) (250 

kDa). 

 

Figure 4.11 Size distributions of magnetite nanoparticles synthesized in the presence of poly(acrylic 

acid) (250 kDa) (40±10 nm). 

The synthesis of magnetite nanoparticles was also performed in the presence of a 

lower molecular weight poly(acrylic acid) (250 kDa) in order to compare the effect of chain 

length of the polymer on the stabilization of the particles in water. TEM analysis, given in 

Figure 4.10, illustrated similar spherical morphology for the particles as in the case of 

higher molecular weight PAA. The average size of the particles was found to be 40±10 nm, 

which is smaller than particles prepared both in the absence and presence of PAA having 

higher degree of polymerization (Figure 4.11). This result illustrates that the lower 
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molecular weight polymer interacted better with the surface of the particles and prevent 

their further growth. Furthermore, although a moderate stability in aqueous medium was 

obtained with poly(acrylic acid) (250 kDa) for those comparably smaller ferrimagnetic 

particles, precipitation is faster (~2 days) than particles synthesized in the presence of 

poly(acrylic acid) (450 kDa). 

In the literature, several stabilizers are reported that provide colloidally stable 

magnetic nanoparticles. This shows that several surfactants and polymers potentially 

interact with the magnetite surface. However, colloidally stable ferrimagnetic magnetite 

particles at this higher size end of the nanoparticle range have not been produced. As the 

size of the nanoparticle become larger, the sedimentation force acting on the particle 

increases. In the case of highly magnetic particles, the magnetization also increases with 

size and particles have a tendency to form aggregates by magnetically sticking to each 

other.[47] This results in the loss of colloidal stability and the sedimentation of particles. It 

appears that a large steric barrier is needed in order to prevent this interaction and 

resulting sedimentation. The change in morphology from octahedral to spherical shows 

that citric acid and poly(acrylic acid) (250 kDa) interact with the surface of the magnetic 

particles. This suggests that sedimentation occurs due to insufficient colloidal stability to 

overcome the attractive magnetic force between the nanoparticles. For poly(acrylic acid) 

with a higher molecular weight, the large steric stabilization coupled with the electrostatic 

repulsion of the carboxyl groups as well as the viscosity increasing effect of the polymer 

(more than 5 times)[48] provide the required colloidal stability to resist the aggregate 

formation induced by magnetic forces.  

4.4 Conclusion 

Ferrimagnetic magnetite nanoparticles were synthesized by partial oxidation of ferrous 

hydroxide, resulting in highly crystalline octahedral particles of 55 nm with a narrow size 

distribution. Several additives at various concentrations were applied with the aim of 

stabilizing these ferrimagnetic particles. Only when the synthesis was carried out in the 

presence of poly(acrylic acid) (450 kDa), dispersible particles were obtained which showed 

excellent colloidal stability for several days. The obtained dispersions contained mainly 
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spherical nanoparticles with an average size of 49 nm which were identified as pure 

magnetite using XRD. Existence of poly(acrylic acid) (450 kDa) on the magnetite surface, 

which was shown by DLS analysis, increased the colloidal stability of the ferrimagnetic 

nanoparticles by electrostatic repulsion at neutral conditions. To our knowledge this is the 

first study that is capable of producing ferrimagnetic magnetite nanoparticles with high 

saturation magnetization via partial oxidation of ferrous hydroxide which can be stabilized 

in aqueous medium using a hydrophilic biocompatible polymer at neutral pH. 
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Chapter 5 

 

Effect of surface modification on magnetization of iron oxide 

nanoparticle colloids 

 

Abstract 

Magnetic iron oxide nanoparticles are widely used in several applications of which the 

efficiency depends on the magnetic properties of the particles. For these applications, 

magnetic particles are coated with surfactants and polymers to enhance stability, 

biocompatibility and functionality. However, these coatings may interact with the surface 

atoms of the magnetic core and form a magnetically disordered layer which reduces the 

total amount of the magnetic phase. In the current study, reduction of magnetic phase 

was investigated for commercial (amine and carboxyl funtionalized) and synthesized (oleic 

acid coated) magnetite nanoparticles of 7 nm – 12 nm by using vibrating sample 

magnetometry and the tiron chelation test. The largest reduction was experienced by 

amine functionalized particles where the ratio of the effective mass of the magnetic phase 

to the total mass was 0.5. Carboxyl-functionalized particles experienced a smaller 

reduction with a ratio of 0.64. On the other hand, oleic acid coated hydrophobic 

magnetite particles showed a solvent dependend reduction with a ratio of 0.5 in heptane 

and 0.4 in hexane. These results indicate the necessity of considering the reduction of the 

magnetic phase in the presence of various surface agents and suspension media in order 

to optimize the magnetic properties of magnetic nanoparticles.  

 

* This work has been published: Y. Yuan, D. Rende, C. L. Altan, S. Bucak, R. Ozisik, D. A. Borca-Tasciuc  

Langmuir, 28 (36) 2012. 
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5.1 Introduction 

There is a growing interest in magnetic iron oxide nanoparticles because of their 

unique physical and chemical properties. In recent years they have been extensively 

studied especially for specific applications, such as drug delivery[1-3], magnetic resonance 

imaging (MRI)[4-8] and cancer hyperthermia.[9-13] For all these applications, it is essential to 

coat magnetic iron oxide nanoparticles with surfactants and polymers to enhance stability 

and functionality. However, this surface treatment may decrease the effective size and the 

total amount of magnetic phase due to the formation of a nonmagnetic layer as a result of 

the interaction between the coating and the nanoparticle surface atoms. The formation of 

this nonmagnetic layer thus affects the concentration of the magnetic phase and the 

effective size can alter the efficacy of many biomedical applications. For example, in 

magnetic nanoparticle-driven cancer hyperthermia and MRI, these two parameters 

regulate the heat generation rate. [14, 15] In order to optimize the properties of the 

magnetic nanoparticles for these applications, it is important to understand how surface 

coatings change the effective size of the magnetic core. However, some studies indicate 

that the magnetic properties of magnetic particles change after surface modification. [16, 17] 

Kaiser et al. showed that the saturation magnetization for oleic acid coated magnetite 

nanoparticles depends on the type of the solvent. [16] Chantrell et al. studied more 

solvents and particles of different sizes, all stabilized with oleic acid. They showed that the 

product of saturation magnetization of the bulk phase and volume fraction of 

nanoparticles is higher than the saturation magnetization of the ferrofluid. This decrease 

was attributed to the interaction of the stabilizing surfactant with the magnetic core.[18] So 

far, none of these studies focused on coatings related to biomedical applications. In this 

work, commercial magnetite nanoparticles suspended in water and having different 

biocompatible coatings as well as bare particles are investigated. For comparison, 

hydrophobic oleic acid coated iron oxide nanoparticles suspended in hexane and heptane 

were also studied. The particles were characterized by transmission electron microscopy 

(TEM) for average size and particle morphologies. X–ray diffraction (XRD) and Raman 

spectroscopy were performed to identify the type of iron oxide present.  X-ray photo-

electron spectroscopy (XPS) was used to analyze the coatings of the commercial samples. 

76 
  



                                                        

 
The saturation magnetization values obtained from vibrating sample magnetometry (VSM) 

measurements were used to determine the amount of the magnetic phase by normalizing 

with respect to the saturation value of the bulk phase. The results were then compared 

with the total iron concentrations determined from the tiron chelation test showing the 

reduction in the magnetic phase for each type of coating and solvent used. For all samples 

the thickness of the nonmagnetic layer between the magnetic core and surface coating 

was calculated by fitting the experimental magnetization to the modified Langevin 

equation. 

5.2 Experimental 

5.2.1 Materials 

Commercial aqueous nanofluids, FluidMAG-amine, FluidMAG-UC/A and FluidMAG-

CMX were purchased from Chemicell. FluidMAG-UC/A contains non-functionalized bare 

nanoparticles that have a positive surface charge. The aminosilane coated particles in 

FluidMAG-amine have an amine (-NH2) group while the carboxymethyl-dextran coated 

nanoparticles in FluidMAG-CMX are terminated with carboxyl groups (-COOH). The 

mentioned coatings were selected for their wide range of applications, for example as cell 

targeting agents. [19, 20] Synthesized oleic acid coated iron oxide nanoparticles were also 

suspended in hydrophobic base fluids, hexane (MAG/OA-HEX) and heptane (MAG/OA-

HEP). These nanoparticles were synthesized by a thermal decomposition method which 

was adopted from a previous report of Sun et al. [21] Oleic acid used is a hydrophobic 

surfactant that binds to the surface via carboxyl groups leaving the hydrophobic tail free 

which facilitates suspension in nonpolar solvents.[22] 

5.2.2 Characterization 

The size and morphology of the particles were investigated with a JEOL 2011 

transmission electron microscope (TEM) operating at 200 kV. For TEM analysis, 

commercial samples were diluted with water and the oleic acid coated synthesized 

particles were dispersed either in heptane or hexane. For each sample a droplet is placed 

on a carbon coated copper grid. Crystal structure and phase identification of both 
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commercial and synthesized particles were obtained by X-ray diffraction (XRD) (X’pert 

PRO) by placing a droplet of the corresponding sample on a silicon based sample holder 

and drying at 70 oC.  Raman spectroscopy was performed to complement XRD results. A 

confocal raman microscopy (WITec 300R), equipped with a 532 nm green light laser and 

CCD camera, was used to characterize the samples with 1 s integration time and 30 

accumulations.  The laser power was in the range of 0.04 – 0.2 mW and calibrated with a 

Newport Optical Power/Energy meter before each use. For sample preparations, a drop of 

nanofluid was placed on a microscope cover slide and dried at 40 oC in the dark for 24 h. 

X-ray photoelectron spectroscopy (XPS) was used to validate the surface coatings on 

commercial samples. XPS was carried out on a PHI VersaProbe 5000 having 

monochromatic 100 µm beam of Al Kα radiation as X-ray source. Finally, the magnetic 

properties of the samples were obtained by a vibrating sample magnetometer (VSM – 

Lake Shore Inc.) at room temperature in a field strength range of ±1500 kA/m. 

5.2.3 Synthesis of magnetite nanoparticles 

Magnetite nanoparticles were synthesized by thermal decomposition as reported 

previously.[21] In a typical synthesis, Iron (III) acetylacetonate (0.706 g)  and 1,2 

tetradecanediol (2.3 g) were mixed with 20 mL dibenzyl ether in the presence of 1.9 mL 

oleic acid and 1.69 mL oleylamine in a round bottom flask. Under nitrogen atmosphere 

and constant magnetic stirring, the sample was heated up to 100 oC with a heating rate of 

2.5 oC/min. The temperature was maintained at 100 oC for 15 min and then gradually 

increased up to 200 oC with the same heating rate, where it stayed for 2 hours. Finally, the 

temperature was increased to 300 oC and kept at this temperature for 1 hour after which 

the solution was cooled down to room temperature. To collect the particles, methanol 

was added to the mixture and upon centrifugation at 7500 RPM for 15 minutes, a black 

precipitate was obtained which was dried in a vacuum oven overnight. 

5.2.4 The Tiron chelation test 

The Tiron chelation test was used to determine the total iron concentrations of the 

samples which then could be converted to the total concentration of magnetite phase in 

solution. Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt) chelates with iron 
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(II) and iron (III) ions at a ratio of three Tiron molecules to each iron ion. This complex 

exhibits a strong absorbance at 480 nm for samples with a pH greater than 9.[23] In a 

typical experiment, 0.4 mL concentrated hydrochloric acid solution was added to a 0.1 mL 

of magnetic fluid (Vsample) in order to liberate ferrous and ferric ions. The addition of acid 

also removes the existing surface coating around the particles. The obtained solution was 

heated with a heating gun for 15 s and cooled down to room temperature.  Then 0.6 mL 

Tiron solution (0.083 g/mL) was added to the mixture and the pH was increased to above 

9 by adding 3 mL of sodium hydroxide solution (4 M). The immediate color change from 

yellow to red indicates the chelation of iron ions with Tiron molecules. The resulting 

mixture was diluted with water up to 25 mL (Vfinal), followed by a second dilution with a 

dilution factor (DF) of 12.  The absorbance of the final solution was then measured with a 

spectrophotometer. The absorbance (A) of the liquid sample is related to the molar 

extinction coefficient at a specific wavelength, ε (L/mol.cm), the molar concentration, c 

(mol/L) and the thickness of the cuvette, d (cm) via the Beer-Lambert Law. The molar 

extinction coefficient for the complex, ε, was previously reported as 39.986 L/cm.mol.[24] 

The number of moles of ferric ions in the sample can be determined by the following 

equation: 

 nFe+3 = �
𝐴𝐴
𝜀𝜀.𝑑𝑑

� . �
DF. Vfinal
𝑀𝑀𝐹𝐹𝐹𝐹3+

� Eq. 5.1 

The stoichiometric coefficient for Fe3O4 and Fe3+ is 1:3 from the reaction between ferric 

oxide and hydrochloric acid. The concentration of iron oxide is calculated by multiplying 

the amount of Fe3+ (mol) with molecular weight of magnetite, followed by division with 

sample volume (Vsample): 

 
cmagnetite= �

A
ε.d
� .�

DF.Vfinal

MFe3+
� . �

1
3
� .�

Mmagnetite

Vsample
� Eq. 5.2 

5.3 Results and discussion 

The average size and size distributions of both commercial and synthesized magnetite 

nanoparticles were analyzed by measuring more than 100 particles for each sample on 

corresponding transmission electron microscopy (TEM) images. TEM micrographs, average 
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particle diameter, size distributions and corresponding sample standard deviations of 

FluidMAG-UC/A, FluidMAG-Amine, FluidMAG-CMX and oleic acid coated iron oxide 

nanoparticles are shown in Figure 5.1.  ± 

 

Figure 5.1 TEM images and corresponding particle size histograms of FluidMAG-UC/A (a), FluidMAG-

Amine (b), FluidMAG-CMX(c), MAG/OA-HEP (d), MAG-OA-HEX (e). 

The average particle size for bare particles (FluidMAG-UC/A) was measured as 11.7 nm 

with a sample standard deviation of 2.69 nm (Figure 5.1-a). On the other hand, the 

average size of aminosilane (FluidMAG-Amine) and carboxymethyl-dextran (FluidMAG-

CMX) coated particles were measured as 9.24 nm and 4.58 nm, respectively, while the 
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synthesized particles prepared by thermal decomposition method which are dispersed in 

heptane and hexane had average sizes of 6.64 nm and 6.82 nm, respectively (Figure 5.1-

b,c,d,e). Crystal structure and phase identification of the samples were obtained by X-ray 

diffraction. As shown in Figure 5.2, XRD spectra of all samples match with the simulated 

diffraction data of magnetite.  

 

Figure 5.2 X-ray diffraction patterns of (a) FluidMAG-UC/A, (b) FluidMAG-CMX, (c) FluidMAG-Amine, 

(d) MAG/OA-HEP, (e) MAG/OA-HEX and (f) simulated powder diffraction data for magnetite. 

As the XRD patterns of magnetite and its oxidized form maghemite are similar, Raman 

spectroscopy was also performed to verify the magnetite phase. In order to prevent 

transformation into hematite,[25, 26] a laser power of less than 0.2 mW was utilized. The 

results are shown in Figure 5.3 and all intensity peaks given in Table 5.1 are compared 

with those reported for Raman spectroscopy on iron oxide nanoparticles.[27, 28] As can be 

seen from Figure 5.3 and Table 5.1, all commercial and synthesized samples have a 

distinguishable intense peak around 670 cm-1 which is accepted as the signature peak of 

bulk magnetite.[25-30] Three other theoretical frequencies of magnetite give peaks around 

303-306, 450-510 and 528-538 cm-1.  
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Figure 5.3 Intensity as a function of wavelength from confocal raman measurements of (a) 

FluidMAG-UC/A, (b) FluidMAG-Amine, (c) FluidMAG-CMX and (d) MAG-OA. 

The Raman spectrum of bare particles (FluidMAG-UC/A) showed an intense peak at 678 

cm-1 and additional signals at 312, 486 and 536 cm-1, which are in good agreement with 

previous studies.[27] The wide shoulder around 700-720 cm-1 is attributed to maghemite, 

possibly revealing from the oxidation of magnetite during sample preparation.[27, 28, 30, 31] 

Functionalized commercial samples, FluidMAG-Amine and FluidMAG-CMX both have 

intensive peaks at 675 cm-1 and 678 cm-1, respectively, along with other representative 
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peaks, indicating the existence of magnetite. However, both samples, especially 

FluidMAG-CMX, represent additional peaks around 710 cm-1 indicating the presence of 

maghemite. Although the existence of maghemite phase is demonstrated by Raman 

spectroscopy, it is not possible to quantify the magnetite to maghemite ratio, thus it was 

assumed that all samples consist of pure magnetite in the calculations. The shoulders 

visible at 277 cm-1 and 326 cm-1 for carboxymethyl dextran coated particles provided 

additional evidence that these samples consisted of magnetite.[28] Oleic acid coated 

nanoparticles (MAG-OA) also have an intense peak with a shoulder at 664 cm-1 and peaks 

at 305, 451 and 533 cm-1, suggesting that the synthesis method followed in this study 

produces magnetite nanoparticles and minor amounts of maghemite. 

Table 5.1 Summary of the Raman Frequencies (cm-1) of the samples. st:strong. 

MAG-UC/A MAG-Amine MAG-CMX MAG-OA 
Chourpa, 

Maghemite[28] 

Shebanova, 

Magnetite[27] 

678 675 678 664 703 (st) 668 (st) 

536 525 525 533 652 538 

486 477 477 451 502 450-490 

312 315 309 305 330 306 

 

The presence of the surface coatings for commercial samples was validated by X-ray 

photo-electron spectroscopy (XPS). Wide range scans for FluidMAG-UC/A, FluidMAG-

Amine, FluidMAG-CMX and the carbon tape used to mount the samples are shown in 

Figure 5.4 where the regions scanned with high resolution and used for detailed surface 

analysis are specifically marked. The insets show Fe 2p3/2 and 2p1/2 peaks for commercial 

samples at 711.0 eV and 724.6 eV binding energies, respectively, which are in good 

agreement with the literature.[32-36] The low intensity seen for Fe2p peaks of FluidMAG-

CMX suggest a thick carboxymethyl dextran coating on the surface of the particles 

inhibiting the penetration of X-rays to the iron core. The hydroxyl groups present both on 

the uncoated (FluidMAG-UC/A) and amine coated (FluidMAG-Amine) sample exhibit an 

O1s peak at 530.2 eV, as shown previously.[35] FluidMAG-Amine contains aminosilane 
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groups that expose their amino groups to the surface of the particle. The presence of this 

group is confirmed by the presence of peaks at 399.9 eV and 401.0 eV, which represent –

NH2 groups.[37] FluidMAG-CMX has an O1s peak at 532.4 eV which is a signature of the 

carboxymethyl dextran coating.[38] This sample also contains peaks at 287.4 eV and 288.9 

eV corresponding to C-O-C bond and carboxyl group (-COOH), respectively.[39] These 

results support the existence of surface coatings around the particles as reported by the 

manufacturer. 

 

Figure 5.4 XPS spectra in the Fe2p, O1s, N1s and C1s regions of (a) FluidMAG-UC/A, (b) FluidMAG-

Amine, (c) FluidMAG-CMX and (d) carbon tape. Insets: Higher resolution of Fe2p regions for the 

samples. 

For the analysis of magnetic phase reduction due to the presence of a surface coating 

around the magnetic nanoparticles, results of the tiron chelation test were compared with 

magnetic properties as derived from the magnetization curves (Figure 5.5). For the tiron 

chelation test, the absorbance of the samples was measured at 480 nm and the 

corresponding masses of the magnetite phase were calculated, the results of which are 

given in Table 5.2. The saturation magnetization of the samples obtained from VSM 
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analysis can be used to estimate the volumetric concentration of the magnetic phase, 

ϕ,[40] using Equation 5.3: 

 ϕ=
Ms

Mb
 Eq. 5.3 

where Ms and Mb are the saturation magnetization of the magnetic nanofluid and bulk 

iron oxide (446 kA/m19), respectively. Finally, the mass concentration of the particles in 

solution can be determined from: 

 CM=ϕ.ρp Eq. 5.4 

Where ρp is the mass density of magnetite (5.18 g/mL).[41] 

 

Figure 5.5 Schematic representation of the particle and the non-magnetic layer. 

Table 5.2 shows the mass concentrations calculated from the tiron chelation test (CM) 

and the magnetization curves (CT) along with their ratio. This ratio (CM/CT) simply 

represents the proportion of magnetic phase to the entire magnetite mass present in the 

solution (Figure 5.6). As expected, the magnetization measurements indicate smaller 

amounts as compared to tiron chelation test due to the reduction in the magnetic phase 
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as a result of the surface modification.[16, 42] Therefore, (CM/CT) will be used as a measure 

of magnetic phase reduction which accounts for the surface disorder that causes the non-

magnetic layer within the magnetic core and not the surfactant layer around the particles. 

For the analysis of the effective radius of the magnetic core and the thickness of the 

nonmagnetic layer, the experimental magnetization is fitted by the modified Langevin 

model. [16] For polydisperse suspensions, the magnetization of the ferrofluid of volume Vo 

with ni particles of volume vi can be calculated by using size distributions from: 

 M
Mb

=��coth �
vi.MbH
4πkT � -

4πkT
vi.MbH�

∞

i=1

.ni.vi/Vo Eq. 5.5 

where k is the Boltzmann constant, T is the absolute temperature, H is the applied field, 

and Mb is the bulk magnetization of the material. The volume concentration, ϕo of the 

total mass of magnetite is: 

 
φo=��ni.Vi

∞

i=1

� /Vo Eq. 5.6 

where 𝑉𝑉𝑖𝑖 = (π/6).𝐷𝐷i3 is the total volume of the particle, including the nonmagnetic 

surface layer. The effective volume of the magnetic core can then be expressed by; 

 Vi= �
π
6
� .(Di-2ao)3 Eq. 5.7 

where ao is the thickness of the nonmagnetic layer formed due to the presence of the 

surface coating. By substituting Equations 5.6 and 5.7 into 5.5, the final expression for 

saturation magnetization as a function of material properties is obtained as: 

 M
φo.Mb

=��coth�
(Di-2ao)3.MbH

24kT � -
24kT

(Di-2ao)3.MbH�
∞

i=1

.ni.(Di-2ao)3/�ni.Di
3

∞

i=1

 Eq. 5.8 
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Table 5.2 Mass concentration of magnetic phase as calculated from magnetization curves and 

from Tiron chelation test. 

Sample 

Tiron test 

CT 

(mg/mL) 

Magnetization 

test CM 

(mg/mL) 

CM/ CT 
ao 

(nm) 

FluidMAG-UC/A 23.6 14.2 0.602 1.06 ± 0.34 

FluidMAG-

Amine 
30.9 15.4 0.498 1.51 ± 0.51 

FluidMAG-CMX 33.8 21.6 0.639 0.54 ± 0.22 

MAG/OA-HEP 28.2 14.9 0.528 0.58 ± 0.07 

MAG/OA-HEX 14.9 5.9 0.396 0.97 ± 0.12 

 

Equation 5.8 was fitted against the experimental magnetization as a function of the 

applied field. The numbers of particles n i, and the corresponding diameter D i were 

obtained from the histograms of the samples (Figure 5.1). The volume concentration of 

total magnetite phase ϕo was determined from the mass concentration from the tiron 

chelation test, CT and the density of the particles. The fits together with experimental 

magnetization curves are shown in Figure 5.6. By using the size distributions of the 

samples, three optimal ao values for each magnetization curves were obtained and their 

averages along with their standard errors are shown in Table 5.2. For FluidMAG-Amine, 

and FluidMAG-CMX particles, the end groups of the coatings are attached to the surface 

of magnetite through hydrolysis reactions and the formation of Si-O and C-O bonds. [43] 

The maximum reduction of the magnetic phase is observed in the FluidMAG-Amine 

sample, where the average thickness of the nonmagnetic layer is approximately 1.5 nm. 

On the other hand, the smallest reduction of the magnetic phase occurs in FluidMAG-

CMX, where the nonmagnetic layer is only 0.54 nm. It has been reported that the 

saturation magnetization of iron oxide nanoparticles decreases with decreasing particle 

size in the superparamagnetic regime.[44] Most studies attribute this deterioration in 

saturation magnetization to the existence of surface coatings on the surface of the 

particles, [16-18]  which causes the spins of the iron atoms on the surface to be pinned.[45] 
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These coatings also affect the canting angles of magnetic moments of Fe atoms thus 

producing magnetic disorder.[46] As a consequence, different coatings exhibiting different 

interactions with the surface are expected to produce different effects leading to unique 

nonmagnetic layer thicknesses.  

 

Figure 5.6 Experimental (∎) and fitted (-) magnetization as a function of applied field for FluidMAG-

UC/A (a), FluidMAG-Amine (b), FluidMAG-CMX (c), MAG/OA-HEP (d) and MAG/OA-HEX (e). 

Interestingly, particles in FluidMAG-UC/A, which have no coating, show a reduction in 

magnetization and an effective nonmagnetic layer of 1.06 ± 0.34 nm. The existence of this 

nonmagnetic layer can be a result of the positive surface charge which affects the electron 

states thus causing disorder at the surface.[47] This local magnetic anisotropy which arises 

due to the surface spin disorder, prevents complete alignment of the magnetic moment of 

the particle and reduces the effective magnetic dipole. Additionally the possible presence 

of a maghemite phase, most likely at the surface of the particle will also decrease the total 

magnetization of the sample as the total magnetization of maghemite is less than that of 

magnetite and this in turn affects the mass concentration of the particles calculated from 

the magnetization test. In order to overcome this, it is necessary to know the exact ratio 

of magnetite to maghemite phase via additional analysis i.e. conventional peak 

deconvolution technique by using X-ray diffraction.[48] It is then possible to calculate the 

overall saturation magnetization for the composite consisting of a core with saturation 

magnetization MS1 and a shell with saturation magnetization MS2 by; 
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 Ms=

Ms1.V1+ Ms2.V2

V1+V2
 Eq. 5.9 

where V1 and V2 are volumes of the core and shell, respectively.[49] By following this, 

calculations for each sample should be performed independently and Equations 5.5 - 5.8 

should be reorganized accordingly. 

For synthesized oleic acid coated nanoparticles, COO- group bonding with Fe ions also 

leads to the formation of a magnetically disordered layer. The reduction of the magnetic 

phase is expected to depend on the solvent used to suspend the particles.[16] The 

calculated reductions (CM/CT) for heptane and hexane are 0.53 and 0.4, while 

corresponding thicknesses of the nonmagnetic layers are 0.58 nm and 0.97 nm, 

respectively. The thinner layer for magnetic particles in heptane may be attributed to 

higher oleic acid adsorption (2.4 mmol/g) compared to those in hexane (1.6 mmol/g) for 

oleic acid coated magnetic nanoparticles.[50, 51] Thus, it is possible that heptane as a base 

fluid hinders the interactions between oleic acid and magnetite more and therefore 

causes thinner nonmagnetic layer formation. 

5.4 Conclusion 

In this study, the tiron chelation test and magnetization measurements were applied 

to determine the mass concentrations of the magnetic phase and the total amount of 

magnetite in ferrofluids. Commercial magnetic nanoparticles with different biocompatible 

coatings dispersed in water along with synthesized particles coated with oleic acid 

dispersed in hexane and heptane were studied. It was shown that the reduction of the 

magnetic phase in nanoparticles changes with different coatings as well as solvents. The 

magnetic phase reduction observed in commercial samples may be due to the surface spin 

disorder caused by the absorbance of coatings. For the oleic acid coated samples, the 

difference observed amongst two that are in different solvents may be attributed to the 

compatibility of the solvent with the surfactant layer that affects the solvation thus the 

thickness of the stabilizing layer causing a difference in the non-magnetic layer. 

As a consequence, in order to optimize the properties of the magnetic nanoparticles 

for various applications, it is essential to consider the reduction of magnetic phase in the 
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presence of different coatings and suspension base fluids. These interactions affect not 

only the effective magnetic phase but also other properties that depend on the size of the 

magnetic core such as relaxation. 
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Chapter 6 

 

Deterioration in effective thermal conductivity of aqueous 

magnetic nanofluids 

 

Abstract 

Common heat transfer fluids have low thermal conductivities which decrease their 

efficiency in many applications. On the other hand, solids have much higher thermal 

conductivity values. Previously it was shown that the addition of different nanoparticles to 

various base fluids increases the thermal conductivity of the carrier fluid remarkably. 

However, there are a limited number of studies that focus on the thermal conductivity of 

magnetic fluids. In this study, thermal conductivity of magnetic nanofluids composed of 

magnetite nanoparticles synthesized via co-precipitation and thermal decomposition 

methods are investigated. Results showed that the addition of magnetite nanoparticles 

decreased the thermal conductivity of water and ethylene glycol. This decrease was found 

to increase with increasing particle concentration and to be independent of the synthesis 

method, the type of surfactant and the interfacial thermal resistance.  

 

 

 

 

 

 

93 
  



                                                        

 
6.1 Introduction 

Thermal conductivity is one of the essential properties of materials that directly affect 

the rate of heat transfer in applications involving a temperature gradient. It is known that 

heat transfer fluids, such as mineral oil, ethylene glycol and water, have low thermal 

conductivities thus there is an increasing need for replacing these fluids or improving their 

thermal properties for better heat transfer. On the other hand, solids have thermal 

conductivities superior to many of the above mentioned heat transfer fluids[1]. Although 

an enhancement in efficient thermal conductivity was obtained with micrometer size solid 

particles dispersed in a carrier fluid, problems of particle sedimentation and clogging 

prevented the use of these suspensions in heat transfer applications. In order to overcome 

these limitations, nanometer size particles with high surface area and better stability have 

been used and many theoretical and experimental investigations were performed on 

thermal conductivity enhancement of these particles.[2-5] Brownian motion and 

aggregation which improves the thermal transport were claimed to be the reasons of 

enhanced thermal conductivity of nanofluids.[6, 7] 

Thermal conductivities of magnetic nanofluids composed of iron oxide nanoparticles 

dispersed in various base fluids have been investigated experimentally and the results 

showed that the thermal conductivity linearly increases with increasing particle 

concentration but also depends on the method of preparation and the base fluid used.[8, 9] 

However, there are contradictory results showing enhancement both with increasing[8] 

and decreasing particle size.[10, 11] It was also shown that at the same volume fractions, 

Fe3O4 nanofluids have higher thermal conductivity than other metal oxide nanofluids such 

as CuO, TiO2 and Al2O3 as a result of nanoparticle alignment.[12] Although the thermal 

conductivity of aqueous nanofluids increases while that of non-aqueous nanofluids 

decreases with temperature, the ratio of the nanofluid thermal conductivity to base fluid 

thermal conductivity remains constant,[9, 13] implying that the temperature dependence of 

the thermal conductivity does not change upon addition of nanoparticles. The 

enhancements obtained in thermal conductivity of nanofluids were found to be higher[8, 12] 

than the predictions of effective medium theory as proposed by Maxwell[14], and other 

theoretical models.[15] On the other hand, Timofeeva et al. showed that Al2O3-based 
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nanofluids have enhancements that agree well with effective medium theory.[16] Some 

empirical models for specific conditions were also presented.[17] 

Previously Abareshi et al.[18] synthesized magnetite nanoparticles via the chemical 

precipitation method and used tetramethyl ammonium hydroxide to obtain stability in 

aqueous medium. They showed an increase in thermal conductivity with increasing 

volume fraction and obtained an enhancement of up to 11.5 % at 3 vol% of nanoparticles. 

Similarly, Shima et al. reported an enhancement in thermal conductivity of water-based 

magnetic nanofluids having the same tetramethyl ammonium hydroxide layer stabilizing 

the particles[13]. On the other hand, Wang et al.[19] showed an enhancement in thermal 

conductivity for oleic acid coated magnetite particles dispersed in toluene. The same 

particles dispersed in water after ligand exchange with poly(acrylic acid) showed a 

fluctuating trend for the thermal conductivity change as a function of particle 

concentration, which was attributed to the self-assembled aggregation of particles leading 

to an increase in interfacial thermal resistance. Their results also indicate a deterioration 

of thermal conductivity of their aqueous dispersions for both 4 nm and 8 nm particles at 

different particle loadings. However, the possible mechanism responsible for this 

deterioration upon addition of magnetic nanoparticles to water was not addressed. 

The possibility of manipulating the organization and alignment of the magnetic 

nanoparticles in a system via a fixed or an alternating magnetic field is another essential 

property of magnetic fluids and shown to affect the thermal properties both in the 

presence and absence of an applied external magnetic field.[7, 9, 20, 21] The enhancement or 

deterioration of thermal conductivity of magnetic nanofluids are expected to affect their 

applications in systems such as heat exchangers [22]. 

In this study, superparamagnetic magnetite (Fe3O4) nanoparticles synthesized by co-

precipitation and thermal decomposition methods were used to investigate the change in 

effective thermal conductivity of water and ethylene glycol at different temperatures as a 

function of particle concentration. In order to improve the stability and investigate the 

effect of surface coating on the thermal conductivity of nanofluids, the synthesized 

nanoparticles were coated with organic acids, namely citric acid and capric acid. 
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Regardless of the synthesis method and the type of surface coating, the thermal 

conductivity of water was found to decrease upon addition of magnetite nanoparticles 

which contradicts almost all previous reports. Furthermore, this deterioration of thermal 

conductivity also increased with particle loading.  

6.2 Experimental 

6.2.1 Materials 

For the synthesis of magnetite nanoparticles by chemical coprecipitation, ferrous 

sulfate heptahydrate (FeSO4.7H2O) and ferric chloride (FeCl3) from Riedel-de Haen with 

sodium hydroxide (NaOH) from J.T. Baker were used. For the synthesis by thermal 

decomposition, iron (III) acetylacetonate (Fe(C5H7O2)3, 97%) and oleyl amine (C18H37N, 

≥70%) from Fluka, 1,2 tetradecanediol (C14H30O2, 90%) from Aldrich and oleic acid 

(C18H34O2, 99%) from Riedel-de Haen were used. Capric acid (C10H20O2, 98%) and citric 

acid (C6H8O7, 99%) were purchased from Fluka and Aldrich respectively. For the 

determination of iron content of the prepared magnetic fluids, Tiron (98.5%) and 37% HCl 

(98.5%) were purchased from Riedel-de Haen. The solvents used are dibenzyl ether, 

(Merck, synthesis grade), 1,2 dichlorobenzene (Fluka, 98%), 25% NH4OH in water (Riedel-

de Häen), diethyl ether (Fluka 99%), N,N-dimethyl formamide (Fluka, 98%). All of the 

stated chemicals were used without any further purification. 

6.2.2 Techniques 

The size and shape of nanoparticles were investiaged with an FEI Tecnai™ G2 F30 

Transmission Electron Microscopy (TEM) in the National Nanotechnology Research Center 

(UNAM) at Bilkent University, Turkey. For the phase identification and crystallographic 

identification of the samples, a Rigaku D/MAX-Ultima X-ray diffractometer (XRD) was 

used. Thermal conductivities of nanofluids were measured with a Flucon GmBH Lambda 

thermal conductivity meter equipped with PSL Systemtechnik LabTemp 30190 

(temperature controller) using 40-50 mL sample volume at fixed or variable ranges of 

temperatures.  
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6.2.3 Synthesis of magnetite nanoparticles 

Superparamagnetic magnetite nanoparticles were synthesized using chemical co-

precipitation (aqueous) and thermal decomposition (organic) methods. For the aqueous 

synthesis, ferrous and ferric salts were mixed at a stoichiometric ratio of 1:2 under an 

oxygen free environment provided by a flow of nitrogen through the reaction medium at 

80 oC. Subsequently, ammonium hydroxide solution was added to the iron salts solution to 

precipitate magnetite as indicated by the color change from orange to black. Magnetic 

nanoparticles were collected with a handheld magnet and washed with distilled water for 

purification followed by drying at 60 oC overnight. Particle synthesis was also carried out in 

the presence of pre-determined amounts of citric acid and capric acid to obtain stability in 

aqueous medium. The additives were introduced to the synthesis by dissolving in the base 

solution. For organic phase synthesis, the high temperature decomposition of a ferric salt 

in dibenzyl ether was used in a procedure which was adopted from a previous report [23, 

24]. Briefly, iron (III) acetylacetonate, 1-2 tetradecanediol, oleic acid and oleylamine were 

dissolved in dibenzylether at an oxygen free environment in a round bottom flask. 

Subsequently, the reaction medium was heated up to 300 oC at a rate of 2.5 oC/min during 

which the solution was kept at 100 oC for 15 minutes and at 200 oC for 2 hours. When the 

final temperature was reached, the resulting solution was aged for 2 hours. The reaction 

medium was then allowed to cool down to room temperature and the hydrophobic 

particles were collected after mixing with methanol and centrifugation. For the dispersion 

of the particles in aqueous medium, ligand exchange from oleic acid to citric acid was 

performed for which hydrophobic magnetite nanoparticles were dispersed in a 1:1 

mixture of 1,2 dichlorobenzene and N,N dimethylformamide in the presence of citric acid. 

The final solution was heated up to 100 oC and aged for 24 hours. Hydrophilic, citric acid 

coated particles were then collected via centrifugation after mixing with diethylether for 

phase separation. The tiron chelation test was applied for the magnetic fluids in order to 

obtain the iron/magnetite content for which the measurement and calculation details are 

given in the chapter 5 of this thesis [25, 26]. 
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6.3 Results and Discussion 

The size and morphology of the synthesized magnetic iron oxide nanoparticles were 

analyzed by Transmission Electron Microscopy (TEM). As shown in Figure 6.1, for the 

particles synthesized via thermal decomposition (a) and chemical co-precipitation (b) 

methods, average diameters of about 6 nm and 10 nm were found, respectively, while 

particles obtained through thermal decomposition had narrower size distribution. While 

organic phase synthesis yielded spherical particles, aqueous synthesis produced particles 

with various morphologies, as previously reported [27].  

 
Figure 6.1 TEM images of magnetite nanoparticles synthesized by (a) thermal decomposition 

(organic) show roughly spherical morphology and an average size of 6 nm (b) co-precipitation 

(aqueous) methods show various morphologies and an average size of 10 nm. 

 

Phase identification was achieved by X-ray diffraction (XRD) analysis on dried 

nanoparticles. For the thermal decomposition method, the product was identified as pure 

magnetite (Figure 6.2). The particles synthesized by the co-precipitation method both in 

the presence and absence of additives were also assumed to be composed of pure 

magnetite, as it was reported in detail previously.[28, 29] As the particles were prepared by 

dissimilar methods they had different surface modifications in order to improve stability in 

the base fluid. Oleic acid coated particles resulting from the thermal decomposition 

method, which underwent ligand exchange with hydrophilic citric acid, showed good 

dispersibility in water as did the one-step citric acid and capric acid coated particles from 

98 
  



                                                        

 
the co-precipitation method. All obtained magnetic nanofluids were stable for the 

duration of the experiment. Further details about the corresponding characterization of 

the particles prepared by these methods can be found in previous reports.[8, 20]  

 
Figure 6.2 XRD pattern for particles synthesized by thermal decomposition method. Relative 

intensities and peak positions match well with standard magnetite peaks. 

 

Thermal conductivity of magnetic nanofluids were measured with Flucon GmBH 

Lambda instrument equipped with a PSL Systemtechnik LabTemp 30190 temperature 

controller. Magnetic nanoparticles capped by hydrophilic surface agents synthesized via 

both thermal decomposition and chemical coprecipitation methods were dispersed in 

ethylene glycol and water for the measurements. Figure 6.3 and Figure 6.4 show the 

effective thermal conductivity of nanofluids functionalized by citric acid and capric acid. 

Although all previous reports showed enhancement in the thermal conductivity of any 

type of carrier fluid upon addition of magnetic nanoparticles, the present results illustrate 

deterioration of thermal conductivity, regardless of particle loading or surfactant type. The 

thermal conductivity of citric acid coated magnetic nanoparticles as well as capric acid 

coated ones (which were stable in water directly after the synthesis) showed a decrease in 

thermal conductivity up to 60% at 20 oC. Furthermore, this deterioration was found to 

increase with increasing temperature and particle concentration. This abnormal behavior 
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Figure 6.3 Thermal conductivity of citric acid stabilized magnetite nanoparticles dispersed in water at 

different concentrations as a function of temperature show increasing deterioration in thermal 

conductivity by increasing magnetite concentration. 

 

was first attributed to the presence of excess citric acid or capric acid in the medium, 

inhibiting the thermal transport between the particles, which may affect the thermal 

conductivity. However, when the citric acid coated particles were washed with methanol 

several times and dried in vacuum for the removal of excess citric acid, again a significant 

decrease in thermal conductivity (29%) was obtained. This shows that although the excess 

additive in the medium decreases the thermal conductivity of water, it is not responsible 

for the overall deterioration as the thermal conductivity of nanofluid itself is lower in both 

cases than the corresponding additive solutions that were used as controls (Figure 6.4 and 

Figure 6.5). 
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Figure 6.4 Thermal conductivity of capric acid stabilized magnetite nanoparticles synthesized via 

chemical precipitation, dispersed in water at different concentrations and at 20 oC. Corresponding 

capric acid concentrations are given for comparison. 

 

As a result of the synthesis method, the surface of the particles is charged at the pH 

used, due to the presence of ionic stabilizers. In order to have further insight on the effect 

of electrostatic repulsion of the particles on the thermal conductivity decrease of water, a 

non-ionic polymer, poly(vinylpyrrolidone) (PVP), was used to stabilize magnetite. Initial 

results showed that PVP-coated magnetite nanoparticles indeed decreased the thermal 

conductivity of water demonstrating that the electrostatic repulsion or surface charge is 

not solely responsible for the deteriorations obtained. It was previously reported that the 

type of synthesis method and hence the formation mechanism also affects the thermal 

conductivity of the carrier fluids.[8] In order to compare the deterioration of thermal 

conductivity for particles synthesized by the aqueous co-precipitation method, magnetite 

particles were also prepared by the thermal decomposition method. Oleic acid and 
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oleylamine capped particles synthesized via this method underwent a ligand exchange 

with citric acid and then were dispersed in water and ethylene glycol. Figure 6.6 shows 

again that the addition of citric acid coated magnetite nanoparticles to water caused a 

decrease in thermal conductivity at all temperatures. Remarkably, the decrease in thermal 

conductivity of water is remarkably lower upon addition of the particles synthesized via 

thermal decomposition than for those prepared by co-precipitation at comparable particle 

concentrations. As the average particle sizes obtained from co-precipitation and thermal 

decomposition methods were comparable, this unexpected loss of thermal properties 

cannot be explained, neither by the size effect nor by the surface coating around the 

particles. 

 

 

Figure 6.5 Thermal conductivity of citric acid stabilized magnetite nanoparticles synthesized via 

chemical precipitation, dispersed in water at different concentrations and at 20 oC. Corresponding 

citric acid concentrations are given for comparison. Citric acid concentration is unknown for the 

retreated sample (Excess Removed). 
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To further investigate the effect of the base fluid on the thermal conductivity of polar 

magnetic nanofluids, particles synthesized by thermal decomposition and functionalized 

by citric acid were dispersed in ethylene glycol. It was demonstrated that ethylene glycol, 

which is commonly used as heat transfer fluid shows considerable increase in thermal 

conductivity upon addition of nanoparticles.[30] However our experiments showed that the 

addition of nanoparticles did not lead to a significant decrease in thermal conductivity as 

in the case of aqueous nanofluids (Figure 6.6); however, no enhancement was observed 

either.  

 

 
Figure 6.6 Relative thermal conductivity of magnetite nanoparticles synthesized via thermal 

decomposition method as a function of temperature. (Mag-CA-W: Citric acid stabilized particles in 

water, Mag-CA-EG: Citric acid stabilized particles in ethylene glycol). 

The above results show that the deterioration of thermal conductivity of a nanofluid is 

higher where the thermal conductivity of the base fluid itself is higher. This variable effect 

in different carrier fluids can be due to the compatibility of the synthesized particles with 

the base fluid via the stabilizing layer.[8] It has been reported by many groups that the 
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thermal conductivity of nanofluid systems are higher than that of the base fluid.[2, 3, 22] Also 

it was pointed out that the dependency of nanofluid thermal conductivity on temperature 

is similar to that of the base fluid. If the particles are suspended in an organic solvent then 

the thermal conductivity values are expected to decrease with increasing temperature, 

while for water reverse is true as water itself has different thermal properties. However, in 

the present study, all the measurement were performed on polar nanofluids and 

interestingly the corresponding thermal conductivity values all were found to decrease 

with increasing temperature, as in the case of organic carrier fluids. In order to verify the 

measurements, a sample of citric acid coated magnetite nanoparticles synthesized by 

chemical co-precipitation method was sent to Flucon GmBH for testing with their most 

recent thermal conductivity device. The analysis of 1 wt. % citric acid coated magnetic 

particles in water showed the same decrease in thermal conductivity (Data not shown).  

Nanofluid systems contain nanoparticles, in some cases appropriate surfactants and 

base fluids, either pure or as mixtures. As a whole, these materials form a composite 

system thus effective medium theory is expected to explain the behavior of the total 

system. Effective medium theory (EMT) uses the individual properties and relative 

fractions of the constituents to model the overall system. For the prediction of thermal 

conductivity of a binary system, Hamilton and Crosser proposed an EMT based model 

which is a modification of the well-known Maxwell theory.[31, 32] However, these early 

models under-predict the thermal conductivity changes in nanofluids as a result of 

accounting only for the volume fraction of the particles and thermal conductivities of both 

particles and the base fluid. Generally effective medium theory predicts the thermal 

conductivity enhancement in nanofluid as 3f, where f is defined as the volume fraction of 

the particles. This prediction fits well if the nanoparticle thermal conductivity is much 

higher than that of the base fluid (>20 times).[33] However, in our case, this ratio is ~8, thus 

EMT is not applicable without further modifications. The under-prediction of EMT based 

models was attributed to the presence of interfacial thermal resistance (R) between 

nanoparticles and the surrounding fluid molecules which can limit the interaction of the 

particles and thereby decrease the thermal transport. The relative importance of this 
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interfacial resistance is described by the equivalent thickness (h) which is defined as the 

ratio of fluid conductivity (kf) to the interfacial conductance (G) as in Eq. 6.1,[33] 

 

ℎ =
𝑘𝑘𝑓𝑓
𝐺𝐺

 
Eq. 6.1 

 

Thermal conductance of nanoparticle-fluid systems is known only for a limited number of 

cases and no data exist for metal oxide nanoparticles and water systems. However, it has 

been suggested to estimate the thermal conductance of nanoparticle-water system as 200 

MW/m2K.[34] Putnam et al. implemented interfacial thermal resistance in EMT and 

proposed a new model for the prediction of thermal conductivity of a composite 

containing low volume fraction of spherical nanoparticles that have bulk thermal 

conductivity ~10 times higher than the corresponding base fluid, which is given in 

Equation 6.2.[33] 

 

𝑘𝑘𝐹𝐹𝑓𝑓𝑓𝑓
𝑘𝑘𝑓𝑓

− 1 = 3𝑓𝑓
(𝛾𝛾 − 1)
(𝛾𝛾 + 2)

 
Eq. 6.2 

 

where keff is the effective thermal conductivity and γ is the ratio of nanoparticle radius (rp) 

to equivalent thickness; 

 

𝛾𝛾 =
𝑟𝑟𝑝𝑝
ℎ

 Eq. 6.3 

 

As can be seen from Equation 6.2, it is possible to obtain a deterioration in thermal 

conductivity of a nanofluid if and only if γ < 1. In order to satisfy this inequality, the 

equivalent thickness should be larger than the radius of the nanoparticle. For the case of 

magnetite nanoparticles and water, where all the assumptions for Putnam model are 

satisfied, the equivalent thickness, h, is ~3 nm. In order to be more accurate, thermal 

conductivity of the ammonium hydroxide and water mixture was calculated using the 

Flippov equation given in Equation 6.4. [35] 
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𝑘𝑘 = 𝜔𝜔1𝑘𝑘1 + 𝜔𝜔2𝑘𝑘2 − 0.72𝜔𝜔1𝜔𝜔2(𝑘𝑘2 − 𝑘𝑘1) Eq. 6.4 

where ω and k are the weight fractions and pure component thermal conductivities, 

respectively. By using the mixtures thermal conductivity, the equivalent thickness was 

calculated to be 2.84 nm. As the average radius of the particles synthesized via thermal 

decomposition and coprecipitation are 3 and 5 nm, respectively, interfacial thermal 

resistance may be the reason behind the thermal conductivity deterioration for organic 

phase synthesis. However, although the interfacial resistance is relatively high, it is not 

sufficient to explain the decrease in thermal conductivity obtained for the nanofluids 

prepared by using the particles synthesized via coprecipitation. On the other hand, it 

should be noted that the thermal conductance value used in the calculation of equivalent 

thickness may not be the appropriate value for the magnetite nanoparticles – water 

system. Further experimental studies are needed to obtain the specific thermal 

conductance for magnetite based nanofluids in order to have better approximations of 

interfacial thermal resistance.  

Table 6.1 Properties used for the calculation of equivalent thickness 

Thermal Conductance, G 200 MW/m2K 

Thermal conductivity of water, kw ~ 0.6 W/m2K 

Thermal conductivity of ammonia, kNH4OH ~ 0.5 W/m2K 

Thermal conductivity of mixture, kf ~ 0.5685 W/m2K 

Weight fraction of water, ωw 0.8 

Weight fraction of ammonia, ωNH4OH 0.2 

Equivalent thickness, h 2.84 nm 

 

As a consequence, the overall deterioration of thermal conductivity for aqueous 

magnetic nanofluids cannot be solely explained, neither by the presence of surfactant 

molecules nor by the interfacial thermal resistance between particles and the base fluid. It 

is also well known that enhanced thermal properties e.g. thermal conductivity highly 

depends on the structure of the material. However, although the nanoparticles used in 

this study were synthesized via co-precipitation, which yields particles with comparably 
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poor crystallinity, the deteriorations obtained for aqueous nanofluids cannot be 

individually attributed to this effect as the same particles were previously shown to 

enhance the thermal conductivity of various organic base fluds.[8] It is possible that the 

combined effect of all these individual factors contribute to the overall deterioration 

obtained for aqueous magnetic nanofluids.  In the past decade there has been a growing 

interest on the heat transfer applications of nanofluid systems. As a result, the effect of 

nanoparticles on the thermal conductivities of base fluids has been studied by several 

groups.[3] Regardless of the synthesis method, concentration or particles size, various 

nanoparticles from metals[30, 36, 37], metal oxides[38-40] to nanotubes[41, 42] have been shown 

to enhance the thermal conductivity of corresponding base fluids that are generally used 

for heat transfer applications such as water[38, 40], ethylene glycol[30, 38] and derivatives of 

alkanes[39, 43]. On the other hand, studies concentrating on magnetite nanoparticles are 

quite limited in the literature.[7, 8, 17-21] However, those studies also indicated 

enhancements in the thermal conductivity of the carrier fluid. Furthermore, our group 

previously showed that oleic acid coated magnetite nanoparticles increased the thermal 

conductivity of both hexane and heptane in the presence and absence of an external 

magnetic field.[8, 20] As all these studies involve different composition of particles, base 

fluids, particle concentrations and even synthesis methods, it is difficult to build a 

common understanding. Indeed where all the mentioned studies demonstrated an 

enhancement upon addition of nanoparticles to base fluids, the deteriorations obtained 

with magnetite nanoparticles in this study still remain a challenge to explain. 

6.4 Conclusion 

Following the previous studies that focus on the thermal conductivity enhancement of 

magnetic nanoparticles in the presence and absence of an external magnetic field for 

organic solvents, we further investigated the effect of particles having both ionic and non-

ionic surface agents on the thermal conductivity of water. The measurements on the 

thermal conductivity of aqueous magnetic nanofluids were contradictory with previous 

studies on both magnetite and other nanoparticle systems. The thermal conductivity of 

both water as well as ethylene glycol was found to decrease upon addition of magnetic 

nanoparticles. This decrease was found to increase with particle loading and excess of 
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stabilizing agents. It was further pointed out that the preparation method also changes 

the thermal properties of the particles, even though the particle sizes are comparable. We 

believe further studies on magnetic nanoparticles in polar base fluids are needed to fully 

understand the mechanism of this deterioration in thermal properties.  
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Conclusion and future work 

Iron oxides are encountered frequently in our daily life and exist in different forms in 

Nature. Magnetite is one of the most important iron oxides that is used in various 

applications owing to its biocompatibility and superior magnetic properties. As the 

magnetic properties of magnetite mainly depend on its size and shape, it is important to 

control the formation of magnetite through synthetic routes. Although magnetite was the 

subject of countless studies for decades, the synthesis pathways at ambient conditions 

mimicking the perfection of nature still remain as a challenge.  

The objective of the research presented in this thesis was to study extensively the 

formation, properties and applications of magnetite nanoparticles. For this purpose, 

initially the control over magnetite formation via different synthetic routes was 

investigated. Chapter 2 presented the study that focused on the control over magnetite 

formation via co-precipitation and partial oxidation methods at ambient conditions in the 

presence of random poly(amino acids) which inspired by the mineralization process in 

Nature specifically that of magnetotactic bacteria. The synthesis of magnetite 

nanoparticles by aqueous partial oxidation of ferrous hydroxide precursor in alkaline 

medium which was conducted at room temperature without additives produced big 

aggregates of cubic and octahedral ferrimagnetic magnetite nanoparticles having an 

average size of roughly 35 nm. When the synthesis was performed in the presence of 

pAsp, the average size, morphology, organization and stability in aqueous medium was 

found to be affected due to the polymer attachment onto the surface of magnetite 

crystals. Results showed a decrease of average particle size from 35 nm to 25 nm while 

the morphology of the particles changed from edged to spherical. It was also shown by 

liquid STEM and cryo-TEM analyses that the particles formed micro sized chains composed 

of several individual magnetite crystals and the existence of pAsp also enhanced the 

stability of the particles due to negative surface charge which gives the opportunity to use 

the synthesized particles in different applications. As the same additive had no influence 

on the final product in the co-precipitation method, the importance of the reaction 
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kinetics on the controlled formation of magnetite nanoparticles was pointed out. The 

slower reaction kinetics of the partial oxidation method were attributed to the formation 

of ferrous hydroxide precursor at the early stages of magnetite formation which 

prevented extreme solution supersaturations and allow the additives to have impact on 

the formation. Although the early stages of magnetite formation was investigated with 

cryo-TEM and LDED, the same approach in the presence of pAsp or other functional 

additives may give further information about their corresponding impact on the formation 

of magnetite nanoparticles at initial stages. 

As the effective use of magnetite in desired applications depends on the stability and 

the magnetic properties of the particles, various polymers and surfactants were 

introduced to the most common synthetic methods to enhance the colloidal stability in 

aqueous medium. In chapters 3 and 4, the polymers used for the colloidal stability of both 

superparamagnetic and ferrimagnetic magnetite nanoparticles are demonstrated. For this 

purpose, magnetite was synthesized by co-precipitaton and partial oxidation methods in 

the presence of biocompatible polymers and their effect on morphology and stability were 

examined. By using co-precipitation, the function of the synthetic thermoresponsive PEI-

graft-POEGMA was demonstrated as a stabilizer in the preparation of superparamagnetic 

magnetite nanoparticles which retained all the characteristics of the bare nanoparticles. 

However, further analyses are needed for the thermo-responsiveness (aggregation-

precipitation behavior) of the magnetite-PEI-graft-POEGMA complex, as it is a potential 

candidate for biomedical applications.  On the other hand, ferrimagnetic magnetite 

nanoparticles were synthesized by partial oxidation of ferrous hydroxide in the presence 

of poly(acrylic acid) (450 kDa) and dispersible particles were obtained which showed 

excellent colloidal stability in water for several days. To our knowledge, this is the first 

study that is capable of producing ferrimagnetic magnetite nanoparticles with high 

saturation magnetization via partial oxidation of ferrous hydroxide which can be stabilized 

in aqueous medium using a hydrophilic biocompatible polymer at neutral pH. These stable 

ferromagnetic magnetite nanoparticles can be a potential candidate for biomedical 

applications such as hyperthermia in cancer treatment as those possess hysteresis and 
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high saturation magnetization which may lead to high heating capacity that possibly can 

be validated by corresponding specific absorption rate (SAR).  

Furthermore, the effect of suitable surface agents on the magnetic properties of the 

particles was studied. Chapter 5 presents the reduction of magnetic properties due to 

presence of a magnetically disordered layer at the outmost shell of magnetite 

nanoparticles upon application of surface agents that are mainly used to stabilize 

magnetite. For this purpose, the Tiron chelation test and magnetization measurements 

were applied to determine the mass concentrations of magnetic phase and the total 

amount of magnetite in ferrofluids. Reduction of this magnetic phase was investigated for 

(amine and carboxyl functionalized magnetic nanoparticles dispersed in water along with 

synthesized particles coated with oleic acid dispersed in hexane and heptane. It was 

shown that the reduction of the magnetic phase in nanoparticles depend on the type of 

coating as well as the solvent. The magnetic phase reduction observed in commercial 

samples is attributed to the surface spin disorder caused by the absorption of coatings. 

For the oleic acid coated samples, the difference observed is attributed to the 

compatibility of the solvent with the surfactant layer that affects the solvation thus the 

thickness of the stabilizing layer, causing a difference in the non-magnetic layer. These 

results pointed out the necessity to consider the reduction of magnetic phase in order to 

optimize the properties of the magnetic nanoparticles for various applications. 

Finally, the possible applications of magnetite nanoparticles in heat transfer systems 

were analyzed by investigating the impact of the presence of magnetite nanoparticles on 

the thermal conductivity of different base fluids. Magnetite nanoparticles were prepared 

by different synthetic routes in the presence of additives (citric acid and capric acid). The 

changes in thermal conductivity of water and ethylene glycol, which are common heat 

transfer fluids were studied as a function of temperature and particle concentration. The 

measurements on the thermal conductivity of aqueous magnetic nanofluids were 

contradictory with previous studies focused on both magnetite and other nanoparticle – 

base fluid systems. The thermal conductivity of both water as well as ethylene glycol was 

found to decrease upon addition of magnetic nanoparticles. This decrease was found to 

increase with particle loading and excess amount of stabilizing agents. It was further 
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pointed out that the preparation method also changed the thermal properties of the 

particles, even though the particle sizes were comparable. It was concluded that further 

studies on magnetic nanoparticles in polar base fluids are needed, e.g. the effect of 

particle aggregation or the use of ferrimagnetic particles, to fully understand the 

mechanism of this deterioration in thermal properties. 
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Conclusie en toekomstperspectief 

Ijzeroxides komen veelvuldig voor in het dagelijks leven en bestaan in de natuur in 

verschillende vormen. Magnetiet, het belangrijkste ijzeroxide, wordt gebruikt bij 

verschillende toepassingen, omdat het biocompatibel is en uitstekende magnetische 

eigenschappen heeft. Omdat deze magnetische eigenschappen voor een groot deel 

bepaald worden door de kristalvorm en -grootte, is het belangrijk om de vorming van 

magnetiet in verschillende syntheseroutes te kunnen sturen. Hoewel magnetiet de laatste 

jaren het onderwerp was van ontelbaar veel studies, is het nabootsen van de natuurlijke 

route die leidt tot perfectie nog steeds een uitdaging. 

Het doel van het onderzoek beschreven in deze thesis is het uitgebreid onderzoeken 

van de vorming, eigenschappen en toepassingen van magnetietnanodeeltjes. Hiervoor is 

eerst de controleerbaarheid van magnetietvorming via verschillende syntheseroutes 

onderzocht. In hoofdstuk 2 is de studie beschreven die zich richt op de controleerbaarheid 

van magnetietvorming via de coprecipitatiemethode en de partiële oxidatiemethode in 

omgevingscondities, in het bijzijn van random poly(aminozuren) die het 

mineralisatieproces in de natuur nabootsen, en in het bijzonder dat van de 

magnetotactische bacteriën. 

De synthese van magnetietnanodeeltjes via partiële oxidatie van een 

ijzer(II)oxideprecursor in basisch milieu werd zonder toevoegingen uitgevoerd in water bij 

kamertemperatuur en leidde tot grote aggregaten van kubische en octahedrale 

ferrimagnetische magnetietnanodeeltjes, die een gemiddelde grootte hadden van 

ongeveer 35 nm. Toen deze synthese werd uitgevoerd in het bijzijn van pAsp, werden de 

gemiddelde grootte, morfologie, pakking en stabiliteit in waterig medium beïnvloed als 

gevolg van de binding van het polymeer aan het oppervlak van de magnetietkristallen. Het 

resultaat was een afname van de gemiddelde deeltjesgrootte van 35 nm naar 25 nm, 

terwijl de morfologie van de deeltjes veranderde van gehoekt naar afgerond. Ook werd 

door middel van vloeistof-STEM en cryoTEM-analyses bevestigd dat de deeltjes zich 

pakken in ketens van enkele micrometers en dat toevoeging van pAsp de stabiliteit van de 

115 
  



                                                        

 
deeltjes bevordert door middel van negatieve oppervlakteladingen, zodat deze deeltjes 

gebruikt kunnen worden in verschillende toepassingen. Omdat het toevoegen van pAsp 

geen invloed had op het eindproduct in de coprecipitatiemethode, benadrukt dit het 

belang van de reactiesnelheid tijdens het vormingsproces van magnetietnanodeeltjes. De 

langzamere reactie bij de partiële oxidatiemethode werd toegeschreven aan de vorming 

van ijzer(II)oxide in het begin van de reactie, wat een extreme oververzadiging voorkwam, 

waardoor additieven de magnetietvorming konden beïnvloeden. Hoewel elke stap in de 

magnetietvorming werd onderzocht met cryoTEM en LDED, zou dezelfde aanpak in de 

aanwezigheid van pAsp of andere functionele additieven meer informatie kunnen geven 

over de vorming van magnetietnanodeeltjes in de eerste stadia. 

Omdat de effectiviteit van het gebruik van magnetiet in diverse toepassingen afhangt 

van de stabiliteit en de magnetische eigenschappen van de deeltjes, zijn er verschillende 

polymeren en oppervlakte-actieve stoffen gebruikt in de meest gangbare 

synthesemethoden om de colloïdale stabiliteit in water te verhogen. Hoofdstukken 3 en 4 

laten de resultaten zien van experimenten waarin colloïdale stabiliteit van zowel 

superparamagnetische en ferrimagnetische magnetietnanodeeltjes bereikt werd. 

Magnetiet werd gesynthetiseerd via zowel de coprecipitatiemethode als de partiële 

oxidatiemethode in het bijzijn van biocompatibele polymeren en de invloed hiervan op de 

morfologie en stabiliteit werd onderzocht. In de coprecipitatiemethode wordt de rol van 

het thermoresponsieve PEI-graft-POEGMA getoond als een stabilisator gedurende de 

synthese van de superparamagnetische magnetietnanodeeltjes, die hun originele 

eigenschappen behielden. Desalniettemin is er nog verder onderzoek noodzakelijk naar de 

thermische respons (aggregatie-precipitatiegedrag) van het magnetiet – PEI-graft-

POEGMA complex, omdat het potentie heeft in biomedische toepassingen. Aan de andere 

kant, ferrimagnetische magnetietnanodeeltjes gesynthetiseerd via partiële oxidatie van 

ijzer(II)oxide onder invloed van poly(acrylzuur) (450 kDa) bleken dispergeerbaar met een 

uitstekende colloïdale stabiliteit in water van enkele dagen. Zo ver onze kennis reikt is dit 

de eerste studie die in staat is om ferrimagnetische magnetietnanodeeltjes met een hoge 

saturatiemagnetisatie te maken via partiële oxidatie van ijzer(II)oxide, gestabiliseerd in 

een waterig medium met behulp van een hydrofiel biocompatibel polymeer bij neutrale 
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pH-waarden. Deze stabiele ferrimagnetische magnetietnanodeeltjes hebben potentie in 

biomedische toepassingen, zoals bij hyperthermiebehandelingen ter bestrijding van 

kanker, aangezien ze een grote magnetische hysterese hebben en een hoge 

saturatiemagnetisatie, wat kan leiden tot een hoge warmtecapaciteit, te bepalen aan de 

hand van de specifieke absorptiecapaciteit. 

Bovendien is het effect van bruikbare oppervlakte-actieve stoffen op de magnetische 

eigenschappen van de deeltjes bestudeerd. In hoofdstuk 5 wordt de reductie van de 

magnetische eigenschappen getoond onder invloed van een magnetische ongeordende 

laag op het oppervlak van de magnetietnanodeeltjes door de aanwezigheid van 

oppervlakte-actieve stoffen die gebruikt werden om magnetiet te stabiliseren. Hiertoe 

werden ijzerchelatietesten en magnetische metingen uitgevoerd om de 

massaconcentratie van de magnetische fase en de totale hoeveelheid magnetiet in ferro-

vloeistoffen te bepalen. De reductie van de magnetische fase werd onderzocht met in 

water gedispergeerde commerciële magnetietnanodeeltjes (amine- en 

carboxylgefunctionaliseerd), tezamen met in hexaan en heptaan gedispergeerde deeltjes 

die gecoat waren met stearinezuur. Hieruit kan worden afgeleid dat de reductie van de 

magnetische fase afhankelijk is van zowel de coating die wordt gebruikt, alswel het type 

oplosmiddel. De reductie van de magnetische fase die werd waargenomen in de 

commerciële samples werd toegewezen aan een oppervlaktespinwanorde als gevolg van 

de aangebrachte coating. Voor de deeltjes gecoat met stearinezuur is het verschil te 

danken aan de compatibiliteit van het oplosmiddel met de coating, omdat de coating de 

solvatie en dus de dikte van de stabilisatielaag bepaalt, wat leidt tot een verschil in de 

niet-magnetische laag. Dit toont aan dat het noodzakelijk is om de reductie van de 

magnetische fase in ogenschouw te nemen als men de eigenschappen wil optimaliseren 

voor verschillende toepassingen. 

Tot slot zijn de mogelijke toepassingen van magnetietnanodeeltjes in 

warmteoverdrachtssystemen onderzocht, door de invloed van de magnetische 

nanodeeltjes op de thermische geleidbaarheid van verschillende alkalische vloeistoffen te 

analyseren. De magnetietnanodeeltjes werden verkregen via verschillende syntheseroutes 

in de aanwezigheid van hydrofiele toevoegingen (citroenzuur en decaanzuur) en de 
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veranderingen in de thermische geleidbaarheid van water en ethyleenglycol, veel 

voorkomende vloeistoffen bij warmteoverdracht, werden onderzocht als functie van de 

temperatuur en deeltjesconcentratie. De resultaten betreffende de thermische 

geleidbaarheid van waterige magnetische nanovloeistoffen waren tegenovergesteld aan 

de resultaten van eerdere onderzoeken die zich richtten op alkalische vloeistofsystemen 

gebaseerd op zowel magnetiet als op andere nanodeeltjes. De thermische geleidbaarheid 

van zowel water als ethyleenglycol nam af na het toevoegen van de magnetische 

nanodeeltjes. Deze afname werd versterkt met een toename van deeltjesbezetting en 

overmaat aan stabilisatoren. Bovendien laat de methode zien dat de manier van 

preparatie van invloed is op de thermische eigenschappen van de deeltjes, zelfs als de 

deeltjesgroottes vergelijkbaar zijn. Hieruit werd geconcludeerd dat verdere studies naar 

het gedrag van magnetische nanodeeltjes in polaire alkalische vloeistoffen nodig zijn, dat 

wil zeggen het effect van deeltjesaggregatie of het gebruik van ferrimagnetische deeltjes 

om het mechanisme van verslechterende thermische eigenschappen volledig in kaart te 

brengen. 
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