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ABSTRACT 

Weththasingha Chamari, Non-hydrolytic and solvent-assisted mechanochemical synthesis 
of surface-modified spinel ferrite nanoparticles: Comparative investigation of arsenic 
extraction from water. Master of Science (Chemistry), August 2021, Sam Houston State 
University, Huntsville, Texas. 
 
 Magnetic nanoparticles are a class of nanomaterials commonly containing a 

magnetic aspect (a magnetic element or a compound) and a functional aspect. Magnetic 

nanoparticles can be synthesized by a variety of methods such as co-precipitation, sol-gel 

method, microemulsion, thermal decomposition, solvothermal, chemical vapor deposition, 

carbon arc and laser pyrolysis.  

 In this work, magnetic nanoparticles of cobalt ferrite have been synthesized by 

novel non-hydrolytic open and closed (pressure-assisted) reaction methods and solvent-

assisted mechanochemical synthesis using iron/cobalt precursors. Cholic acid and stearic 

acid were used as capping agents to modify the surface of cobalt ferrite nanoparticles. The 

major goal was to prepare carboxylate capped spinel ferrite magnetic nanoparticles using 

an environmentally friendly, cost-effective, and facile method. In addition, a general 

comparative study was conducted exploring different chemical and physical properties of 

the particles as well as their efficiency for the removal of arsenic from aqueous solutions. 

The extraction efficiency of arsenic (V) was evaluated by using inductively coupled plasma 

(ICP). 

 The carboxylate-capped nanoparticles were characterized through different 

characterization methods. The presence of the capping agents was confirmed by Fourier 

Transform Infrared (FTIR) spectroscopy. Particle diameter was characterized using 

dynamic light scattering (DLS). The crystallite size of the particles was studied by X-ray 

powder diffraction (XRD). 
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CHAPTER I 

Introduction 

Magnetic nanoparticles 

Particles in the size range of 1 – 100 nm in diameter are usually named 

nanoparticles or ultrafine particles. They have a very large surface to volume ratio when 

compared to bulk materials such as powders, sheets, and plates. Nanoparticles can be 

classified as zero, one, two or three dimensional.1 All the dimensions in zero-dimensional 

particles (0D NP’s) are measured within the nanoscale and no dimensions are larger than 

100 nm.2 Most commonly 0D NP’s contain spheres or clusters which are considered as 

point-like particles.3One-dimensional particles (1D NP’s) have one of their dimensions 

outside the nanoscale.4 These types of structures include nanotubes, nanowires and 

nanorods. The nanoparticles which have two dimensions outside the nanoscale can be 

classified as two-dimensional nanoparticles (2D NP’s).5 This class includes nanofilms, 

graphene, and nano coatings.5 The three-dimensional nanoparticles (3D NP’s) have been 

widely used in the fields of magnetic materials, catalysis, and electrode materials.6 They 

are not confined to the nanoscale in any dimension and their length, width and the thickness 

are comparatively beyond a few nanometers.7 

There are several types of nanoparticles such as ceramic, carbon based, metallic, 

semiconductor, polymeric and lipid-based nanoparticles.8 Ceramic nanoparticles are 

inorganic solids made up of oxides, carbides, phosphates and carbonates.9 Carbon-based 

nanoparticles include two major materials, carbon nanotubes and fullerenes.10Carbon 

nanotubes are used for structural reinforcement due to the high strength of the material. 

Fullerenes have commercial applications due to their high strength, electron affinity and 
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electrical conductivity.11 Metallic nanoparticles have been widely used in a wide range of 

applications in biotechnology, magnetic separation, targeted drug delivery and more 

importantly diagnostic imaging. They are modified with different functional groups which 

allow them to conjugated with antibodies, ligands and drugs of interest.12 Nanoparticles 

possessing both metallic and non-metallic properties are referred toas semiconductor 

nanoparticles.13 They are widely used in photocatalysis and electronic devices applications. 

In previous work, members of our research group have synthesized ceramic 

nanoparticles by pressure-assisted non-hydrolytic pathway and studied their physical and 

magnetic properties. The formation of caprylate capped cobalt ferrite was possible by 

dissolving Fe-Co caprylate precursor in tetralin and heating the solution at 208 ℃. 

Based on the origin, nanoparticles can be categorized into three main groups; 

naturally produced, incidental and engineered nanoparticles. Natural nanoparticles are 

produced in nature without human intervention. Such nanoparticles can be found in the 

environment as a result of volcanic activity, wildfires or other types of combustion.14 

Nanoparticles which arise as a byproduct of mechanical or industrial processes are referred 

to as incidental nanoparticles. Sources of incidental nanoparticles include welding fumes, 

combustion process from domestic fuel heating or vehicle engine exhausts.15Engineered 

nanoparticles are synthetic nanoparticles which have been employed in data storage and 

medical diagnostics devices. Synthetic nanoparticles can be produced by chemical, 

physical, biological or hybrid methods. They mainly consist of magnetic elements such as 

iron, nickel, cobalt, manganese, chromium, and gadolinium.16 
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Magnetism 

Magnetic materials are any materials that can be magnetized by an applied external 

magnetic field. The magnetization of a material can be defined as the magnetic moment 

for that material per unit volume or the density of permanent or induced magnetic dipole 

moments in a magnetic field.17 The magnetic nanoparticles are categorized due to their 

magnetic properties such as diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic, 

ferrimagnetic, and superparamagnetic.18 

 Diamagnetism occurs in all materials. A compound is diamagnetic if all its electrons 

are paired. Diamagnetic materials are usually repelled by a magnetic field. If the substances 

are placed in a magnetic field, the direction of its induced magnetism is opposite to an 

externally applied magnetic field and are therefore repelled by the magnetic field. When 

diamagnetism is the only contribution to the magnetism, the material is called 

diamagnetic.17,18 

 

Figure 1. Schematic showing an example of electron contribution in a diamagnetic 

material 

Paramagnetism is a form of magnetism where materials are weakly attracted by a 

magnetic field. If an electron is alone in an orbital, the orbital has a net spin hence the spin 

of the lone electron does not get canceled out. Paramagnetism is exhibited due to the 

unpaired electrons in the material (Figure 2) therefore most atoms (aluminum, oxygen, and 

titanium) with incompletely filled atomic orbitals are paramagnetic.19Paramagnetic 

properties are due to the realignment of the electron paths caused by the external magnetic 
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field. Paramagnetic substances do not retain the magnetization in the absence of an external 

magnetic field. 

 

Figure 2. Schematic showing an example of electron contribution in a paramagnetic 

material 

Ferromagnetic materials form permanent magnets and are attracted to magnets. 

Unlike paramagnetic materials, ferromagnetic materials do not return to its original state, 

but retains some of its net magnetization. The degree to which the magnetization is retained 

depend on the material. In “hard” ferromagnetic materials it is difficult to shift the domains, 

therefore a significant fraction of the magnetization is retained when the externally applied 

field is removed. Metallic iron, nickel, and cobalt are ferromagnetic because they can 

naturally form magnetic domains, where dipole moment, or spin of electrons align in the 

same direction to create an area with a net magnetic field.20 

Antiferromagnetic materials possess no net magnetization in the absence of a 

magnetic field. At low temperatures in the presence of an external magnetic field, the 

magnetic moments of atoms usually related to the spins of electrons get opposite magnetic 

moments, align in a regular pattern with neighboring spins pointing in opposite directions. 

Antiferromagnetism occurs below the Neel temperature. Above that temperature, the 

material shows a paramagnetic behavior.21 

 Ferrimagnetism is a type of permanent magnetism that occurs in solids in which the 

magnetic fields associated with individual atoms spontaneously align themselves. In 
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ferrimagnetism ‘A’ atoms are aligned in one direction (parallel) while ‘B’ atoms are 

aligned in the opposite direction (antiparallel) (Figure 3). The magnetic behavior of single 

crystals of ferrimagnetic materials may be attributed to the parallel alignment.22 

 Superparamagnetism occurs in nanoparticles which are single domain. It is a form 

of magnetism which appears in small ferromagnetic or ferrimagnetic nanoparticles. If the 

size of these nanoparticles is small enough, their magnetization can randomly flip direction 

under the influence of temperature. The time used to measure the magnetization of the 

nanoparticle is much longer than the Neel relaxation time (time between two flips is 

defined as the Neel relaxation time) and if there is no external field is present, their average 

magnetization is zero, and they are said to be in superparamagnetic state. 

Superparamagnetic substances show no magnetism when the magnetic field is removed.23 
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Figure 3. Schematic representation of magnetic moments in a (A) diamagnetic (B) 

paramagnetic (C) ferromagnetic (D) antiferromagnetic (E) ferrimagnetic substances in 

an external magnetic field.24  

Ferrites 

Ferrite nanoparticles have attracted considerable attention due to the vast range of 

their unique chemical, structural, mechanical, and magnetic properties. Ferrites are 

composed of iron oxide and one or more other metals in chemical combination. 

Nanocrystalline spinel ferrites are homogeneous materials with a general chemical formula 

of MFe2O4 where M refers to the metal often Co, Ni, Cu, Mg, Fe and Mn. This spinel 

structure is a cubic unit cell formed by two main sub lattice sites, tetrahedral sites(A), and 
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octahedral sites (B) surrounded by oxygen anions that provide a crystal field 

splitting.25tetrahedral sites are usually smaller than the octahedral sites. Spinel ferrites 

contain Fe (III) as one of the main species in the structure. In the normal or direct spinel 

structure, tetrahedral sites are occupied by divalent cations whereas trivalent cations 

replace them in an inverse spinel structure. Cobalt ferrite has an inverse spinel structure, 

where all Co2+ ions are in octahedral sites and Fe3+ ions are equally distributed in 

tetrahedral and octahedral sites. 

 

 

Figure 4. (A) tetrahedral sites of spinel ferrite (B) octahedral sites of spinel ferrite 

Cobalt ferrite magnetic nanoparticles 

General properties of CoFe2O4 are described by modest saturation magnetization, 

high cubic magneto crystalline anisotropy and high coercivity.26Magneto crystalline 

anisotropy has a great influence on industrial uses of magnetic substances. Materials with 

high magnetic anisotropy usually have high coercivity. Such materials are hard to 

demagnetize and used to make permanent magnets. The material has been utilized in 

sensors, and biomedical applications as well as semiconductor photo catalysts. The 

magnetic response of cobalt ferrite nanoparticles to an external field depends on the 

temperature and the degree of magnetic ordering of the sample. Particles with large 

A B 

 Octahedral B sites 

Tetrahedral A site 

Oxygen 
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crystallite sizes have dipoles arranged in multiple domains separated by a domain wall to 

maintain the lowest energy state. Nanoparticles’ size (less than 100 nm) below which it is 

energetically unfavorable for domain walls to form resulting in single domain 

nanoparticles. According to the Louis Neels’ theory, nanoparticles in the single domain 

regime no longer exhibit hysteresis behavior in an applied magnetic field. This type of 

condition referred to as superparamagnetism. The most used Ferrites (MFe2O4) such as 

nickel ferrites or cobalt ferrites with spinel or inverse spinel structures exhibit 

superparamagnetism.  

Reported synthesis pathways of ultrafine particles 

Nanoparticles can be prepared by various preparation techniques such as co-

precipitation,27sol-gel method,28microemulsion,29solvothermal,30thermal decomposition,31 

sonochemical,32 microwave-assisted,33 combustion,34 chemical vapor deposition,35 carbon 

arc,36 and laser pyrolysis.37 

The sol-gel method synthesizes ultrafine particles with good stoichiometric control 

and narrow size distribution. This method has a relatively short processing time and can be 

done at lower temperatures. In the sol-gel method, solid materials are formed from small 

molecules. Sol is a stable dispersion of colloidal particles, and a gel is a three-dimensional 

continuous solid network that consists of a liquid phase. There are two possible reactions 

that take place in the sol-gel process.38 In the hydrolysis reaction a nucleophilic substitution 

mechanism takes place which results in the replacement of an alkyl group with hydroxyl. 

The nucleophilic addition of a water molecule is followed by a proton transfer making 

alcohol a better leaving group. 
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Hydrolysis 

 M-OR + H2O              M-OH + ROH 

 Condensation 
 
 M-OH + M-OR            M-O-M + ROH 
 
 M-OH + M-OH            M-O-M + H2O 
 

In this method a “sol” is formed gradually involves toward the formation of a gel-

like diphase system containing both a solid phase and liquid phase whose morphology 

changes from individual particles to continuous polymer network. The prepared gel acts as 

the precursor and can be used to synthesize nanoparticles or ultrafine particles. 

The coprecipitation method is the simplest method preferred for synthesizing 

oxides. This method involves constant stirring by adding a precipitating agent dropwise. 

The co-precipitation method consists of a basic solution and a mixture of metallic ions 

usually Fe2+ and Fe3+ to form a precipitate of the desired compound at temperatures below 

100 ℃. High purity and a high yield product can be obtained from this method which are 

some of the advantages of using the coprecipitation method to synthesize magnetic 

nanoparticles. The coprecipitation reaction is shown as follows.39 

Fe2+ (aq) + 2Fe3+ (aq) + 8OH-(aq)                               Fe3O4 (s) + 4H2O(l) 
 
 The solvothermal method is a process taking place in a closed reaction vessel 

inducing a decomposition of the precursor material to form the desired compound directly 

from a solution at high temperature and pressure. This method can be used to synthesize 

metallic, ceramic, semiconducting, and polymeric nanoparticles with precise control over 

the size. The solvothermal method usually uses moderate to high temperatures, with a 

minimum temperatures range of 100 ℃ to 1000 ℃ which facilitate the interaction between 
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the precursor material during synthesis. The advantage of this method is it includes the 

formation of many geometries: thin films, single crystals, bulk powders, and 

nanocrystals.40 

Another nanoparticle synthesis process is laser pyrolysis. In this method a 

continuous wave of CO2 laser is used to heat the reactant gases and initiate nucleation 

followed by the growth of nanoparticles. This is a well-known technique to produce 

nanoscale materials with high purity and high quality for a wide range of applications.41 

 

Figure 5. Schematic representation of laser pyrolysis apparatus.42  

 The combustion method of nanoparticle synthesis uses high temperatures to 

synthesize various oxide materials. This method has become a very popular technique for 

the preparation of one and two-dimensional nanomaterials based on the physical nature 

including the morphology and dimensionality.43 
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Mechanochemical synthesis 

Although many methods have been developed for the synthesis of magnetic 

nanoparticles, the synthesis of cobalt ferrite nanoparticles by a cost-effective, 

environmentally friendly, and relatively fast route remains a challenge. Mechanochemistry 

can be used to synthesize chemical products by using mechanical action. Some advantages 

of this method are the relative simplicity of the process and the use of common precursors 

such as metal oxides or salts. The method of ball milling is a widely used mechanochemical 

method in which mechanical force is used to attain the chemical processing and 

transformations. In the ball milling process moving balls apply their kinetic energy to the 

precursor material, break chemical bonding and create fresh surface.44 

 

Figure 6. Ball milling process.44 

 The ball milling process can be divided into four stages: the initial stage, the 

intermediate stage, the final stage and the completion stage.46 At the initial stage, powder 

particles are compressed due to the collision of the high-energy balls. Due to the forging 

of the balls individual powder particles are flattened repeatedly with high kinetic energy 

while the mass of the powder remains unaffected. At the intermediate stage, contact 
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welding and fracturing are the two dominant milling processes, along with some 

dissolution. At this stage, the chemical composition of the powder material is still not 

homogeneous. During the final stage of ball milling, the powder particles appear to be more 

homogeneous and exhibit considerable refinement. The particle size reduction of the 

material can be observed clearly than those at the initial and intermediate stages. 

Capping agents 

Capping agents are mainly used as stabilizers to prevent the coagulation in colloidal 

synthesis and inhibit the over-growth of nanoparticles. When synthesizing the 

nanoparticles, size control of nanoparticles remains a critical procedure for successful 

applications of nanotechnology. Final morphology of nanoparticles mainly depends on the 

type of capping agent which is bound to the surface of the nanoparticles. There are various 

types of capping agents used in nanoparticle synthesis including polymers, surfactants, 

small ligands, dendrimers and polysaccharides47. All of these have been successfully 

employed as capping agents having the capability to change the nanoparticle surface for 

therapeutic and environmental remediation applications. 
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Figure 7. Nanoparticles covalently bound with capping agents 

Applications 

Nanoparticles are synthesized with different sizes and shapes. The surface of the 

nanoparticle can be coated, functionalized, or conjugated with various types of 

biomolecules to use in diverse set of potential applications including drug delivery, cancer 

therapy, medical imaging and diagnostics, bio-separation, immunoassay, and wastewater 

treatment.48,49 

Finding ways to combat cancer has become one of the most prominent goals in 

today’s medicine. There are various types of treatment for cancers, but they cause negative 

and harmful impacts not only to the cancer cells but also to the healthy tissues.  

 To overcome this issue, magnetic fluid hyperthermia (MFH) has been introduced to 

the medical field. This method involves the heat from magnetic nanoparticles in the 

presence of alternating magnetic field (AMF). MFH is a promising approach for cancer 

therapy that is based on the localized heating of tumors using the relaxation losses of 

magnetic nanoparticles. Compared to the healthy cells, tumor cells are more sensitive to a 



14 

 

temperature. AMF causes the heating of the nanoparticles to increase the temperature of 

tumor tissue and destroy the pathological cells by hyperthermia. The main advantage of 

this method is, it has fewer side effects than chemotherapy and radiotherapy.50 

 Applications of synthetic nanoparticles in the field of biology and medicine have 

attracted special attention. Quantum properties, high surface-to-volume ratio, and the 

ability to carry other components due to size make nanoparticles attractive for many 

medical applications ranging from magnetic transfection of cells to magnetic resonance 

imaging.51 Non-invasive imaging methods have been improved using ferrite magnetic 

nanoparticles. Among them, Magnetic Resonance Imaging (MRI) is used as diagnostic 

tools to visualize tissues and determine the proper function of cells. 

Nanoparticles have also been widely used in environmental applications to mitigate 

the vast range of environmental challenges. Due to a boom in nanomaterial development, 

nanoparticles have shown promising performance in wastewater treatment and pollutant 

removal or toxicity mitigation. Heavy metals like mercury, arsenic, and manganese, 

polycyclic aromatic hydrocarbons (PAHs), and organic pollutants such as polychlorinated 

solvents can be reduced to less toxicity by the use of magnetic nanoparticles.52,53 Such 

nanoparticles possess large removal capacity, high reactivity, and rapid kinetics.  

To separate the contaminants from a mixture or wastewater stream, magnetically 

enhanced separation technology has been introduced. This technology uses specifically 

made surface- modified magnetic nanoparticles which have a high uptake of trace metals 

and a magnetic core that facilitates the nanoparticles recovery. The magnetically enhanced 

separation method is a cost-effective method as it uses low-cost magnets and chemicals. 

The use of nano-structured materials such as magnetic nanoparticles as adsorbents in 
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environmental applications provide a prominent approach for separating and removing 

contaminants. 

Arsenic in natural waters 

Heavy metals are usually present in trace amounts but their contamination in natural 

waters is a major problem due to their high toxicity even in low concentrations and 

persistence in the environment. Metals such as cadmium, arsenic, lead, nickel, mercury, 

chromium, and zinc are classified as heavy metals. They are naturally occurring substances 

but through anthropogenic activities, they have been introduced to the environment in large 

quantities especially in natural water.54 Among these elements, arsenic contamination in 

natural water sources has become a worldwide problem.  

Arsenic mobilized in the environment has increased drastically in recent times due 

to mining activities, use of arsenical pesticides and herbicides, fossil fuel combustion, and 

the use of arsenic as an additive to livestock feed. Due to various sources of arsenic in the 

environment, natural water sources such as surface water, groundwater, and rainwater have 

become a major threat to human health. Such arsenic-contaminated water is highly 

dangerous since arsenic is toxic even at low levels and is a known carcinogen. The current 

recommended limit of arsenic in drinking water as the WHO guideline value is 10µg/L or 

0.01mg/L. This level was fixed based on the ability to treat water practically to this level.55 

 Arsenic is frequently found in groundwater sources at the pH values of 6.5-8.5 

typically under both oxidizing and reducing conditions. But in natural waters arsenic is 

mostly found in two major forms as oxyanions of trivalent arsenite (As (III)) or pentavalent 

arsenate (As (V). Arsenite is always oxidized to arsenate by various oxidation technologies 

prior to removal since it is much easier to remove from water than arsenite. As (III) exists 
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mostly as neutral H3AsO3 when the solution pH is 9.2. That makes arsenite less available 

for precipitation, ion-exchange or adsorption methods.56  

 

Figure 8. Chemical structure of (A) arsenite (B) arsenate 

The dissociation reactions of As (III) are as follows 

H3AsO3               H+ + H2AsO3- pKa1= 9.2 

H2AsO3-                     H++ HAsO32- pKa2 = 12.1 

HAsO32-                     H++ AsO33-   pKa3 = 13.4 

Removal of Arsenic 

There are several different technologies available to remove arsenic from water. 

These include ion exchange resin, filtration, reverse osmosis, electrochemical treatments, 

evaporation, detoxification, flotation, and co-precipitation. Although various technologies 

have been used for arsenic removal, the use of magnetic nanoparticles as adsorbents in the 

removal of arsenic from water sources showed a better recourse than other available 

methods due to its easy handling, high efficiency and cost-effectiveness. Due to the 

magnetic property of these nanoparticles, they can be easily separated from solution after 

adsorption using a simple magnet. Many studies examined arsenic removal with activated 

alumina and iron oxides/hydroxides as the adsorption media. Although these methods are 

effective for selective adsorption of arsenic, there are some limitations of application. Some 

of the limitations are associated with the production of large amount of sludge with a 
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substantial concentration of arsenic and the separation of nanomaterials after the water 

treatment process.57 

 Nanoparticles used as adsorbents for removal of heavy metal ions from the water 

must fulfill several criteria. The nano-sorbents must have relatively high sorption 

selectivity and capacities even at low pollutant concentrations, they should be nontoxic, 

and adsorbed pollutants should be easily removable from the nanoparticle surface. The 

sorbents could be recyclable, and the adsorption process should be reversible in order to 

get the adsorbent back. 

The amount of adsorbed Arsenic (V) on the adsorbent can be calculated using the following 

equation 

 qt  = ( C0 –Ct) V/M 

where C0 and Ct is the initial and remaining concentration of Arsenic(V) in solution(mg/L), 

qt is the amount of Arsenic(V) adsorbed (mg/g) at time t, V is the solution’s volume, and 

M is the amount of the adsorbent 

Aims of this research 

The overall goal of this research project is to explore novel green pathways of 

synthesizing highly useful cobalt ferrite (CoFe2O4) nanoparticles by mechanochemical ball 

milling. The magnetic property of the proposed cobalt ferrite particles allows their handling 

without close contact with the user. This capability is particularly interesting for highly 

toxic and radioactive materials. The reason, for choosing tetralin is that it helps the partial 

reduction of iron (III) precursors to divalent iron in the presence of carboxylate groups58 

and it is a high boiling point solvent that is suitable for the non-hydrolytic open reaction 

method and pressure-assisted closed reaction method. Two different capping agents (cholic 
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acid and stearic acid) were used as stabilizers to inhibit the over-growth of nanoparticles 

and prevent their coagulation. In addition to that we attempted to investigate the maximum 

adsorption efficiencies of prepared carboxylate capped cobalt ferrite nanoparticles for the 

removal of arsenic species from aqueous solutions. This means consuming significantly 

less material for the removal of large amounts of arsenic compared to traditional extractants 

like iron metals and bulk ferrites. 
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 CHAPTER II 

Non-Hydrolytic Synthesis of Capped Spinel Ferrite Nanoparticles 

Introduction 

Synthesis of magnetic nanoparticles can be done via various methods including 

coprecipitation,59microemulsion,60 hydrothermal,61 and thermal decomposition.62 The 

primary method of synthesizing nanoparticles in this chapter is non-hydrolytic 

coprecipitation. Coprecipitation is a method in which two or more compounds are 

precipitated in a solvent. It is a result of supersaturation, which involves nucleation, growth, 

and agglomeration of particles in a solution. This method is widely used for synthesizing 

fluoride, oxide, or oxyfluoride-based nanoparticles. Most precursors are in the form of 

chloride, nitrate, or acetate. Solvents such as water and ethanol are used to dissolve the 

precursors to form a solution.63 With constant stirring, a precipitating agent such as 

ammonium hydroxide is slowly added dropwise to cause the precipitation of the desired 

compound (Figure 9). Usually, the precipitate is washed several times with distilled water 

or hot ethanol to remove any impurities.  

 

Figure 9. Schematic representation of Fe/Co oxide hydroxide precursor synthesis 
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Heat-mediated coprecipitation method for nanoparticle synthesis 

 Some nanoparticles are synthesized by the coprecipitation of the sparingly soluble 

metal precursors from aqueous solutions. In this method, elevated temperatures, and the 

presence of capping agents such as cholic acid, stearic acid, and caprylic acid help to 

control the size distribution during the ferrite phase formation. It is assumed that in the 

coprecipitation method both nucleation and particle growth take place at the same time. 

The capping agents serve as reducing agents and prevent agglomeration of nanoparticles 

formation during the process. This method has attracted attention to synthesize stable 

cobalt ferrite nanoparticles with a narrow size distribution in the absence of air. In previous 

work, members of our research group have synthesized Fe-Co caprylate precursors by heat-

mediated coprecipitation method for the synthesis of caprylate capped cobalt ferrite 

nanoparticles by non-hydrolytic pressure-assisted closed reaction method and studied their 

physical and magnetic properties. In this work, stearic acid and cholic acid were used as 

the capping agents to prepare the Fe-Co precursors for the synthesis of ultrafine particles 

(CoFe2O4) by non-hydrolytic open and closed reaction methods.64 

Objectives 

In this study, the major objective was to synthesize cholate capped and stearate 

capped spinel ferrite nanoparticles with high purity by heat-mediated coprecipitation 

method. The textural and morphological characteristics of the synthesized spinel ferrite 

nanoparticles were studied with different characterization methods of fourier transform 

infrared spectroscopy (FTIR), powder X-ray diffractometer (PXRD), transmission electron 

microscopy (TEM) and dynamic light scattering (DLS) to verify the particle size and to 

explore other parameters of interest. 
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Experimental 

Materials 

The chemicals that were used throughout the experiments were 1,2,3,4-

tetrahydronaphthalene (tetralin, C10H12, 99%), pure ethanol (C2H5OH 100%), acetone 

(C3H6O, 99.5%), and ferric chloride (FeCl3, 97% purity). Ethanol, tetralin, and ferric 

chloride were obtained from Sigma Aldrich, and acetone was purchased from VWR 

chemicals. Stearic acid (C10H30O2, 98.5%) and cholic acid (C24H40O5, 98%) were 

purchased from Beantown Chemicals.  Cobaltous chloride hexahydrate (CoCl2.6H2O, 

98.4%) was obtained from Fisher Scientific. All chemicals used were of analytical grade 

and were not further purified. 

Instrumentation 

Isolation of nanoparticles from tetralin solution was carried out on an Eppendorf 

Centrifuge 5810 R from Eppendorf (Hamburg, Germany). 

The identity of surface moieties and functionality were determined using a Nicolet 

iS10 Fourier transform infrared spectrometer equipped with the smart iTX diamond ATR 

accessory. The spectra were automatically adjusted for H2O, CO2, and background 

corrections.  

The crystal phase of the nanoparticles was identified using a Rigaku Miniflex 600 

benchtop X-ray diffractometer. Each sample was scanned in a stationary position (no 

rotation) from 20-80º, 2θ with a step size of 0.05º/s. 

The average particle diameter in a chloroform dispersion was determined by a 

Malvern Zetasizer with a He-Ne laser (633 nm) at room temperature. 
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Particle morphology and diameter measurements were performed by transmission 

electron microscopy (TEM – Hitachi 7500) at 80 kV.  

All instrumental measurements were carried out at room temperature unless 

otherwise noted. 

Synthesis of Fe-Co (cholate) precursor 

Iron (III) chloride (0.81 g) and cobalt (II) chloride (1.19 g) were used to prepare the 

precursor for the cobalt ferrite nanoparticles. Iron and cobalt salts were each dissolved in 

20 mL of ethanol, the solutions were mixed and magnetically stirred. In a separate flask, 

an equivalent mole ratio of cholic acid was dissolved in 70.0 mL of ethanol and added to 

the stirring mixture of iron and cobalt solutions. 5.0 mL of ammonium hydroxide was 

added dropwise to the mixture. The mixture was allowed to stir for 2 hours before being 

filtered and washed with hot ethanol. A yellow-brown precipitate was obtained. It was then 

dried in a vacuum chamber overnight.64 

Synthesis of Fe-Co (stearate) precursor 

The synthesis was performed identically to the above procedure using stearic acid 

as the capping agent. 

 

Figure 10. Cobalt ferrite (A) cholate (B) stearate precursor 
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Synthesis of the cholate capped cobalt ferrite nanoparticles: non-hydrolytic pathway 

(Open reaction method) 

Cobalt (II) iron (III) hydroxide cholate precursor (0.5 g) was dispersed in 100 mL 

of tetralin in a beaker for 24 hours. The stirred solution was then added to a 2-pronged 

round bottom flask. The dispersion was degassed with nitrogen for 30 minutes at room 

temperature. It was then purged with nitrogen gas at 150 °C for 30 minutes while stirring 

at 70 rpm. The temperature was ramped up to 208 °C (the boiling point of tetralin) and the 

reaction was maintained at this temperature for 12 hours. After boiling, the solution was 

left to cool to room temperature. The nanoparticles were isolated from tetralin solution by 

the addition of 50 mL of acetone and centrifuged at 4500 rpm for 30 minutes. The brown-

black product was placed in a glass petri-dish and dried under vacuum overnight.  
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Figure 11. Synthesis steps of capped spinel ferrite nanoparticles by open reaction method 

(A) dissolved precursor material in tetralin solution (B) synthesis set-up (C) product in 

acetone (D) collected magnetic nanoparticles 

Synthesis of the cholate capped cobalt ferrite nanoparticles: non- hydrolytic pathway 

(closed reaction method) 

Cobalt (II), iron (III) hydroxide cholate precursor (0.25 g) was dispersed in 50.0 

mL of tetralin in a reaction tube (30.0 cm long 2.5 cm diameter) with a sealed control and 

gas inlet. The dispersion was degassed using a vacuum pump for one hour then nitrogen 
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gas was introduced to the system using a gas/vacuum manifold for a few seconds. The 

reaction tube was sealed and clamped in an oil bath, hence, the “closed” reaction method 

assignment. The temperature of the solution was ramped to 150 °C for 30 minutes and 

stirred continuously at 70 rpm. After 30 minutes the reaction temperature was raised to 210 

°C and held for 12 hours. After reaction completion, the solution was left to cool to room 

temperature. The nanoparticles were isolated from the tetralin mixture by the addition of 

50.0 mL of acetone and centrifuged at 4500 rpm for 45 minutes. The product was placed 

in a glass petri-dish and dried under a vacuum overnight.64 

 

Figure 12. Nanoparticle synthesis by non-hydrolytic (closed reaction) method 

In a similar procedure stearate capped cobalt ferrite nanoparticles were prepared using a 

Fe-Co (stearate) precursor  
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Results and discussion 

Preparation of nanoparticles 

In this preparation, obtained brown-yellow precipitate (Fe-Co precursors) by heat-

mediated precipitation method was used to synthesize the cobalt ferrite nanoparticles. The 

proposed mechanism for the formation of cobalt ferrite nanoparticles core is as follows. 

FeCl3(aq) + 3NH4OH (aq)                Fe (OH)3 (s) + 3NH4Cl (s) 

 
CoCl2 (aq) + NH4OH (aq)              Co (OH)2(s)  +  NH4Cl(s) 

 
2FeO (OH) (s)                        Fe2O3(s) + H2O (l) 
  
Co (OH)2(s)                        CoO(s) + H2O(l) 
  
Fe2O3(s) + CoO(s)                     CoFe2O4(s) 
 

The percent yield of the cholate-capped and stearate-capped nanoparticles 

synthesized by non-hydrolytic open reaction method were 48% and 56.2% respectively. 

The percent yields for cholate-capped and stearate-capped nanoparticles prepared by non-

hydrolytic closed reaction method were found to be 46.2% and 50.8% respectively. 

Possible sources of product loss include retention of ultrafine particles in filtrate during the 

isolation step with acetone, carboxylate decomposition during the precursor heating and 

experimental error. 

Magnetic properties of magnetic nanoparticles 

Cholate-capped CoFe2O4 and stearate-capped CoFe2O4 particles prepared by open 

reaction non-hydrolytic method readily responded to a neodymium magnet. However, they 

showed no magnetization when the magnet is removed. It suggests that there is no remnant 

magnetization of as prepared magnetic nanoparticles. In previous work our research group 

members have studied the magnetic properties of caprylate-capped CoFe2O4 nanoparticles 

△ 

△ 

△ 
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synthesized by closed-reaction method. From those studies it was found that caprylate-

capped nanoparticles also show no remnant magnetization. 

Characterization
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Figure 13. FTIR spectra (A) cholic acid (B) cholate capped cobalt ferrite nanoparticles 

(C) stearic acid (D) stearate capped cobalt ferrite nanoparticles 

 The cholate capped precursor exhibited two absorption bands at around 1420 cm-1 

and 1600 cm-1, which could be due to symmetric and asymmetric vibrations of carboxylate 

(COO-) groups. The precursor exhibited another absorption band at 3250 cm-1 which was 

assigned as a stretch of aliphatic –CH2 and –CH3 groups. The carbonyl stretching peak at 

1712 cm-1 in the cholic acid spectrum is shifted to the frequencies mentioned above. In 
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spectra of cobalt ferrite nanoparticles and the Co-Fe precursor indicating that the carbonyl 

group in the capping agent leads to form a bond by anchoring of the carboxylate anions to 

the metal ions in a chelating or bridging mode of coordination. 

 The infrared spectra of stearic acid and surface modified CoFe2O4 nanoparticles 

show peaks at around 3050 cm-1which could be assigned to the stretching vibrations of -

CH2 and –CH3 groups. The peak at 1689 cm-1 belongs to the carbonyl stretch of stearic acid 

which is shifted in the surface modified cobalt ferrite nanoparticles revealing that the bond 

formation between stearate anions and the metal ions. 

 The careful observations on the FTIR spectra of cholate capped and stearate capped 

nanoparticles show absorption peaks around 550 cm-1corresponding to intrinsic stretching 

vibrations of M-O at the tetrahedral site. The broad peak around 3300 cm-1 could be 

attributed to -OH- vibrations of carboxylic groups present in the capping agents. The 

presence of symmetric and asymmetric vibrations of the carboxylate group in the product 

confirms that the capping agent was present on the surface of the nanoparticles after 

thermal treatment. 

 Figure 14 shows the simple carboxylate coordination (A) and combinations of 

chelating and bridging modes of carboxylate-metal coordination (B, C). The largest 

frequency separation (△) of 200-320 cm-1 corresponds to monodentate interaction, 

medium △of ~140-190 cm-1 to bridging bidentate and the smallest △ of ~< 110 cm-1 to 

chelate interactions.65The frequency separation of 180 cm-1 between the bands at 1600 and 

1420 cm-1suggests that the carboxylate moieties bind the surface metal centers in a bridging 

mode of coordination. 
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Figure 14. Three coordination patterns of carboxylate ion and a metal ion (A) chelating 

complex (B) and (C) chelating and bridging complex 

X-ray diffraction (XRD) is a non-destructive, versatile characterization technique 

that gives chemical compositions with the crystallographic structure of single crystal or 

polycrystalline materials. Crystalline solids possess lattice structures that have a periodic 

repetition of the atoms and molecules. The lattice of a crystalline solid is composed of 

repeating units that can be visualized as six-sided boxes whose opposite faces are parallel. 

In X-ray diffraction patterns, the positions of discrete peaks may be attributed to the 

reflection of X-rays from the equally spaced parallel planes of a crystalline solid.66 

A B C 
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Figure 15. X-ray powder diffraction 

In XRD the incoming beams (incident X-rays) irradiate the material and the 

intensities and scattering angles of the diffracted x-rays that leave the material are 

measured. Crystal atoms scatter incident X-rays, through interaction with the atoms’ 

electrons. This process is known as elastic scattering; the electron is known as the scatterer. 

If scatterers are arranged symmetrically with a separation (d) these spherical waves add 

constructively only in directions where their path-length difference 2d sin θ equals an 

integer multiple of the wavelength (λ) as determined by Bragg’s law.67 

2dsin θ = n λ 

where d is the distance between atomic layers (spacing of the crystal layers), θ is the Bragg 

angle, n is an integer, and λ is the wavelength of the X-ray. 
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Figure 16. Powder XRD spectra of (A) Fe-Co cholate precursor (B) cholate capped 

cobalt ferrite nanoparticles (C) Fe-Co stearate precursor (D) stearate capped ferrite 

nanoparticles 

 Considering the peaks with highest intensity, the crystallite size has been estimated 

using the Debye- Scherrer equation 

𝐷𝐷 =
k λ

β cos θ
 

Where D is the crystallite size (nm), k is the shape factor (0.94), λ is the wavelength of X-

ray (1.5406 Å), β is the full width at half maximum (FWHM), and θ is the diffraction angle. 

Observed diffraction patterns of the cholate capped nanoparticles and stearate capped 

nanoparticles show several Bragg reflections which correspond to the (311), (400), (511), 

and (533) reflection planes (Figure 16) 
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Table 1. Calculated crystallite size of the cholate capped CoFe2O4 nanoparticles 

synthesized by open reaction method 

2θ (degree) d (Å) Heights 
(cps) 

FWHM 
(deg) hkl Crystallite 

size (nm) 

35.5 2.527 71 3.1 311 2.9 
 

Table 2. Peak list of stearate capped cobalt ferrite nanoparticles synthesized by open 

reaction method 

2θ (degree) d (Å) heights (cps) FWHM 
(deg) hkl Crystallite 

size (nm) 

35.54 2.524 93 3.5 311 3.3 

 

Figure 16shows the XRD patterns of the precursor and nanoparticles. A broad peak is 

observed in the precursors (Fig. 17 (A) and (C)) which do not exhibit sharp diffraction 

patterns indicating that they are amorphous. The reflection planes of (311), (400), (511), 

and (533) confirm the presence of cobalt ferrite (CoFe2O4) with a spinel ferrite cubic 

structure. The Miller indices for the major diffractions have been included in the Figure 

16. The crystallography open database (COD) signals exhibited by the nanoparticles match 

with the reflections of a spinel ferrite structure (COD #5910063) revealing that the desired 

crystal structure was achieved. 

 The analysis of the crystallite size has been carried out using the broadening of the 

XRD peaks. Peak broadening comes from several sources such as strain effect within the 

crystal lattice, finite crystallite size and the instrumental effect. Using the Scherrer equation 

the crystallite size of the nanoparticles was calculated from the full width at half maximum 
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of the XRD patterns. The initial precursor materials exhibit very broad reflections. Upon 

thermal treatment (open-reaction method), the initial broad reflection weakens in intensity 

pointing to the formation of ultrafine cobalt ferrite particles. The measured crystallite size 

of cholate capped, and stearate capped nanoparticles were 2.9 nm and 3.3 nm respectively. 

 Figure 17 shows the TEM image and particle size distribution of the capped cobalt 

ferrite cholate particles. Analysis of 30 particles across the images indicate that the 

nanoparticles prepared by the non-hydrolytic methods are uniform in both morphology and 

particle size. The average particle size obtained for cholate capped cobalt ferrite was  

3.81 ± 0.81 nm. It suggested the size of the nano-crystallites determined by TEM were in 

good agreement with the sizes calculated in the X- ray diffraction patterns. 

 

Figure 17. Transmission electron micrograph of cholate capped CoFe2O4 nanoparticles 

Dynamic light scattering is based on the Brownian motion of dispersed particles. 

The principle of Brownian motion is that when particles are dispersed in a liquid they 

constantly collide with solvent molecules as they move randomly in all directions.68 These 

collisions lead to an energy transfer which induces the movement of particles. The energy 

transfer has a greater effect on smaller particles as they move at higher speeds than larger 

A 
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particles. DLS measures changes in the intensity of scattered light over time as particles 

move through solution. The relationship between the particle size and the speed of the 

particles is determined by the Stokes-Einstein equation.69 

𝐷𝐷 =
kT

6πηR
 

where, D is the translation diffusion coefficient (m2/s), k is the Boltzmann constant 

(m2kg/Ks2), T is the temperature (K), η is the viscosity (Pas) and R is the hydrodynamic 

radius (m). 

 A basic requirement for the Stokes-Einstein equation is that the movement of the 

particles needs to be solely based on Brownian motion. If there is sedimentation it would 

lead to inaccurate results as there is no random movement.70 

 In DLS, it is possible to directly measure the spectrum of frequencies contained in 

the intensity fluctuations arising from the Brownian motion.71 The scattered light is 

detected within a period of time. The intensity of the scattered light will fluctuate over time. 

Smaller particles show faster fluctuations than larger particles. In other words, larger 

particles result in higher amplitudes between the maximum and minimum scattering 

intensities. 

 

Figure 18. Schematic illustration of intensity measurement in dynamic light scattering 
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 The zetasizer is the instrument that measures the hydrodynamic size and the zeta 

potential of solid particles. Zeta potential can be defined as a measure of the potential 

difference between the surface of a solid particle immersed in a conducting liquid. 

Polydispersity index (PDI) is a measure of uniformity of size or the broadness of the size 

distribution of a colloidal sample. PDI values are reported between 0 and 1 where 1 is a 

polydisperse solution and 0 is a monodisperse solution.72 

Figure 19 illustrates the dynamic light scattering measurements of cholate and 

stearate capped cobalt ferrite nanoparticles. The particle size is reported in diameter in 

nanometers. The average size of cholate-capped CoFe2O4 nanoparticles was 50.7 nm and 

for stearate-capped CoFe2O4 it was 255 nm. These measurements show that the average 

particle size is higher as compared to the average particle size measured by TEM. The 

larger size could be due to particle agglomeration, a common issue in nanoparticle 

synthesis. DLS tells the hydrodynamic diameter that includes core plus any molecule 

attached or adsorbed on surface. In DLS there is a tendency of particles to agglomerate in 

an aqueous solution, but TEM gives the size of particles in dried form. 

 In DLS, the concentration of a sample for optimal measurements is highly dependent 

on the sample materials and their size. If the sample is too dilute, there may be not enough 

scattering to make a proper measurement. On the other hand, if the sample is too 

concentrated, then multiple scattering can take place and the particles might not be freely 

move with its spatial displacement driven by Brownian motion. For DLS measurements 
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Figure 19. Size distribution of (A) cholate capped cobalt ferrite nanoparticles (B) 

stearate capped cobalt ferrite nanoparticles suspended in chloroform measured by 

dynamic light scattering 

Conclusion 

As described in this chapter, cobalt ferrite nanoparticles were synthesized by a 

simple heat- mediated coprecipitation method under anaerobic conditions. FTIR evidence 

suggests carboxylate group capping through the coprecipitation method to form core-shell 
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nanostructures. However, infrared data alone is inconclusive towards the claim of intact 

cholate capping, so partial anchoring of cholate groups or decomposed fragments of the 

carboxylic acid might have occurred. Further investigations involving NMR analysis of 

post-isolation filtrate will give insight into possible decomposition products and the 

possible nature of the remaining organic cap. On the other hand, FTIR spectra showed that 

the stearate and cholate groups were retained on the particles after thermal treatment. XRD 

spectra confirm that the as-prepared cobalt ferrite nanoparticles have a cubic spinel 

structure. The crystallite sizes calculated from Scherrer equation for cholate capped and 

stearate capped cobalt ferrite nanoparticles were 2.9 nm and 3.3 nm respectively. TEM 

micrograph of the cholate capped CoFe2O4nanoparticles shows an average particle 

diameter of 3.81 nm with a standard deviation of 0.81 nm. The crystallite sizes obtained 

from the Scherrer’s equation are in agreement within a narrow margin of difference with 

average diameter calculated from TEM. The average particle diameters for cholate capped 

and stearate capped cobalt ferrite particles determined by dynamic light scattering were 

50.7 nm and 255 nm respectively. The particles are magnetic and show no remnant 

magnetization which is an advantageous property for materials intended to be utilized in 

environmental remediation and electromagnetic separation. 
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CHAPTER III 

Solvent-Assisted Mechanochemical Synthesis of Spinel Ferrite Nanoparticles 

Introduction 

Many methods have been developed for the synthesis of nanoparticles and the 

existing methods involve the nucleation of particles in vacuum, gas or liquid. 

Mechanochemical syntheses are becoming more popular due to the environmental and cost 

benefits of the preparations. The synthesis of magnetic spinel ferrite by solvent-assisted 

mechanical milling will be discussed in this chapter. 

 Milling processing is characterized by the repeated welding, deformation and 

fracture of the mixture of powder particles.73 It is a well-established method that has been 

used in synthesis of metals and different alloys. The starting material could be either in the 

form of powders or pre- alloyed metals.74It has been employed to process a wide range of 

equilibrium and non- equilibrium alloy phases. The mechanochemical method has various 

kinds of materials used for balls/jars are hardened steel, sintered corundum, zirconium 

oxide, and tungsten carbide. In this study, agate balls and jars were selected due to less 

contamination and higher impact energy.75In this work used agate milling jars made of 

high purity natural agate (99.91% SiO2). 

 Milling speed and time are critical parameters during ball milling since they directly 

reflect the amount of energy imparted to the powder particles. The higher the milling speed 

the larger the energy impact, but for each design of ball mill, there is a maximum value of 

milling speed. If the applied milling speed exceeds this value, balls can get stuck on the 

walls and it may lead to contamination. Therefore, to prevent these kinds of conditions 

appropriate ball milling speed should be selected. To achieve the desired structure milling 
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time should be optimized with milling speed, ball to powder ratio and milling temperature. 

Ball to powder ratio determines the energy input to the milled powder.  

 

Figure 20. Types of milling jars (A) stainless steel (B) agate (C) teflon 

Objective 

The overall aim of this experiment was to synthesize and fully characterize well 

constrained carboxylate capped cobalt ferrite nanoparticles using an environmentally 

friendly, cost effective and facile method of solvent-assisted mechanochemical ball 

milling. 

Experimental 

The chemicals that were used throughout the experiments were 1,2,3,4-

tetrahydronaphthalene (tetralin, C10H12, 99%), acetone (C3H6O, 99.5%), and ferric chloride 

(FeCl3, 97% purity). Tetralin and ferric chloride were obtained from Sigma Aldrich and 

acetone was purchased from VWR chemicals. Stearic acid (C10H30O2, 98.5%) and cholic 

acid (C24H40O5, 98%) were purchased from Beantown Chemicals.  Cobaltous chloride 

hexahydrate (CoCl2.6H2O, 98.4%) was obtained from Fisher Scientific. All chemicals used 

were not further purified. 

A B C 



42 

 

Instrumentation 

Mechanosynthesis experiments were performed with a planetary ball mill, 

FRITSCH model. An agate vial of 10 cm3 volume and agate balls measuring 1 mm in 

diameter were used as the milling bodies. 

All product/solvent separations were carried out by an Eppendorf Centrifuge 5810 

R Eppendorf (Hamburg, Germany). 

All FTIR spectroscopic measurements were obtained from a Nicolet iS10 Fourier 

transform infrared spectrometer equipped with the Smart iTX diamond ATR accessory. 

The spectra were automatically adjusted for H2O, CO2, and background corrections. The 

spectra were plotted with percent transmittance versus wavenumber (cm-1) 

The crystal phase of the nanoparticles was identified using a Rigaku Miniflex 600 

benchtop X-ray diffractometer. The 2θ value of each material was scanned from 20- 80º, 

with Cu Kα radiation with step size of 0.05º/s 

Dynamic light scattering (DLS) was used to determine average particle diameter in 

a xylene dispersion by a Malvern Zetasizer with a He-Ne laser (633 nm) at ambient 

temperature.  

Mechanochemical synthesis of cholate capped cobalt ferrite nanoparticles 

 Cobalt (II) iron (III) hydroxide cholate precursor 0.1 g was placed into a 5.0 mL 

milling jar, with two agate balls weighing 2.7 g. The calculated sample to ball mass ratio 

was 1:30. To the same jar 1.0 mL of hot tetralin (208 °C) was added. The resulting mixture 

was milled for 6 hours with 90 minutes cycles and a rotation frequency of 30 s-1. Then, the 

product was isolated from tetralin by the addition of 20 mL of acetone and centrifuged at 
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4500 rpm for 20 minutes. The final product was dried under vacuum overnight by 

spreading over a glass plate. 

Mechanochemical synthesis of stearate capped cobalt ferrite nanoparticles 

In a process identical to the mechanochemical synthesis of cholate capped particles 

above, 0.1 g of Cobalt (II) iron (III) hydroxide stearate precursor was used to prepare 

stearate capped cobalt ferrite nanoparticles. 

 

 

Figure 21. Solvent-assisted mechanochemical ball milling 

Results and discussion 

Synthesis 

 The key step for the formation of the spinel ferrite magnetic phase is the partial 

reduction of the trivalent iron centers to their divalent state by a reducing agent. It is well-

known that carboxylate groups can act as reducing agents for partial reduction of trivalent 

iron to its divalent state. The reduction of trivalent iron in the iron oxide hydroxide 

precursor in boiling tetralin can be affected by the tetralin itself. The reducing properties 

of the tetralin are confirmed in the literature.76Most of the carboxylate groups retain their 

structure throughout the reaction process. Therefore, an assumption can be made that 
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tetralin must play the role of reducing agent. To justify the above hypothesis the ball milling 

experiment was carried out in the absence of tetralin. No magnetic phase was obtained. 

The same experiment was carried out in the presence of hot ethanol, hot water, and mixture 

of ethanol-water (50% ethanol-50% water). The obtained particles were not magnetic. This 

result support the essential reducing action of tetralin for the formation of cobalt ferrite 

magnetic particles. The synthesized carboxylate-capped nanoparticles in the presence of 

tetralin readily responded to a neodymium magnet but they were not shown the magnetism 

when the magnet is removed. The percent yield of cholate capped, and stearate capped 

nanoparticles were 82.4% and 88% respectively. The calculated percent yield was often 

less due to practical losses during the experiment, loss of product during the isolation step 

Figure 22 shows the FTIR for the cobalt/iron cholate precursor, cholate-capped cobalt 

ferrite particles, cobalt/iron stearate precursor, and stearate-capped cobalt ferrite particles 

in the region of 4000-450 cm-1.  
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Figure 22. FTIR spectra of (A) cholate capped cobalt ferrite nanoparticles and Co-Fe 

cholate precursor (B) stearate capped cobalt ferrite nanoparticles and Co-Fe stearate 

precursor 

 Based on the absorption bands stearate capped precursor and stearate capped 

nanoparticles exhibited two absorption bands at 1414 cm-1, and 1538 cm-1respectively, that 

could be due to symmetric and asymmetric vibrations of carboxylate (COO-) groups. The 

presence of symmetric and asymmetric vibrations of the carboxylate group in the product 

confirms that the capping agent still present on the surface of the nanoparticles after heat 

treatment. Both precursors exhibited another absorption band around 3250 cm-1 which was 

confirmed by aliphatic moieties of -CH3- and -CH2- groups. The careful observations on 

the FTIR spectra of cholate capped and stearate capped nanoparticles show absorption peak 

around 550 cm-1 corresponding to intrinsic stretching vibrations of metal at the tetrahedral 

site. The lowest bands observed in the range of 500-450 cm-1 can be attributed to the 

octahedral-metal stretching of cobalt ions.77Fe ion has the tendency to occupy both 
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tetrahedral and octahedral sites while cobalt ions usually occupy octahedral sites. The 

broad peak around 3300 cm-1 could be attributed to -OH- vibrations of carboxylic groups 

present in the capping agents.65,77 

 The small frequency separation of symmetric and asymmetric carboxylate stretches 

suggest that the carboxylate moieties bind the metal centers in a chelating or bridging mode 

of coordination. 
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Figure 23. XRD spectra of A) cholate capped ferrite nanoparticles B) stearate capped 

cobalt ferrite nanoparticles 

XRD patterns of the samples obtained after 6 hours of milling time are shown in 

Figure 23.The average crystallite size (D) of the obtained CoFe2O4 were determined using 

the Debye- Scherrer equation. (Table 3 and Table 4) 

Table 3. Calculated crystallite size of the cholate capped cobalt ferrite nanoparticles 

2-theta(deg) d(ang.) Height(cps) FWHM 
(deg) 

Crystallite 
size (nm) 

35.1 2.564 24 3.1 2.8 
          
 

Table 4. Calculated crystallite size of the stearate capped cobalt ferrite nanoparticles 

2-theta(deg) d(ang.) Height 
(cps) 

FWHM 
(deg) 

Crystallite 
size (nm) 

35.7 2.512 16 3.16 2.7 
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 The X-ray powder patterns obtained from the two different carboxylate capped 

cobalt ferrite nanoparticles revealed the formation of CoFe2O4 nanocrystals. Significant 

peak broadening could be attributed to the build-up of the induced milling strain and the 

formation of small crystallite size cobalt ferrite nanocrystals. From the XRD patterns, no 

NH4Cl peaks were found. This confirmed that the NH4Cl salt was removed from the 

precursor after multiple washing steps with hot ethanol and distilled water. The crystallite 

size of the cholate capped, and stearate capped nanoparticles estimated from Debye-

Scherrer formula was 2.8 nm and 2.7 nm respectively. 
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Figure 24. Size distribution of (A) cholate capped cobalt ferrite nanoparticles (B) 

stearate capped cobalt ferrite nanoparticles suspended in xylene measured by dynamic 

light scattering 

 The hydrodynamic size of carboxylate capped nanoparticles was determined using 

DLS. Figure 24 shows the results of the dynamic light scattering measurements. The 

particle size measurements were conducted on cholate capped and stearate capped CoFe2O4 

magnetic nanoparticles by solvent-assisted mechanochemical synthesis method. These 

measurements reveal that the determined crystallite sizes are inconsistent with the particle 

size measured by DLS. That is due to the particle’s agglomeration, a common issue in 

nanoparticle synthesis. During the measurements, the average particle diameter changed 

from 10 nm at the beginning and increased to 200 nm at the end of the measurement for 

cholate capped magnetic particles and for stearate capped magnetic particles, the average 

particle diameter changed drastically from 5 nm to 40 nm. These changes also indicate 

particle agglomeration. Particle aggregation is a recurrent problem for all nanomaterials, 
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and it can affect the magnetic properties as it changes the effective anisotropy of the 

sample. 

Conclusion 

Carboxylate capped cobalt ferrite nanoparticles were synthesized by solvent-

assisted ball milling method for 6 hours. The results showed that ball milling is a simple, 

environmentally friendly, and cost-effective method for the synthesis of ferrite 

nanoparticles. The FTIR, XRD, and DLS were used to characterize the synthesized 

carboxylate capped magnetic nanoparticles. FTIR data implied that the tetrahedral and 

octahedral sites were occupied by metal cations. From X-ray patterns information and 

through the Debye-Scherrer equation the crystal sizes of the cholate capped, and stearate 

capped cobalt ferrite particles were 2.8 nm and 2.7 nm respectively. It confirmed that the 

synthesized particles were nanosized and well crystalline cobalt ferrite nanoparticles. The 

average diameter for cholate capped and stearate capped CoFe2O4 nanoparticles 

determined by DLS was 106 nm and 11 nm respectively. When compared to the size of the 

stearate-capped nanoparticles prepared by non-hydrolytic open reaction and closed 

reaction method size of nanoparticles synthesized by mechanochemical ball milling 

method was shown smaller particle size. However, for cholate-capped nanoparticles 

observed particle size is much larger than the particles synthesized by non-hydrolytic 

pathways.
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CHAPTER IV 

Arsenic Remediation Using Magnetic Extractants 

Introduction 

Contamination of natural water sources and poisoning of drinking water by 

different toxic substances has become a serious concern due to their negative impacts on 

public and human health. Among the toxic substances, arsenic is one of the most 

widespread chemical elements that has the potential to cause adverse health issues by 

poisoning natural waters.  Millions of people in some countries such as Bangladesh, India, 

Pakistan, China and Nepal are at high risk of arsenic poisoning due to high concentrations 

of arsenic as high as 1000 µg/L found in shallow zones of ground water.78Long-term 

exposure to arsenic triggers dysfunction of the immune system which leads to significant 

mortality. Arsenic compounds have been categorized as group 1 carcinogens by the 

international agency for research on cancer (IARC) and the recommended value of arsenic 

in drinking water has been adjusted to less than 10 µg/L by the world health organization 

(WHO) and the United States environmental protection agency (USEPA).79 

To date, a wide variety of methods have been developed for the removal of arsenic 

from aqueous solutions. Among them magnetic nanoparticles have been developed as an 

efficient and stable agent for the toxic substance treatments. But for reviewing the existing 

method remediation it is important to discuss the chemistry of arsenic, its sources, and 

forms in aqueous media. Arsenic is a naturally occurring element found in the earth’s crust 

and it occurs in various forms: elemental arsenic, arsenites, arsenides, sulfides, sulfosalts, 

oxides, and silicate. Inorganic arsenic is predominately found in stable pentavalent forms 

(H3AsO4, H2AsO4-1, and AsO4-3) in aqueous environments.80Organic forms of arsenic such 
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as methyl and dimethyl arsenic acids can be found in natural water sources. Arsenobetaine 

and arsenocholine, are the two major forms of organoarsenical species, in most seafood 

and fish that do not exhibit toxic effects in humans or animals.81 

Arsenic contamination in natural waters, either from natural or anthropogenic 

sources with several social impacts, has become a major environmental concern. Natural 

contamination occurs mainly through dissolution or desorption of arsenic compounds by 

geochemical, geohydrological, and geothermal activities. Anthropogenic sources are 

associated with the use of arsenic containing pesticides, nonferrous metal mining and 

smelting, battery plates, dyes, and feed additives.82 

 A wide variety of conventional methods such as adsorption, lime softening, ion 

exchange, membrane filtration and electrodialysis are available for the removal of arsenic 

from contaminated water.83,84The drawbacks of conventional methods include high 

operation and equipment cost, production of large quantities of high arsenic sludge, and 

competitive interference of ions on removal performance for post treatment steps. All these 

factors are responsible for low arsenic extraction efficiency.  

 To minimize drawbacks of the existing methods, adsorption with separation by 

magnetic filtration have attracted attention in recently. In this chapter, novel magnetic 

nanoparticles previously synthesized, described and characterized in chapter 3 were 

investigated for their ability to adsorb arsenic(V) from water. Using cholate-capped and 

stearate-capped magnetic nanoparticles arsenic adsorption experiments were carried out to 

determine the maximum adsorption capacity. Analytical technique such as ICP-AES was 

used to obtained relevant information regarding the arsenic content in solution. The 

prepared magnetic nanoparticles can be rapidly magnetized when applied a magnetic field 
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and rapidly demagnetized when the external magnetic field is removed. This makes 

magnetic nanoparticles an ideal adsorbent as they can be recycled for numerous times.  

 Although many nano-adsorbents have reported quite acceptable adsorption 

capacities, it is important to note that a number still fall short due to particle agglomeration. 

This issue has been addressed by introducing surface modification on nanoparticles to 

enhance their adsorption efficiency by reducing agglomeration. Huang and Chen, 2009 

reported that the nanomaterials have had their surface modified to change their bulk 

properties such as reactivity, density, functionality, biocompatibility, stability, and 

dispensability. This implies that nanoparticles are not good enough when applied in their 

pure forms. 

Experimental 

Materials 

 Arsenate standards were prepared using analytical grade 1 ppm, 10 ppm and 1000 

ppm arsenic standards purchased from Sigma Aldrich and SCP Science and used without 

any further purification. The magnetic nanoparticles employed in these experiments were 

cholate and stearate capped cobalt ferrite nanoparticles with average particle size of 106 

nm and 11 nm respectively. 

Instrumentation 

The arsenic concentrations were measured by a Spectroblue 8300 inductively 

coupled plasma optical emission spectrometer (ICP-OES) equipped with an autosampler. 

Arsenic was measured at wavelength of 193.75 nm. Calibration curves usually had 

standards between 0.02-4 mg/L. 
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Adsorption experiments and detection method 

 Glass bottles of 100 mL were used for the sorption reactions. They were cleaned 

with acetone and washed several times with de-ionized water. Arsenic aliquots (100 mL) 

of 500 ppb were prepared using 1 ppm arsenic standard and treated with masses ranging 

from 5 mg to 25 mg of the nanoparticle samples. The mixtures were shaken on a rotor at 

about 65 rpm for 2 hours. After 2 hours nanoparticles were filtered from the solutions and 

the final concentrations of prepared solutions were detected using the QUICKTM (481396) 

arsenic kit. In this detection method, tartaric acid and zinc dust are reacted with the treated 

solution for the reduction of arsenic compounds to arsine gas. The generated arsine gas is 

then reacted with a mercuric bromide testing pad. In this colorimetric experiment, the 

intensity of the color, determined using a standardized color chart, is proportionately 

related to the arsenic concentration in the reaction bottle. The reduction reaction of arsenic 

to arsine is as follows. 

5 H2AsO4- + 20 Zn + 45 H+                       5 AsH3(g) + 20 Zn+2 + 20 H2O 

 

Figure 25. Steps of quick arsenic test 

Rapid arsenic test. The prepared 500 ppb arsenic standard solution treated with 

nanoparticles was added to the 100mL (upper) scored line on the bottle. Tartaric acid 

(98.7%) 2.85 g was added to the reaction bottle and capped the bottle securely with mixing 
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cap. Solution was shaken vigorously for 15 seconds. After 15 seconds the reaction bottle 

was uncapped. Next, the second reagent (Potassium peroxymonopersulfate) 0.65g was 

added to the same reaction bottle. Reaction bottle was capped securely and shaken 

vigorously with bottle upright for 15 seconds. Sample was allowed to sit for 2 minutes to 

minimize sulfide interference. Reaction bottle was uncapped after 2 minutes, and 0.85 g of 

zinc dust (99%) was added. Bottle was capped securely with mixing cap and shaken 

vigorously for 5 seconds. The bottle was recapped with white turret cap immediately and 

securely. One arsenic test strip was removed from the test strip bottle and the test strip was 

inserted into the turret until the red line is even with the top of the turret. Turret was flipped 

down to hold the test trip in place. The reaction was allowed to occur in an undisturbed 

well-ventilated area for 10 minutes. The reaction generated arsine gas. After 10 minutes 

wait, turret was pulled up and test strip was removed carefully. Arsenic test kit color chart 

was used to match the test strip pad color with in the 30 seconds. 

Arsenic extraction for ICP analysis 

The experiment was carried out in five 100 mL glass bottles. Each glass bottle was 

filled with 20 mL of 2.5 ppm arsenic standard solutions. To each glass bottle masses of 

adsorbent ranging from 5 mg to 25 mg was added and solutions were shaken on a rotor at 

a speed of 65 rpm for 2 hours. After the completion of 2 hours of adsorption time, 

adsorbents were removed by filtering the adsorbents with a 0.45 𝜇𝜇m PES syringe filter. Th 

concentration of the remaining arsenic solutions was determined using Inductively coupled 

plasma mass spectrometry. For a single isotherm curve at least 5 points were collected at 

each arsenic concentration using sample quantities from 5-25 mg. 
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The percentage removal of arsenic adsorbed by the adsorbent were determined by 

applying the following equation.85 

𝑅𝑅% =
𝐶𝐶𝑜𝑜 − 𝐶𝐶
𝐶𝐶𝑜𝑜

 ×  100 

where Co is initial concentration of arsenic (mg/L) in the aqueous solution, C is final 

concentration of arsenic in the aqueous solution, V (L) is volume of the solution and M (g) 

is the amount of the adsorbent. 

Results and Discussion 

Langmuir adsorption isotherm 

The uptake of arsenate by the adsorbents is assumed to be a physical adsorption 

between the arsenate ions and the surface of the adsorbents. Therefore, the maximum 

number of surface adsorption sites must be finite. The dynamic equilibrium relationship 

between the adsorbate concentration in the liquid phase and that on the adsorbents surface 

at a constant temperature is expressed by the linearized Langmuir adsorption isotherm. The 

Langmuir adsorption isotherm assumes the surface is homogeneous. It is usually used when 

there is an ideal monolayer adsorption on a homogeneous surface, that there are no 

interactions between the adjacent adsorbed molecules, and that a single molecule occupies 

a single surface site. The nonlinear form of the Langmuir adsorption isotherm equation is 

as follows.86 

 

where X is equilibrium adsorbent-phase concentration of adsorbate (mg/L), Ceq is  

equilibrium aqueous-phase concentration of adsorbate (mg/L), θ˚ is the monolayer 

adsorption capacity (mg/g) and K is the Langmuir constant. 
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Table 5. Arsenic quick test results of cholate capped CoFe2O4 nanoparticles 

Initial concentration of 
arsenic 

standards/ppb 

Mass of nanoparticles 
/mg 

Final concentration 
of arsenic 

standards/ppb 
500 0 >500 

500 5 80 

500 10 20 

500 15 10 

500 20 5 

500 25 5 

 

Table 6. Arsenic quick test results of stearate capped cobalt ferrite nanoparticles 

Initial concentration 
of arsenic 

standards/ppb 

Mass of nanoparticles  
/mg 

Final concentration of 
arsenic  

standards/ppb 

500 0 >500 

500 5 60 

500 10 20 

500 15 10 

500 20 5 

500 25 5 

 

Table 7. ICP analysis of cholate capped CoFe2O4 nanoparticles 

Initial concentration of 
arsenic  

standards/ppm 

Mass of 
nanoparticles/ 

mg 

Final concentration 
of arsenic 

standards/ppm 

Sorption 
efficiency 

% 

2.5 0 2.926 - 
2.5 5 1.657 33.72 
2.5 10 1.1 56 
2.5 15 0.88 64.8 
2.5 20 0.611 75.56 
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 The adsorbents developed and used for this application were effective and able to 

reduce arsenate levels in tested aqueous solutions. Figure 26 shows the arsenate adsorption 

data fitted with the Langmuir model and good coefficients of determination (R2) was 

determined for the two adsorbents based on the arsenic rapid test results. Figure 27 shows 

the arsenate adsorption data fitted with the Langmuir model for cholate capped cobalt 

ferrite nanoparticles based on the ICP data. The results showed that by adding more 

sorbents, the concentration of arsenic was decreased initially, however at a certain point 

(going from 20-25 mg) adding more sorbents does not give a decrease in arsenic 

concentration.  
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Figure 26. Langmuir adsorption isotherms for (A) cholate capped CoFe2O4 and (B) 

stearate capped CoFe2O4 used in the magnetic extraction of arsenic based on the arsenic 

quick test results 

 

 

Figure 27. Langmuir adsorption isotherm for cholate capped CoFe2O4 used in the 

magnetic extraction of arsenic based on the ICP results 
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Table 8. Adsorption capacities and coefficients of determination for the magnetic 

adsorbents used in the magnetic extraction of arsenic-Langmuir isotherm 

Adsorbent R2 
Adsorption 

capacity 
(mg/g) 

Cholate capped 
NPs 0.9920 10.375 

Stearate capped 
NPs 0.9672  12.213 

Cholate capped 
NPs 0.8988 32.435 

 

The maximum adsorption capacities and the R2values are presented in Table 6. 

According to arsenic quick test results, the maximum adsorption capacities of the cholate 

capped nanoparticles and stearate capped nanoparticles are similar. It reveals that the two 

different capping agents around the cobalt ferrite particles do not significantly interfere 

with the adsorption of arsenic (V). The R2 values are very close to 1, indicating strong 

correlation with the Langmuir isotherm.  

Freundlich adsorption isotherm 

The Freundlich isotherm is applicable to adsorption processes that occur on 

heterogeneous surfaces which is the concentration of a solute adsorbed onto the surface of 

a solid and the concentration of the solute in the liquid phase. It is usually suitable for 

multilayer adsorption on heterogeneous surfaces. This isotherm is empirical and is 

expressed as follows.87 

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝐶𝐶𝑒𝑒
1/𝑛𝑛 

 Log qe. = 1/n log Ce+ log Kf 

Arsenic rapid test 

ICP 

Arsenic rapid test 
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where qe is amount of adsorbate adsorbed per unit mass of solid, Ce is equilibrium solution 

concentration of the adsorbate, Kf is the Freundlich constant, and n is the empirical 

constant. To test the validity of Freundlich isotherm, the plot of log qe on the y-axis and 

log Ce on the x-axis gives a straight line indicating the Freundlich adsorption isotherm is 

valid. The slope of the straight line gives the value of 1/n, while the intercept on the y-axis 

gives the value of log k which is the adsorption capacity for the adsorbent. 
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Figure 28. Freundlich isotherm for (A) cholate capped CoFe2O4 nanoparticles (B) 

stearate capped CoFe2O4 nanoparticles based on the arsenic quick test results 

 

Figure 29. Freundlich adsorption isotherm for cholate capped CoFe2O4 nanoparticles 

based on the ICP data 
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Table 9. Adsorption capacities and coefficients for the magnetic adsorbents used in the 

magnetic extraction of arsenic – Freundlich isotherm 

Adsorbent R2 
Maximum 
adsorption 

(mg/g) 

Cholate capped CoFe2O4 NPs 0.9821 4.185 

Stearate capped CoFe2O4 NPs 0.9829 4.265 

Cholate capped CoFe2O4 NPs 0.9592 2.556 
 

 The correlation coefficients of two adsorption isotherms of Langmuir and 

Freundlich are presented in Table 8 and  

Table 9 respectively. From the tables, it can be seen the arsenic adsorptions are in 

accordance with the Freundlich model. According to the ICP data, the correlation 

coefficients for Freundlich isotherm are higher than that of Langmuir isotherm. It suggested 

the adsorption is multilayer on heterogeneous surface of the adsorbent. In Langmuir model 

θ˚ is related to the total active sites for adsorption in the surface. This happened due to the 

maximum available sites for adsorption. It revealed the synthesized capped CoFe2O4 

nanoparticles are porous. ICP data suggested that about 75% of arsenate from the 2.5 ppm 

concentration of the arsenic standard was adsorbed on 20 mg of adsorbent. It was observed 

that by increasing the mass of adsorbent, adsorption efficiency starts to increase gradually.  

One area of future work is to explore the regeneration studies of synthesized 

magnetic nanoparticles to make the process economically feasible. Most of the anionic 

pollutants tend to desorb with the alkaline eluents such as NaOH. Agitating the metal-

loaded magnetic nanoparticles with NaOH remove the anions from the adsorption sites. In 

the next step magnetic nanoparticles can be separated by applying magnetic field. After 

Quick arsenic test 

Quick arsenic test 

ICP 
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desorption process, the metal desorbed magnetic nanoparticles can be used for another 

adsorption cycle. 

Conclusion 

The removal efficiency of arsenic is increased with the increase in the mass of 

adsorbents. It was observed that the Freundlich isotherm model described the adsorption 

process with high coefficient of determination R2, better than the Langmuir isotherm 

model. It is clear from the results that heavy metal (As) removal with the capped cobalt 

ferrite nanoparticles appears to be feasible with high efficiency. The data suggest that these 

nanoparticles could potentially be used as an adsorbent in highly efficient magnetic 

separation systems. 
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