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Abstract

The surface chemistry of inorganic materials is of great significance in a number of 
industrially important processes such as separation of ore by flotation, catalysis, water 
purification, paper coating and pharmaceutical industry. The purpose of this study has been 
firsly to develop a method for optimal synthesis of magnetite nanoparticles and secondly to 
utilize these particles as adsorbent in order to investigate their adsorption/desorption 
properties.  
 
The magnetite nanoparticles were synthesized by coprecipitation of FeCl2 and FeCl3 in 
alkaline media. The precipitated magnetite was analysed with XRD, TEM and FTIR 
spectroscopy. For evaluation of the mechanism of magnetite formation via coprecipitation 
method, iron isotopic measurement was applied and compared with magnetite produced from 
oxidation of ferrous hydroxide (paper 1). No fractionation of iron isotopes was observed for 
the magnetite synthesized by coprecipitation, whilst the magnetite formed from ferrous 
hydroxide showed higher abundance of 54Fe compared to 56Fe in the beginning of the 
reaction.  
 
The synthesized magnetite was coated with a primary layer of oleate and subjected to high 
temperature in air and argon atmosphere (paper 2).Oleate was selected as a model for Atrac 
which is a collector used for separation of apatite from magnetite. A combination of thermal 
analysis and infrared spectroscopy method were used in this study. It was found that 
calcination of the magnetite-oleate system in air involves oxidation of the double bond of 
oleate and formation of intermediate oxygen-rich molecules. Thermal decomposition of 
magnetite coated with a primary layer of oleate under argon atmosphere exhibits two steps 
weight loss. The first step at ~330oC is associated with oleate desorption/decomposition and 
an enthalpy change of �H = 49.86 J/g. Another weight loss occurs at elevated temperature 
(740oC) leading to partial reduction of magnetite to wustite and iron.  
 
In another work, the synthesized magnetite was deposited over an ATR internal reflection 
element to study adsorption of carbonate and sulphate anions in-situ. It was concluded from 
the IR spectra that there are two carbonate species on the surface at pH=8, one tightly bond 
carbonate as inner sphere complex with monodentate binuclear geometry and the other one is 
a loosely bond outer-sphere hydrogen bonded carbonate.  
 
Adsorption of sulphate was also studied using in-situ ATR spectroscopy (paper 3). Three 
maxima at 1115, 1044 and 979 cm-1 were observed, based on second derivative spectral 
method analysis. From the adsorption isotherm, the Langmuir affinity constant, K, was 
estimated to be 1.2344 x 104 M-1 at pH=4, implying a �G0

ads= - 33.3 KJ/mol at T= 298oK. The 
kinetic of adsorption showed an initial fast adsorption especially at higher concentrations, 
eventually reaching an equilibrium plateau value. The calculated pseudo first order rate 
constant was (0.09± 0.01) min-1.     
 
Keywords: magnetite nano-particles, ATR spectroscopy, adsorption and reaction at the 
surface, collectors, inorganic oxyanions.   
 

 





List of papers 

This thesis is based on the following papers: 

I. Potential application of iron isotope fractionation in the study of the 

magnetite formation mechanism. 

Payman Roonasi  and Allan Holmgren

Manuscript 

II. Structural changes of oleate-coated magnetite nanoparticles upon 

heating in air and argon: A thermal analysis and spectroscopic study. 

Payman Roonasi  and Allan Holmgren 

Manuscript 

III. Thermodynamic & Kinetic study of sulphate adsorption on magnetite 
Payman Roonasi  and Allan Holmgren     

Manuscript 





1. Introduction……………………………………………………….....1

      1.1. Background……. ……………. ……………. ………………………….……………….1 

      1.2. Scope of the thesis……………………………………………………………………….1   

2. Theoretical background…………………………………………….3 

2.1. Magnetite………. ……………. ……………. ……………. ………………………….....3 
          2.1.1. Crystal structure……………………………………………………………………...3 
          2.1.2. Magnetic property and colour……………………………………………………… .4 
          2.1.3. Transformation……………………………………………………………………... .4 
          2.1.4. Characterization……………………………………………………………………. .4 
          2.1.5. Laboratory synthesis of magnetite…………………………………………………. .5 
          2.1.6. Solubility…………………………………………………………………………… .5 

2.2. Mechanism of magnetite formation in aqueous solution……………………………. .5 
          2.2.1. Overview……………………………………………………………………………..5 
          2.2.2. Application of iron isotope fractionation in the mechanistic study………………….6

2.3. Adsorption at the surface……………………………………………………………….6
          2.3.1. Flotation……………………………………………………………………………. .7 
          2.3.2. Surface chemistry of iron oxides…………………………………………………... .7 
          2.3.3. Models of adsorption………………………………………………………………. .8 

 2.4. ATR-FTIR spectroscopy……………………………………………………………… 9 
          2.4.1. Theory……………………………………………………………………………… 9 
          2.4.2. Depth of penetration (dp) and effective thickness (de)……………………………... 10 
          2.4.3. Choice of internal reflection element………………………………………………. 11 
          2.4.4. Film deposition…………………………………………………………………….. 13  
          2.4.5. Application…………………………………………………………………………. 14  

2.5. Evaluation of thermal behaviour and chemical change in heat treatment………… 14

3. Experimental……………………………………………………….15

 3.1. Preparation of magnetite……………………………………………………………… 15
         3.1.1. Coprecipitation……………………………………………………………………… 15 
         3.1.2. Oxidation of Fe(OH)2………………………………………………………………..15
         3.1.3. Characterization of magnetite………………………………………………………. 15 

3.2. Preparation of magnetite coated with sodium oleate………………………………... 18
         3.2.1. Coating……………………………………………………………………………… 18 
         3.2.2. Characterization of the oleate at the magnetite surface…………………………….. 18 

 3.3. Deposition of magnetite on ZnSe crystal……………………………………………… 19 
 3.3.1. Methods……………………………………………………………………………... 19 

         3.3.2. Characterization of the deposited film on a glass slide……………………………... 20 



3.4. Iron isotope fractionation measurement……………………………………………… 20 
 3.4.1. MC-ICPMS…………………………………………………………………………..20 

        3.4.2. Isotope measurement………………………………………………………………… 21 

 3.5. Thermal analysis……………………………………………………………………….. 21 

     3.6. IR spectroscopy………………………………………………………………………… 22 
3.6.1. DRIFT……………………………………………………………………………….. 22 

        3.6.2. Transmission………………………………………………………………………… 22 
        3.6.3. ATR………………………………………………………………………………….. 22 

3.7. Adsorption measurements……………………………………………………………... 23 

4. Results and discussion……………………………………………..25 

4.1. Isotope fractionation……………………………………………………………………25 

     4.2. Heating of oleic acid in air…………………………………………………………….. 27 

     4.3. Oleate coated magnetite heated in air………………………………………………… 29 
4.3.1. TG, DTG, and DSC………………………………………………………………….. 29 

       4.3.2. IR spectroscopy ……………………………………………………………………… 30 

4.4. Oleate coated magnetite heated in argon atmosphere………………………………. 31 
4.4.1. TG, DTG,, and DSC………………………………………………………………….. 31  

 4.4.2. IR spectroscopy…………………………………......................................................... 32 

4.5. Adsorption of carbonate on magnetite………………………………………………... 33 

     4.6. Adsorption of Atrac on magnetite…………………………………………………….. 35 

     4.7. Adsorption of sulphate on magnetite…………………………………………………. 37 
4.7.1. Adsorption isotherm of sulphate on magnetite……………………………………….. 39 

      4.7.2. Adsorption kinetics of sulphate on magnetite………………………………………… 39 

5. Conclusion…………………………………………………………..43

5.1. Iron isotope study ……………………………………………………………………… 43 
       
     5.2. Oleic acid and oleate coated magnetite….......................................................................43 

     5.3. Adsorption of carbonate……………………………………………………………….. 44 

     5.4. Adsorption of Atrac……………………………………………………………………. 44 

     5.5. Adsorption of Sulphate………………………………………………………………… 44 

6. Future work………………………………………………………...45



7. Acknowledgments………………………………………………….46

8. References…………………………………………………………..47





1. Introduction 
 

1.1. Background 
 

Magnetite, one of the important iron ores, can be found in igneous and metamorphic rocks. As 

the major source of iron ore in the northern part of Sweden, magnetite plays a vital role for the 

Swedish economy and of course for the economy of the Norrbotten province. A large amount 

of this iron ore is shipped to the iron and steel-making industries in Sweden and other 

countries every year. Prior to transport to the market, a series of pre-treatments must be 

performed on the ore in order to meet the customer requirements. Flotation, pelletization, 

pulverization and sintering are common ore processing methods to upgrade and produce 

higher quality products. Not long ago, a collaboration programme between Luleå University 

of Technology and LKAB was established (Hjalmar Lundbom Research Centre, HLRC) 

aiming at the development of knowledge and scientific background for iron ore processes 

including the production of high quality pellets. In the pelletization process very finely ground 

particles of ore are mixed with additives such as limestone, bentonite, olivine and dolomite 

and shaped into centimetre sized balls in a pelletizer. These balls, now called green pellets, 

are finally sintered at high temperature to produce pellets for the market.  

Pelletization of iron ore is a complex process with many components interacting in a more or 

less unknown manner. Probably the best approach to improve the knowledge about these 

interactions is to divide the complex system into simplified models. The understanding of the 

reactions occurring in the simplified systems is a prerequisite for the possibility to eventually 

improve the production of customer-adapted pellets.    

 

1.2. Scope of the thesis 
 

 The scope of this licentiate thesis is first and foremost to elucidate some of the adsorption 

behaviour of magnetite particles with respect to its properties to adsorb collectors and anions 

(paper II and III). However, the thesis work was commenced with an attempt to get a clue to 

the mechanism of magnetite formation (paper I).    

It is obvious that adsorption at mineral surfaces is a complex phenomenon and can be affected 

by various parameters. One important issue in surface adsorption studies of minerals is that 

the adsorption process occurs only at the surface and hence, it is advantageous from an 
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experimental point of view if the mineral has a high surface area. Thus, first of all, one 

usually should synthesize pure and small size mineral particles in order to increase the 

specific surface area and get a better control of its surface composition and properties. This 

was done by synthesizing nano-sized magnetite particles using the coprecipitation method and 

different techniques were used to characterize the synthesized magnetite particles. Iron 

isotopic measurement was applied to study the mechanism of magnetite formation. The 

results of iron isotopic measurement on the synthesized magnetite using coprecipitation was 

compared with magnetite produced from oxidation of ferrous hydroxide. 

The synthesized magnetite particles were then used to study adsorption of organic collectors 

and inorganic anions at its surface. Atrac and oleate are selected as collectors. Oleate is a 

well-known collector which is used in flotation as well as a large number of other applications 

for surface modifications of iron oxides. Atrac is a multi-components collector used by LKAB 

in the flotation process to separate apatite from magnetite. In the flotation process, a small 

amount of Atrac remains at the surface of magnetite, which could affect the strength of the 

green pellets formed in the pelletization process. It is known that oleic acid derivatives are 

among the major components of Atrac. Thus, the magnetite particles coated with a primary 

layer of oleate molecules were investigated using a combination of thermal analysis and 

spectroscopic methods. The aim was to evaluate the chemical changes that occur to oleate 

adsorbed on magnetite as it is subjected to high temperature.  

Attenuated total reflection infrared spectroscopy (ATR-FTIR) was utilized to investigate the 

adsorption behaviour of sulphate and carbonate at the magnetite surface, since these ions are 

among those found in the process water. The advantage of this in-situ technique is that the 

adsorption configuration, the thermodynamics and kinetics of the adsorption reaction can be 

probed in-situ, while the mineral is in direct contact with the adsorbate. Sulphate is one of the 

major constituents present in the process water at LKAB. Carbonate is also present in this 

water either through dissolution of carbon dioxide from atmospheric air or from carbonato 

minerals. Adsorption of these anions on iron oxides can alter its surface chemistry, affect the 

surface charge and the reactivity of the oxide as well as the interaction with other components 

in the system, such as cations. Sulphate and carbonate adsorption on some iron oxides, mostly 

hematite and goethite, has been studied previously using this technique to characterize the 

surface speciation [19, 20, 28]. In this work, we extended the adsorption study to the kinetic 

and thermodynamic adsorption of sulphate on magnetite, trying to find the appropriate models 

to describe the adsorption behaviour at the surface.   
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2. Theoretical background 
 

2.1. Magnetite 
 

Magnetite is ubiquitous in nature. It is found in ocean floor, soils, rocks, meteorites, 

atmospheric dust, bacteria and other living organisms. It is also a common corrosion product 

of iron and steel.  

 

2.1.1. Crystal structure 

 

The crystal structure of magnetite is inverse spinel with a unit cell consisting of 32 oxygen 

atoms in a face-centred cubic structure and a unit cell edge length of 0,839 nm [1]. In this 

crystal structure Fe II ions and half of the Fe III ions occupy octahedral sites and the other 

half of the Fe III occupies tetrahedral sites. Divalent iron atoms prefer to occupy octahedral 

sites to have a higher Crystal Field Stabilization Energy (CFSE), whilst the trivalent iron 

atoms has a CFSE=0 in both octahedral and tetrahedral sites. The schematic representation of 

the unit cell is shown in Figure 2.1.    

                 
         Figure 2.1. Crystal structure of magnetite (after Banerjee and Moskowitz, 1985)  
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2.1.2. Magnetic property and colour 

 

This crystal structure is responsible for the magnetic property and colour of magnetite. The 

black colour is due to the intervalence charge transfer between Fe II and III in its crystal 

structure. The magnetic property in magnetite also stems from the Fe II and III atoms being in 

tetra and octahedral sites as described above. The spins on the tetrahedral and octahedral sites 

are antiparallel and the magnitudes of the two types of spins are unequal [1]. 

 

2.1.3. Transformation  

 

In oxidizing atmosphere, magnetite is oxidized to maghemite or hematite according to the 

following reaction: 

 

                         4Fe3O4 + O2 � 6Fe2O3              (2.1) 

On the other hand, it can be reduced in a reducing atmosphere, for instance carbon, to wustite 

or iron: 

 

                         

                        Fe3O4 + C � 3FeO + CO           (2.2) 

                        Fe3O4 + 4C � 3Fe + 4CO          (2.3) 
 
2.1.4. Characterization 

 

Magnetite is usually characterized by several methods. Some of the most important 

characterization methods for magnetite are infrared spectroscopy, ultraviolet and visible 

spectroscopy (UV-VIS), X-ray difractometry (XRD), thermal analysis, magnetometry and 

Mössbauer spectroscopy, each of which gives certain information about the chemical and 

crystal structure of magnetite. In addition, microscopy methods such as TEM and SEM are 

applied to examine particle size and shape and surface probing techniques such as X-ray 

photoelectron spectroscopy (XPS) are used to analyse the surface. 

 
 

2.1.5. Laboratory synthesis of magnetite 
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A number of methods have been developed to synthesize magnetite with specific 

characteristics i.e. shape, size, magnetic property etc. Some of the common methods are 

coprecipitation [2], oxidation of ferrous hydroxide Fe(OH)2 [3], reduction of hematite at 

400oC and in H2/Ar as reducing atmosphere, alkaline hydrolysis of ferrous sulphate followed 

by calcination at 500oC, and oxidation of ferrous sulphate at alkaline condition by potassium 

nitrate[4].  

 
2.1.6. Solubility 

 

Magnetite has a relatively low solubility in pure water where the pH is close to point of zero 

charge for magnetite (pzc=6-6.8 see reference [1], page 235), however, solubility is increased 

by changing pH and/or in presence of complexing agents. Microorganisms can also dissolve 

magnetite [5]. 

 

2.2. Mechanism of magnetite formation in aqueous solution 
 

2.2.1. Overview 

 

Generally, iron III ions are instable in a wide pH range in aqueous solution and it may 

hydrolyze and precipitate. The product of hydrolysis, depends highly on a number of 

parameters e.g. pH, temperature, Fe II concentration, oxidation-reduction condition etc. The 

interdependency of these parameters also should be considered when one is preferably 

synthesizing a given iron oxide e.g. magnetite. 

The mechanism of magnetite formation in a mixed aqueous solution of Fe II and III ions is 

started with formation of tetramers such as [Fe4(OH)10(OH2)6]0 [6]. Chains and planes rapidly 

grow via olation and the excess octahedral ferric ions form Fe-O-Fe bridges between planes 

by oxolation. The ferric ions in the bridges should switch to coordination four to decrease 

imposed steric constraints. As it was explained in section 2.1.1, the CFSE=0 for Fe III ions, so 

that the coordination can easily change to four. The role of Fe II is necessary for a spinel 

structure to be formed through electron transfers between Fe II and Fe III. The electron 

transfer is allowed in a compact structure of the tetramer where the distance between Fe II and 

III is short and d-orbitals can overlap.  
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Oxidation of a suspension of Fe(OH)2 in water also forms iron oxides. Some factors 

governing the oxidation rate are pH, temperature [7], presence of anions, concentration of 

dissolved oxygen, and ionic strength. It is believed that the mechanism mainly contains 

formation of green rust complexes as an intermediate which can be then transformed to iron 

oxides. In the transformation of green rust to iron oxide, dehydroxylation and oxidation are 

competing. Magnetite is the predominant phase while the slow oxidation takes place. This 

means that when dehyroxylation occurs prior to oxidation, green rust will transfer to 

magnetite. 

  

2.2.2. Application of iron isotope fractionation in the mechanistic study 

 

Isotopes of a certain atom in a reactant molecule can influence both the equilibrium reaction 

constant and the rate of reaction, especially if the atom is involved in a bond formation or 

bond breakage. The effect is larger when the mass ratio between isotopes are larger e.g. 

replacing H by D.  

Iron has four stable isotopes, among them; 54Fe and 56Fe have the highest abundances. By the 

recently introduced new generation of mass spectrometric techniques, a small isotope 

variation of Fe isotopes can be measured. The measurement of partitioning of isotopes in 

different products or solution-precipitates allows us to predict a reaction pathway [paper I].   

  

2.3. Adsorption at the surface 
 

Adsorption on mineral surfaces is a very important phenomenon in both environmental and 

technical related processes. For instance, many geochemical processes on the earth such as 

weathering, dissolution, sedimentation and crystallization can be influenced by or is a result of 

adsorption on minerals [8]. Likewise in industry, adsorption is a crucial factor in ore 

processing, catalysis and corrosion. The basis for this change in the properties of mineral 

particle systems by adsorption is due to alteration or modification of the minerals surface 

chemistry. Therefore, having knowledge about the surface chemistry is a prerequisite for the 

change of these properties in a desirable direction. 

 

2.3.1. Flotation 
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Flotation is a separation technique by which a mixture of solids is separated into desired 

components. In mineral industry, floatation is widely used to separate a desired mineral from 

gangue minerals and other unwanted materials. The process is based upon the differences in 

surface properties of individual components in the mixture. A surfactant or collector is 

preferentially adsorbed on one component and make its surface hydrophobic. The modified 

hydrophobic surface is then attached to the air bubbles and rise to the top of the flotation pulp.   

Long chain carboxylic acid derivatives are usually used for floatation of iron oxides. For 

instance, oleic acid is a common collector for floatation of hematite. In flotation of apatite 

from magnetite, Atrac is used as surfactant to adsorb on fluorapatite and separate it from 

magnetite (reverse flotation).  

 

2.3.2. Surface chemistry of iron oxides 

 

In aqueous systems, iron oxides act as Lewis acids and adsorb/coordinate water or hydroxyl 

groups. A secondary water molecule also can be hydrogen-bonded to the surface hydroxyl 

groups. The hydroxyl group at the surface may be coordinated to more than one Fe atom, so 

that, there are singly, doubly and triply coordinated Fe atoms. Further, two OH groups can 

coordinate to one iron atom. The coordination of hydroxyl groups and number of surface sites 

depends on the crystal structure and morphology of the iron oxide.   

 

 

             
 Figure 2.2. Singly- doubly, triply coordinated and geminal surface hydroxyl groups on iron oxides 

[1]. 

 

This surface hydroxyl groups are, indeed, the reactive parts which can react with acid or base. 

It can be replaced by other organic or inorganic anions, adsorb protons or cations, release 

water by heating etc. 
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Potentiometric titration and spectroscopic methods (UV-Vis, IR, XPS) are among the 

techniques used to characterize the surface of these oxides e.g. its acidity, surface reactions, 

bonding coordination and adsorption properties. 

 

2.3.3. Models of adsoption  

 

There are a number of adsorption models developed to describe the adsorption mechanism 

and to fit the experimental adsorption isotherm data. Probably the most often used model is 

the Langmuir isotherm. The mathematical expression of the Langmuir isotherm can be written 

as: 

 

                               
KC

KC
�

�
1

�                                        (2.4) 

In this equation C is the bulk concentration of adsorbate in solution, K is an affinity constant, 

and � is defined as the fraction of the surface sites covered by the adsorbate: 

 

                             
maxA
A

��                                           (2.5) 

Where A is the amount of the adsorbate that is adsorbed at equilibrium concentration C and 

Amax is the amount that is necessary to cover the surface by a monolayer of adsorbate. 

In this adsorption isotherm, the assumption is that the energy of adsorption is constant at all 

concentrations up to the full coverage of the surface. 

The Langmuir equation can be written in linear form as: 

 

                           C
AAKA

C
mm
��

�
�

11                               (2.6)       

So, C/A versus C should result in a straight line. Anion adsorption on iron oxides has 

previously been described by the Langmuir model [1]. 

Another type of equation which has been used to fit the adsorption data is the Freundlich 

equation, which can be written as: 

 

                                                                       (2.7) n
dCKq /1�
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In this equation, q is the amount adsorbed at the surface, C is the equilibrium concentration of 

adsorbate in solution, Kd is the distribution coefficient and n is a correction factor related to 

the heterogeneity of the surface. Taking the logarithm of either sides of this equation, it can be 

rewritten as:      

      

                               dKCnq loglog/1log ��                    (2.8) 

A plot of log q versus log C will give rise to a straight line with the slope of 1/n and intercept 

of log Kd if the adsorption follows a Freundlich isotherm. This equation has been used for 

fitting data related to adsorption of cations on iron oxides [1]. 

Still another type of equation which has sometimes been applied to adsorption data is the 

Temkin equation. It uses a logarithmic relationship between the amount adsorbed and 

concentration in solution: 

 

                              Cq ln��                                                 (2.9) 

where � is a constant. Similar to the Freundlich equation, the Temkin model takes into 

account the heterogeneity of the surface [1]. 

 

2.4. ATR-FTIR spectroscopy 
 

2.4.1. Theory 

 

When the infrared radiation propagates in an optical element in contact with a sample, having 

lower index of refraction, the IR beam is totally reflected at the interface, when the angle of 

incidence � exceeds the critical angle. The critical angle is defined as:  

   

                                                                       (2.10) 21
1sin nc
���

where n21=n2/n1. n2 and n1 are the refractive index of rare and denser medium, respectively. 

The attenuated total reflection spectroscopy is based on the exponentially decaying 

evanescent field, established at the IRE surface in the rarer medium (Figure 2.2).  
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     Figure 2.2. ATR crystal coated with a layer of iron oxide and in contact with the solution. 

The exponential decay of the amplitude of the evanescent field can be expressed according to 

equation (2.11): 

 

                    ZnEE 2/12
21

2

1
0 )(sin2exp ��� �

�
	           (2.11) 

where �1=�/n1 is the wavelength of radiation in denser medium and � is the wavelength in free 

space. Z is the distance from the surface [9]. 

 

2.4.2. Depth of penetration (dp) and effective thickness (de) 

 

Penetration depth was initially defined by Harrick as the depth at which the electric field 

amplitude falls to half its value at the surface [9]. This definition was later modified to the 

depth at which the amplitude E decays to a value of E0 exp(-1) i.e. at Z=dp =1/� where � is 

expressed as:  

 

                     Zn 2/12
21

2

1
)(sin2

�� �
�
	
                   (2.12) 

 

The actual depth sampled is always greater than this value, since E>0 at dp. The penetration 

depth dp depends on the refractive indices of internal reflection element and sample (denser 

and rarer medium), wavelength and incident angle (equation 2.13).  

 

                    
2/12

21
2

1

)(sin2
/1

n
d p

�
��

�	
�
           (2.13) 
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It turns out from this equation that the following condition should be met to have a 

penetration of IR beam into the rarer medium: 

 

                                                     (2.14)     0sin 2
21

2 �� n�

In the case of nanoparticle oxide films in contact with aqueous solution, since the particles are 

much smaller than the wavelength of the IR beam, the refractive index of the rarer medium 

(n2) is defined as a volume weighted average of the refractive index of the particles and 

aqueous solution [10]. 

Another important parameter is called effective thickness. The effective thickness de is 

defined as the thickness required to give the same absorbance in reflection spectroscopy as it 

would be in transmission spectroscopy. The effective thickness for a thick medium e.g. a bulk 

sample where thickness d = 	 is written as: 

 

                       2

1

2

2cos
1 E

d
n
nd p

e �
�                          (2.15) 

In this equation E stands for relative electric field in the sample, which could be either 

parallel-polarized or perpendicular-polarized.  

 As it was stated earlier, the depth of penetration is a function of refractive indices of the rarer 

medium and the internal reflection element. For a ZnSe internal reflection element at �=45o in 

contact with water, a penetration depth of 1.53 
m at a wavelength of 1000 cm-1 can be 

calculated. This value is even larger when a film of oxide such as magnetite is deposited on 

the ZnSe crystal element. Since the whole film should be probed by the evanescent IR light, 

the thickness of the film should be smaller than the actual depth sampled, which is ca 3dp.  

 

2.4.3. Choice of internal reflection element 

 

When choosing an internal reflection element, a number of characteristics should be taken 

into consideration. Some of the main characteristics which are of great importance for 

selection of an IRE crystal are shown in Table 2.1.     
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Table 2.1. Some of the most common IRE crystal (data from PIKE Technologies) 

     Property 

 

Crystal  

Material 

n1 LWL 

cm-1 

dp 

�m

Water 

solubility, 

g/100g 

pH range Hardness, 

Kg/mm2

AMTIR 2.5 625 1.46 Insoluble Low and mid pH range 170 

Diamond/ZnSe 2.4 525 1.66 Insoluble All pH range 5700 

Diamond/KRS-5 2.4 250 1.66 Insoluble All pH range 5700 

Germanium 4 780 0.65 Insoluble All pH range 550 

KRS-5 2.37 250 1.73 0.05 Mid pH range 40 

Silicon 3.4 1500 0.84 Insoluble Low and mid pH range 1150 

Silicon/ZnSe 3.4 525 0.84 Insoluble Low and mid pH range 1150 

ZnS 2.2 850 2.35 Insoluble Mid pH range 240 

ZnSe 2.4 525 1.66 Insoluble Mid pH range 120 

n1= refractive index of ATR crystal 

LWL= long wave length cut-off 

dp= depth of penetration in microns at 1000 cm-1 

          

The following items must be regarded upon choosing an ATR crystal: 

1) Refractive index: the refractive index of the IRE has to be larger than the sample. For 

studying dilute aqueous solution, the refractive index of the solution is close to that of water 

which is approximately 1.34. Therefore most of the elements can be used. On the other hand, 

if an oxide is deposited on an IRE crystal, the refractive index of the IRE should be larger 

than the average refractive index of the deposited film and inter-particle solution (see equation 

2.14).  

2) Depth of penetration: the optimal condition is when the actual depth sampled is close to the 

thickness of a porous film, so that, the evanescent light probe the whole film with minimum 

absorbance from the bulk. For a dens film not allowing the adsorbate to penetrate the film 

volume, the film thickness should be much less than the penetration depth and the absorbance 

due to the bulk should be corrected for. 

3) Transmission range: the characteristic IR absorption bands of the sample should be in the 

transmission range of the IRE. For example, A ZrO2 IRE crystal is not a good choice for 

studying sulphate adsorption. 
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4) Chemical resistance and hardness: the mechanical property and chemical resistance of IRE 

elements is also of great importance. The IRE should not be attacked by acid/alkali or 

oxidizing/reducing agent if the experimental condition is such. The solubility of the IRE in the 

solvent of interest is also important. When the solvent is water, it should not be dissolved in 

water. 

5) Specific adsorption of the sample on IRE: When working with a porous film, since the 

solution is in direct contact with the IRE, the sample should not be specifically adsorbed at the 

IRE surface.  

 

2.4.4. Film deposition 

 

Since penetration of the evanescent field into the sample is about a micrometer depending on 

the wavelength, the incident angle and the refractive indices, the sample should come into 

close contact with the IRE crystal. This may be accomplished by porous particulate material 

deposited on the IRE. A variety of methods is available for preparation of a solid layer which 

can be studied by ATR. In the case of iron oxide particles two methods have been applied. 

One way is to spread a paste of equilibrated suspension on the IRE crystal. This method may 

be classified as ex-situ because the adsorption equilibriums is reached outside the ATR cell. 

The other method is to coat the IRE with a film of particles stable enough against a stream of 

liquid. The adsorption on the particles can then be studied with the solution in contact with the 

ATR crystal. The coating process can be performed by evaporating a concentrated suspension 

evenly spread over the IRE, or by dip-coating in a suspension of the particles. The dip-coating 

process is schematically illustrated in Figure 2.3.   

 

                       
 

                                       Figure 2.3. Dip-coating process 
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2.4.5. Application  

 

A wide range of applications of ATR can be found in the literature. In addition to qualitative 

and quantitative measurements of chemical structure similar to other IR techniques, it has e.g. 

been used to investigate molecular orientation, semiconductor properties, membranes, 

biological systems and optical properties of samples (such as refractive index of the material) 

[9].  

In this study, we mainly used ATR to study adsorption kinetics, adsorption isotherms  as well 

as the speciation of surface complexes. 

 

2.5. Evaluation of thermal behaviour and chemical change in heat 

treatment 
 

In the pelletization process, one step is heating the mixture containing magnetite concentrate. 

In this mixture, there is also a portion of organic collector (Atrac) remaining at the magnetite 

surface after the flotation process. Therefore, the thermal behaviour of magnetite, the 

collector, and the reactions occurring at high temperature is of interest.  

The thermal method encompassing TG and DSC give valuable information about the thermal 

decomposition, phase transitions, enthalpy change during each step (decomposition, 

transition, reaction etc.) and the temperature at which they occur. A combination of these 

methods with QMS (quadrupole mass spectroscopy) and IR spectroscopy reveal detailed facts 

in such processes.    
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3. Experimental  
 

3.1. Preparation of magnetite 
 

3.1.1. Coprecipitation 

 

The synthesis of magnetite was carried out by coprecipitation of Fe (II) and (III) [11, 12]. A 

volume of 5 cm3 solution of Fe (II) and Fe (III) chloride (molar ratio 1:2) in deoxygenated 

Milli-Q water at a total concentration of 1.2M was poured slowly (dropwise) at a rate of 0.5 

cm3/min into a three-neck flask reaction vessel containing 40 cm3 of 0.9M NH4OH solution. 

The solution was kept under argon atmosphere at room temperature and was vigorously 

stirred. After addition of the iron salts, stirring the mixture continued for another 20 minutes 

and then the precipitated magnetite was separated from the supernatant by decantation under 

argon. The solid was washed 4 times with deoxygenated Milli-Q water and separated by 

decantation. Finally, the suspension was centrifuged at 3500 rpm and the remaining solid was 

dried in a vacuum desiccator.   

  

3.1.2. Oxidation of Fe(OH)2

 

Fe(OH)2 was obtained by mixing 2.8 g NaOH and 6.96 g FeCl2, 4H2O with 70 cm3 

deoxygenated Milli-Q water in a three-neck bottom-rounded flask equipped with a condenser 

and mechanical agitator. The gel formed was placed in a water bath preheated to 70oC and 

agitated vigorously in the presence of air for 30 hours.  

 

3.1.3. Characterization of magnetite 

 

The synthetic magnetite samples from coprecipitation and oxidation of Fe(OH)2 were 

characterized by X-ray powder diffraction (XRD) as illustrated in Figure 3.1 and 3.2, 

respectively. Both XRD patterns are characteristic of spinel phase crystallites where the peaks 

from left to right are assigned to 220, 311, 400, 422, 511 and 440 reflections [13,14]. The 

peak broadening in Figure 3-1 is due to the small crystallite size [15] of the magnetite 

synthesized by coprecipitation, whilst magnetite obtained by oxidation of Fe (OH)2 has larger 
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crystallites (sharper peaks). The result from TEM on a sample obtained by coprecipitation is 

consistent with the XRD, demonstrating small particles (~10nm).  

 FTIR spectroscopy was also used to characterize the synthesized magnetite. Figure 3.3 

depicts the far infrared spectrum of as-synthesized magnetite. The broad bands around 570 

and 360 cm-1 correspond to stretching and bending vibrations of Fe -O bonds typical for the 

crystalline lattice of magnetite [16, 17].  
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                  Figure 3.1. XRD pattern of magnetite synthesized from coprecipitation.                                                        
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                       Figure 3.2.. XRD pattern of magnetite synthesized from Fe(OH)2  
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                                            Figure 3.3. FTIR spectrum of magnetite. 
                                                                                                                                                                              

                                     

Figure 3.4 shows a TEM image of the synthesized magnetite. From this image and the 

electron diffraction pattern it is found that the particles are spherical magnetite with the 

average size of 9.5 nm.  

 
               Figure 3.4. Electron microscopy (TEM) of as-synthesized magnetite. 
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3.2. Preparation of magnetite coated with sodium oleate 
 

3.2.1. Coating  

 

The magnetite synthesized by coprecipitation method was coated by adding 4 portions of 

sodium oleate, each portion containing 0.1 g at 80oC. The time interval between each addition 

was 15 minutes and was followed by another 30 minutes after the last oleate addition. 

Afterwards, the suspension was cooled to ambient temperature and 2M HCl was added 

dropwise until the black solid settled over a Teflon coated magnet bar. Then the excess oleate 

was decanted and the precipitate rinsed with deoxygenated Milli-Q water several times + 5 

times washing with 40 ml of a warm mixture of acetone and ethanol (15 minutes, each time) 

to remove physically adsorbed oleate. Finally, the residue was dried in a vacuum desiccator.  

A fraction of the dried sample was stored over night in an oven at 180oC and ambient 

atmosphere. 

 

3.2.2. Characterization of the oleate at the magnetite surface 

 

Sodium oleate adsorbed at the magnetite surface was analysed with infrared spectroscopy. 

The IR spectrum of the sample dried in a vacuum desicator at room temperature is shown in 

Figure 3.5. 

The CH2 and CH3 stretching bands from 2800-3000 cm-1 and the vinylic =C-H at 3005 cm-1 

are dominating above 2000 cm-1. The two bands at 1529 and 1430 cm-1 are assigned to 

asymmetric and symmetric stretching of the carboxylate group, respectively. Rocchiccioli et 

al. proposed that the carboxylate adsorbs mainly via a bidentate configuration to a single Fe3+ 

on the surface, whilst a small amount of oleate adsorbed is in the bridging bidentate 

configuration (18). No free oleic acid physically adsorbed on the surface appeared in this 

spectrum. 

 18



                 

3005

1430

1529

1000150020002500300035004000

Wavenumber (cm-1)

A
bs

or
ba

nc
e

 
                           Figure 3.5. IR spectrum of Oleate adsorbed on magnetite. 

 

3.3. Deposition of magnetite on ZnSe crystal  
 

3.3.1. Methods  

 

Two methods for deposition of particles on ATR crystal were applied in this work. The first 

method is similar to the method previously described by other authors (19, 20) and 

corresponds to evenly spreading a few drops of an as-synthesized magnetite suspension over 

the ATR crystal and drying it in a vacuum desiccator. After that, the ZnSe was thoroughly 

rinsed with ethanol and mili-Q water. Suspension concentration and ethanol/water ratio are 

parameters that can be changed to optimize thickness of the deposited layer. A 1.5 mg/ml 

suspension of magnetite in 80% water/20% ethanol was used. 

The second method was the dip-coating technique in which a substrate (ATR crystal) is 

immersed in a colloidal suspension of particles and withdrawn with a well-defined withdrawal 

velocity. Again, suspension specifications i.e. concentration, viscosity and surface tension are 

the factors determining the thickness of the layer in addition to the withdrawal speed. The 

principle of this technique is based on drying a wet layer formed upon withdrawing the 

substrate and gelation of the layer by solvent evaporation. 
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3.3.2. Characterization of the deposited film on a glass slide 

 

A sample of magnetite deposited on a glass slide, using the first method is depicted in Figure 

3.6 in two magnifications of 20
m and 500nm. It shows that, the particles are evenly spread 

and covered the glass surface. 

 

   
                          Figure 3.6. magnetite film deposited on glass slide. 
 

3.4. Iron isotope fractionation measurement  

 
3.4.1. MC-ICPMS 

 

Fe isotope ratio measurements were performed with a double focusing high resolution MC-

ICPMS instrument (Neptune, Thermo Finnigan, Germany). Multiple Collector Inductively 

Coupled Plasma Mass Spectrometry (MC-ICPMS) uses an array of Faraday cups as detector 

to precisely measure the isotope ratio of small mass differences. The cups are positioned 

along the focus plane of the mass spectrometer, so that mass separated ion beams can be 

simultaneously detected.  

First of all, plasma has to be generated. Plasma is a gas in which atoms are present in an 

ionized state. The plasma is formed by means of a radio frequency (r.f.) generator. The ions 

enter the mass spectrometer through a skimmer cone at the plasma interface positioned just 

before the transfer lens system and the electrostatic analyzer. The ion beam is focused by two 

devices; an electrostatic analyzer and a magnetic sector analyzer, in forward geometry.  In the 

electrostatic analyser module, the ions are accelerated and dispersed with respect to the ion 

energy. On the other hand, dispersion of the ion beam is based on energy and mass in the 
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magnetic sector. The ion beam focused in this way along the focal plane of the mass 

spectrometer is then detected. 

 

3.4.2. Isotopic measurement 

 

The analyses were conducted in static mode. Nickel was used as a normalising element for 

instrumental mass bias correction of the Fe isotopes using the 62Ni/60Ni ratio (21, 22). The 

analyses were made in the following sequence; isotope standard, sample, isotope standard etc. 

each of which in duplicate. More details of the operating conditions of the instrument can be 

found in Malinovsky et al [21].  

The sample solutions were diluted to the Fe concentration of 5�0.5 g/ml with 0.33 M HNO3, 

spiked with Ni at 5 g/ml and followed by isotope ratio measurements using MC-ICPMS. 

Results are presented using the �-notation, defined as: 

                        
��

�10001
tan

5456

5456

)/(

)/(56 ���
�

��
� ��

dards

sample

FeFe

FeFeFe�            (3.1) 

 

where (56Fe/54Fe)standard is the ratio obtained for IRMM-014, corrected for instrumental mass 

discrimination using Ni, which was used as the standard.  

 

3.5. Thermal analysis 
 

TG (thermogravimetry), DTG (derivative thermogravimetry), DSC (differential scanning 

calorimetry) and MS (mass spectroscopy) curves were recorded on a Netzch STA 409/QMS 

equipped with a Quadruple mass-spectrometer. This instrument provides thermogravimetric 

and differential scanning calorimetric data, derivatives of each data set, and mass 

spectroscopic analysis of evolving gas, simultaneously on a single sample.  

Three runs were performed on a 20-40 mg powder sample with experimental settings shown 

below (a-c) and all 3 samples were taken from the same batch; 

 a) TG, DSC, MS at a rate of 5o/min from room temperature up to 500oC in an argon 

atmosphere (100ml/min argon flow). 

 b) TG, DSC at a rate of 10o/min from 20 to1000oC in argon (100 ml/min).  

 c) TG, DSC at a rate of 20o/min from 20 to 600oC in air (100 ml/min).  
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3.6. IR spectroscopy 
 

The IR spectra were recorded on a Bruker IFS 113V equipped with DTGS and MCT 

detectors.  

 

3.6.1. DRIFT 

 

DRIFT (Diffuse Reflectance Infrared Fourier Transform) technique with KBr as diluent was 

used for powder samples of oleate and Atrac coated magnetite. All spectra were collected in 

the range 1000-4000 cm-1 at a resolution of 4 cm-1 using an MCT detector cooled by liquid 

nitrogen.   

 

3.6.2. Transmission 

 

A small drop of neat liquid oleic acid and Atrac were carefully spread between CaF2 windows 

assembled in a vacuum cell and the spectra were recorded in the range 1000-4000 cm-1 at a 

resolution of 4 cm-1.   

A Nujol mull on polyethylene plate method was used for magnetite sample and data were 

recorded in the Far-IR region (200-700 cm-1). 
 

3.6.3. ATR 

 

A ZnSe prism 50x 20x 2 mm, 45 degree trapezoid ( CrystranLimited UK) was used as internal 

reflection element. All spectra were collected in the range 1000-4000 cm-1 at a resolution of 4 

cm-1 using an MCT detector. The number of co-added scans to produce each spectrum for 

isotherm study was 1362 and for kinetic studies 136. All the background spectra were 

recorded for 15 min (4086 scans)  

Data acquisition as well as data processing and analysis were carried out by OPUS software. 
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3.7. Adsorption measurements  
 

A sketch of the experimental setup is shown in Figure 3.7. A single sided rectangularly 

shaped flow through cell with a capacity of ca. 5 ml (40mm length) made of stainless steel 

was mounted on the ATR accessory (Specac England). This arrangement provides 10 

reflections inside the cell where the ZnSe crystal is in contact with the solution. 

 

      
                Figure 3.7. Experimental design for ATR in-situ adsorption measurement  

 

The cell was connected to a 250 ml reservoir containing 150ml solution via Viton tubing and 

the solutions were introduced by a Watson Mallow, Bredel pumps (Spiram-Sarco engineering 

group, England). All experiments were conducted at room temperature and under argon flow. 

The pH value was probed during the experiments using a glass electrode and adjusted using 

0,1 M NaOH or HCl solutions.  

In all ATR experiments, the background electrolytes were allowed to flow over the magnetite 

film on the crystal for 30 minutes prior to data acquisitions. Adsorptions were performed at 

pH= 4 and pH= 6.5, and at two electrolyte concentrations, 0.01M and 0.1 M NaCl.  

The adsorption isotherm for sulphate on magnetite was performed in an electrolyte solution of 

0.01 M NaCl and at pH=4. The electrolyte solution was continuously flowed through the cell 

at a rate of 5 ml/min from the reservoir in a recycling manner. The experiment was carried out 

under argon gas and the pH was controlled during the experiment. Afterwards, a known 
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volume of stock sulphate solution was added to the electrolyte solution to acquire the desired 

concentrations. The sample spectra were recorded every 10 minutes until no significant 

increase in intensity in the 900-1250 frequency range was observed. This was assumed to be 

the equilibrium at the given concentration. This procedure was repeated for other 

concentrations in the range 5
M- 5mM to obtain the adsorption isotherm.  

In kinetic measurement of sulphate adsorption, first a background spectrum of electrolyte 

solution on magnetite particles was collected in the same way as described for the isotherm 

measurement. Then, the cell was emptied and the reservoir was exchanged for a sulphate 

solution at a given concentration (and constant background electrolyte of 0.01 M NaCl at 

pH=4). The time zero was set at the time when the solution entered the cell. The sample 

spectra were recorded in certain intervals such that the intervals were in the middle of the 

scanning time.  

The effect of the flow rate on adsorption rate was examined by testing two flow rates of 5 and 

10 ml/min with all other conditions kept constant.  
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4. Results and discussion 
 

4.1. Isotope fractionation 
 

Table 4.1 shows data obtained for isotope measurements of three magnetite samples 

synthesized by the coprecipitation method. The Fe III source was FeCl3 and the Fe II was 

FeCl2, both from Merk. STD stands for the standard deviation between duplicate 

measurements of each sample. 

   

Table 4.1.  � 56Fe/54Fe of magnetite and Fe (II) and Fe (III) chloride; Coprecipitation method 

Sample � 56Fe/54Fe STD � 57Fe/54Fe STD � 57Fe/56Fe STD 

source-Fe III 0.09 0.05 0.17 0.08 0.08 0.07 

source-Fe II 0.00 0.05 0.05 0.08 0.00 0.07 

Magnetite1 -0.05 0.07 -0.07 0.10 -0.05 0.07 

Magnetite2 0.10 0.05 0.16 0.08 0.05 0.07 

Magnetite3 0.07 0.05 0.09 0.08 0.02 0.07 

    
The overall reaction can be written as: 

 

                                  Fe2+ + 2 Fe3+ +8OH- � Fe3O4 + 4H2O                (4.1) 

 

The reaction is fast with very high yield (negligible residual of iron ions in solution remains 

after precipitation) and magnetite crystals are seen instantaneously after addition of iron 

source.  

In this synthetic method, the solution all the way to magnetite is supersaturated with Fe2+ and 

Fe3+ through iron salt supply. The iron ions precipitate in the form of magnetite almost 

immediately after entering the solution. On the other hand, the reverse reaction (dissolution of 

magnetite) is too slow at low temperature and high pH to cause any fractionation. The latter is 

due to the small or even negative interfacial surface energy [23] of the magnetite-water system 

at our experimental condition. Therefore, no iron isotope fractionation was expected in this 

synthetic method.  
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Table 4.2 shows the iron isotope data for magnetite synthesized by oxidation of a suspension 

of Fe(OH)2. The samples were taken at certain intervals (see table 4.2) and magnetite was 

separated each time by treating the mixture with HNO3 and subsequent centrifugation. 

 

Table 4.2. � 56Fe/54Fe of magnetite and Fe(OH)2; Oxidation of ferrous hydroxide. 
Sampling 

time/hour 
3 6 7 13 18 24 30   Source 

(FeCl2) 
� 56Fe/54Fe -0,09 -0,17 -0,28 -0,16 0,04 0,03 0,08 -0,01 

STD 0,07 0,06 0,10 0,03 0,02 0,03 0,04 0,03 

 
The reaction begins with rapid precipitation of Fe(OH)2 after addition of sodium hydroxide to 

the iron (II) chloride solution. The ferrous hydroxide then is dissolved and oxidized as 

follows: 

 

                        Fe (OH)2 (solid) � [Fe (OH)]+ (aq) + OH-
                 (4.2)         

                       

             2[Fe (OH)]+ (aq) + ½ O2 + H2O � [Fe2 (OH)3]+3 
(aq)

  + OH-
        (4.3) 

 

 

The intermediate entity [Fe2 (OH)3]+3 
(aq) ,can be combined with another [Fe (OH)]+ (aq) entity 

to form Fe3O(OH)4
2+

 (aq), which has the same Fe II/Fe III ratio as magnetite (equation 4.4). 

 

      [Fe2 (OH)3]+3 
(aq) + [Fe (OH)]+ (aq) + 2OH- � Fe3O(OH)4

2+
 (aq) + H2O    (4.4) 

The crystalline magnetite is formed from this intermediate according to the following 

reaction:  

 

                            Fe3O (OH)4
2+

 (aq)   + 2OH- � Fe3O4 (solid)  + 3 H2O          (4.5)    

 

The results obtained in table 4.2 suggest that equation 4.2 has significant effect on 

fractionation of iron, since it was shown that oxidation of the Fe (II) solution leads to 

partitioning of Fe into oxy-hydroxide [24]. The higher abundance of 56 54Fe compared to 56Fe 

in the [Fe (OH)]+ entity is probably because of higher lability of the lighter isotope as 
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predicted by spectroscopic data and kinetic theory [25], indicating that 56Fe forms stronger 

bonds and therefore tends to remain in the Fe (OH)2 phase. 

 

4.2. Heating of oleic acid in air 
 

An aliquot of neat oleic acid was stored in an oven at 110oC under ambient atmosphere for a 

week. The IR spectra of oleic acid before and after heating at 110oC are depicted in Figure 

4.1.     

The carbonyl band appears at ~ 1711 cm-1 and a weak vinyl C-H stretch appears at 3006 cm-1 

(Figure 4.1, dashed dotted line). The spectrum of heated oleic acid (Figure 4.1, continuous 

line) shows new bands at 1736 cm-1 and 1171 cm-1 and the intensity of the carboxylic group is 

reduced. The appearance of the new carbonyl vibration (the band at 1736 cm-1) and a new C-

C-O vibration (the band at 1171 cm-1) in the spectrum of heated oleic acid is due to the 

oxidation of the double bond and formation of new molecular species.   
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                          Figure 4.1. IR spectra of heated and unheated oleic acid.                                                 
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                        Figure 4.2. Raman spectra of heated and unheated oleic acid. 

 

 

This was further proved by Raman spectroscopy, where C=C bonds have a strong absorption 

(Figure 4.2). The intensity of C=C at 1655 cm-1 drastically decreases after heating (also note 

the intensity decrease of the vinyl C-H at 3006 cm-1). 

The oxidation of oleic acid at the double bond has previously been explained by a free radical 

reaction [26, 27] 

The carbonyl band of oleic acid becomes broader, when it is subjected to higher temperature 

(220oC) as it is seen in Figure 4.3. 
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                        Figure 4.3. IR spectrum of oleic acid heated to 220oC in air 
 
 

4.3. Oleate coated magnetite heated in air 
 

 4.3.1. TG, DTG, and DSC 

 

Figure 4.4- shows the result of thermogravimetric analysis on this sample. Two DTG peaks 

representing weight loss appears at  ~240oC and at ~315oC associated with two exothermic 

peaks on the DSC curve. There is also a third exothermic peak at ~ 520oC on the DSC curve 

at which temperature phase transition occurred.  
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                     Figure 4.4. DTG and DSC diagram of oleate coated magnetite heated in air  

 

4.3.2. IR spectroscopy 

 

The sample heated to 280oC in air similar to heated oleic acid shows a new broad feature 

appearing in the frequency range 1690-1860 cm-1 and a new band at 1170 cm-1, whereas the 

=C-H vinylic stretching vibration is missing at 3005 cm-1 (Figure 4.5). Thus, the weight loss 

observed at ~240oC in TG could be attributed to oxidation of the oleate molecule at the 

double bond. As the temperature rises to 450oC, the rest of the oleate is also oxidized and 

hematite is the final product at 600oC. 

 

 30



        

1170

1430
1530

1731

1775

1000150020002500300035004000

Wavenumber (cm-1)

A
bs

or
ba

nc
e

 
               Figure 4.5. FTIR spectrum of the heated magnetite at 280oC in air. 

 

 

4.4. Oleate coated magnetite heated in argon atmosphere 
 

4.4.1. TG, DTG, and DSC 

 

Online mass spectroscopy together with thermogravimetric analysis on this sample (Figure 

4.6) shows that oleate is decomposed through CO2 release and dehydrogenation at ~350oC. 

The carbonaceous layer remained at the surface can reduce magnetite to metallic iron or 

wustite at a temperature above 700oC.    
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           Figure 4.6. TG, QMS pattern of oleate coated magnetite heated under argon. 

 
The energy of dissociation/decomposition found to be 49.86J/g from DSC analysis. 

 

4.4.2. IR spectroscopy 

 

At 550oC the IR spectrum of the sample exhibits a broad band above 3000 cm-1 related to OH 

stretching and two bands at 2336 and 2200 cm-1 attributed to CO2 and CO (Figure 4.7). There 

are also several broad features below 1600 cm-1 which could be due to a carbonaceous layer, 

confirming the result obtained in thermal analysis and also to a trace of carboxylate function 

still present at the surface.  
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      Figure 4.7.  IR spectrum of calcined oleate on magnetite at 550oC under argon. 

 

4.5. Adsorption of carbonate on magnetite 
 

The carbonate adsorption on magnetite was conducted at room temperature and pH= 8 using 

ATR spectroscopy. In a water solution, carbonate could be in the form of H2CO3 (H2O + 

CO2), HCO3
- or CO3

-2 depending on the pH of the solution. The pKa values of carbonate are:  

 

                 H2CO3  H+ + HCO3
-   Ka1 = 4.2 × 10-7             (4.6) 

                 HCO3
-  H+ + CO3

-2     Ka2 = 4.8 × 10-11                  (4.7) 

 

Thus, at pH= 8, bicarbonate; HCO3
- is the dominant phase.  

Carbonate in CO3
2- form has D3h symmetry and show a doubly degenerate single band at 

~1400 cm-1 in IR and another vibration, so called, totally symmetric stretching band is absent 

since it is inactive in IR. On the other hand, when D3h symmetry is lowered in bicarbonate 

(HCO3
-) to Cs, the C-O stretching band splits into two bands; a symmetric band at ~1360 cm-1 

and an asymmetric one at ~1620 cm-1. Also, the totally symmetric stretching band shows up at 

~1000 cm-1 (Figure 4.9).  

Solutions of 100
M and 500
M sodium hydrogen carbonate in water were used to study its 

adsorption onto magnetite deposited on ZnSe crystal. The IR spectra of carbonate adsorbed at 
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pH= 8 are shown in Figure 4.8. A spectrum of aqueous bicarbonate solution is also shown in 

Figure 4.9 for comparison.  

 
               Figure 4.8. IR spectra of 100 and 500
M carbonate adsorbed on magnetite. 

                       
 

                  Figure 4.9. IR spectra of 10 mM bicarbonate (HCO3
-) aqueous solution. 
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The ATR spectrum of adsorbed hydrogen carbonate at pH=8 exhibits a strong band at 1335-

1340 cm-1 with a shoulder at 1360 cm-1 which both are assigned to symmetric stretching of C-

O and another strong band at 1480 cm-1 with a shoulder at 1540 cm-1 related to asymmetric 

stretching of C-O. Further, there are two other weak bands at ~1027 and ~1070 cm-1, 

attributed to the totally symmetric carbonate stretching. For comparison, a magnetite sample 

was reacted ex-situ with 10mM hydrogen carbonate at pH=8 and washed with water and dried 

in air. The DRIFT spectrum of this sample was recorded. This spectrum also showed a band 

at ~1540 cm-1 and another band at ~1320 cm-1 in addition to the totally symmetric stretching 

band at ~1050 cm-1. 

A similar spectrum of carbonate adsorbed on hematite was previously observed by Bargar et. 

al. [28]. The presence of two asymmetric bands associated with two symmetric bands in the 

ATR spectrum as well as in the DRIFT spectrum, suggests that there should be two carbonate 

species on the surface. Thus, it is suggested that the bands 1335/1545 cm-1 might be assigned 

to an inner sphere complex with monodentate binuclear geometry and the bands 1360/1480 

cm-1 could be assigned to an outer-sphere hydrogen bonded carbonate. 

 

4.6. Adsorption of Atrac on magnetite 
 

Atrac was adsorbed on magnetite at pH�8.5 and a concentration of 500mg/L at room 

temperature. The sample was washed with water and ethanol and dried in air at room 

temperature. The DRIFT technique was applied to the sample mixed with KBr, which was 

used as background. The spectrum of adsorbed Artac on magnetite is illustrated in Figure 

4.10. For comparison, a spectrum of pure Atrac and Atrac/(Ethanol + KOH) is presented in 

Figure 4.11. 
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                           Figure 4.10. FTIR spectrum of Atrac adsorbed on magnetite 

 
                   Figure 4.11. FTIR spectrum of pure Atrac (a) and Atrac in EtOH/KOH (b). 
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In alkaline solution of Atrac (KOH/EtOH), the acidic carbonyl in pure Atrac at 1713 cm-1is 

largely diminished and appears like a shoulder, while a new band at 1580 cm-1
 appears. The 

later band is attributed to carboxylate in ionic form or COO-K.  

In Atrac adsorbed on magnetite, a new band at 1530 cm-1 could be assigned to formation of 

COO-Fe bond via a chelating bidentate geometry, similar to adsorbed oleate described earlier. 

The carbonyl band of Atrac at ~1700-1740 cm-1 is also broadened and a new band at 1670 

cm-1 is emerging, probably due to a COO-Fe unidentate complex.  

 

4.7. Adsorption of sulphate on magnetite 
 

Adsorption of sulphate on magnetite was studied in-situ, using ATR spectroscopy. The 

background solution was 0.01M NaCl in miliQ water at pH=4. The spectrum of 100
M 

sulphate solution adsorbed on magnetite at pH=4 is shown in Figure 4.12.  

In the case of adsorbed sulphate on magnetite particles, three maxima at 1115, 1044 and 979 

cm-1 (Figure 4.12) are observed, based on second derivative spectral analysis. Deconvolution 

of the peaks at these three maxima are obtained from antinodes and using a Gaussian band 

shape function. A fourth maximum did not significantly improve the fitness no matter if a 

Lorentzian or a Gaussian or a mixture of both were used. This was further confirmed by 

adsorption of 100 
M sulphate solution on magnetite at pH=4 and 0.1 M NaCl as ionic 

medium. The same spectral pattern was observed at both electrolyte concentrations.  

 The band at 979 cm-1 is assigned to the symmetric stretching (1) which becomes IR active 

when the symmetry decreases. The other two peaks at 1115 and 1044 cm-1 are assigned to 

asymmetric stretching (3).  

Since the symmetry is lowered by coordination of sulphate onto magnetite, the 3 band is split 

into 2 peaks. This corresponds to C3v symmetry of monodentate coordination. As it is evident 

from the second derivative function, no negative antinode is visible at around 1170 cm-1, 

implying that the presence of a bidentate coordination of sulphate which was observed for 

sulphate adsorbed on goethite [20] is excluded. 
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Figure 4.12. Infrared spectrum in the 900-1250 cm-1 region due to adsorption of 100
M sulphate on 
magnetite at pH= 4. 
 

 Adsorption of sulphate on magnetite at pH= 6.5 and 0.01 M NaCl is shown in Figure 4.13. 

As it is inferred from this spectrum, the adsorption at this pH is mostly outersphere, since no 

change in symmetry of dissolved sulphate ion is seen at this pH and the intensity is much less 

compared to adsorption at pH= 4. This seems reasonable with respect to the fact that the PZC 

of magnetite is around 6 and the surface charge is close to neutral. Therefore, replacing a 

hydroxyl group by SO4
2- is not spontaneous.  
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Figure 4.13. Infrared spectrum in the 900-1250 cm-1 region due to adsorption of 100
M sulphate on 
magnetite at pH= 6.5. 
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4.7.1. Adsorption isotherm of sulphate on magnetite 

 

The adsorption from 5, 10, 20, 70, 100, 500, 1000, 2000, and 5000
M sulphate solutions at 

pH=4 was measured using 0.01M NaCl as ionic medium.  The peak areas between 900 and 

1250 cm-1 were integrated after baseline corrections and corrected for bulk contribution to the 

integrated intensity. A plot of C/A against C is shown in Figure 4.14.  

   

            

plot of C/A versus C

y = 0,0631x + 5,1118
R 2  = 0,999

0

50

100

150

200

250

300

350

0 1000 2000 3000 4000 5000 6000

C (�M)

C
/A

 (�
M

-1
)

 
                                      Figure 4.14. linear plot of C/A against C 

 

 

From this plot, the Langmuir affinity constant, K, can be estimated to be1.2344 x 104 M-1. 

From this value �G0
ads at T= 298 Kelvin can be calculated as: 

                           

                           �G0
ads= -RT ln (K. 55.5) = - 33.3 KJ/mol               (4.8) 

   

4.7.2. Adsorption kinetics of sulphate on magnetite 

 

Application of ATR in kinetic measurements has been utilized previously by a number of 

workers (29,30). In this study, the kinetics of sulphate adsorptions at 10, 20, 50 and 100 
M at 

a flow rate of 5 and 10 ml/min was measured.. The adsorption kinetics showed similar results 

at both 5 and 10 ml/min flow rate, implying that the mass transport from reservoir to the cell 

is not a determining factor.The integrated absorbance between 900-1250 cm-1 was assumed to 
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be proportional to adsorbed sulphate concentration (the same as in the adsorption isotherm) 

and plotted against time. The integrated absorbances data obtained between 5 minutes and the 

plateau value were fitted to a pseudo first order rate equation (Figure 4.15). The average k 

value obtained for all concentrations was 0.09± 0.01 min-1. It should be noted that in the 

initial stage (during the first 5 minutes) the adsorption is fast, so that, it may probably be 

diffusion controlled or the adsorption may take place at the sites that are more prone to 

sulphate adsorption e.g. already protonated sites. However, at longer reaction times, the 

adsorption reaction seems to be adsorption controlled 
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kinetics of adsorption from a 20�M sulphate solution
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d) 
   
 Figure 4.15. Kinetics of sulphate adsorption (a-d); plot of ln[Amax/Amax-At)] versus time, according to 
a pseudo first order rate of reaction. a)10
M, b)20
M, c)50
M, and d)100
M 
 
Sun et al. [31] studied the surface characteristic of magnetite in aqueous suspension using 

potentiometric titration and concluded that the surface of magnetite contains surface hydroxyl 

groups which are protonated at pH below the PZC of magnetite (around 6), and deprotonated 

above this pH: 
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                           �Fe(II,III)OH + H+ �  �Fe(II,III)OH2
+          pH<PZC         (4.9) 

 

                           �Fe(II,III)OH  - H+  �  �Fe(II,III)O-                      pH>PZC         (4.10) 

 

This protonated hydroxyl functions at the surface could readily be exchanged by sulphate 

ligand as it was also concluded from the spectrum of adsorbed sulphate on magnetite. 

At pH=4, the �Fe (II,III)OH2
+ sites are predominating at the surface, causing initial fast 

adsorption. In the course of time and adsorption of sulphate, the charge and available sites on 

the surface decreases resulting in a slower reaction rate. 
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5. Conclusions  
 

The following conclusions are drawn from this work. 

 

5.1. Iron isotope study 

 
Magnetite synthesized by the coprecipitation method did not lead to partitioning of the iron 

isotopes, however, oxidation of ferrous hydroxide to magnetite at Fe2+/OH- ~ 0.5 and 70oC 

produced magnetite that was enriched in the lighter iron isotope in the beginning of the 

reaction. This kind of isotopic measurement can be used in the study of the mechanism of 

magnetite formation. 

 

5.2. Oleic acid and oleate coated magnetite  

 
It was found from Raman and FTIR spectroscopy that decomposition/oxidation of oleic acid 

heated at 110oC for one week under ambient atmosphere, occurs at the C:9 position (double 

bond position) and this reaction proceeded with an increased amount of oxygen-bonded 

species as the temperature raised to 220oC. Thermogravimetric analysis showed a weight loss 

of adsorbed oleate on the surface under ambient atmosphere, also indicating double bond 

cleavage that yielded products enriched in oxygen. It was also observed that the 

transformation to hematite occurs at 520oC, which is consistent with literature data. 

Mass spectroscopy together with DSC and TG proved that the first weight loss of the sample 

heated under argon was predominantly water which exists as hydrogen bonded water or 

hydroxyl groups at the surface. A second weight loss included desorption/decomposition of 

oleate on the magnetite surface and was associated with CO2 formation and dehydrogenation. 

The enthalpy of desorption/decomposition was found to be 49.86 J/g. Furthermore, according 

to the spectra obtained from FT-IR, it seems that the decomposition of oleate on magnetite 

under argon atmosphere involves a reaction between hydrogen and carbon from oleate with 

oxygen and iron at the surface of magnetite, eventually implying partial reduction of 

magnetite at elevated temperatures. This is further confirmed by XRD results, indicating a 

mixture of magnetite, wustite and iron at temperatures above 700oC. 
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5.3. Adsorption of carbonate 

 
Two different carbonate species were found on magnetite. One is assumed to be an inner 

sphere complex with monodentate binuclear geometry and the other one is an outer-sphere 

hydrogen bonded complex. 

 

5.4. Adsorption of Atrac 

 
Atrac adsorbs on magnetite forming a chelating bidentate geometry. The carbonyl function of 

Atrac at ~1700-1740 cm-1 is broadened and a new band at 1670 cm-1 appears, probably related 

to a unidentate complex. Generally, it seems that the structure of adsorbed Atrac is different 

from pure one, probably due to the selective adsorption of components or dissociation at the 

surface.  

 

5.5. Adsorption of Sulphate 

 
Three maxima at 1115, 1044 and 979 cm-1 were found for sulphate adsorbed at pH= 4 based 

on the second derivative analysis. This is indicating a monodentate adsorption in which the Td 

symmetry of SO4
2- is lowered to C3v.  

The data was fitted to a Langmuir adsorption model and the adsorption affinity constant was 

found to be 1.2344 x 104 M-1. A value of – 33.3 KJ/mol could be estimated at room 

temperature for Gibbs free energy of adsorption �G0
ads. 

The kinetic study indicated that adsorption may initially be diffusion controlled but after 5 

minutes it is adsorption controlled. It implies that the mechanism of sulphate adsorption is a 

monodentate adsorption in which sulphate replaces protonated hydroxyl groups at the surface 

At pH= 6.5, sulphate adsorbs on magnetite via an outersphere complexation. 
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6. Future work 
 

Adsorption of Atrac should be further studied. Possible dissociation of Atrac in presence of 

cations, particularly, Fe and Ca which exist in considerable amount in process water should be 

evaluated. The use of NMR spectroscopy could be informative to detect the structural changes 

of Atrac reacting with Ca, iron, and small iron oxide particles. Moreover in-situ ATR 

spectroscopy could be applied for adsorption of Atrac on hematite and/or magnetite. 

Adsorption of silica or alumina on magnetite using IR spectroscopy is also of interest to 

assess the mechanism of adsorption and to what extent silica and alumina interact with the 

surface. This is especially important in pelletization to know the interaction of iron oxides 

with silica and alumina at different pH, ionic strength etc. to achieve the optimal condition. 

Adsorption isotherm and adsorption kinetics of phosphate onto magnetite is also interesting. 

The comparison between adsorption kinetics of phosphate and sulphate can be used for 

further confirmation of the proposed mechanism outlines here, since both phosphate and 

sulphate have comparable size and charge at pH=4. 
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Potential application of iron isotope fractionation in the study of the magnetite 

formation mechanism. 
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ABSTRACT 

 

The potential of iron isotope data as an alternative in mechanistic studies of magnetite 

formation has been evaluated. Magnetite was synthesized via two different ways; 

coprecipitation of iron (II) and (III) and oxidation of ferrous hydroxide. Iron isotopic 

measurements were carried out on the magnetite samples. No fractionation of iron isotopes 

was observed for the magnetite synthesized by coprecipitation, whilst the magnetite formed 

from ferrous hydroxide showed higher abundance of 54Fe compared to 56Fe in the beginning 

of the reaction. Interpretation of the isotopic data with respect to possible mechanisms is 

discussed. 
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1- Introduction 

Magnetite, Fe3O4, one of the important iron ores, is ubiquitous in nature. It is a common 

constituent of igneous and metamorphic rocks. It is also found in 2.5 billion years old ocean 

floor. Due to its black colour and strong magnetic property, it has found a great number of 

applications in industry. Numerous factors such as purity, particle size and shape etc. have 

considerable effect on its application and in this regard, the mechanism of formation plays an 

important role. Moreover, the mechanism of formation of magnetite as one of the corrosion 

products of iron in industry is also of great interest.   

The recently introduced new generation of mass spectrometric techniques, in particular multi-

collector inductively coupled plasma mass spectrometry (MC-ICPMS), allows reliable 

detection of minor natural variations in the isotopic composition of transition metals, 

including iron1. 

One of the applications of the isotopic fractionation data is to use them as evidence to verify 

and elucidate a specific reaction pathway. For example, Bullen et al.2 studied � 56 Fe 

fractionation in the ferrihydrate-solution system and suggested that the heavier iron isotope is 

enriched in Fe II (OH)x(aq) in comparison to other iron species in the solution.  

The aim of this study wais to investigate the possible occurrence of iron isotope fractionation 

in synthetic magnetite manufactured by two different ways, namely, coprecipitation of Fe II 

and Fe III and oxidation of ferrous hydroxide. The isotope fractionation data obtained were 

utilized in an effort to understand the mechanism of magnetite formation. 

2- Method 

Reaction reagents 

All the reagents were of analytical grade (purity >99%) and used without further purification. 

Sodium hydroxide, ammonium hydroxide (25%), FeCl2, 4H2O and FeCl3, 6H2O were 

purchased from Merck (Merck, Darmstadt, Germany). Milli-Q water (Millipore corp.) was 

used in all steps of the synthesis and also for rinsing.  

Mass spectrometry reagents 

Single element standard solutions (SPEX plasma standards, Edison, NJ; USA) were used as 

internal standard for calibration. Analytical grade hydrochloric acid (30% Fluka, Steinheim, 
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Germany) was used to dissolve the magnetite samples. The standard for iron isotope ratio 

measurement, IRMM-014, was obtained from Institute of Reference Material and 

Measurement, Geel, Belgium.  

Instrumentation

1- Mass spectrometry 

Fe isotope ratio measurements were performed with a double focusing high resolution MC-

ICPMS instrument (Neptune, Thermo Finnigan, Germany). High resolution mode of the 

instrument was used throughout this study allowing to resolve completely all spectral 

interferences on Fe isotopes from argide and oxide species originated in the plasma during the 

measurements. The Neptune is equipped with eight adjusTable Faraday cups and one fixed 

central cup. 54Fe, 56Fe, 57Fe, 58(Fe +Ni), 60Ni and 62Ni isotopes were collected by Faraday cups 

at Low 4, Low 2, Low 1, Central, High 1 and High 3 positions, respectively. The analyses 

were conducted in static mode. Nickel was used as a normalising element for instrumental 

mass bias correction of the Fe isotopes using the 62Ni/60Ni ratio. The suitability of Ni as a 

normalising element for reduction of the instrumental mass bias has been demonstrated in 

previous studies1,3. The analyses were made in the following sequence; isotope standard, 

sample, isotope standard etc. All samples and standards were analysed in duplicate. More 

details on the operating conditions of the instrument can be found in reference 1 (Malinovsky 

et al.1).  

As iron was a major constituent of the solutions in this study and other elements were present 

at negligible concentrations relative to Fe, no chemical purification of Fe was used prior to the 

isotopic analysis. The sample solutions were diluted to a Fe concentration of 5�0.5 g/ml 

with 0.33 M HNO3, spiked with Ni at 5 g/ml and subsequently the isotope ratio was 

measured using MC-ICPMS. 

Results are presented using the �-notation, defined as: 

                      10001
tan

5456

5456

)/(

)/(56 ���
�

��
� ��

dards

sample

FeFe

FeFeFe�  ‰             (1) 

 
where (56Fe/54Fe)standard is the ratio for IRMM-014, corrected for instrumental mass 

discrimination using Ni, and used as the standard. The similar notations are also used for 
57Fe/54Fe ratios. As the samples and standard were doped with Ni having 58Ni isobar with 
58Fe, attempts to measure isotope ratios including 58Fe were abandoned. 
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2- IR spectroscopy

The IR spectrum was recorded on a Bruker IFS 113V equipped with DTGS detector. A Nujol 

mull on a polyethylene plate was used and data were collected in the Far-IR region (200-700 

cm-1, No. of scans = 128, Res. = 2 cm-1).    

3- XRD 

The x-ray diffractogram was recorded at room temperature on a Siemens 5000 powder x-ray 

diffractometer in 2� range 20-70o and �= 0o. 

 

Synthesis

A- coprecipitation: magnetite synthesized by coprecipitation of Fe II and III 4,5  

a) Magnetite 1: 10 cm3 Fe II and Fe III Chloride solutions (molar ratio 1:2) with total 

concentration of 1.2M were dissolved in deoxygenated Milli-Q water and added dropwise (2 

cm3/min) into 80 cm3 of 0.9M NH4OH solution. The reaction was carried out in a three-neck 

flask under argon atmosphere at room temperature and was vigorously stirred during the 

chemical reaction. After addition of the iron salts, the mixture was stirred for another 10 

minutes and then the precipitated magnetite was separated from the supernatant by 

decantation under argon. The solid was washed 3 times with deoxygenated Milli-Q water and 

separated by decantation under argon. Finally, the suspension was centrifuged at 3500 rpm 

and the remaining solid was dried in a vacuum desiccator.  

b) Magnetite 2: the same as magnetite 1 but replacing NH4OH by NaOH as alkali reagent. 

c) Magnetite 3: the same as magnetite 1 but at an addition rate of 1 cm3/min. 

B- Oxidation of Fe(OH)2 :  Fe(OH)2 was obtained by mixing 2.8 g NaOH and 6.96 g FeCl2, 

4H2O with 70 cm3 deoxygenated Milli-Q water in a three-neck bottom-rounded flask 

equipped with a condenser and mechanical agitator. The gel formed was placed in a water 

bath preheated to 70oC and agitated vigorously in the presence of air for 30 hours. During the 

reaction, samples were taken at certain intervals (see Table 2) and magnetite was separated 

each time by treating the mixture with 1 M HNO3 and subsequent centrifugation. 
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3- Results and discussion
 

The structural properties of the synthetic magnetite samples from coprecipitation and 

oxidation of Fe(OH)2 were obtained by X-ray powder diffraction (XRD) as illustrated in 

Figure 1 and 2, respectively. Both the XRD pattern are characteristic of spinel phase 

crystallites where the peaks from left to right are assigned to 220, 311, 400, 422, 511 and 440 

reflections6,7. The peak broadening in Figure 1 is due to the small crystallite size8 of the 

magnetite synthesized by coprecipitation, whilst magnetite obtained by oxidation of Fe (OH)2 

has larger crystallites (sharper peaks). The results from TEM on samples a and b 

(coprecipitation by NH4OH and NaOH) are consistent with the XRD results, demonstrating 

small particles (~10nm). However, magnetite produced using NaOH is slightly smaller.  

FTIR spectroscopy was also used to characterize the synthesized magnetite. Figure 3 depicts 

the far infrared spectrum of as-synthesized magnetite. The broad bands around 570 and 360 

cm-1 correspond to stretching and bending vibrations of Fe -O bonds typical for the crystalline 

lattice of magnetite9,10.  

The iron isotope data are presented in Table 1 for the coprecipitation method and Table 2 for 

the oxidation of ferrous hydroxide. STD stands for the standard deviation between duplicate 

measurements of each sample. 

From Table 1, it is seen that there is no significant variation in the �-value among the 3 

magnetite samples and Fe (II) and Fe (III) sources. This is reasonable considering the 

mechanism of magnetite formation in a mixed solution of Fe III and Fe II as described by 

Jolivet11 and Tronc et al12. They emphasised on the role of ferrous ions as dehydrating and 

structuring agent and its essential presence for a spinel structure to be formed.   

 The overall reaction can be written as: 

 

                                  Fe2+ + 2 Fe3+ +8OH- � Fe3O4 + 4H2O                (2) 

 

The reaction is fast with very high yield (negligible residual of iron ions in solution remains 

after precipitation) and magnetite crystals are seen instantaneously after addition of iron 

source. 

Faivre et al.13, in a similar work, prepared magnetite from a mixed solution of ferrous and 

ferric ions and concluded that Fe II concentration has a great effect on the mechanism of 

magnetite formation. They showed that magnetite is the only reaction product, where ferrous 
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ion concentration is above a certain threshold and also that the rate of reaction depends only 

on Fe2+ activity. In lower ferrous ion concentration than that threshold, ferric-oxyhydroxide is 

also formed.  

In line with previous studies and considering nucleation and crystal growth theory, here the 

solution all the way to magnetite is supersaturated with Fe2+ and Fe3+ through iron salt supply. 

The iron ions precipitate in the form of magnetite almost immediately after entering the 

solution. On the other hand, the reverse reaction (dissolution of magnetite) is extremely slow 

at low temperature 14 and high pH to cause any fractionation. The latter is due to the small or 

even negative interfacial surface energy11 of the magnetite-water system at our experimental 

condition. Therefore, no iron isotope fractionation was expected in this synthetic method.  

The data in Table 2 shows that in the initial stage of the reaction (nucleation), the magnetite 

formed is enriched in the lighter isotope. On the other hand, close to the end of the reaction, 

the isotopic composition of the magnetite approaches the isotopic composition of the source 

(FeCl2). The later could be explained partially by depletion of the lighter isotope from the 

non-magnetite phase. Since the higher percentage of the lighter isotope now is in the 

magnetite phase, thus the isotopic ratio of non-magnetite residue is enriched in the heavier 

isotope after a certain time and consequently the probability to precipitate the heavier isotope 

is increased. 

The reaction begins with rapid precipitation of Fe(OH)2 after addition of sodium hydroxide to 

the iron (II) chloride solution.  It is believed that the magnetite formation then starts with 

oxidation of Fe(OH)+ (the dissolved form of Fe(OH)2) in water15:  

 

                                Fe (OH)2 (solid) � [Fe (OH)]+ (aq) + OH-
                          (3)

                                                                

Subsequently, the oxidation proceeds as follows: 

    

                    2[Fe (OH)]+ (aq) + ½ O2 + H2O � [Fe2 (OH)3]+3 
(aq)

  + OH-
     (4) 

 

The intermediate entity [Fe2 (OH)3]+3 
(aq) ,can be combined with another [Fe (OH)]+ (aq) entity 

to form Fe3O(OH)4
2+

 (aq), which has the same Fe II/Fe III ratio as magnetite (equation 5). 

 

      [Fe2 (OH)3]+3 
(aq) + [Fe (OH)]+ (aq) + 2OH- � Fe3O(OH)4

2+
 (aq) + H2O   (5) 

At high oxidation rate or low pH value, it will further oxidize to goethite (or other Fe III oxy-

hydroxide), however, if the concentration of dissolved oxygen in water is low and the pH is 
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high (such as in our experimental condition), crystalline magnetite will be formed according 

to the following reaction:  

 

                            Fe3O (OH)4
2+

 (aq)   + 2OH- � Fe3O4 (solid)  + 3 H2O           (6) 

 

The results obtained in this work suggest that equation 3 has significant effect on fractionation 

of iron, since it was shown that oxidation of the Fe (II) solution leads to partitioning of 56 Fe 

into oxy-hydroxide2. The higher abundance of 54Fe compared to 56Fe in the [Fe (OH)]+ entity 

is probably because of higher lability of the lighter isotope as predicted by spectroscopic data 

and kinetic theory16, indicating that 56Fe forms stronger bonds and therefore tends to remain in 

the Fe (OH)2 phase. 

Conclusion 
 

In this report, we showed that iron isotopic data can be used in the study of mechanism of 

magnetite formation. Magnetite synthesized by the coprecipitation method did not lead to 

partitioning of the iron isotopes, however, oxidation of ferrous hydroxide to magnetite at 

Fe2+/OH- ~ 0.5 and 70oC produced magnetite that was enriched in the lighter iron isotope in 

the beginning of the reaction. Other experimental conditions and/or other iron oxides can also 

be studied using this method. 
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Table captions 

Table 1. � 56Fe/54Fe of magnetite and Fe (II) and Fe (III) chloride; Coprecipitation method 

Table 2. � 56Fe/54Fe of magnetite and Fe(OH)2; Oxidation of ferrous hydroxide.  

Table 1. � 56Fe/54Fe of magnetite and Fe (II) and Fe (III) chloride; Coprecipitation method 
 
Sample Magnetite 1 Magnetite 2 Magnetite 3 Source Fe II Source Fe III 
� 56Fe/54Fe -0,05 0,1 0,07 0,00 0,09 

STD 0,07 0,05 0,05 0,05 0,05 

   
 

 
 
 
Table 2. � 56Fe/54Fe of magnetite and Fe(OH)2; Oxidation of ferrous hydroxide.  
 
Sampling 
time/hour 3 6 7 13 18 24 30   Source 

(FeCl2) 
� 56Fe/54Fe -0,09 -0,17 -0,28 -0,16 0,04 0,03 0,08 -0,01 

STD 0,07 0,06 0,10 0,03 0,02 0,03 0,04 0,03 
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Figure captions 

Figure 1. XRD pattern of magnetite synthesized from coprecipitation
 
Figure 2. XRD pattern of magnetite synthesized from Fe(OH)2  
 
Figure 3. FTIR spectrum of magnetite
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                   Figure 2. XRD pattern of magnetite synthesized from Fe(OH)2
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Structural changes of oleate-coated magnetite nanoparticles upon heating in air 

and argon: A thermal analysis and spectroscopic study. 

Payman Roonasi1  and Allan Holmgren

Division of Chemistry, Luleå University of Technology, SE-97187 Luleå, Sweden

ABSTRACT 

 

The chemical changes of oleate adsorbed on magnetite at high temperatures, in both air and 

argon atmosphere was studied as a model to simulate the behaviour of Atrac; a fatty acid 

collector in magnetite pelletization process. Magnetite was synthesized by coprecipitation of 

iron (II) and (III) and coated with sodium oleate. Thermal analysis in combination with mass 

spectroscopy, FTIR and XRD were carried out to monitor the decomposition pattern of oleate 

adsorbed on the magnetite surface. It was indicated by IR and Raman spectroscopy that oleic 

acid when heated in air undergoes unsaturation and new carbon-oxygen bonds are formed. 

Similarly, calcination of the magnetite-oleate system in air involves oxidation of the double 

bond and formation of intermediate oxygen-rich molecules. The final product is hematite and 

phase transition occurs at 520oC. Thermal decomposition of magnetite coated with a primary 

layer of oleate under argon atmosphere contains two steps weight loss. The first step at 

~330oC is associated with oleate desorption/decomposition (CO2 release proved by mass 

spectroscopy) and an enthalpy change of �H = 49.86 J/g. Another weight loss occurs at 

elevated temperature (740oC) leading to partial reduction of magnetite to wustite and iron. It 

seems that a carbonaceous graphitic species remains on the surface which is mainly 

responsible for this reduction.    

 

 

 

Keywords: magnetite, Atrac, oleic acid, fatty acid collectors, pelletization, thermogravimetric 

analysis. 
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1. Introduction 

 

LKAB is a mining company in northern part of Sweden, producing magnetite pellets, a 

complex surface chemical process involving a mixture of various components such as 

magnetite, bentonite, olivine and ions dissolved in the process water. They are currently using 

a surface active collector known as Atrac for flotation of apatite from magnetite fines. 

Although this reagent is applied to minimize the apatite content by froth flotation, a small 

amount of Atrac adsorb at the surface of magnetite. This organic agent was shown to affect 

the strength of the green pellets formed in the pelletization process. Recently, Forsmo et. al. 

[1] studied variation of plasticity and porosity in green pellets as a function of Atrac addition. 

They observed an increase in porosity and plasticity with increasing amount of Atrac, 

however, if the magnetite slurry was allowed to be aged for a day or two, the strength of the 

pellets was improved.  

The chemical structure of Atrac is unspecified by the manufacturer. Nonetheless from NMR 

and IR spectra of this compound, we found out that it contains a number of carbonyl groups, 

double bond(s), methyl (CH3) and methylene (CH2) entities in its structure. Likewise, oleic 

acid which is a well-known surfactant and collector, consists of a carboxylic head group, a 

hydrocarbon chain and a double bond at the C:9 position of the C 18 alkyl chain. The reagent 

grade of sodium oleate can be purchased in high purity and the IR spectra of both oleic acid 

and sodium oleate can readily be found in the literature. It was also observed that Atrac 

similar to oleate adsorbs on magnetite through its carboxylate group. In this study we have 

used pure sodium oleate as a model collector molecule. Small particles of magnetite were 

synthesized in order to get a high surface area necessary for spectroscopic measurements and 

these particles were used as a model system for magnetite from the iron ore. Furthermore, a 

combination of thermal analysis and spectroscopic methods were utilized with the aim to 

probe the chemical changes that occur to oleate adsorbed on magnetite but also to shed some 

light on how this type of organic collectors behaves during heat treatment.  

 

2. Experimental Section 

2.1. Reagents 

 

All the reaction reagents were of analytical grade (purity >99%) and used without further 

purification. Sodium hydroxide, ammonium hydroxide 25%, FeCl2 .4H2O and FeCl3 .6H2O 
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(>99%) were purchased from Merck (Merck, Darmstadt, Germany). Sodium oleate (~99%) 

was obtained from Sigma. Oleic acid (98.8% fatty acid) from PROLABO was used for 

Raman spectroscopy. Acetone (99.5%, Merck) and Ethanol (99.7%, Solveco Chemicals AB, 

Sweden) was used for washing purposes. Milli-Q water (Millipore corp.) was used in 

synthesis and adsorption reactions and also for rinsing. 

2.2. Instrumentation 

2.2.1. DTG and DSC

TG, DTG, DSC and MS curves were recorded on a Netzch STA 409/QMS equipped with a 

Quadruple mass-spectrometer. This instrument provides thermogravimetric and differential 

scanning calorimetric data, derivatives of each data set and mass spectroscopic analysis of 

evolving gas simultaneously on a single sample.  

Three runs were performed on a 20-40 mg powder sample with experimental settings shown 

below (a-c) and all 3 samples were taken from the same batch; 

 a) TG, DSC, MS at a rate of 5o/min from room temperature up to 500oC in an argon 

atmosphere (100ml/min argon flow). 

 b) TG, DSC at a rate of 10o/min from 20 to1000oC in argon (100 ml/min).  

 c) TG, DSC at a rate of 20o/min from 20-600 oC in air (100 ml/min).  

2.2.2. IR spectroscopy

The IR spectra were recorded on a Bruker IFS 113V equipped with DTGS and MCT 

detectors. A Nujol mull on polyethylene plate method was used for magnetite samples and 

data were recorded in the Far-IR region (200-700 cm-1).  

DRIFT technique with KBr as diluent was used for powder samples of oleate coated 

magnetite and for liquid samples a small drop of liquid oleic acid was carefully spread 

between CaF2 windows assembled in a vacuum cell.  All DRIFT spectra were collected in the 

range 1000-4000 cm-1 at a resolution of 2 cm-1 using an MCT detector cooled by liquid 

nitrogen.    

2.2.3. Raman 

The Raman spectra of liquid oleic acid were recorded on a Perkin-Elmer NIR, FT-Raman 

1700X using a 1 mm quartz cell and a resolution of 4 cm-1.  
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2.2.4. XRD 

The x-ray diffractogram was recorded on a Siemens 5000 powder x-ray diffractometer in the 

2� range 20-90o with a step size of 0.02 and at room temperature 

2.3. Synthesis

 

The synthesis of magnetite was carried out by coprecipitation of Fe (II) and (III) [2]. A 

volume of 5 cm3 solution of Fe (II) and Fe (III) chloride (molar ratio 1:2) in deoxygenated 

Milli-Q water at a total concentration of 1.2M was poured slowly (dropwise) at a rate of 0.5 

cm3/min into a three-neck flask reaction vessel containing 40 cm3 of 0.9M NH4OH solution. 

The solution was kept under argon atmosphere at room temperature and was vigorously 

stirred. After addition of the iron salts, stirring the mixture continued for another 20 minutes 

and then the precipitated magnetite was separated from the supernatant by decantation under 

argon. The solid was washed 4 times with deoxygenated Milli-Q water and separated by 

decantation.  

Coating was performed by adding 4 portions of sodium oleate, each portion containing 0.1 g 

at 80oC. The time interval between each addition was 15 minutes and was followed by 

another 30 minutes after the last oleate addition. Afterwards, the suspension was cooled to 

ambient temperature and 2M HCl was added dropwise until the black solid settled over a 

Teflon coated magnet bar. Then the excess oleate was decanted and the precipitate rinsed with 

deoxygenated Milli-Q water several times + 5 times washing with 40 ml of a warm mixture of 

acetone and ethanol (15 minutes, each time) to remove physically adsorbed oleate. Finally, 

the residue was dried in a vacuum desiccator.  

A fraction of the dried sample was stored over night in an oven at 180oC and ambient 

atmosphere. 

3. Results and Discussion 

3.1. Characterization of synthetic magnetite nanoparticles:

 

The structural properties of the synthesized magnetite was obtained by X-ray powder 

diffraction (XRD) in the 2� range 20-70o (Figure s1 in Supporting Material). The XRD pattern 

is characteristic of spinel phase crystallites and the peaks from left to right are assigned to 
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220, 311, 400, 422, 511, 440 reflections,  respectively. The peak broadening is due to the 

small crystallite size.  

Figure s2 (Supporting Material) depicts the far infrared spectrum of synthesized magnetite. 

The broad bands around 570 and 380 cm-1 corresponds to stretching and bending vibrations of 

Fe -O bonds in the crystalline lattice of magnetite. 

3.2. Heating of oleic acid in air

 

An aliquot of neat oleic acid was stored in an oven at 110oC under ambient atmosphere for a 

week. The heated oleic acid and the original one before heating were analysed by IR and 

Raman spectroscopy to identify structural changes as the result of heating (Figure 1 and 2).  

The broad feature from 3500 to 2500 is characteristic of the O-H stretching band of the acid 

which is known to be in dimeric form via hydrogen bonding. The carbonyl band appears at ~ 

1711 cm-1. The CH2 and CH3 symmetric and asymmetric stretching vibrations are detected 

from 2800 to 2950 cm-1 and a weak vinyl C-H stretch appears at 3006 cm-1 (Figure 1, dashed 

dotted line)). The spectrum of heated oleic acid (Figure 1, continuous line) is clearly different 

from the spectrum of the unheated oleic acid. The former one shows new bands at 1736 cm-1 

and 1171 cm-1 and the intensity of the carboxylic group is reduced. It is assumed that the 

oxidation of oleic acid in air is a free radical reaction and the -8, -9, -10 and -11 positions of 

oleic molecules could be attacked by oxygen. The result is associated with loss of 

unsaturation and usually a mixture of various products are formed [3, 4].  Thus, it seems that 

the appearance of the new carbonyl vibration (the band at 1736) and C-C-O bond (the band at 

1171) in the spectrum of heated oleic acid (Figure 1) should be caused by oxidation of the 

double bond. The new molecular species (e.g. esters) were formed which in turn reduce the 

intensity of the acidic carbonyl.  

Although loss of unsaturation can be seen from the IR spectrum (Figure 1), it is even more 

obvious in the Raman spectrum, where C=C bonds have a strong absorption (Figure 2). The 

intensity of C=C at 1655 cm-1 drastically decreases after heating (also note the intensity 

decrease of the vinyl C-H at 3006 cm-1).   

When oleic acid is subjected to higher temperature (e.g. 220oC) in air, the carbonyl absorption 

band is broadened and a weak shoulder appears at ~ 1850 cm-1 in addition to a distinct 

shoulder at 1780 cm-1 indicating formation of new carbonyl functions such as anhydride [5] 

(Figure 3). 
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3.3. Characterization of the calcined oleate coated magnetite sample

 

The IR spectrum of the sample dried in a vacuum desicator at room temperature (oleate on 

magnetite surface before heating) is shown in Figure 4. 

The CH2 and CH3 stretching bands from 2800-3000 cm-1 and the vinylic =C-H at 3005 cm-1 

are dominating above 2000 cm-1. The two bands at 1529 and 1430 cm-1 are assigned to 

asymmetric and symmetric stretching of the carboxylate group, respectively. Rocchiccioli et 

al. [6] proposed that the carboxylate adsorbs mainly via a bidentate configuration to a single 

Fe3+ on the surface, whilst a small amount of oleate adsorbed is in the bridging bidentate 

configuration. No free oleic acid physically adsorbed on the surface appeared in this 

spectrum. This sample was used in the following three thermal analyses a-c.  

a) Sample heated in air 

A part of the abovementioned sample was stored over night at 180oC under air. The DTG and 

DSC curves of this sample are depicted in Figure 5. Two DTG peaks representing weight loss 

appears at ~240oC and at ~315oC associated with two corresponding exothermic peaks on the 

DSC curve. There is also a third exothermic peak at ~ 520oC on the DSC curve at which 

temperature, phase transition occurred. The phase transition temperature detected here is in 

agreement with the phase transition temperature for nanocrystalline maghemite to hematite, 

observed by Xisheng et al. [7]. The energy of this transition was found to be -95.88 J/g which 

could also be accompanied by trace amounts of water and carbon dioxide desorption (Figure 5 

and  7) during recrystallization and rearrangement of the ions in the crystal.  

To evaluate thermo-chemical changes of the sample after the first two peak temperatures, 

FTIR spectroscopy was utilized. The results are illustrated in Figure 6 and 7 showing spectra 

recorded at 280oC and 450oC. At 280oC, the carboxylate bands (1430 and 1530 cm-1) are still 

present and a new broad feature appeared from 1690-1860 cm-1. The =C-H vinylic stretching 

vibration is missing at 3005 cm-1. Comparing this spectrum with the spectrum of heated oleic 

acid (Figure 3), the new carbonyl bands and the C-C-O stretching vibration (the band at 1170 

cm-1) could be attributed to the oxidation of oleate at the double bond. It is also seen from the 

TG curve that no weight loss occurs until 240oC, and weight loss at this temperature is 

associated with a large exothermic energy (-818.8 J/g). This is somewhat different from the 

decomposition pattern of the sample under argon, considering both the energy release and 

weight loss. Thus, it seems that the weight loss at this temperature is related to the double 

bond cleavage and formation of intermediate products rich in oxygen. 
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At 450oC, IR shows a very strong band with several shoulders in the range 3700- 2500 cm-1 

due to O-H stretching and a band at ~ 1630 cm-1 typical for O-H bending of water and/or 

isolated hydroxyl group formed on the surface. In addition, there is a broad weak feature in 

the fingerprint region below 1600 cm-1. Also it is obvious that the CH stretching intensity at 

this temperature is decreased (see the intensity between 2800- 3000 cm-1). The new 

absorbances at 2200, 2330 and 2259 cm-1are assigned to complexes of COx bound to Fe ions 

at the surface [8]. 

 

b) Sample calcined in argon at 5oC/min up to 500oC

Online mass spectroscopy was applied together with thermogravimetric analysis on this 

sample. The results of mass spectroscopy and the TG curve are both shown in Figure 8. The 

TG measurement exhibits one small weight drop (2.5%) from 160oC to 280oC with the peak 

value at 200oC and a larger one (7.5%) from 280oC to 450oC with the peak at 331oC. The 

mass spectroscopy investigation of the sample reveals that the first drop in the TG curve 

corresponds essentially to water as hydrogen bonded water or surface hydroxyl groups.  

The second drop in the TG curve is associated with evolving CO2 and dehydrogenation (H2 

curve in Figure 8). Notice that the start of the CO2 release coincides with the beginning of the 

second drop on the TG curve and increases correspondingly with the DTG peak, indicating 

desorption/decomposition of oleate at the surface during the second weight loss.  

Additionally, DSC analysis of the sample showed an endothermic reaction (at 350oC, see 

Figure 9) associated with the second weight loss amounting to 49.86 J/g.  

 

c) Sample calcined in argon with a rate of 10oC/min

 The TG and DTG measurement of the sample calcined under argon at the rate of 10o/min 

show three weight losses at 225oC, 350oC and 740oC (Figure 10). The first two weight losses 

were discussed in section b. The weight loss at approximately 740.oC is attributed to a 

reaction between magnetite crystals and carbonaceous residues on the surface. It yielded a 

mixture of three phases; namely magnetite, wustite and �-iron. Figure 11 shows the XRD 

pattern of the obtained mixture, where the reflections of magnetite, wustite and �-iron are 

labelled as M, W, and I, respectively. This pattern indicates that the initial magnetite phase is 

partially reduced to wustite and iron.  

There are evidences in the literature, proving that the decomposition of oleic acid adsorbed on 

transition metals undergoes dehydrogenation and a carbonaceous residue remains around the 
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particles.  Sun et al [9], in a study of FePt nanoparticles synthesized from Fe(CO)5 with 

Pt(acac)2 and oleate and oleyl amine as stabilizers found that annealing the particles at 560oC 

for 30 min resulted in a carbonaceous coating around the particles. Likewise, Perez-Dieste et

al. [10] found that thermal decomposition of oleate on Ni and Co nanoparticles led to the 

formation of a carbonaceous graphitic residue. They observed a �’ peak in X-ray absorption 

spectroscopy, attributed to graphitic C resulting from dehydrogenation of oleic acid.  

This carbonaceous residue may then react with magnetite to yield wustite and iron as follows:      

 
                                       Fe3O4 + C � 3FeO + CO                (1) 

                                       Fe3O4 + 4C � 3Fe + 4CO               (2) 

It is well-known that wustite is unstable below 570oC and is transformed to magnetite and �-

iron upon slow cooling in neutral atmosphere. However, the metastable form is detectable by 

rapidly cooling it above this temperature, for instance, to room temperature. Hence, the 

sample at >750oC was unloaded from the furnace and cooled immediately under argon to 

room temperature for further analysis with XRD. 

The IR spectrum of the sample at 550oC (Figure 12) exhibits  a very strong broad feature in 

the high frequency range in addition to CO2 and CO absorbencies at 2336 and 2200 cm-1, 

which was discussed earlier in section a. The CH stretching bands still appears. There are also 

several broad intense bands below 1600 cm-1. It has been shown that amorphous carbon and 

graphite have absorption bands in this region [11]. Although carbon and graphite are not 

readily detectable in the IR spectrum, comparing this spectrum with the corresponding IR 

spectrum of the sample calcined in air, the higher intensity in the spectral range below 16oo 

cm-1 relative to the OH intensity is probably due to certain amount of the carbonaceous 

graphitic residue at the surface under argon decomposition.   

 

4. Conclusions 

 

A variety of experimental techniques was used to elucidate the thermal behaviour of oleate 

adsorbed on magnetite particles as a model system for Atrac collector adsorbed on magnetite. 

It was found from Raman and FTIR spectroscopy that decomposition/oxidation of oleic acid 

heated at 110oC for one week under ambient atmosphere, occurs at the C:9 position (double 

bond position) and this reaction proceeded with an increased amount of oxygen-bonded 

species as the temperature raised to 220oC. Thermogravimetric analysis showed a weight loss 

of adsorbed oleate on the surface under ambient atmosphere, also indicating double bond 
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cleavage that yielded products enriched in oxygen. It was also observed that the 

transformation to hematite occurs at 520oC, which is consistent with literature data. 

Mass spectroscopy together with DSC and TG proved that the first weight loss of the sample 

heated under argon was predominantly water which exists as hydrogen bonded water or 

hydroxyl functions at the surface. A second weight loss included desorption/decomposition of 

oleate on the magnetite surface and was associated with CO2 and dehydrogenation. The 

enthalpy of desorption/decomposition was found to be 49.86 J/g. Furthermore, according to 

the spectra obtained from FT-IR, it seems that the decomposition of oleate on magnetite under 

argon atmosphere involves a reaction between hydrogen and carbon from oleate with oxygen 

and iron at the surface of magnetite, eventually implying partial reduction of magnetite at 

elevated temperatures. This is further confirmed by XRD results, indicating a mixture of 

magnetite, wustite and iron at temperatures above 700oC. 
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Figure captions

Figure s1. XRD pattern of magnetite synthesized from coprecipitation

Figure s2. FTIR spectrum of magnetite

Figure 1. IR spectra of heated and unheated oleic acid. 

Figure 2. Raman spectra of both heated and unheated oleic acid. 

Figure 3. IR spectrum of oleic acid heated to 220oC in air. 

Figure 4. IR spectrum of Oleate adsorbed on magnetite. 

Figure 5. DTG and DSC diagram of oleate on magnetite at a rate of 20oC/min in 100 ml/min 

air flow. 

Figure 6. FTIR spectrum of the heated magnetite at 280oC in air. 

Figure 7. IR spectrum of calcined oleate on magnetite at 4500C in air. 

Figure 8. TG, QMS pattern of magnetite-oleate heated to 500oC at a rate of 5oC/min under 

100ml/min argon flow. 

Figure 9. DSC curve of the sample in figure 11. 

Figure 10. TG and DTG diagram of the calcined oleate on magnetite at 10oC/min under 

100ml/min argon flow. 

Figure 11. XRD pattern of the reduced magnetite at 740oC in argon atmosphere. 

Figure 12. IR spectrum of calcined oleate on magnetite at 550oC in 100 ml/min argon flow. 
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                      Figure 1. IR spectra of heated and unheated oleic acid. 
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Figure 2. Raman spectra of both heated and unheated oleic acid. 
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                   Figure 3. IR spectrum of oleic acid heated to 220oC in air. 
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                  Figure 4. IR spectrum of Oleate adsorbed on magnetite. 
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Figure 5. DTG and DSC diagram of oleate on magnetite at a rate of 20oC/min in 100 ml/min 
air flow. 
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                    Figure 6. FTIR spectrum of the heated magnetite at 280oC in air.
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               Figure 7. IR spectrum of calcined oleate on magnetite at 4500C in air. 
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Figure 8. TG, QMS pattern of magnetite-oleate heated to 500oC at a rate of 5oC/min under 
100ml/min argon flow. 
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                           Figure 9. DSC curve of the sample in figure 11.
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Figure 10. TG and DTG diagram of the calcined oleate on magnetite at 10oC/min under 
100ml/min argon flow. 
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      Figure 11. XRD pattern of the reduced magnetite at 740oC in argon atmosphere. 
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     Figure 12. IR spectrum of calcined oleate on magnetite at 550oC in 100 ml/min argon 
flow. 
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Thermodynamic & Kinetic study of sulphate adsorption on magnetite
Payman Roonasi1  and Allan Holmgren
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Abstract

The adsorption of sulphate on magnetite was studied in-situ using ATR-FTIR spectroscopy.  

Synthetic magnetite particles were deposited on a ZnSe internal reflection element and the 

spectra of sulphate adsorbed at pH=4 and pH=6.5 were recorded. Two different ionic media 

were used viz 0.01M and 0.1M NaCl. The spectra of adsorbed sulphate on magnetite coated 

ZnSe were compared with the spectra of sulphate solutions at the same pH values and in 

contact with uncoated ZnSe. The spectrum of adsorbed sulphate at pH=4 showed three 

maxima at 979, 1044, and 1115 cm-1 indicating a monodentate adsorption in which the Td 

symmetry of SO4
2- is lowered to C3v. At pH 6.5, sulphate adsorbed as an outersphere complex 

with two weak bands appearing at 1102 and 980 cm-1.  Moreover, spectra of the adsorbed 

sulphate at pH=4 were recorded as a function of time and sulphate concentration. The 

equilibrium absorbance at different concentrations fitted the Langmuir adsorption isotherm. 

The Langmuir affinity constant K at pH=4 was determined from the slope and intercept of the 

Langmuir plot to be K=1.2344 x 104 M-1 and the Gibbs free energy of adsorption �G0
ads was 

estimated from this value to be – 33.3 KJ/mol. Kinetic analysis indicated that adsorption at 

pH=4 may initially be diffusion controlled but after the initial step it is adsorption controlled. 

Keywords: magnetite, in-situ ATR spectroscopy, sulphate adsorption, adsorption kinetic, 

adsorption isotherm 
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1. Introduction 
 

Surface and interfacial chemistry of minerals in water is a base for many scientific and 

industrial research efforts. While an environmental chemist frequently deals with pollutants in 

water, a geochemist is often concerned about the equilibria between soils and water, and a 

mineral processing scientist is more focused on ore flotation and ore processing. Thus, from 

different perspectives the surface property of minerals is of great importance.  

There have been a variety of methods developed to study surfaces of solid matters. Infrared 

spectroscopy gives information on chemical bonds and structure of materials, however, 

application of infrared spectroscopy to aqueous systems requires a modified technique due to 

the strong absorption of water which can mask the spectrum of interest if not properly 

subtracted. Since the penetration depth of the evanescent wave in the rarer medium (solution) 

in ATR spectroscopy is sufficiently short and considering the ability of modern FTIR 

spectrometers in fast and precise measurements, FTIR-ATR spectroscopy provides a suitable 

technique to probe such systems.  

Attenuated total reflection infrared spectroscopy is based on total reflection of the IR beam at 

the interface between two media having different refractive indices. The optically denser 

medium is called internal reflection element in which the radiation is internally reflected, 

creating an evanescent field which is exponentially decaying in the optically rarer medium at 

each reflection. This evanescent field probe the sample i.e.  the particles and solution within 

this field.  

The ATR spectroscopy technique has been applied to study adsorption of sulphate, carbonate 

and phosphate on the surface of iron oxides [1-5]. In this in-situ technique the adsorption can 

be monitored while the mineral is in contact with the solution. This advantage not only allows 

one to investigate the nature of bonding and speciation, but also the kinetic of adsorption can 

be studied in-situ i.e. in real time.    

Sulphate is widely found in soils and water and it has profound effect in environmental 

systems and technical applications e.g. it can alter the surface chemistry and crystal growth of 

iron oxides [6], poison catalysts, and affect the surface charge and reactivity of minerals such 

as sorption of anions and cations. 

In this work, we studied adsorption of sulphate on magnetite nano-particles, in order to shed 

light on the thermodynamic and kinetic behaviour of sulphate adsorption on magnetite.  

Magnetite is the major source of iron ores in the northern part of Sweden. Other than being 
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used in steel making industries which are using magnetite pellets, owing to the magnetic 

property, it can be used as carrier agent for different purposes such as drug delivery and water 

cleaning. Two pH values, 6.5 and 4, were selected to detect the configuration of adsorbed 

sulphate on magnetite. For isotherm and kinetic study, the pH was adjusted to pH=4, since at 

lower pH both magnetite and ZnSe may be partially dissolved. Furthermore, a fraction of 

SO4
2- could be in the form of HSO4

- which complicates the spectrum. On the other hand, at a 

higher pH value than 7, the amount of adsorbed sulphate is low.  

 

2. Method 

2.1. Reagents: 

 

Sodium hydroxide, ammonium hydroxide (25%), FeCl2 .4H2O and FeCl3 .6H2O (>99%) were 

purchased from Merck (Merck, Darmstadt, Germany). Anhydrous sodium sulphate pro 

analysi (>99%) and NaCl pro analysi (>99,5%) were also purchased from Merck. Milli-Q 

water (Millipore corp.) was used in all steps of synthesis, washing, and preparation of 

solutions. 

2.2. Synthesis of magnetite particles:

 

The synthesis of magnetite was carried out by coprecipitation of Fe (II) and (III) [7]. A 

volume of 5 cm3 solution of Fe (II) and Fe (III) chloride (molar ratio 1:2) in deoxygenated 

Milli-Q water at a total concentration of 1.2M was added dropwise into a three-neck flask 

reaction vessel containing 40 cm3 of 0.9M NH4OH solution. The solution was kept under 

argon atmosphere at room temperature and was vigorously stirred. After addition of the iron 

salts, stirring the mixture continued for another 20 minutes and then the precipitated 

magnetite was separated from the supernatant by decantation under argon. The solid was 

washed 4 times with deoxygenated Milli-Q water and separated by decantation and was 

finally centrifuged. 

Powder X-ray diffraction (XRD) and Far infra-red spectroscopy confirmed the magnetite 

structure and transmission electron microscopy (TEM) images showed spherical particle with 

a mean diameter of 9,5 nm. The surface area could be estimated to be around 120m2g-1. 
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2.3. Particle deposition 

 

Two methods for deposition of particles on ATR crystals were applied in this work. The first 

method is similar to the method previously described by other authors [bazy az on 2-6 ha] and 

corresponds to evenly spreading a few drops of an as-synthesized magnetite suspension over 

the ATR crystal and drying it in a vacuum desiccator. At the end, the ZnSe IRE was 

thoroughly rinsed with ethanol and mili-Q water. Suspension concentration and ethanol/water 

ratio are parameters that can be changed to optimize thickness of the deposited layer. A 1.5 

mg/ml suspension of magnetite in 80% water/20% ethanol was used. 

The second method was the dip-coating technique in which a substrate (ATR crystal) is 

immersed in a colloidal suspension of particles and withdrawn with a well-defined withdrawal 

velocity. Again, suspension specifications i.e. concentration, viscosity, and surface tension are 

the determining factors in thickness of the layer in addition to withdrawal speed. The principle 

of this technique is based on drying a wet layer formed upon withdrawing the substrate and 

gelation of the layer by solvent evaporation. 

The dip coating was performed on a Nima dip coater (Nima Technology Ltd, the Science 

Park, Coventry, England) using two beakers contains a 5mg/ml  suspension of magnetite at 

pH=4 in beaker 1 to coat the crystal and a 50% methanol/water in beaker 2 to rinse away the 

loose particles. The dipping speed (immersing and raising) was set at 60mm/min and the total 

number of cycles at 20. Each cycle comprises of following sequences; immersing the 

substrate (ZnSe crystal) in the beaker, waiting in the bottom for 30 seconds, raising it out of 

the beaker, waiting 120 seconds at the top, rotating to the next beaker. Finally it was 

repeatedly rinsed with ethanol and mili.Q water.  

Both methods produced good dispersion of particles which were also stable against 

circulation of the solution in all experimental conditions applied in this work.  

2.4. Adsorption measurements 

 

The IR spectra were recorded on a Bruker IFS 113V equipped with an MCT detector cooled 

by liquid nitrogen. All spectra were collected in the range 1000-4000 cm-1 at a resolution of 4 

cm-1. The number of co-added scans to produce each spectrum for the isotherm study was 

1362 and for kinetic studies 136.  

A sketch of the experimental setup is shown in Figure 1. A single sided  rectangularly shaped 

flow through cell with a volume of ca. 5 ml ( 40mm length) and made of stainless steel was 
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sealed to a ZnSe prism (50x 20x 2 mm, 45 degree trapezoid ( CrystranLimited UK) via a 

Viton o-ring and mounted on the ATR accessory (Specac England). This arrangement 

provides 10 reflections inside the cell where the crystal is in contact with the solution. 

The cell was connected to a 250 ml reservoir containing 150ml solution via Viton tubings and 

the solutions were introduced by a Watson Mallow, Bredel pump (Spiram-Sarco engineering 

group, England) at a rate of 5 ml/min (10 ml/min for some of the kinetic experiments). All 

experiments were conducted at room temperature and under argon flow. The pH value was 

probed during the experiment using a glass electrode and adjusted using 0,1 M NaOH or HCl 

solutions.   

Data acquisition as well as data processing and analysis were carried out by OPUS software.  

 

2.5. Adsorption Isotherm 

 

The electrolyte solution (0,01M NaCl at pH= 4) was continuously flowed through the cell and 

across the ATR crystal coated with magnetite particles at 5 ml/min from the reservoir in a 

recycling manner for 30 minutes before the single beam background spectra were recorded for 

15 minutes (4086 scans). The experiment was carried out under argon atmosphere and the pH 

was controlled during the experiment as described above. Afterwards, a known volume of 

stock sulphate solution was added to the electrolyte solution to acquire the desired 

concentrations. The sample spectra were recorded every 10 minutes until no significant 

increase in intensity in the 900-1250 cm-1 frequency range was observed. This was assumed to 

be the equilibrium at the given concentration. This procedure was repeated for all 

concentrations between 5
M and 5mM to obtain the adsorption isotherm.  

 

2.6. Adsorption Kinetics 

 

In kinetic measurements, first a background spectrum of ionic medium and magnetite 

particles was collected in the same way as described for the isotherm measurements. Then, 

the cell was emptied and the reservoir was exchanged for a sulphate solution at a given 

concentration (and constant background electrolyte of 0,01 M NaCl at pH=4 was used). The 

time zero was set at the time when the solution entered the cell. The sample spectra were 

recorded at certain intervals such that the intervals were in the middle of the scanning time. 

Further, all the kinetic experiments carried out using a new magnetite film. 
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Effect of the flow rate on adsorption rate was examined by testing two flow rates of 5 and 10 

ml/min in some experiments. Kiletic data were evaluated according to a pseudo first order 

reaction with the integrated rate law, ln[Amax/Amax-At)] = k.t, where Amax is themeasured 

absorbance at equilibrium and At is the measured absorbance with time and k is the apparent 

rate constant of adsorption(min-1).  

 

3. Results and discussion 
 

3.1. Infrared absorption of sulphate 

The IR spectra of different concentrations of sulphate in the ionic medium (0.01M NaCl) at 

pH=4 on uncoated and magnetite coated ZnSe crystals are shown in Figure 2 and 3, 

respectively. A number of differences between the spectra of sulphate in these two figures 

could be detected. 

Sulphate as adsorbed and the free ions exhibits different peak positions. This is explained by 

molecular symmetry. The symmetry of dissolved sulphate ions SO4
2- is tetrahedral with a 

triply degenerated 3 band at ~1100 cm-1 (Figure 2) which is characteristic of asymmetric 

stretching vibration   

In the case of adsorbed sulphate on magnetite particles, three maxima at 1115, 1044 and 979 

cm-1 are observed, based on second derivative analysis [8]. Also deconvolution of the peaks 

gives 3 bands in the 900-1250 cm-1 range, no matter if a Gaussian, a Lorentizian or a mixture 

of Lorentizian and Gaussian curve fitting functions was used.  

The band at 979 cm-1 is assigned to the symmetric stretching band (1) which becomes IR 

active when the symmetry decreases. The other two peaks at 1115 and 1044 cm-1 are assigned 

to asymmetric stretching 3 bands.  

Since the symmetry is lowered by coordination of sulphate onto magnetite, the 3 band is split 

into 2 peaks. This corresponds to C3v symmetry of monodentate coordination. As it is evident 

from the second derivative function, no negative antinode is visible at around 1170 cm-1, 

implying that the presence of a bidentate coordination of sulphate is excluded. This was 

further confirmed by adsorption of 100 
M at pH=4 and 0.1 M NaCl electrolyte. The same 

spectral pattern was observed at both electrolyte concentrations.  
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Another difference in the two spectra concerns the intensity of sulphate absorbance. The 

absorbance of adsorbed sulphate on coated IRE is several magnitudes larger than the 

dissolved sulphate on uncoated one. This is an indication that, the observed absorbance is 

largely due to the adsorbed sulphate on magnetite. At very low sulphate concentrations (e.g. � 

100
M), the sulphate is not detectable on bare (uncoated) IRE. 

Besides, there is one more difference between sulphate adsorbed on magnetite coated IRE and 

free sulphate on uncoated IRE, related to absorbance increment by increasing sulphate 

concentration. Increasing sulphate concentration (up to 10mM tested here) causes a linear 

enhancement in absorbance on uncoated crystal. On the other hand, for a coated crystal, a 

dramatic initial increase in absorbance was observed by increasing sulphate concentration and 

eventually the intensity approaches a plateau value. This attests the saturation behaviour of 

adsorption on particles which will be discussed below in section 3.2. 

Adsorption of sulphate on magnetite at pH= 6.5 and 0.01 M NaCl is shown in Figure 4. As it 

is inferred from this spectrum, the adsorption at this pH is mostly outersphere, since no 

change in symmetry of dissolved sulphate ion is seen at this pH and the intensity is much less 

compared to adsorption at pH= 4. This seems reasonable with respect to the fact that the PZC 

of magnetite is around 6 and the surface charge is close to neutral. Therefore, replacing 

hydroxyl groups by SO4
2- is not as spontaneous.  

3.2. Adsorption isotherm 

 

Probably the most often used adsorption model is the Langmuir isotherm which has also been 

used to describe the anion adsorption on iron oxides [9]. A modified mathematical expression 

of Langmuir isotherm can be written as: 

 

                                
i

mm

i C
AAKA

C
��

�
�

11                                           (1) 

Where Ci is the initial concentration of adsorbate in solution, K is the affinity constant, A is 

the amount of adsorbate that is adsorbed in equilibrium with concentration Ci and Am is the 

amount that is necessary to cover the surface by a monolayer of adsorbate. In an experiment 

with ATR, the amount of sulphate adsorbed at a given concentration Ci is assumed to be 

proportional to the integral of absorbance between 900-1250cm-1. Since the surface excess � 

is too small compare to the concentration in solution, we can assume Ci= Ceq. Thus, a plot of 

C/A versus C (Figure 5) should give a straight line in which 1/Am would be the slope of the 
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line and 1/(k.Am) represents the interface of the line. Knowing the Am from the slope, we can 

calculate K, the Langmuir affinity constant of the adsorption.  

The peak areas between 900-1250 were integrated after baseline corrections. The integrated 

absorbances were corrected for bulk contribution using the method described by Sperline and 

coworkers [10]. A plot of C/A against C is shown in Figure 5. 

From this plot, the Langmuir affinity constant, K, can be estimated to be1.2344 x 104 M-1. 

From this value, the free energy of adsorption �G0
ads at T= 298oK can be calculated as: 

  

                                  �G0
ads= -RT ln (K.55.5) = - 33.3 KJ/mol               (2) 

where R is the gas constant (8.31451 J/K mol), T is the temperature in Kelvin, K is the 

Langmuir affinity constant and 55.5 is the molar concentration of water (mol/L). This implies 

a relatively high affinity of sulphate to adsorb on magnetite at pH=4. 

  

3.3. Adsorption Kinetic 

 

Application of ATR to study adsorption kinetics has been utilized previously by a number of 

workers [11, 12]. In this study, the kinetics of sulphate adsorptions at 10, 20, 50 and 100 
M 

at a flow rate of 5 and 10 ml/min was measured. The adsorption kinetics showed similar 

results at both 5 and 10 ml/min flow rate, implying that the mass transport from reservoir to 

the cell is not a determining factor. The integrated absorbance between 900-1250 was 

assumed to be proportional to adsorbed sulphate concentration (the same assumption as in the 

isotherm adsorption) and plotted versus time. The integrated absorbance data obtained after 5 

minutes of reaction and the plateau value were fitted to a pseudo first order rate equation 

(Figure 6). The average k value obtained in all concentrations was 0.09± 0.01 min-1. It was 

also observed that in the initial stage (during the first 5 minutes) the adsorption is fast which is 

highlighted at higher concentrations.  Therefore, the mechanism of the initial stage of 

adsorption should be somewhat different i.e. it might be diffusion controlled or the adsorption 

may take place at the sites that are more prone to sulphate adsorption e.g. already protonated 

sites. The following reasons could be considered as possible explanations regarding the fast 

initial adsorption at higher concentrations: 

 

1) A constant concentration of electrolyte (0.01M NaCl) was used in all kinetic experiments, 

so that the ratio SO4
2-/Cl- would be larger for higher concentrations. For example it is 10 times 
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larger for 100 
M as compared to 10 
M. This implies that the sulphate ions can diffuse faster 

to the electric double layer, increasing the probability to bond to the available sites. 

2) The driving force for diffusion into the pores increases with concentration. This means a 

higher concentration of sulphate is in the pores and between particles for adsorption.  

3) Increasing the adsorbate concentration to eventually approach the plateau level of the 

Langmuir isotherm, the adsorbed sulphate at the surface increases and it would affect the 

surface charge of the particles which in turn could affect the kinetics.  

 

Sun et al. [13] studied the surface characteristic of magnetite in aqueous suspension using 

potentiometric titration and concluded that the surface of magnetite contains surface hydroxyl 

groups  which is protonated at pH below the PZC of magnetite (around 6), and deprotonated 

above this pH: 

 

                           �Fe(II,III)OH + H+ �  �Fe(II,III)OH2
+          pH<PZC         (3) 

 

                           �Fe(II,III)OH  - H+  �  �Fe(II,III)O-                      pH>PZC         (4) 

 

This protonated hydroxyl function at the surface could readily be exchanged by sulphate 

ligand as it was also concluded from the spectrum of adsorbed sulphate on magnetite. 

At pH=4, the �Fe (II,III)OH2
+ sites are predominating at the surface, causing initial fast 

adsorption. In the course of time and adsorption of sulphate, the charge and available sites on 

the surface decreases resulting in a slower reaction rate with time. 

 

4. Conclusions 
 

The conclusions from this work may be summarized as follows: 

1) Three absorbance maxima at 1114, 1044 and 979 cm-1 were found for sulphate adsorbed at 

pH= 4 based on the second derivative analysis. This indicates a monodentate adsorption in 

which the Td symmetry of SO4
2- is lowered to C3v. At pH=6.5, sulphate adsorbs on magnetite 

via outersphere complexation. 

2) Adsorption of sulphate onto magnetite surface follows the Langmuir adsorption isotherm 

and the Langmuir affinity constant and the free energy of adsorption were estimated from the 

Langmuir plot to be 1.2344 x 104 M-1 and - 33.3 KJ/mol at 298oK, respectively. 
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 3) Kinetic experiments showed that the mechanism of sulphate adsorption includes two 

stages. The initial stage is fast, whilst the second stage is adsorption controlled with sulphate 

replacing protonated hydroxyl functions at the surface. 
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Figure captions
 

Figure 1. Experimental design for ATR in-situ adsorption measurement of sulfate on 

magnetite. The gas outlet was also used for addition of sulfate solution or pH adjustment. 

Figure 2- adsorption of 1, 5 and 10 mM sulphate on magnetite at pH=4. 

Figure 3- Adsorption of 5, 10, 20, 70, 100, 500,1000,2000,5000
M sulphate on magnetite at 

pH=4. 

Figure 4- Adsorption of 100 sulphate on magnetite at pH=6.5 

Figure 5- linear plot of C/A against C 

Figure 6- Kinetics of sulphate adsorption (a-d); plot of ln[Amax/Amax-At)] versus time, 

according to a pseudo first order rate of reaction. 
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Figure 1. Experimental design for ATR in-situ adsorption measurement of sulfate on 
magnetite. The gas outlet was also used for addition of sulfate solution or pH adjustment. 
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Figure 2- adsorption of 1, 5 and 10 mM sulphate on magnetite at pH=4. 
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Figure 3- Adsorption of 5, 10, 20, 70, 100, 500,1000,2000,5000
M sulphate on magnetite at 
pH=4. 
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Figure 4- Adsorption of 100 sulphate on magnetite at pH=6.5 
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                                     Figure 5- linear plot of C/A against C 
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kinetics of adsorption from a 20�M sulphate solution
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kinetics of adsorption from a 50�M sulphate solution
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c)

     

kinetics of adsorption from a 100�M sulphate solution
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d)  

Figure 6- Kinetics of sulphate adsorption (a-d); plot of ln[Amax/Amax-At)] versus time, 
according to a pseudo first order rate of reaction. a)10
M, b)20
M, c)50
M, and d)100
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