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Abstract
 
Having knowledge of mechanism of magnetite formation is essential in a number of industrial 
processes including magnetite synthesis and corrosion of iron. In this study, magnetite nano-
particle was synthesized via two different ways; coprecipitation of iron (II) and (III) and 
oxidation of ferrous hydroxide. The samples were characterized using X-ray diffraction (XRD), 
Mid-Far IR spectroscopy, scanning electron microscopy (SEM), chemical analysis for 
determination of Fe II/Fe III ratio and ICP-MS for iron isotopic ratio (56Fe/54Fe) measurement. 
Since fractionation of iron isotopes depends on reaction rate and bonding strength, interpretation 
of the isotopic data with respect to the possible mechanisms is discussed. No fractionation of iron 
isotopes was observed for the magnetite synthesized by coprecipitation, whilst magnetite formed 
from ferrous hydroxide showed higher abundance of 54Fe compared to 56Fe in the beginning of 
reaction, implying the significance of the following reaction: 
 

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

 
Introduction 

 
Magnetite, Fe3O4, one of the important iron ores, is ubiquitous in nature. It is a common 
constituent of igneous and metamorphic rocks. Due to its black colour, surface chemistry and 
strong magnetic property, it has found a great number of applications in industry [1-5]. Synthetic 
magnetite, particularly, can be tailored for specific applications. 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 and steel 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 iron [6-10]. 
One of the applications of the isotopic fractionation data is to use them as evidence to verify and 
elucidate a specific reaction pathway [9, 10]. For example, Bullen et al. studied Fe 
fractionation in the ferrihydrate-solution system and suggested that the heavier iron isotope is 
enriched in Fe II(OH)

56

x(aq) in comparison to other iron species in the solution.  
 
The aim of this study was 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 in an alkali solution and oxidation of ferrous hydroxide. The isotope fractionation data 
obtained were utilized in an effort to understand the mechanism of magnetite formation. 



Experimental Procedure 
 
Reagents:
 
All reagents were of analytical grade (purity >99%) and used without further purification. Milli-
Q water (Millipore corp.) was used in the synthesis and rinsing. Single element standard 
solutions (SPEX plasma standards, Edison, NJ; USA) were used as internal standard for 
calibration. Analytical grade hydrochloric acid (30% Fluka, Steinheim, 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 
 
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. Nickel was used as normalising element for instrumental mass bias correction of 
the Fe isotopes using the 62Ni/60Ni ratio. 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 6 
(Malinovsky et al.).  
 
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: 
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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. 
 
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 in the Far-IR region (200-700 cm-1, No. 
of scans = 128, Res. = 2 cm-1). In the Mid-IR range, the samples were mixed with KBr powder as 
diluent and the data were collected using DRIFT (Diffuse Reflectance Infrared Fourier 
Transform) technique (400-4000 cm-1, No of scans= 128 and Res. =4cm-1). 
 
XRD and SEM The x-ray diffractogram was recorded at room temperature on a Siemens 5000 
powder x-ray diffractometer in 2  range 20-70o and = 0o with Cu K  radiation. Scanning 
Electron Microscopy (SEM) was run on a Philips XL 30 equipped with a LaB6 source and using 
SE (secondary electron) detector and accelerating voltage of 20 KV.  
 
 



Synthesis  
 
A- Coprecipitation Magnetite synthesized by coprecipitation of Fe II and III [2, 11] in the 
following three alternative ways in order to check the effect of given parameter on the 
fractionation and oxidation state of iron in the resulting magnetite samples. 
 
“A-a”: 10 cm3 Fe II and Fe III Chloride solutions (molar ratio 1:2) with total concentration of 1.2 
M were dissolved in deoxygenated Milli-Q water and added dropwise (2 cm3/min) into 80 cm3 of 
0.9 M 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.  
 
“A-b”: the same as “A-a” but replacing NH4OH by NaOH as alkali reagent. 
 
“A-c”: the same as “A-a” 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 flask containing the NaOH solution was placed in a 
water bath preheated to 70 oC and degassed by argon bubbling through the solution. Having the 
FeCl2 solid added to this solution, an Fe(OH)2 gel was formed immediately after the mixing. The 
gel formed was agitated vigorously in the presence of air for 30 hours. During the reaction, 
samples were taken at certain intervals (see Table II) and magnetite was separated each time by 
treating the mixture with 1 M HNO3 and subsequent centrifugation.  
 
The samples synthesized via this method are throughout this report referred to as O-t, where O 
stands for the method (oxidation of Fe(OH)2) and t is the time of sampling in hour.  

Determination of Oxidation State of Iron in Magnetite Samples 
 
The ratio Fe II/Fe (tot) was measured for magnetite samples by chemical analysis. The magnetite 
samples were dissolved in concentrated HCl under argon and Fe II was titrated with K2Cr2O7 in 
presence of barium diphenylamine sulfonate indicator. The experimental details can be found in 
Vogel [12]. At the titration endpoint, all the Fe ions were reduced back to Fe II using SnCl2 as 
reducing agent and titrated again with K2Cr2O7 in the same way. The titrations were repeated 3 
times on each magnetite sample.  
 
All the results in Table I and II (both chemical analysis and isotopic data) are the average of at 
least two different batches.   
 

Results and Discussion 
 
The structural properties of the synthetic magnetite samples were obtained by X-ray powder 
diffraction (XRD), scanning electron microscopy (SEM) and FTIR spectroscopy. The XRD 
pattern of sample A-a and O-7 are illustrated in Figure 1 and 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]. The peak broadening in Figure 1 is due to the 



smaller crystallite size [14] of the magnetite synthesized by coprecipitation, whilst magnetite 
obtained by oxidation of Fe(OH)2 has larger crystallites (sharper peaks). 
 
Scanning Electron Microscopy (SEM) carried out on these two samples (A-a and O-7) to observe 
the particle morphology and size. Figure 3 is an image of the sample A-a, and Figure 4a and 4b 
are images of sample O-7 in two magnifications. The SEM shows the magnetite synthesized by 
coprecipitation has smaller size which is in consistent with the peak broadening of XRD. The 
images also demonstrate almost spherical shape for sample A-a, whilst sample O-7 shows a 
considerable portion of particles grown as orthogonal or cornered (angular shaped).  
 

    
          Figure 1. XRD pattern of sample A-a.                 Figure 2. XRD pattern of sample O-7.
 

     
  Figure 3. SEM image of sample A-a.                       Figure 4. SEM image of sample O-7 
  
FTIR spectroscopy which is a useful technique to differentiate between different iron oxide 
crystals as well as between magnetite and maghemite phase [1, 5] was carried out to characterize 
the synthesized magnetite. Figure 5 a-b and 6 a-b depict the Mid-Far infrared spectra of samples 
A-a and O-7 respectively. The broad bands around 570 and 360 cm-1 correspond to vibrational 
modes of Fe -O bonds typical for the crystalline lattice of magnetite [1, 15]. The number of 
bands and band positions of other iron oxide phases such as goethite, hematite, ferrihydrate and 
maghemite in Mid-Far IR region differ from what is observed in the IR spectra of these samples, 
implying formation of magnetite as the dominant phase.  
 
The chemical analysis was performed to check the variation of Fe II in the samples (Table I and 
II). The chemical analysis of magnetite also confirmed the result of IR and XRD, showing the 
ratio Fe II/Fe III is close to the theoretical value of ½ for magnetite.  
 
The iron isotope data are presented together with chemical analysis in Table I for the 
coprecipitation method and Table II for the oxidation of ferrous hydroxide. From Table I, 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  Jolivet  [16]  and  Tronc  et  al  [17]. They  



     

     
Figure 5. Far (a) and Mid-IR (b) of sample A-a.   Figure 6. Far (a) and Mid-IR (b) of sample O-7. 
 
emphasized 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. This 
can also be deduced from the chemical analysis of magnetite samples produced via this method, 
where the magnetite has almost the same ratio of Fe II/Fe III as the source. 
 
Faivre et al. [18], 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 the iron oxide form only the spinel structure where 
ferrous ion concentration is above a certain threshold and also that the rate of reaction depends 
only on Fe2+ activity (concentration). In lower ferrous ion concentration than that threshold, 
ferric-oxyhydroxide is also formed. 

         Table I. 56Fe/54Fe of magnetite and Fe (II) and Fe (III) chloride; Coprecipitation method 
Sample  56Fe/54Fe  57Fe/54Fe  57Fe/56Fe FeII/Fe(tot)*

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 -

A-a  -0.05±0.07 -0.07±0.1 -0.05±0.07     31.0±0.1% 

A-b 0.10±0.05 0.16±0.08 0.05±0.07   30.3±0.2% 

A-c 0.07±0.05 0.09±0.08 0.02±0.07     30.8±0.1% 

*Fe(tot) = FeII + FeIII in the sample as described in the chemical analysis under “methods” section. 
The data is presented as: “Average ± Standard Deviation”

 



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

*Fe(tot)=FeII + FeIII in the sample as described in the chemical analysis under “methods” section. 

Sample  56Fe/54Fe  57Fe/54Fe  57Fe/56Fe Fe II/Fe (tot)* 

       O-3 -0.09±0.07 -0.11±0.06  0.05±0.07     30.2±0.3% 
       O-6 -0.17±0.06 -0.23±0.02 -0.06±0.04          n.d 
       O-7 -0.28±0.10 -0.27±0.02 -0.04±0.08     29.9±0.2% 
       O-13 -0.16±0.03 -0.22±0.01 -0.03±0.01          n-d. 
       O-18  0.04±0.02  0.12±0.03  0.08±0.01          n.d. 
       O-24  0.03±0.03  0.1±0.11  0.07±0.09      27.4±0.2% 
       O-30  0.08±0.04  0.1±0.03  0.11±0.04      24.8±0.3% 
source-Fe(II) -0.01±0.03 -0.05±0.01 -0.02±0.01          - 

n.d.=not determined. The data is presented as: “Average ± Standard Deviation” 
 
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 [19] and high pH to cause any fractionation. The latter is due to the high surface 
energy of magnetite and the small or even negative interfacial surface energy [16] of the 
magnetite-water system at our experimental condition. Therefore, no iron isotope fractionation 
was expected in this synthetic method.  
 
The data in Table II shows that in the initial stage of the reaction, 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 the iron (II) chloride to 
the sodium hydroxide solution.  It is believed that the magnetite formation then starts with 
oxidation of Fe(OH)+ (the dissolved form of Fe(OH)2) in water [20]:  
 
                                             Fe (OH)2 (solid)  [Fe (OH)]+ (aq) + OH-

                                                       (3)
 
It can also be inferred from the particle shape of the sample O-7 (Figure 4) that the mechanism 
proceeds through solution rather than the solid state reaction.                                                               
Subsequently, the oxidation takes place 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 high 
(such as in our experimental condition), slow oxidation takes place, and dehydroxylation occurs 
prior to oxidation, so that the intermediate transfers to crystalline magnetite 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 Fe into 
oxy-hydroxide [10]. The higher abundance of 

56

54Fe compared to 56Fe in the [Fe (OH)]+ entity is 
probably because of higher lability of the lighter isotope, 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 70 oC produced magnetite that was enriched in the lighter iron isotope in the 
beginning of the reaction. 
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