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Bâtiment Marie Curie, Avenue Michel Crépeau, F-17042 La Rochelle cedex 01, France 

c Centre Commun d'Analyse, Université de La Rochelle, 5 Perspective de l'Océan, F-17071 
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Abstract. Magnetic methods are efficient tools in soil and environmental science. But in such 

natural environments, several magnetic carriers are generally present. So, synthetic standard 

samples are necessary for calibration of laboratory techniques. The aim of this study was to 

synthesize goethite free of magnetic impurities (concentration < ~1 µg kg-1) with different 

crystal sizes. Goethite was prepared by oxidation of aqueous suspensions of Fe(OH)2 

precipitates. Final products were characterized by X-ray diffraction, infrared spectroscopy, 

scanning and transmission electron microscopy and magnetic methods. Goethite could be 

obtained in the absence of any trace of strong magnetic carriers using FeSO4 • 7H2O and 

NaOH as reactants with the following experimental conditions: temperature = 45 °C,  

[FeSO4 • 7H2O] = 0.50 mol L-1, [NaOH] = 0.20 mol L-1, stirring speed = 760 rpm. The Fe(II) 

concentration and the stirring speed were varied. It proved possible to modify the size of the 

goethite crystals by varying the Fe(II) concentration and the stirring speed, but important 

changes of these parameters induced the formation of other phases, lepidocrocite when the 

oxidation reaction was drastically accelerated and Fe3O4 when the reaction was slowed down. 
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In any case, for weak magnetic fields, a low coercivity saturation step was observed. It may 

be attributed to traces of δ-FeOOH or to domains structurally similar to δ-FeOOH inside the 

multidomainic crystals of α-FeOOH. 

Keywords: A. Magnetic materials. B. Chemical synthesis. B. Crystal growth. D. Crystal 

structure. D. Magnetic properties.   

 

* Corresponding author. Tel. : (33)5 46 45 82 27  

Fax : (33)5 46 45 72 72 

E-mail address : prefait@univ-lr.fr 

 

1. Introduction 

In natural environments such as soils, iron oxides (i.e. oxides, hydroxides, 

oxyhydroxides) are generally present in small quantity (which could be lower than g kg-1), 

even though their presence and distribution depend on the availability of iron and on 

environmental conditions [1,2]. This weak concentration, the small crystal size and the low 

crystallinity make difficult the study of these compounds by spectroscopic methods and 

diffraction techniques. In some cases information can be obtained by use of selective methods 

only sensitive to iron, e.g. 57Fe Mössbauer spectroscopy or X-ray absorption spectroscopy at 

the Fe-K edge. Some iron oxides can also be studied with high resolution thanks to their 

magnetic properties, with semi-quantification for concentrations in the order of mg kg-1 [3]. 

The magnetic parameters measured are related to the capacities of magnetisation, their 

dependence to field intensity induced and temperature. Remanent magnetisation is for 

instance a parameter commonly studied. The magnetic properties depend on nature, 

concentration, and crystal size of magnetic carriers. Pure samples with controlled crystal size 

are then necessary for calibration of protocols.  
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Magnetite and Fe(III) oxyhydroxides can be prepared by oxidation of aqueous 

suspensions of Fe(II) precipitates. The initial Fe(II) precipitate is obtained by mixing a 

solution of NaOH with a solution of a Fe(II) salt, typically FeSO4 • 7H2O or FeCl2 • 4H2O. A 

magnetic stirrer insures the homogeneity of the oxidation process. The nature of the final 

products of the oxidation depends on various parameters such as concentration of the 

reactants, concentration ratio [Fe2+] / [OH-], temperature, stirring speed and nature of the 

Fe(II) salt [4-17]. These parameters also influence the size and morphology of the crystals, 

and the crystallinity of the final product [15-17]. Note that under natural conditions, various 

species such as phosphates or silicates can hinder crystal growth and heavily influence 

reaction pathways.  

Goethite (α-FeOOH) is one of the magnetic carriers commonly found in natural 

environments (soils, sediments, etc…). As a matter of fact, the oxidation of Fe(II) will be the 

preferred natural pathway for its formation. Goethite is characterised by a weak capacity to 

carry remanent magnetisation (it is imperfect antiferromagnetic at room temperature), and the 

saturation is reached for magnetic fields beyond the instrumental means usually available 

[18]. A study of the magnetic properties of goethite implies the absence of any traces of other 

magnetic phases such as magnetite, maghemite or hematite that have a strong magnetic signal 

with weak magnetic fields. 

This study was then devoted to the synthesis of goethite by oxidation of aqueous 

suspensions of Fe(II) precipitates. The first objective was to specify the experimental 

conditions adequate to prepare goethite without strong magnetic carriers, or more exactly so 

that other magnetic phases can not be detected by magnetic measurements. The second 

objective was to clarify the influence of various parameters, namely stirring speed and 

concentration of reactants, on the formation of goethite and on its crystal size. 
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2. Experimental   

2.1. Synthesis of goethite without strong magnetic carriers 

Numerous studies were devoted to the oxidation of Fe(II) compounds precipitated by 

mixing sodium hydroxide and Fe(II) salt solutions. The experimental conditions favouring 

goethite formation are then already known. First, chloride ions favour lepidocrocite [8,13], 

and FeSO4 • 7H2O has to be preferred to FeCl2 • 4H2O as the initial Fe(II) salt. Secondly, the 

parameter playing the major role is R = [Fe2+]/[OH-] = [FeSO4]/[NaOH], the concentration 

ratio of the reactants [6,9,10,12]. Goethite forms preferentially with a large excess of OH- 

ions, e.g. R = 0.2, or with a large excess of Fe2+ ions, e.g. R = 2.5 [6,9,10,12,15], with respect 

to the stoichiometric conditions of the precipitation of Fe(OH)2, that is R = 0.5 according to 

the reaction: 

Fe2+ + 2 OH- → Fe(OH)2         (1) 

As the kinetics of the reaction is controlled by the reduction of dissolved O2, 

temperature is another important parameter since it modifies the solubility of oxygen. For the 

largest temperatures (low solubility of oxygen), typically T ≥ 60 °C, Fe3O4 forms 

preferentially [7,8,10]. For the lowest temperatures (larger solubility of oxygen), T ≤ 20 °C, 

lepidocrocite γ-FeOOH is favoured [8,9,11]. This explains why goethite is often obtained at 

intermediate temperatures, between 25 and 45 °C [8,9,11,12,15].  

Two experimental conditions were then retained as reference conditions appropriate 

for goethite formation. In each case, 200 mL of suspension were prepared by mixing 100 mL 

of a FeSO4 • 7H2O solution with 100 mL of a NaOH solution. The rotation speed of the 

magnetic stirrer was set at 760 rpm. The first experimental reference is defined by the 

following conditions: 

T = 25 °C, [FeSO4 • 7H2O] = 0.15 mol L-1, and R = 0.2 (then [NaOH] = 0.75 mol L-1). 
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The second experimental reference corresponds to:  

T = 45 °C, [FeSO4 • 7H2O] = 0.50 mol L-1, and R = 2.5 (then [NaOH] = 0.20 mol L-1). 

 Note that the mechanisms of formation of goethite are different [10]. With 

experimental conditions (I), goethite forms directly from Fe(OH)2. With experimental 

conditions (II), goethite forms from an intermediate Fe(II-III) compound, the Fe(II-III) 

hydroxysulphate green rust. 

The chemicals, provided by Aldrich®, ensured a 98% min. purity. X-ray diffraction 

(XRD) analyses and magnetic measurements were performed on the Fe(II) sulphate. XRD 

demonstrated that it was mainly made of melanterite (FeSO4 • 7H2O) with traces of rozenite 

(FeSO4 • 4H2O). The impurities did not give any magnetic signal. The 200 mL suspension 

was aerated at the liquid-air interface in a beaker of 9-cm diameter. The magnetic stirring 

ensured a progressive homogeneous oxidation of the precipitate. The temperature was 

controlled by a thermostat with accuracy of ±0.5°C. All experiments were carried out at 25 or 

45°C. Further details about this methodology can be found in previous works [6-17]. 

Once the experimental conditions leading to goethite were clearly defined, it was 

envisioned to modify the size of the crystals by varying the stirring speed and the FeSO4 • 

7H2O concentration. As the nature of the final product of oxidation is mainly sensitive to the 

concentration ratio R and the temperature T [6,8-12,15], those parameters were kept at the 

values corresponding to the experimental conditions leading to goethite without strong 

magnetic carriers.  

The crystal size is likely to be modified by a change in the kinetics of goethite 

formation. The reaction is controlled by the kinetics of the reduction of dissolved O2. A 

decrease of the Fe(II) concentration decreases the [Fe(II)]/[O2] ratio, so increases the 

oxidation rate and decreases the crystal size. Similarly, an increase of the stirring speed 

induces an increase of the area of the air/suspension interface, and consequently an increase of 
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the oxygen flow, which would lead to a decrease of the crystal size. Stirring speeds from 430 

to 1200 rpm were then tested whereas [FeSO4 • 7H2O] was varied from 0.1 to 1.0 mol L-1. 

 

2.2. Goethite characterisation and crystal size analysis 

Final products were characterised by powder X-ray diffraction (PXRD), diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS), scanning and transmission 

electron microscopy (SEM and TEM) and magnetic methods. The powders were obtained 

after centrifugation of the precipitates, drying and crushing. Each sample was rinsed 

thoroughly so as to remove the soluble salt (Na2SO4) that forms during drying. 

PXRD analyses were performed on a Bruker AXS® D8-Advance diffractometer in 

Bragg-Brentano geometry using CuKα radiation (λ = 0.15406 nm). The acquisition time was 

5 seconds with 2θ varying from 10 to 60° by steps of 0.04°. No internal standard was added 

for peak position calibration. The mean coherence lengths were estimated from XRD line 

broadening using the Scherrer formula:  

Dhkl = 0.9 λ / w.cosθhkl         (2) 

where Dhkl is the mean coherence length of the particles in the direction perpendicular to the 

(hkl) planes, λ the wavelength of the X-rays, w the full width at half maximum of the hkl 

diffraction line at 2θhkl. The width at half maximum w was corrected from the instrumental 

line broadening (~0.04° at 2θhkl ~ 20°) determined from the XRD analysis of a standard 

quartz sample. 

DRIFTS measurements were performed at ambient temperature on a Thermo Nicolet 

FT-IR Nexus spectrometer using a KBr beamsplitter, a DTGS detector and a Smart Diffuse 

Reflectance accessory. The spectra were recorded with the Omnic software at a resolution of 

4 cm-1, with 64 scans and a gain of 1. The powder to be analysed was diluted in KBr (95% 
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KBr, 5% FeOOH). The background spectrum was acquired with a mirror-polished stainless 

steel standard sample before the analysis of each oxidation product. 

Morphology and size of the particles were analyzed by SEM (Quanta 200 ESEM/FEG, 

Philips). Observations were carried out at 20 kV, under 0.75 mbar of water vapour pressure 

(Low-Vacuum mode), using a Large-Field Gaseous detector for secondary electron-type 

images. Samples were dispersed in ethanol using sodium hexametaphosphate as dispersing 

agent [19] and an ultrasonic stirring. A drop of the solution was placed on a polished carbon 

SEM mount. Once dried, a very fine layer of carbon was deposited above the sample. The 

sample obtained with R = 2.5, [FeSO4] = 0.50 mol L-1, T = 45°C and S = 760 rpm was also 

characterised by transmission electron microscopy (TEM) with a JEOL JEM 2011 (200 kV) 

apparatus. Here, a drop of the solution was directly placed on a copper grid covered with a 

carbon film. 

In environmental magnetism, the parameters used for characterisation [19,20] depend 

on magnetic behaviour. The results presented in this article are the backfield (BF) of 

Isothermal Remanent Magnetisation (IRM) acquisition curves. The method consists in 

reversing the IRM by gradually increasing the applied magnetic field. The steps of the 

magnetisation curve are attributed to changes of mineralogy. The magnetisation is 

proportional to the amount of the corresponding magnetic carrier. Let us consider magnetite 

as an example. The concentration would be estimated by dividing the value of the IRM 

saturation (in A m2 kg-1) of the sample by the remanent saturation magnetisation (σrs) of 

magnetite. The main error is due to the variability of the value of σrs, comprised between 3.6 

and 10.2 A m-2 kg-1 for magnetite [21]. Since each magnetic mineral contributes to the BF 

IRM, its interpretation may be difficult when several magnetic carriers are present in the 

sample. In this case, magnetic mineralogical composition can be studied via thermal 
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demagnetisation of multi-component IRM by identifying unblocking temperatures Tb [3,22]. 

For instance Tb is ~60-120°C for goethite and ~575°C for magnetite [22].  

For magnetic measurements, samples (2 cm3) were consolidated using kaolin treated 

with acids and SiO2 powder obtained by sol-gel process [23]. IRM was induced, until B = 9 T, 

by use of a Magnetic-Measurements MMPM 10 pulse magnetizer and measured with an 

Agico JR6 spinner magnetometer. The limit of detection of magnetite was estimated at about 

1.5 µg kg-1. BF IRM curves were plotted so as to facilitate the comparison with IRM curves. 

So, BF IRM = 0 corresponds to the saturation of forward IRM, and the change of the 

magnetisation with the increasing oppositely directed magnetic field is expressed as an 

increase of BF IRM (in A m2 kg-1). So the maximum value reached by BF IRM is the double 

of the saturation of forward IRM. This rescaling was done so as to keep the amplitude of the 

variations of magnetisation while the comparison between the curves of various samples was 

facilitated. 

For thermal demagnetisation, IRM on three orthogonal axes were successively 

acquired in three decreasing magnetic fields: 9 T, 3 T and 0.5 T. Thermal demagnetisation 

was carried out with a Magnetic-Measurements MMTD 18 thermal demagnetiser. The sample 

was heated, cooled back to room temperature in zero magnetic field and the remanence was 

then measured. This operation was repeated with increasing temperature, up to total 

demagnetisation (< 1%). Temperature steps were 20°C, in the range considered here (60-

140°C).  

 

3. Experimental results   

 3.1. Synthesis of goethite without strong magnetic carriers: influence of stirring speed 

and FeSO4 concentration 

 First, goethite was prepared according to the experimental conditions of reference 
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derived from previous works. In each case only goethite could be detected with the PXRD 

and DRIFTS analyses; results for conditions (II) are presented hereafter. Magnetic 

measurements were then performed. Figure 1 presents the BF-IRM curves obtained for each 

sample. They are clearly different. With the sample prepared in conditions (I), the 

magnetisation increased rapidly with a step of saturation. This behaviour is characteristic of a 

ferrimagnetic phase. It is more likely magnetite, as maghemite does not form in these 

conditions [10], and its approximate concentration would then be 1 ±1 g kg-1. This illustrates 

the sensitivity of magnetic methods with respect to the detection of magnetic iron oxides. In 

contrast, the curve obtained with the sample prepared in conditions (II) is typical of an 

imperfect antiferromagnetic compound such as goethite. Consequently, experiment (II) was 

chosen as the unique reference for the rest of the study.  

 Fe(II) concentration and stirring speed were varied from the values corresponding to 

experience (II) ([FeSO4] = 0.5 mol L-1 and S = 760 rpm). First, it was verified that the 

decrease of [FeSO4] and the increase of S accelerated significantly the oxidation process. The 

duration tF of the overall reaction was determined as explained elsewhere [12,15]. For 

experiment (II), tF = 18 h. It decreased down to 4 h for S = 1200 rpm and increased up to 40 h 

for S = 430 rpm. Similarly, it decreased down to 3 h for [FeSO4] = 0.1 mol L-1 and increased 

up to 27 h for [FeSO4] = 1.0 mol L-1.  

XRD (Fig. 2) shows that goethite was the main product obtained in all cases. 

However, the main diffraction line of lepidocrocite γ-FeOOH is visible for the smaller Fe(II) 

concentrations, 0.1 and 0.125 mol L-1. Moreover, important line broadenings are observed for 

the largest stirring speed, 1200 rpm, and the smaller Fe(II) concentration, 0.1 mol L-1. An 

increase of the stirring speed and a decrease of the Fe(II) concentration correspond to an 

increase of the oxidation rate. Since a line broadening corresponds to a decrease of the 

coherence length in the goethite particles, these results confirm that a change of the kinetics 
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modifies the crystallinity and/or the crystal size. Note also that the small signal-to-noise ratio 

of the pattern of goethite obtained with the smaller Fe(II) concentration is also more likely 

due to the decrease of crystallinity and/or crystal size. 

The infrared spectra were acquired from 400 to 4000 cm-1 but the main changes 

occurred between 400 and 1400 cm-1. Fig. 3 is then focused on this wavenumber interval. The 

main vibration bands generally attributed to goethite [24] are found in any case at 630, 795 

and 890 cm-1. The main vibration bands of lepidocrocite, at 610, 750, 1020 and 1150 cm-1 

[25] are visible for 0.1 and 0.125 mol L-1, in agreement with XRD analysis. However, a small 

band at 1020 cm-1 is seen at S = 1200 rpm, indicating that lepidocrocite was also obtained 

with the largest stirring speed. Additional bands at 975, 1055 and 1130 cm-1 may be attributed 

to sulphate ions adsorbed on the surface of the goethite crystals [26].  

Magnetic characterisation was performed to study the magnetic properties of goethite 

and to determine if other magnetic phases had formed (Fig. 4). Lepidocrocite is paramagnetic 

at ambient temperature and cannot be detected by magnetic measurements. Fig. 4a shows that 

magnetisation rapidly increases with a step of saturation at about 0.2 T for the lower stirring 

speeds, S = 510 and 430 rpm. This demonstrates that a small amount of magnetite has formed 

for the slower oxidation kinetics. The amount of magnetite can be estimated at 0.2 ± 0.2 mg 

kg-1 for 510 rpm and 0.3 ± 0.3 mg kg-1 for 430 rpm from the BF IRM values at saturation. For 

samples free of magnetite, modifications of stirring speed (Fig. 4a) and Fe(II) concentration 

(Fig. 4b) also induced changes in magnetic properties. These changes may be due to changes 

of crystal size and/or crystallinity of the goethite particles. Finally, for weak magnetic fields, a 

low coercivity saturation step is observed (Figs. 4c,d). It looks like the behaviour of 

magnetite. But the contribution of this low coercivity phase increases when S increases and 

when [FeSO4] decreases, that is when the kinetics of the reaction increases. An increase of the 

kinetics favours lepidocrocite, not magnetite [6,16]. So this phenomenon is not related to 
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magnetite formation. Additional magnetic experiments were performed so as to determine its 

origin. They are described in section 3.3. 

 

3.2. Crystal size analysis 

Morphology and size of the particles were analysed from images obtained with SEM. 

A sample of goethite prepared in the experimental conditions of reference (II) was first 

observed with TEM. Both SEM and TEM observations were in agreement, showing needle-

like crystals of goethite with an average length of 0.7 ± 0.2 µm and an average width of 0.08 

± 0.02 µm. The particles were also observed using backscattered electron imaging without 

carbon deposit (compositional contrast) and crystal sizes were the same as those observed by 

secondary electron-type imaging. Fig. 5 shows examples of the images obtained. Fig. 5a is a 

typical TEM photograph of the acicular crystals of goethite obtained in the experimental 

conditions of reference (II). The detailed exploration of this sample however revealed the 

presence of a few crystals with a totally different morphology (Fig. 5b). They resemble 

somewhat to the crystals of a hexagonal phase generally associated to goethite, called  

α’-FeOOH by Olowe et al. [15] but similar to δ-FeOOH. However, electron diffraction 

patterns obtained with those crystals were not sharp enough (crystals show a low degree of 

crystalline order) to allow an unambiguous identification of the phase. Figs 5c and d are SEM 

photographs of the goethite crystals obtained at [FeSO4] = 1.0 mol L-1 and 0.1 mol L-1, 

respectively. They clearly illustrate that the morphology of particles does not change and that 

their size decreases with the Fe(II) concentration. 

The determination of the crystal size was carried out for each sample from about a 

hundred particles via SEM photographs. Variation of the stirring speed proved to have 

influence on the size of the particles. Their average length varies from 0.6 ± 0.2 µm (1200 

rpm) to 0.8 ± 0.1 µm (430 rpm). The effect of the variation of the Fe(II) concentration 
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modifies more strongly the crystal size. The average length varies from 0.5 ± 0.1 µm (0.1 mol 

L-1) to 1.1 ± 0.3µm (1.0 mol L-1). 

Synthetic goethite crystals are acicular, with a large crystal length to crystal width 

ratio, as seen in Fig. 5. According to previous works [1], they are elongated along the [001] 

direction (c-axis of the orthorhombic structure with Pbnm space group). Goethite crystals are 

generally constituted of various domains (also called crystallites or intergrowths) [1,27,28]. 

The domains frequently extend along the c-axis and are stacked along the a- and b- axes. The 

mean coherence lengths (MCLs), determined from XRD patterns using the Scherrer formula 

(2), are then smaller than the crystal size. D110, associated with the most intense diffraction 

line, and D020 were estimated so as to illustrate the variations of MCLs with Fe(II) 

concentration and stirring speed. D110 remains almost constant at 19 ± 3 nm when [FeSO4] 

varies. In contrast, D020 decreases from 40 down to 10 nm when [FeSO4] decreases from 1.0 

down to 0.1 mol L-1. But D020 is significantly smaller only for 0.125 mol L-1 (19 nm) and 0.1 

mol L-1 (10 nm) i.e. when lepidocrocite forms together with goethite. So, this rapid decrease 

of D020 is associated to the appearance of lepidocrocite as a component of the final product. 

The increase of the kinetics of the reaction favours the formation and growth of the 

lepidocrocite crystals and hinders the growth of the goethite crystals. The effects of the 

stirring speed are weaker. D110 slightly decreases from 26 to 14 nm as S increases from 430 to 

1200 rpm. D020 is constant for S between 510 and 1200 rpm, with a value equal to 28 ± 2 nm. 

It changes only for 430 rpm, where it reaches 40 nm.  

The width and length obtained from SEM are higher than the MCLs estimated from 

XRD. This confirms that goethite crystals are constituted of various domains. MCLs reflect 

the size of these domains whereas SEM measurements reflect that of the crystals. The width 

(SEM) to D110 (XRD) ratio lies between 2.4 and 6.4. It is in most cases equal to 2.4-2.8 except 

for [FeSO4] = 0.1 mol L-1. D110 is almost unaffected by the variations of the Fe(II) 
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concentration. So the ratio varied because the width measured by SEM varied whereas the 

MCL measured by XRD remained constant. The MCL that was observed to vary is D020 that 

was divided by a factor 4. D020 and the width measured by SEM behave similarly. It can be 

forwarded that this width corresponded in most cases to the elongation of the crystals along 

the [010] direction (b-axis).  

 

3.3. Magnetic behaviour in weak magnetic field 

The low coercicity behaviour of goethite could be associated whether to the presence 

of a ferrimagnetic carrier (e.g. magnetite) in very low concentration or to the presence of 

defects in the structure of goethite [29,30]. The results of thermal demagnetisation of goethite 

obtained using the experimental conditions of reference (II) are presented in Fig. 6. The decay 

of remanence intensity was measured after each thermal demagnetisation step. The little hump 

at 100°C on the curve for 0.5 T is more likely due to misorientation in the magnetometer. The 

main result is that demagnetisation occurred for an unblocking temperature of 120°C. This 

value is characteristic of goethite [22] which excludes the presence of magnetite. This is not a 

surprise as magnetite formation is favoured by the decrease of the stirring speed and the 

increase of the Fe(II) concentration while the low coercivity behaviour increases when these 

parameters vary in the opposite direction.  

But it can be proposed that the low coercivity behaviour of goethite is related to traces 

of another magnetic compound, δ-FeOOH. This phase is generally considered as 

ferrimagnetic below Tc ≈ 170 °C where the spins are parallel to <001> [31-32]. Moreover, the 

temperature of transformation of δ-FeOOH into goethite and hematite (120-150°C) [1,33-34] 

is close to the temperature of demagnetisation of goethite measured above.  
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4. Discussion 

The traces of δ-FeOOH could correspond to the crystals observed on the TEM 

micrograph of Fig. 5b and/or to domains inside the goethite crystals that would have a 

structure close to that of δ-FeOOH. This assumption is based on the crystallography of  

α-FeOOH and δ-FeOOH. The pile up of anions is in each case hexagonal close packed (hcp). 

The only difference is the arrangement of the Fe3+ cations. In the case of α-FeOOH [e.g. 35], 

the cations occupy octahedral sites between two hexagonal planes of the anions in form of 

parallel bands in which two rows are completely occupied and two adjacent rows are empty. 

The occupancies are interchanged from plane to plane. The lattice is then orthorhombic, and 

the hexagonal arrangement of anions is distorted. The c-axis is parallel to the double bands of 

cations. In the case of δ-FeOOH, the cell is hexagonal and reflects the hcp stacking of anions 

[31-32,36-37]. The arrangement of the Fe3+ cations in the octahedral sites of the hcp stacking 

is then made at random or with an ordering compatible with the symmetry of a hexagonal or 

trigonal lattice. Olowe et al. [15] designated as “α’-FeOOH” the completely disordered phase, 

considering α-FeOOH and δ-FeOOH as two different ordered forms.   

This study by Olowe et al. [15] was devoted to the influence of Fe(II) concentration on 

goethite formation in experimental conditions close to the reference conditions (I) described 

above. In this case, the ratio R being equal to 0.2, there is an excess of NaOH with respect to 

the precipitation of Fe(OH)2 and goethite forms directly from Fe(OH)2. Lepidocrocite can not 

form. So, when the Fe(II) concentration became too small for goethite to form, another 

compound was obtained. Its XRD pattern was very similar to that of δ-FeOOH [15]. Olowe et 

al. [15] also observed progressive small changes on the XRD patterns of goethite. These 

changes indicated that the disordering of Fe3+ cations increased gradually as the Fe(II) 

concentration decreased, that is as the oxidation became faster.  
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 It may be assumed that a similar disordering occurred in our experimental conditions 

when the oxidation was accelerated. The main difference is that in our conditions, where R = 

2.5, Fe(OH)2 is oxidised first into the Fe(II-III) hydroxysulphate green rust [10], that is 

oxidised in turn into goethite. Then, goethite is obtained from the green rust. This explains 

why lepidocrocite, the main oxidation product of green rusts [10,12,13], has been obtained for 

the fastest reactions. The formation of lepidocrocite implies that the total disordering leading 

to the formation of δ-FeOOH instead of α-FeOOH can not be observed in our experimental 

conditions. But, due to the structural similarity between those compounds, it is probable that 

traces of δ-FeOOH have formed or that domains structurally similar to δ-FeOOH have grown 

inside the multidomainic goethite crystals, explaining the low coercivity behaviour observed 

in our samples. 

 

5. Conclusion  

The formation of goethite by oxidation of Fe(OH)2 precipitates in sulphated aqueous 

media is mainly controlled by the concentration ratio R = [Fe2+]/[OH-] = [FeSO4]/[NaOH] of 

the reactants, and by temperature T. It was then possible to determine adequate conditions for 

goethite formation, that is R = 2.5 and T = 45°C, and synthetic samples free of magnetite 

could be obtained. These samples were analysed by magnetic methods the same way 

magnetic minerals in soils are usually studied.  

To a lesser extent, Fe(II) concentration and stirring of the suspension also influence 

the nature of the final product, but mainly affect the kinetics of the reaction. Important 

variations of these parameters led to the formation of other phases, lepidocrocite when the 

reaction was accelerated, magnetite when it was slowed down. Determination of the magnetic 

properties of goethite samples confirmed that the formation of magnetite could be totally 

inhibited. Goethite crystals are generally made of the aggregation of similarly orientated 
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crystallites, as observed for goethite synthetised from ferrihydrite. Variations of concentration 

and stirring speed proved to induce significant variations of the size of the goethite crystals 

and crystallites.  

For weak magnetic fields, a low coercivity saturation step was also detected. Its 

importance increased with increasing oxidation speed that is with increasing disorder in the 

arrangement of Fe3+ cations in the goethite structure. It is known that this disorder ultimately 

leads to the formation of δ-FeOOH [15], a ferrimagnetic compound. The low coercivity 

behaviour observed here may then correspond to traces of δ-FeOOH or to domains 

structurally similar to δ-FeOOH inside the multidomainic crystals of α-FeOOH. The 

formation of δ-FeOOH crystals or δ-FeOOH-like domains inside goethite crystals is more 

likely inherent in goethite formation, due to the structural similarity between those phases. 
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Figure captions 

 
Figure 1: Backfield IRM curves, in A m2 kg-1 and re-scaled to zero, of the final products 

obtained with the two experimental conditions of reference (I) and (II).  

Figure 2: PXRD patterns of the final products obtained with different (a) stirring speeds 

(rpm) and (b) FeSO4 concentrations (mol L-1). R = 2.5 and T = 45°C. hkl are the diffraction 

lines of goethite with the corresponding Miller index and L(020) is the main diffraction line of 

lepidocrocite.  

Figure 3: Infrared spectra of the final products obtained with different (a) stirring speeds 

(rpm) and (b) FeSO4 concentrations (mol L-1). R = 2.5 and T = 45°C. The vibration bands of 

goethite are located at 890, 795 and 630 cm-1; those of sulphate ions adsorbed on goethite are 

denoted as GSO4
2-. Other vibration bands L correspond to lepidocrocite.  

Figure 4: (a and b) Backfield IRM curves, in A m2 kg-1 and re-scaled to zero, of the final 

products obtained with different stirring speeds (rpm) and FeSO4 concentrations (mol L-1). R 

= 2.5 and T = 45°C. (c and d) Magnetic behaviour at low coercivity of the products obtained 

with (c) S ≥ Sref and (d) with the various FeSO4 concentrations considered in the study (Zoom 

on the 0 – 0.2 T zone of the backfield IRM curves, with magnetic field on x-axis represented 

in linear scale). 

Figure 5: (a and b) TEM images of the final product obtained with [FeSO4] = 0.5 mol L-1  

and S = 760 rpm. (c and d) SEM images of the final products obtained respectively with 

[FeSO4] = 1.0 mol L-1 and [FeSO4] = 0.1 mol L-1. R = 2.5 and T = 45°C. 

Figure 6: Thermal demagnetisation of multi-component IRM. Goethite, prepared with 

[FeSO4] = 0.5 mol L-1 and S = 760 rpm, was successively magnetised along three orthogonal 

axes in magnetic fields of 9 T, 3 T and 0.5 T.   
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Fig 1 
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Fig 2 
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Fig 3 
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Fig 4 
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Fig 5 
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Fig 6 
 

 
 


