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ABSTRACT 

 

The recent strong demand for Ni for steel production has significantly depleted the 

easily extractable Ni sulphide deposits, causing the mining industry to look towards the 

more abundant albeit complex, low-grade lateritic Ni deposits. There have been major 

difficulties in the extraction of Ni from lateritic Ni ores reflecting, inter alia, the limited 

knowledge of the location and distribution of Ni within minerals (particularly iron-

oxides) in lateritic ores, as well as the limited understanding of the acid leaching 

kinetics of these minerals. A new method for improving the extraction of Ni from 

oxide-type (limonitic) lateritic Ni ores by means of shock heating has been investigated 

in this thesis utilising a combination of bulk and macroscopic techniques. 

 

Five oxide-type lateritic Ni ores from Indonesia (Weda Bay), Western Australia 

(Kalgoorlie and Ravensthorpe) and New Caledonia (Goro and Koiambo), composed 

mostly of acicular, nano-sized goethite crystals with minor amounts of quartz, talc, 

willemseite, maghemite, magnetite, asbolane, kaolinite, Mn oxides and various spinels. 

These minerals were identified using synchrotron X-ray diffraction (SXRD) and 

electron energy loss spectroscopy (EELS). The nickeliferous goethites were subjected to 

shock heating for 30 minutes at temperatures in the range 220-800°C. Goethite partially 

dehydroxylated to OH-hematite at 300-400°C and had completely altered to well 

ordered hematite at 800°C. OH-hematite has broad XRD reflections, structural water, 

high specific surface area, structural disorder and small crystal size. The high surface 

area (1.5-2.6 fold increase from that of goethite) is due to the formation of slit-shaped 

micropores (300°C), which further develop into elliptically-shaped micropores (400°C), 

and is partly responsible for a 9-34 fold increase in the dissolution rate constant k for the 

Kabai equation, measured from the dissolution of  Fe in 2M H2SO4. The remaining 5-10 

fold increase in the dissolution rate constant k is presumably due to the higher density of 

structural defects in OH-hematite. The presence of structural Al and Cr in goethite was 

shown to reduce dissolution rate possibly through the greater Me-OH, O bond strength 

relative to Fe, Ni-OH, O.  

 

Rapid high temperature dehydroxylation (800°C) of goethite resulted in the formation 

of well ordered hematite with no structural water, low surface area and with high 

structural order. The low surface area is due to the removal of most micropores and the 

development of extensive ordered hematite domains by surface and volume diffusion. 



II 
 
This results in a significant decrease (~1.5-2.5 fold) in the dissolution rate constant k for 

the Kabai equation relative to values for OH-hematite.  

 

For most of the samples the Ni K-edge extended X-ray absorption fine structure 

(EXAFS) spectroscopy results showed interatomic distances indicative of Ni 

substituting for Fe in goethite. Rapid dehydroxylation of goethite to form OH-hematite 

and hematite significantly affected the distribution of Ni in the iron oxides. The acid 

dissolution for Fe versus Ni was incongruent and indicative of rapid dissolution of 

surface located Ni, or formation of a discrete Ni mineral. Corresponding Ni K-edge 

EXAFS and energy filtered transmission electron microscopy (EFTEM) results for 

800°C heated samples (i.e. hematite) showed evidence of some Ni migrating to the 

surface of the neoformed hematite. The Ni K-edge EXAFS results showed four distinct 

metal neighbours representing Fe/Ni in face-sharing (RNi-Fe~2.88-2.92 Å) and three 

different corner-sharing complexes (RNi-Fe~3.37- 3.41 Å, RNi-Fe~3.62-3.64 Å and RNi-

Fe~3.92-4.08 Å). The first three interatomic distances represent Ni substituting for Fe in 

hematite, while the fourth is indicative of an inner sphere surface complex. There was 

no evidence for the formation of a discrete Ni mineral, suggesting most of the Ni is 

retained in the structures of the neoformed hematite, although some Ni migrates to the 

surface of the hematite where it forms a surface complex.  

 

These results may contribute to the development of more efficient extraction methods 

for Ni in oxide-type lateritic Ni ores. The rate of dissolution of goethite in acid in heap 

and pressure leach facilities will be enhanced by shock heating at 340-400°C where 

microporosity and structural disorder is maximised. Similarly, shock heating 

nickeliferous goethite to form well ordered hematite at 800°C, results in some Ni being 

more accessible to acid solutions, therefore allowing the separation of Ni from Fe. The 

results also provide valuable information on the probable redistribution of Ni in iron 

oxides in soils affected by natural heating (wild fire).  
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Chapter 1 

INTRODUCTION 

 

1.1. INTRODUCTION 

 

Over the past decade there has been a significant increase in the production of nickel 

from lateritic nickel ore deposits, mostly reflecting the recently strong Chinese economy 

and the high demand for nickel for steel production. The recent “boom” in nickel 

production has depleted the more easily extractable nickel sulphide deposits, which 

only account for ~28% of the world’s terrestrial nickel resources (Dalvi et al., 2004). 

The increasing cost of fuel, rigorous environmental regulations and high consumption 

of energy associated with pyrometallurgical processing of nickel sulphide deposits, 

inter alia, has led the mining industry to look towards the more abundant albeit 

complex, low-grade lateritic nickel deposits, which account for ~72% of the world’s 

terrestrial nickel deposits (Dalvi et al., 2004). Nickel is typically extracted from lateritic 

nickel ores via high temperature and pressure acid leaching (HPAL), reductive 

roast/ammonia leaching using the Caron process, and the newer hydrometallurgical 

processes such as acid heap leaching and atmospheric leaching. However, there are 

difficulties in the extraction of nickel from lateritic nickel ores using these techniques, 

partly reflecting the limited knowledge of the partitioning of nickel between and within 

minerals (e.g. iron-oxides) in lateritic ores, as well as the limited understanding of the 

acid leaching kinetics of these minerals. Gaps in knowledge of the effects of mineralogy 

and leaching kinetics on the extraction process have caused problems at refineries, and 

the recent decline in nickel prices reflecting the global economic recession, has closed 

some acid digest lateritic nickel refineries as a consequence of sub-economic returns. 

Clearly there is a need to develop a better understanding of the crystal chemistry of 

nickel in lateritic nickel ores to enable more economic processing of these ores. The 

following review of the literature identifies the gaps in knowledge in this area which 

form the justification for this research.   

 

Nickel laterites mostly occur within the inter-tropical belt, however, two distinct types 

of lateritic nickel ore occur which reflect different climatic conditions and associated 

weathering regimes. They are known as “wet/humid laterites” and “dry laterites”. The 

“wet/humid laterites” occur in the humid tropical or sub-tropical regions of the world 

(e.g. New Caledonia and Indonesia), while “dry laterites” occur in arid to semi-arid 
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environments and are only found in Australia, they differ to some extent in mineral 

composition from the “wet/humid laterites”.  

 

Nickel laterites formed as a result of prolonged and intense chemical weathering of 

precursor ultramafic rocks containing ferro-magnesian minerals. The rocks are variously 

dunite (monomineralic olivine), harzburgite, peridotite (olivine, pyroxene and 

hornblende), pyroxenite (orthopyroxene or clinopyroxene), hornblendite 

(monomineralic hornblende) and serpentinite (serpentine) (Dalvi et al., 2004), and have 

nickel contents between 0.2 and 0.4% (Golightly, 1981). The laterization process 

involves the chemical breakdown of the primary minerals and release of their chemical 

constituents into the soil solution (i.e. groundwater). This is followed by leaching of 

mobile/soluble elements (e.g. magnesium and silicon) and the concentration of 

immobile/insoluble elements (e.g. iron) in minerals that are stable in the weathering 

environment (soil profile) (Elias, 2002). This results in a regolith soil profile with 

distinct layers which is referred to as a laterite profile (Figure 1.1).  

 

Laterite profiles consist of a number of distinct layers differentiated by their mineralogy, 

geochemistry and petrology. There are generally two main ore types: i) a nickeliferous 

oxide-type ore (i.e. nickel in hydrated iron oxides) (Brand et al., 1998), also referred to 

as limonite, which is located in the more superficial part of the profiles (Figure 1.1), and 

ii) saprolitic (i.e. hydrous silicate-type) ore located at the base of profiles (Figure 1.1). 

There may also be a third clay-type ore (i.e. smectite) (Gaudin et al., 2004), in the upper 

part of profiles occurring in drier climates (Figure 1.1). In the clay-type ore all liberated 

silicon is not leached from the profile and combines with iron, silicon and some 

aluminium to form nontronite, which maybe the dominant phase and which hosts nickel. 

The saprolitic ores are magnesium and silicon rich and have a lower degree of 

weathering compared to the nickeliferous oxide-type ores. In saprolitic ores the nickel is 

usually located in magnesium silicates particularly serpentine, garnierite, smectite and 

chlorite. The nickeliferous oxide-type ore is low in magnesium and silicon (leached 

during formation), and is rich in iron. During formation of this type of ore iron (II) is 

oxidised and precipitated as microcrystalline ferric (oxy)hydroxides, predominantly 

goethite (α-FeOOH) with some hematite (α-Fe2O3) and maghemite (γ-Fe2O3). Nickel 

and some other metals, which are released from the primary minerals during weathering, 

have a chemical affinity for neoformed iron oxides, which can concentrate nickel up to 

30 times relative to the precursor primary minerals. The extent and nature of the 
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associations of nickel, and other metals, with the iron oxide phases affect the processing 

of nickel from lateritic nickel ores. For this research we are only concerned with the 

nickel rich oxide-type (‘limonitic’) material, and its potential as an economic resource 

of nickel. The results of this research also have applications to the disciplines of 

environmental geochemistry (e.g. nickel sequestration and bioavailability) and mineral 

exploration. 

 

 

 
Figure 1.1. Three typical nickel laterite profiles reflecting different climatic conditions 

(modified after Dalvi et al.,2004).  

 

 

The properties of iron oxides (e.g. nanometric crystal sizes, poorly ordered, and large 

surface areas) result in them having high surface reactivity, enabling the capacity for 

adsorption, incorporation and fixation of metals from the soil solution. Studies have 

shown that goethite and hematite in lateritic soils are never present in their pure form, 

α-FeOOH and α-Fe2O3 respectively, because isomorphous substitution of iron (III) by a 

number of cations commonly occurs. Goethite is, therefore, commonly referred to as a 

“sink” for trace and heavy metals, and is an important mineral in controlling the 

mobility and bioavalability of metals in lateritic soils.  

 

There is a large body of research on associations of trace elements with iron oxides, 

particularly for synthetic goethite and hematite. Most research has been directed to the 

substitution of aluminium (III) for iron (III) in synthetic goethite and hematite, as this is 
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the most common substitution in soils due to the presence of aluminium in the soil 

solution and its similar although smaller ionic size relative to iron (i.e. Al3+ r=0.54 Å 

versus Fe3+ r=0.65 Å, Shannon, 1976). This substitution in goethite directly affects the 

size of the unit cell; dehydroxylation temperature and crystal size may also be affected 

(Ruan and Gilkes., 1995; Lim Nunez and Gilkes, 1987). A number of other elements 

have also  been substituted for iron in synthetic goethite and hematite: these include 

chromium (Schwertmann et al.,1989), manganese (Stiers and Schwertmann, 1985), 

germanium (Bernstein and Waychunas, 1987), vanadium (Schwertmann and Pfab, 

1996), cobalt (Pozas et al.,2004), nickel, copper, zinc, cadmium, lead (Gerth, 1989) and 

titanium (Wells et al., 2006). However little is known on how these metals are 

incorporated into the iron oxide structures, and in particular where within the iron oxide 

structures these substituted cations are located (i.e. uniformly, in particular structural 

sites, adsorbed, etc.).  

 

Compared to the large body of knowledge developed for synthetic iron oxides there is 

certainly less knowledge of the extent of incorporation of foreign ions into natural iron 

oxides. This lack of knowledge partly reflects the considerable difficulty of obtaining 

(nearly) pure natural iron oxide samples from regolith. The degree of congruent 

dissolution of natural iron oxides is commonly used to indicate the uniformity of 

structural incorporation of foreign ions (Lim-Nunez and Gilkes, 1987; Singh and Gilkes, 

1992; Schwertmann and Pfab, 1996; Perrier et al., 2006, Landers and Gilkes, 2007). 

Congruent dissolution occurs when iron and the associated metal dissolve at identical 

rates, indicating that the metal is uniformly incorporated in the iron oxide structure. 

However, if dissolution of iron and metal is not congruent then it is assumed that the 

two metals are not uniformly distributed in the iron oxide or are not associated with the 

same mineral. Singh and Gilkes (1992) used a congruency of acid dissolution 

investigation to show that aluminium, cobalt, chromium, copper, manganese, nickel, 

zinc and vanadium were associated with and uniformly incorporated in the structure of 

iron oxides from soils in the south-west of Western Australia. Schwertmann and Pfab 

(1996) also used congruency of acid dissolution to show the uniform incorporation of 

vanadium and chromium in lateritic iron oxides from Sudan. More recently the uniform 

incorporation of nickel, chromium and aluminium was demonstrated by Perrier et al., 

(2006) and Landers and Gilkes (2007) who investigated iron oxides in New Caledonian 

lateritic nickel ores. In regolith materials, such as nickeliferous laterite, mixtures of iron 

oxide minerals usually exist, which prevents this technique from determining the 
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location of metals in individual iron oxide minerals. Metals incorporated in the structure 

of iron oxides may have different solubilities for the different iron oxide minerals, and 

allocating dissolved metals to the various minerals is speculative.  

 

A combination of selective kinetic extraction techniques and X-ray diffraction (XRD) 

has been utilised to establish which metals are preferentially associated with a particular 

iron oxide phase (Schwertmann and Latham, 1986; Trolard et al., 1995). For example, 

Schwertmann and Latham (1986) investigated Oxisols from New Caledonia and 

showed that: iron oxides dominated the mineralogy; nickel and chromium are associated 

with these iron oxides; nickel is strongly associated with goethite; while chromium was 

more strongly associated with hematite. Trolard et al (1995) investigated a lateritic 

saprolite in West Africa also using these techniques. Their results indicated: nickel was 

strongly associated with goethite and not with manganese oxides and spinels; 

aluminium substituted into goethite and hematite, but not into maghemite; chromium 

substituted into goethite, hematite and maghemite; and titanium substituted into 

hematite and not goethite. Although these acid dissolution and correlation techniques 

provide valuable indications of metal associations with iron oxide minerals, they do not 

provide proof of the extent of substitution of a particular metal for iron in a specific 

mineral, or information about the specific sites of substituting cations. These studies are 

inconclusive because the samples were not monomineralic iron oxides, rather being 

mixtures of discrete minerals.  

 

More recently synchrotron based X-ray absorption techniques have been employed to 

develop a better understanding of the metal bonding environment in iron oxides. 

Extended X-ray absorption fine structure (EXAFS) spectroscopy is a technique that uses 

X-rays to probe mineral structure at an atomic scale. The technique gives information 

about the distances between central and neighbouring atoms (next-nearest neighbour), 

the number of neighbouring atoms, the nature of neighbouring atoms (their approximate 

atomic number), and changes in central-atom coordination with changes in experimental 

conditions. This technique is notoriously difficult to apply to metals substituted in iron 

oxides for metals with absorption edges above the Fe K-edge (e.g. nickel), due to the 

weak fluorescence signal of the substituted metal compared to the large fluorescence 

signal generated by the dominant Fe matrix (i.e. in the order of 1:100).  
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Manceau et al (2000) applied bulk EXAFS spectroscopy to a lateritic saprolite sample, 

previously investigated by Trolard et al (1995) using selective acid extractions. The 

research also examined synthetic goethites and phyllomanganate reference materials. 

Their results showed that 75% of nickel present was incorporated into the structure of 

goethite, while the other 25% was associated with (Ni, Co)-asbolane. This mineral is 

commonly present in nickeliferous laterites, but is often not detected by XRD. 

Interestingly, the interatomic distances of nickel in goethite are found to be similar to 

those for iron in goethite, and in some instances shorter, which is the opposite to what is 

expected considering the larger size of the nickel (II) ion (0.69 Å) relative to the iron 

(III) ion (0.64 Å) (Shannon, 1976). The shorter than expected interatomic distances 

around nickel in goethite was explained by a contraction of the goethite structure in the 

plane of edge-sharing double chains and an expansion in the direction of corner linkages, 

which is thought to reduce the distortion of the goethite structure, and could result from 

a clustering of nickel atoms in the goethite structure (Manceau et al., 2000). 

 

Singh et al (2002) also utilised EXAFS spectroscopy to investigate the incorporation of 

differing amounts of chromium, manganese and nickel into synthetic goethites. The 

nickel interatomic distances were not affected by the amount of nickel substituted into 

the goethite structure, and were either similar to or shorter than those for iron in goethite, 

supporting the results of Manceau et al (2000). They suggested a coupled incorporation 

of Ni2+ with OH- (to replace O2-) to maintain charge neutrality. There was no evidence 

supporting the formation of a separate nickel phase, indicating that all nickel had been 

incorporated into the structure of goethite. 

 

Carvalho-e-Silva et al (2003) investigated an oxide-type lateritic nickel sample and 

synthetic nickel goethite analogues to help with data interpretation. The interatomic 

distances were identical in both natural and synthetic goethites. However, their results 

were somewhat different to the findings of Manceau et al (2000) and Singh et al (2002). 

Although the edge-sharing distances of nickel and iron were essentially the same as 

reported by the aforementioned authors, the double corner shearing distance along the a 

direction was significantly larger around nickel (3.7 Å) than iron (3.46 Å), which is to 

be expected considering the larger ionic size of nickel compared to iron. Nickel and iron 

in goethite essentially retain the same environment, however locally, nickel distorts the 

structure. Thus, nickel for iron substitution into goethite, and the corresponding 

replacement of O2- by OH- to maintain charge neutrality, distorts the goethite structure. 
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More recent XAFS investigations on nickel associated with iron oxides have focused on 

surface absorption. Xu et al (2007) investigated surface complexes of nickel on 

amorphous iron oxides (hydrous ferrous oxide). They reported that nickel forms 

mononuclear bidentate (an octahedron sharing two nearest oxygens with another 

octahedron) edge-sharing surface complexes upon absorption, which may inhibit the 

transformation of amorphous iron oxides into more crystalline forms. Arai (2008) 

investigated nickel adsorption onto goethite, hematite and ferrihydrite. Goethite was 

shown to have a combination of two edge-sharing and a corner-sharing surface species, 

with ~54% edge-sharing (Ni-Fe~3.0 Å), ~26% edge-sharing (Ni-Fe~3.2 Å) and 20% 

corner-sharing surface species. Hematite had ~63% face sharing (Ni-Fe~2.9 Å), and 

37% corner-sharing (Ni-Fe~4 Å). While ferrihydrite contained ~70% and ~30% edge-

sharing species in chains (Ni-Fe~ 3.0 Å) and in rows (Ni-Fe~ 3.0 Å) respectively. Xu et 

al (2007) and Arai (2008) reported finding no evidence of the substitution of nickel for 

iron in the various iron oxides. 

 

Goethite dehydroxylates topotacticly to form hematite when heated under oxidising 

conditions, or to maghemite (γ-Fe2O3) when heated under reducing conditions or in the 

presence of organic matter (Schwertmann., 1985), or, it may even dehydroxylate and 

experience reduction of Fe3+ to Fe2+ to form magnetite (Fe3O4) when heated under a 

reducing atmosphere. The phase transformations of oxide-type lateritic nickel ores 

under reducing conditions, to simulate the effects of pre-calcination on the reductive 

roast ammoniacal leaching of nickel (i.e. the Caron process) has been investigated 

(Valix and Cheung, 2002; O’Connor et al., 2005). Their work showed that pre-

calcination of lateritic nickel ores “opened” the iron oxide structure allowing a more 

efficient/rapid interaction of calcined ore and reducing gases. This created greater 

metallisation and consequently greater nickel dissolution for the pre-calcined ores. For 

the present research we are only concerned with the dehydroxylation of goethite under 

oxidising conditions and relatively low temperature to produce hematite pseudomorphs, 

therefore the work of the aforementioned authors is not discussed further.  

 

The goethite to hematite phase transformation is of interest to scientists from a variety 

of research backgrounds due to, inter alia: i) the wide technological applications of iron 

oxides (e.g. nanometric magnetic recording devices), ii) the thermal transformation 

occurs in some mineral processing techniques (e.g. iron ore and alumina industries), iii) 

dehydroxylation of goethite occurs in nature due to natural fires (Anand and Gilkes, 
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1987), and is, therefore of interest to soil scientists (Wolska and Schwertmann, 1989; 

Singh and Gilkes 1992), and iv) the thermal transformation is of interest to 

archaeologists because the iron oxide pigments, goethite (yellow) and hematite (red), 

were used by pre-historical artists who apparently created red pigments by heating 

goethite (Pomiès et al.,1999; Frost et al., 2003). The present research is concerned with 

the goethite transformation to hematite for its potential application to enhance the 

extraction of nickel from oxide-type (goethitic) lateritic nickel ores under refinery or 

heap-leach conditions. There is presently little research dedicated to the investigation of 

flash heating on oxide-type lateritic nickel ores, particularly under oxidising conditions. 

  

Goethite and hematite consist of hexagonally close-packed (HCP) arrays of hydroxyl 

(OH-) and oxygen (O2-) anions in an AB-AB-AB stacking sequence with octahedrally 

coordinated iron (III) ions (Figure 1.2). The iron ions occupy half the octahedral 

vacancies, such that they form two alternating bands (I and II) with the periodicity of 

the HCP oxygen lattice (where γ represent the positions of the iron sub-lattice with 

respect to the oxygen layers A and B) (Watari et al.,1979): 

 

AγIBγII-AγIBγII-AγIBγII 

 

The goethite to hematite transformation may be described in its simplest form by the 

following equation: 

 

2α-FeOOH (goethite) ⇒ α-Fe2O3 (hematite) + H2O          Equation (1) 

 

Apart from the loss of structural water, the structures of goethite and hematite only 

differ in the number and position of iron atoms and the relative distortion of the oxygen 

network (Figure 1.3 and 1.4). During dehydroxylation of goethite to hematite the HCP 

oxygen stacking sequence is preserved (i.e. AB-AB-AB). However, while the stacking 

sequence of oxygen repeats after two layers (along the c axis), the iron sequence repeats 

after three layers. Therefore, iron in the sub-lattice may adopt one of two non-preferred 

stacking sequences, resulting in twin formations (γI, γII and γIII represents the positions 

of the iron sub-lattice with respect to the oxygen layers A and B) (Lima de Faria, 1963; 

Watari et al.,1979): 
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AγIBγII-AγIIIBγI-AγIIBγIII  (1) 

AγIBγIII-AγIIBγI-AγIIIBγII  (2) 

 

These two stacking sequences are mirror image related, and give rise to a twinned 

microstructure with two twinned variants, “obverse” and “reverse” twins (i.e. (1) and  

(2)) (Watari et al., 1979).  This twinned microstructure has been the topic of much 

research, mostly involving transmission electron microscope (TEM) investigations, and  

the microstructure is reported to be responsible for non-uniform XRD peak broadening 

of hematite reflections formed by low temperature dehydroxylation of goethite (Lima-

de-Faria, 1963; Watari et al.,1979; Watari et al.,1983; Löffler and Mader, 2006). 

Rooksby (1951) first observed this non-uniform XRD peak broadening, for hematite 

formed by low temperature dehydroxylation of goethite, where only certain hematite 

reflections were broadened (i.e. 012, 104, 116, 024, 01 and 214). These XRD reflections 

correspond to interference functions that are dominated by the iron sub-lattice, and 

which are not common to both twin variants of hematite (Löffler and Mader, 2006).  

 

A number of techniques have been utilised to follow the dehydroxylation of goethite to 

hematite, including: conventional and synchrotron based X-ray diffraction (Gualtieri 

and Venturelli, 1999), Fourier transform infrared (FTIR) spectroscopy (Ruan et al.,2002, 

Prasad et al., 2006), Raman spectroscopy (de Faria and Lopes, 2007), Mossbauer 

spectroscopy (Vendelboe et al., 2005), differential thermal analysis (DTA/TGA) and 

TEM (Watari et al, 1983; Löffler and Mader, 2006). These investigations have shown 

that dehydroxylation of goethite to well ordered hematite may be far more complex than 

indicated by equation (1), with the formation of intermediate metastable hematite-like 

phases.  

 

Early researchers proposed the formation of a structural sub-unit, Fe(OH)2, during phase 

transformation. This intermediate phase is common to both goethite and hematite in 

which O2- ions lie parallel to the basal plane (Figure 1.4) (Francombe and Rooksby, 

1959). Hematite inherits the structural sub-unit at approximately 300°C, giving an 

ordered structure along the hematite a direction. Dehydroxylation of goethite to well 

ordered hematite may involve one or two intermediate hematite-like phases (or partially 

dehydroxylated phases) named “protohematite” and “hydrohematite” (Wolska, 1988; 

Wolska and Schwertmann, 1989; Gualtieri & Venturelli, 1999; Wells et al., 2006). 

These disordered hematite-like phases have a unit-cell approximately 0.3% larger than 
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that of well-ordered hematite (Brown, 1980) and contain OH- that is lost as water at 

higher temperatures.  

 

 
Figure 1.2. The structure of goethite (α-FeOOH), has two principle geometric 

configurations by which Fe atoms are arranged in the O framework (i.e. γI and γII), 

edge-sharing and corner-sharing complexes as depicted in (a)). The structure propagates 

along the y-direction repeating this latter edge-sharing complex as illustrated in (b). 

(From Singh et al., 2010) 

 

 

The first intermediate hematite-like phase, referred to as protohematite, is formed on 

heating at temperatures between 250°C and 400°C.  It is characterised as having 

anisotropic XRD peak broadening, contains excess hydroxyl units, and is iron deficient 

with respect to well ordered, stoichiometric, hematite (Wolska and Schwertmann, 1989; 

Gualtieri and Venturelli, 1999). The excess or non-stoichiometric OH- mostly affects 
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the unit cell a dimension (Ruan and Gilkes, 1995), the associated anisotropic XRD peak 

broadening was discussed earlier.  

 

 
Figure 1.3. The hematite structure (α-Fe2O3), is described by one unique Fe and one 

unique O site. Three principal geometries exist by which Fe atoms are arranged in the O 

framework (i.e. γI, γII and γIII). (From Singh et al., 2010) 

 

 

The second intermediate meta-stable phase, hydrohematite, is reported to form above 

430°C (Wolska and Schwertmann, 1989).  Hydrohematite is characterised by the 

presence of IR bands at ~3400, 940-950 and 630 cm-1 (Wolska, 1988), it has a small 

hematite-like unit cell, and the absence of anisotropic XRD peak broadening. On 

heating to 800°C, hydrohematite transforms to well-ordered (crystalline) hematite with 

complete removal of the remaining OH-groups and achievement of the ideal hematite 

stoichiometry.  
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Thus, the dehydroxylation of goethite to well ordered hematite may be a far more 

complex process than indicated by equation (1). Wells (1998) derived an equation 

describing the sequential process: 

 

α-FeOOH (goethite) ⇒ Fe5/3(OH)O2 (protohematite) ⇒ Fe11/6(OH)1/2O5/2 

(hydrohematite) ⇒ α-Fe2O3 (hematite)  Equation (2) 

 

 

 
Figure 1.4. Orientation relationship between goethite and hematite structure during 

dehydroxylation. (From Wells., 1998, after Francombe and Rooksby, 1959) 

 

 

There is much debate over the existence of these intermediate hematite-like phases, and 

protohematite and hydrohematite have not presently been accepted as discrete mineral 

species, so for the remainder of this thesis they will both be referred to collectively as 

OH-hematite. The studies cited above are based mostly on investigations of pure or 

unsubstituted goethite, so are not necessarily a good indication of the mechanisms 

associated with the dehydroxylation of natural goethite (containing numerous 

incorporated contaminants), as previous authors have shown, the influence of 

substituted metals play a crucial role in dehydroxylation kinetics.   

 

The behaviour of metals, such as nickel, incorporated within the structure of goethite 

during transformation to hematite is poorly understood and not thoroughly researched.  
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It has been suggested by previous authors (Schwertmann and Pfab, 1996; Xie and 

Dunlop, 1998; Perrier et al., 2006; Landers and Gilkes, 2007), utilising degree of 

congruency of acid dissolution data, that some metals are not completely compatible 

with the neoformed hematite, and are therefore exsolved from the crystal structure. 

These metals would either reside on the crystal surface, in voids, or occur as inclusions 

of discrete phases (e.g. NiO). As a result, nickel might be more susceptible to 

dissolution in acidic solutions, which would have a substantial impact on the extraction 

of nickel from oxide-type lateritic nickel ores. This proposition provides the foundation 

for this research and is investigated, herein, using traditional congruency of acid 

dissolution techniques as well as more sophisticated TEM spectroscopic techniques (i.e. 

EELS and EFTEM) and synchrotron based X-ray techniques (XRD and XAFS).  

 

There have been numerous investigations of the acid dissolution of synthetic and natural 

iron oxides in various acids types and strengths (Cornell et al., 1976; Schwertmann and 

Latham, 1986; Lim-Nunez and Gilkes, 1987; Cornell and Giovanoli, 1993; Ruan and 

Gilkes, 1995; Schwertmann and Pfab, 1996; Xie and Dunlop, 1998; Perrier et al., 2006; 

Landers and Gilkes, 2007). Earlier it was discussed how the degree of congruent acid 

dissolution can be used to provide information on the association and distribution of a 

particular metal within an iron oxide (e.g. surface absorbed, structurally bound, etc.). 

Similarly, the mechanism which controls the release of a particular metal during acid 

dissolution of iron oxides is relevant to the dissolution of metals from lateritic ores (e.g. 

atmospheric and pressure digests, heap leaching of nickel from lateritic nickel ore). 

Dissolution of iron oxides in HCl is well researched (Schwertmann and Latham, 1986; 

Singh and Gilkes, 1992; Perrier et al., 2006; Landers and Gilkes, 2007). Hydrochloric 

acid is predominantly utilised in dissolution experiments because the reaction process 

and products are relatively simple, and the dissolution kinetic experiments may be 

completed in a relatively short amount of time (Wells, 1998). 

 

Cornell and Giovanoli (1993) investigated the acid dissolution of synthetic hematites 

grown from solution, and hematites produced by heating goethite at 600-800°C in air 

for 30 minutes. They noticed that hematites formed by the dehydroxylation of goethite 

dissolved faster in 1M HCl than did hematites grown from solution. Hematite dissolved 

approximately 10 times faster than the goethite from which it had been formed by 

heating. The dissolution kinetics fitted the Avrami-Erofe’ev equation, the dissolution 

rate constant (k) was directly proportional to the surface area and was independent of 
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crystal morphology. Similar results were reported by Ruan and Gilkes (1995) who 

investigated synthetic aluminium substituted (up to 30.1 mol %) goethites, which were 

dehydroxylated to form hematite by heating at 200-260°C for one hour. Similarly, the 

hematites dissolved in 1M HCl more rapidly than the goethites from which they were 

formed. This was reported to be due to the combined effect of higher surface area and 

aluminium substitution. Substitution of aluminium for iron into the goethite structure 

reduces the crystal size and consequently increase the surface area. However, the Al-O 

bond is stronger than the Fe-O bond, and is therefore more resistant to acid attack. 

Overall the effect on dissolution of the metal (Me)-O bond is greater than the effect of 

the increased surface area resulting from aluminium substitution.  

 

Xie and Dunlop (1998) investigated the dissolution of natural and synthetic iron oxides 

in 6M HCl. Samples were heated up to 800°C under different redox conditions (i.e. 

heating under air (oxidising); heating under air in the presence of charcoal (reducing)). 

They observed that dissolution rate increased significantly for goethites dehydroxylated 

at 200-320°C under both reducing and oxidising environments, supporting results of 

earlier authors (Lim-Nunez and Gilkes, 1985; Cornell and Giovanoli, 1993; Ruan and 

Gilkes, 1995), who concluded that hematites developed at 300°C dissolved more rapidly 

in acid than those formed at 800°C. This was attributed to the degree of crystallinity (i.e. 

structural order), relative surface area and level of element incorporation.  

 

More recently Landers and Gilkes (2007) investigated the dissolution of oxide-type 

(highly goethitic) lateritic nickel ore from New Caledonia in 1M HCl. They observed a 

significant 7-fold increase in the dissolution rate constant (k) for the cube root law of 

partially dehydroxylated goethite (heated at 300-500°C for 2 hours) relative to the 

precursor goethite. The dissolution rate (k) decreased with formation of more crystalline 

(ordered) hematite at higher temperatures (i.e. 3-fold at 600°C). The significant increase 

in dissolution rate was attributed to a 2-fold increase in surface area reflecting the 

development of micropores and to the much higher density of structural defects in the 

neoformed and poorly ordered hematite (i.e. partially dehydroxylated goethite). To date 

there is no corresponding research on the dissolution kinetics of dehydroxylated oxide-

type lateritic nickel ores in H2SO4, which is the acid utilised in lateritic nickel refineries. 

The work herein investigates the kinetics of dissolution in 2M H2SO4 of oxide-type 

lateritic nickel ore that has been subjected to shock heating. 
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The mechanisms of goethite dissolution are dependent on the type of acid used. For 

example, Cornell et al.,(1976) showed that for dissolution of goethite in HCl, chloride is 

involved in the activation of dissolution sites via formation of a Fe-Cl surface complex, 

followed by the breakdown of the Fe-O bond, which is the rate determining step. 

However, for the dissolution of goethite in HClO4, dissolution rate is independent of 

[ClO4
-], and protonation of the goethite surface is the rate determining step. Sulphate 

ions in H2SO4 do not form a surface complex with iron similar to that of chloride in HCl, 

so that dissolution in H2SO4 is not directly comparable to dissolution in HCl. 

 

The gaps in knowledge addressed above are mostly related to: i) the limited knowledge 

of the partitioning of metals in iron oxides, and in particular, ii) the fate of these metals 

during dehydroxylation of goethite to OH-hematite and hematite, and iii) the effects of 

heating (i.e. dehydroxylation) on the dissolution of the various iron oxides in 2M H2SO4.  

 

The objectives of this thesis will address the gaps in our knowledge of the deportment 

of Ni and other trace elements affected by the thermal transformation of iron oxides by: 

 

• Precisely characterising the mineralogy and geochemistry of the mineral phases 

present in oxide-type (limonitic) lateritic nickel ores (i.e. iron oxides) from five 

sites including both the humid/tropical (“wet” laterites) and arid/semi-arid 

(“dry” laterites) forms.  

  

• Investigate associations of metals (nickel, aluminium and chromium) with the 

mineral phases and, in particular, ascertain how these metals are incorporated 

into natural iron oxides in several lateritic soils. High resolution analytical TEM, 

XRD, XAFS spectroscopy and other analytical techniques will be utilised to 

determine the location (phase associations) and distribution (uniform or 

clustered) of nickel and trace elements in oxide-type (‘limonitic’) lateritic nickel 

ores. 

  

• The effects of shock heating (i.e. dehydroxylation) on: i) the dissolution rate of 

various iron oxides (i.e. goethite, OH-hematite and hematite) in oxide-type 

lateritic nickel ore, and ii) the location and distribution of substituted metals in 

goethite, OH-hematite and hematite, will be investigated. In particular the 
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bonding environment around nickel throughout the dehydroyxlation 

transformation.  

 

Results from this thesis may help in the development of more energy efficient and 

profitable procedures for processing oxide-type lateritic nickel ores. The results will 

also provide valuable information on the geochemistry of soils including effects of 

pedogenesis and natural heating.  
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2.1. ABSTRACT 

 

A method for extracting Ni and other metals from lateritic ores by means of shock 

heating has been investigated. Shock heating releases some of the metal from its 

goethitic host. Even though the transformation of pure goethite to hematite is known to 

occur via intermediate hydroxylated phases, the effect of other metals such as Ni 

substituting for Fe in goethites on this thermal transformation to hematite is unknown. 

The purpose of this study was to fill this gap, with the hope that the results will lead to 

more energy-efficient extraction methods and/or a better understanding of Fe 

geochemistry in thermally activated soils. X-ray diffraction, transmission electron 

microscopy with EDS and thermal analysis were used to investigate mineralogical 

changes in nickeliferous goethites from five oxide-type lateritic nickel ore deposits that 

had been subjected to shock heating at temperatures in the range 220-800°C. Acicular, 

nano-sized goethite was the main constituent of the samples with minor to trace 

amounts of quartz, talc, kaolinite, chromite, maghemite and Mn oxides. Goethite was 

partially dehydroxylated to OH-hematite at 340-400°C and had completely altered to 

well ordered hematite at 800°C. The OH-hematite was characterised by broad XRD 

peaks for reflections associated with the Fe-sub lattice. The goethite unit-cell a and b 

lengths remained almost constant with increasing preheating temperature up to 300°C, 

while the c axis unit-cell size contracted. The neo-formed hematite crystals were larger 

than the precursor goethite crystals due to development, by sintering and surface 

diffusion, of regularly ordered hematite domains. The increase (1.5-2.6 fold) in surface 

area with increasing heating temperature (up to 340-400°C) reflected the development 

of slit shaped micropores (~300°C), which further developed into elliptically shaped 

micropores (~400°C) in OH-hematite. With increased heating temperature well ordered 

hematite formed with only a few micropores remaining. These results may contribute to 

the development of more efficient procedures for extracting Ni from lateritic nickel ores, 

as the rate of dissolution of goethite in acid in heap and pressure leach facilities will be 

enhanced by the increases in surface area and microporosity. The results may also 

provide valuable information on the probable effects of natural heating on pedogenic 

iron oxides. 
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2.2.  INTRODUCTION 

 

Oxide-type (limonitic) nickeliferous laterites occur as a result of weathering of 

ultramafic rocks containing olivine, pyroxene and amphibole, which have Ni contents 

between 0.2 and 0.4% (Golightly, 1981). Divalent iron is oxidised and precipitates from 

soil solution as microcrystalline ferric (oxy)hydroxides (predominantly goethite [α-

FeOOH] with lesser hematite [α-Fe2O3]), and Ni is concentrated in the goethite at 3-30 

times the concentration of the parent rock.  

 

Isomorphous substitution of Al3+ for Fe3+ within the structure of natural goethite 

commonly occurs and has been widely investigated as have synthetic Al substituted 

goethites. A number of other metals can replace Fe in synthetic goethite and hematite: 

these include chromium (Schwertmann et al., 1989), manganese (Stiers and 

Schwertmann, 1985; Alvarez et al., 2006), germanium (Bernstein and Waychunas, 

1987), vanadium (Schwertmann and Pfab, 1996), cobalt (Pozas et al., 2004), nickel, 

copper, zinc, cadmium, lead (Gerth, 1990) and titanium (Wells et al., 2006). The 

properties (e.g. valence state, ionic radius) of the substituted metals variously affect the 

properties of the iron oxides (e.g. unit cell dimensions, crystal size and crystallinity).  

 

Goethite dehydroxylates topotactically to hematite on heating, and this process has been 

the focus of numerous studies due to inter alia: i) the wide technological applications of 

iron oxides (e.g. magnetic recording devices), ii) the thermal transformation is the basis 

of some mineral processing techniques (e.g. iron ore industry), iii) dehydroxylation 

occurs in nature due to natural and managed forest and grassland fires (Anand and 

Gilkes, 1987), and is, therefore, of interest to soil scientists (Wolska and Schwertmann, 

1989; Singh and Gilkes 1992a), and iv) the thermal transformation has been studied by 

archaeologists because the iron oxide pigments, goethite (yellow) and hematite (red), 

were used by pre-historical artists who apparently created red pigments by heating 

goethite (Pomiès et al., 1999; Frost et al., 2003; de Faria and Lopes, 2007). The present 

paper relates to the transformation for its potential application to improve the efficiency 

of nickel extraction from goethitic lateritic nickel ores by the heap leaching process 

(Landers et al., 2008).   

 

Conventional and synchrotron based X-ray diffraction (XRD), infrared (IR) and Raman 

spectroscopy have shown that dehydroxylation of goethite to well ordered hematite may 
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involve the formation of intermediate metastable hematite-like phases, which contains 

residual hydroxyl units. These partially dehydroxylated phases have been named 

protohematite and hydrohematite (Wolska, 1988; Wolska and Schwertmann, 1989; 

Gualtieri and Venturelli, 1999; Ruan et al., 2002; Wells et al., 2006). The first 

intermediate hematite-like phase (250°C-400°C), known as protohematite, contains 

excess hydroxyl units and is Fe deficient in respect to well ordered (stoichiometric) 

hematite (Wolska and Schwertmann, 1989). The excess or non-stoichiometric OH- 

mostly affects the unit cell a dimension (Ruan and Gilkes, 1995). Gualtieri and 

Venturelli (1999) also observed the non-stoichiometric (i.e. Fe deficient) composition of 

protohematite. The second intermediate hematite-like phase hydrohematite was 

identified by Wolska and Schwertmann (1989) and forms on heating above 430°C and 

may be distinguished from hematite by the presence of IR bands at ~3400, 940-950 and 

630 cm-1 (Wolska, 1988). At temperatures above 800°C hydrohematite transforms to 

well ordered hematite, which is characterised by the complete loss of residual OH and 

the achievement of hematite stoichiometry. Protohematite and hydrohematite have not 

presently been accepted as discrete mineral species, so for the remainder of this paper 

they will both be referred to collectively as OH-hematite. The studies cited above are 

based mostly on investigations of pure or unsubstituted goethite. The behaviour of 

metals such as Ni within the structure of goethite during transformation to hematite is 

poorly understood. Some metals affect the dehydroxylation temperature of goethite and 

the properties of the resultant hematite (e.g. Al, Frost et al., 2003), due to the 

differences in strength of metal-OH bonds. It is postulated that Ni and other metals that 

are not compatible with the neoformed hematite structure are exsolved and either reside 

on the crystal surface, in voids or occur as inclusions of discrete phases (e.g. NiO) 

(Landers et al., 2008). 

 

The purpose of this research was to investigate the properties of five goethites from 

oxide-type lateritic nickel ores subjected to shock heating at various temperatures (220-

800°C). The structural and morphological changes associated with the transformation of 

goethite to hematite were investigated using XRD, thermal gravimetric/differential 

thermal analysis (TG/DTA), differential scanning calorimetry (DSC) and transmission 

electron microscopy (TEM) with energy dispersive spectrometry (EDS). Results from 

this research may contribute to development of new and more energy efficient 

procedures for processing oxide-type lateritic nickel ores. The results may also provide 
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valuable information on the geochemistry of iron oxides in soils as influenced by 

natural phenomena such as bush fires. 

 

2.3.  MATERIALS AND METHODS 

 

Thirty three oxide-type lateritic nickel samples were obtained from five deposits 

(Kalgoorlie and Ravensthorpe in Australia; Goro and Koniambo in New Caledonia; and 

Weda Bay in Indonesia). XRD random powder patterns were obtained and the relative 

proportions of goethite and hematite were measured from the integrated intensity of the 

goethite 110 and hematite 102 reflections, respectively. For heterogeneous samples (i.e. 

diverse particle size and/or colour), the different materials were handpicked from the 

samples for separate investigation by XRD (e.g. Ravensthorpe material). Where rock 

samples were too hard to be ground by hand in an agate mortar and pestle, sub-samples 

were ground in a Saylon vessel in a Tema mill until all the material passed through a 75 

µm mesh nylon sieve. From XRD analysis the most goethite-rich sample from each 

deposit was selected for further investigation (Figure 2.1). 

 

 

 
Figure 2.1. XRD patterns of five goethites from lateritic nickel deposits dried at 105°C, 

with ~10% NaCl added as an internal standard. Appreciable amounts of impurity are 

present in some samples. Gt= goethite, Qz= quartz, Tlc= talc, Kln= kaolinite, Hl= halite 

and Mgh=maghemite. 
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Approximately 4 g sub-samples of each oven dried (105°C) goethite were weighed and 

then heated in air at 220, 240, 260, 280, 300, 320, 340, 400, 600 and 800°C for 30 

minutes in a laboratory furnace. Goethite was heated rapidly as a shallow layer (~1mm 

thin) to minimise temperature gradients within the sample. Heating was on a ceramic 

plate that had previously been heated at 400°C to remove any absorbed water, and then 

cooled to air temperature. Samples were placed in a furnace that had been preheated to 

the desired temperature, to simulate the effect of an intense fire at the soil surface or 

rapid heating in an industrial autoclave (i.e. thermal shock). After 30 minutes samples 

were removed from the furnace and left to cool at 105°C to prevent re-absorption of 

moisture, and then weighed to enable calculation of the percentage loss of weight on 

heating (LOI). XRD patterns were obtained for the heated samples. Chemical analysis 

of the bulk goethite samples was after dissolution in 2M H2SO4 because this is the acid 

utilised in lateritic Ni refineries. These solutions were analysed using inductively 

coupled plasma mass spectrometry (ICP-MS). XRF analysis was also conducted on the 

samples and the results were very similar to that determined using 2M H2SO4, therefore 

only chemical analysis after dissolution in 2M H2SO4 is shown. If there was any residue 

present after dissolution XRD patterns were obtained to determine the insoluble phases.  

 

The specific surface area for original and heated goethite was measured using a 

Micrometrics Gemini 2375 instrument with a VacPrep 061 and the 5 point B.E.T. 

method with N2 as the adsorbate (Brunauer et al., 1938). These samples were pre-

treated before the surface area determination by degassing in a vacuum overnight at 

105°C. 

 

XRD patterns were obtained using a Philips PW 1830 X-ray diffractometer with a Cu 

target tube and diffracted beam, graphite monochromator. XRD patterns were 

determined for the range 4-60°2θ at a scan rate of 0.3°2θ per minute in 0.01°2θ steps. 

Approximately 10% by weight of halite (NaCl) was mixed with the sample to provide 

an internal standard for spacing and line broadening measurements. After smoothing the 

patterns and correcting for displacement and background the area and full width at half 

maximum intensity (FWHM) of the peaks were calculated using the XPAS program 

(Singh and Gilkes, 1992b). The mean crystal length (MCL) was calculated from 

FWHM values using the Scherrer equation (Klug and Alexander, 1974), with a K 

constant of 0.9. The FWHM and MCL were determined for goethite (020), (110), (111) 

and (151) reflections, and hematite (110), (104), (012), (113), (024) and (116) 
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reflections. Unit cell dimensions and unit cell volume were calculated using the online 

program XLAT (Rupp, 1988), from corrected positions of goethite (020), (110), (120), 

(130), (021), (111), (121), (140), (211), (221) and (151) reflections, and from hematite 

(012), (104), (110), (113), (024) and (116) reflections. 

 

Simultaneous differential thermal analysis (DTA) and thermal gravimetric analysis 

(TGA) was conducted using a Perkin Elmer STA 6000 thermal analyser with Pyris 

software. Initially, different atmospheres (i.e. air and N2) and sample weights (i.e. 10mg 

and 50mg) were evaluated using the Koniambo goethite to test if these factors affected 

thermal data, but no significant differences were observed. Approximately 10mg 

goethite samples were heated from ambient temperature at a rate of 10°C/min and dried 

isothermally at 105°C for 10 minutes to a constant weight, and then heated to 1000°C at 

a rate of 10°C/min with the furnace purged using air flowing at 30ml/min.  

 

Transmission electron microscopy was used to investigate the morphology of the 

nanometric sized crystals for all unheated and heated goethites (i.e. goethite, OH-

hematite and hematite). Specimens were prepared by ultrasonically dispersing the 

sample in Milli-Q water and then placing a drop of the very dilute suspension onto a 

carbon-coated copper grid and air dried before examination. The TEM studies were 

performed on a JEOL 3000 FEG electron microscope operated at 300kV with an image 

resolution of 0.14nm. The TEM was equipped with a Gatan digital camera with 1024 × 

1024 pixels, and an Oxford Instruments INCA 200 energy dispersive spectrometer 

(EDS). A JEOL 2100 TEM operated at 120kv was used for selected area electron 

diffraction (SAED). This instrument, equipped with an Orius 11 mega pixel digital 

camera, was optimised for biological imaging (i.e. to prevent sample damage from the 

beam), and was thus highly suitable for goethite which is easily damaged (i.e. 

dehydroxylates) at high electron beam intensities. Care was taken to prevent 

dehydroxylation of the goethite crystals under a focused beam. This was accomplished 

by the use of small apertures, spreading the beam and spending as little time as possible 

on each crystal. SAED images were obtained first with a fully spread beam to prevent 

dehydroxylation of goethite followed by imaging. 
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2.4. RESULTS AND DISCUSSION 

 

2.4.1 Mineralogy/chemistry of goethites 

 

Goethite was the main constituent identified in the five oxide-type lateritic nickel 

samples with minor amounts of quartz, talc, maghemite and kaolinite (Figure 2.1). 

Minor amounts of free Mn oxides were detected by TEM/energy dispersive 

spectrometry (EDS), but were not detected by XRD analysis. As samples are 

dominantly composed of goethite they are referred to in this paper as goethites. 

Chemical analyses of the samples dissolved in 2M H2SO4 and the estimated goethite 

contents are shown in Table 2.1. The estimated goethite content does not include excess 

structural water and residual absorbed water, as well as insoluble minerals which did 

not dissolve in 2M H2SO4 (i.e. quartz, talc and chromite which are present in XRD 

patterns of residue after dissolution), therefore Table 2.1 represents mainly goethite 

chemistry. Kaolinite, Al2Si2O5(OH)4, was identified in the Ravensthorpe and Goro 

goethites, quartz (SiO2) in the Weda Bay and Ravensthorpe goethites, maghemite (γ-

Fe2O3) in the Weda Bay and Kalgoorlie goethites and talc (Mg3Si4O10(OH)2) was a 

minor impurity in all goethite samples. The Al present (Table 2.1) is most likely 

associated by substitution of Al3+ for Fe3+ as is commonly reported for natural goethites 

(Singh and Gilkes, 1992a). Similarly, it is postulated that goethite is also the source of 

soluble Cr and Ni (Table 2.1). This was confirmed by TEM/EDS analysis of goethite 

crystals (Figure 2.2 and Table 2.2). Nickel substitution in goethite ranges from 0.84-

2.08 wt%, assuming that all the Ni in the samples is in goethite. The Mn content of the 

samples is consistent with the presence of minor Mn oxides, which are soluble in H2SO4, 

and these may also contain Ni (e.g. Ni-asbolane, Manceau et al., 2000). 
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Table 2.1. Chemical composition of the goethites (105°C) based on dissolution in 2M 

H2SO4. 

Fea Ala Mna Mga Tia Nib Crb Vb Cub Znb Cob Gt contenta, c

Weda Bay 405 20.6 5.5 2.5 0.25 9800 12600 200 88 220 870 640
Goro 441 13.4 43.9 1.6 0.18 5860 13600 130 130 330 1900 700

Kalgoorlie 447 7.8 13.4 3.9 0.26 8780 11300 66 71 400 1400 710
Ravensthorpe 392 0.9 2.5 3.2 0.03 12900 823 25 60 34 480 620

Koniambo 550 16.2 3.8 1.9 0.01 10200 13100 210 92 230 900 870  
a  mg/g element. 

b mg/kg element. 
c Goethite content was calculated from the chemical analysis and does not include 

excess structural water and residual absorbed water. 

 

 

 

 

Figure 2.2. a) TEM/ EDS spectrum of a compound Weda Bay goethite particle (inset). 

Iron, Al, Cr and Ni peaks in the spectrum indicate that the metals are associated with 

goethite. Carbon, Cu and Si peaks are from the silicon contaminated, carbon coated Cu 

grids. 

 

 

2.4.2 Dehydroxylation temperature and weight loss due to heating 

 

XRD indicates that on heating at 220°C for 30 minutes goethite started to alter to 

hematite (observed by XRD, Figure 2.3), which is consistent with thermal analysis 

results (Figure 2.4). The hematite/ (hematite + goethite) ratio obtained from XRD 



31 
 

patterns for all goethites is plotted against heating temperature ranging from 220 to 

400°C (Figure 2.3 inset). A very broad hematite (012) peak first appears in XRD 

patterns for the preheating temperature of 300°C (Weda Bay, Goro and Koniambo) and 

for 340°C (Kalgoorlie), as illustrated for Goro goethite in Figure 2.3. No residual 

goethite was detected by XRD for preheating temperatures above 320°C (Ravensthorpe) 

to 400°C (Kalgoorlie) (i.e. absence of goethite 110 peak), with goethite completely 

altering to well ordered hematite at 800°C.  

 

Thermal analysis results show that dehydroxylation of goethite is described by a single 

endotherm with a maximum between 272°C (Ravensthorpe) and 286°C (Kalgoorlie) 

(Figure 2.4a-e), indicating a single reaction. Differences in dehydroxylation temperature 

reflect differences in the amount and type of metal substitution, structural order and 

crystal size (Cornell and Schwertmann, 2003). Substitution of Al3+ for Fe3+ creates local 

structural sites resembling diaspore (α-AlOOH), which has a dehydroxylation 

temperature between ~450-500°C (Frost et al., 1999). Similarly, substitution of Cr3+ for 

Fe3+ creates sites resembling bracewellite (α-CrOOH), which has a dehydroxylation 

temperature of 440-460°C (Mackenzie and Berggren, 1970). Therefore, Al and Cr 

inhibit the dehydroxylation of goethite due to the stronger Me-O/OH bond energy than 

for Fe-O/OH. The substitution of Ni2+ for Fe3+ has little or no effect on the 

dehydroxylation temperature of goethite (Wells et al., 2006), possibly due to the more 

complex substitution which involves the coupled substitution of H+ and Ni2+ for Fe3+ 

within goethite to maintain charge neutrality (Carvalho-e-Silva et al., 2003). 

Ravensthorpe goethite dehydroxylates at a slightly lower temperature than the other 

goethites and contains little or no Al or Cr as shown in the bulk assays (Table 2.1) and 

TEM/EDS analyses of single crystals of goethite (Table 2.2). Wells et al (2006) showed 

that differences in surface area and crystal size of synthetic metal substituted goethites 

contributed to differences in dehydroxylation temperature. Kalgoorlie goethite 

dehydroxylates at a higher temperature than the other goethites (285.6°C), and this does 

not simply reflect the amount of metals incorporated into the goethite. However, 

Kalgoorlie goethite has a significantly lower specific surface area (27m2g-1) than the 

other goethites (Table 2.3) which may be the cause of the higher dehydroxylation 

temperature. Figure 2.5 indicates that there is a negative linear relationship between the 

surface area and dehydroxylation temperature for the five goethites (r2= 0.84). 
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Table 2.2. Me/ (Fe+Me) ratios determined from TEM- EDS spectra of individual 

crystals of goethite (105°C). 

Sample Ni/(Fe+Ni) Al/(Fe+Al) Cr/(Fe+Cr) nd

Weda Bay 0.028 (0.005) 0.071 (0.026) 0.018 (0.003) 16
Goro 0.023 (0.009) 0.063 (0.005) 0.045 (0.010) 16

Kalgoorlie 0.027 (0.008) 0.035 (0.012) 0.038 (0.026) 30
Ravensthorpe 0.035 (0.006) 0.000 (0.000) 0.000 (0.000) 12

Koniambo 0.025 (0.010) 0.053 (0.037) 0.016 (0.012) 34  
Note: Values in parenthesis represent the standard deviation. 
dnumber of EDS-TEM spectra measured. 
 

 

Values of weight loss due to heating (LOI, 105 to 800ºC) for goethite samples ranged 

from 11.6 % (Weda Bay) to 15.1% (Kalgoorlie), to some extent this range reflects the 

various amounts of impurities in the goethites (Table 2.4). Similar results were provided 

by TG analysis, which showed weight loss range from 11.4% (Ravensthorpe) to 13.6% 

(Goro) due to heating between 105-800ºC (Table 2.4, Figure 2.4). Hence, for the 

remainder of this discussion only TGA results are discussed rather than LOI values. For 

TGA measurements samples were dried at 105ºC for 10 minutes to remove absorbed 

water. Therefore, weight loss measurements from TGA over the temperature range 105-

400ºC mostly represents the loss of structural water (i.e. bound OH-) from goethite. The 

weight loss of 10.0% (Ravensthorpe) to 11.4% (Goro) on heating to 400ºC (i.e. 

alteration to OH-hematite), is similar to the theoretical loss of structural H2O for ideal 

goethite (i.e. 10.1%): 

 

2[Fe3+O2-(OH-)] → Fe3+
2O2-

3 + H2O               Equation (3) 

 

On further heating (400 to 1000ºC) there was an additional weight loss of 1.8% 

(Ravensthorpe) to 3.3% (Kalgoorlie) associated with the complete dehydroxylation of 

hydrous hematite. This additional weight loss may be due to the loss of excess structural 

OH- associated with: i) minor impurities (i.e. kaolinite), and ii) coupled substitution 

with divalent  metals (e.g. Ni2+), which compensates for cation charge deficiency (Ruan 

and Gilkes., 1995; Ruan et al., 2002). The theoretical weight loss contribution from 

kaolinite dehydroxylation in these samples which occurs at ~550ºC is calculated to be 

~0.35% (i.e. assuming 2.5% kaolinite impurity for Ravesthorpe goethite, Figure 2.1). 
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Figure 2.3. XRD patterns for Goro goethite preheated at various temperatures (105°C 

to 800° for 30min), with ~10% halite (NaCl) added as an internal standard. Gt= goethite, 

Hm= hematite including hydrous forms (i.e. OH-hematite), Hl= halite and Tlc= talc. 

Inset: Hematite/ (Hematite + Goethite) ratio calculated from the integrated intensity of 

the goethite 110 and hematite 102 reflections for five goethites preheated for 30 minutes 

at various temperatures (220°C to 500°C). 

 

 

However, this dehydroxylation process is not observed in the thermal analysis results 

(Figure 2.4d), and is not applicable to the other goethites as they contain little or no 

kaolinite. The contribution from divalent metal substitution in goethite is more 

significant. For example dehydroxylation for goethite containing 10 mol% Ni of 

formula Fe3+
0.9Ni2+

0.1O2-
0.9(OH-)1.1 is expressed as follows:  

 

2[Fe3+
0.9Ni2+

0.1O2-
0.9(OH-)1.1] → (Fe3+

0.9Ni2+
0.1H+

0.1)2O2-
3 + H2O        Equation (4) 

 

The theoretical loss of weight due to H2O is 10.1% for 10 mol% Ni substituted goethite 

(i.e. the same as for pure goethite). However, this equation assumes that Ni and 
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Figure 2.4. DTA/TGA and DSC curves for goethite from a) Weda Bay, b) Goro, c) 

Kalgoorlie, d) Ravensthorpe , and e) Koniambo. 
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Table 2.3.  Surface area and Mean Coherence Length (MCL) values for several goethite and hematite reflections calculated from XRD line broadening. 

Sample Heating Surface 
temperature MCL (012) MCL (104) MCL (110) MCL (113) MCL (024) MCL (116) MCL (020) MCL (110) MCL (111) MCL (151) area

(°C) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (m2g-1)
Weda Bay 105 * 10.8 19.5 12.2 59

220 * 10.8 17.2 13.1 57
240 * 11.3 13.1 15.1 62
260 * 10.7 12.8 13.8 65
280 * 10.4 12.2 76
300  5.5 7.3 7.4 * 98
320 6.3 6.1 11.1 7.2 8.2 * 115
340 4.9 7.5 16.5 15.1 * 9.2 119
400 5.4 8.9 17 11.4 6.5 8.9 116
600 8.5 9.8 15.6 15.7 7.4 9.3 83
800 12.8 11.4 20.6 15 11.5 12.2 36

Goro 105 15.9 11.8 12.8 16.2 67
220 15.5 11.6 12.1 12.6 64
240 14.3 11.2 12 12.4 68
260 13 10.5 11.9 11.7 72
280 13.3 11.1 76
300 5.2 6.8 96
320 14.9 9.2 5.9 8.7 112
340 5.2 5.5 16.8 12 5.6 9.3 125
400 5.9 6.2 17.1 13.9 5.9 9.8 137
600 7.3 7.9 17.2 12.5 7.2 10.3 63
800 13 12.3 20.6 15.4 12.5 13.1 32

Kalgoorlie 105 15.7 12.7 16.6 14.2 27
220 19.9 12.4 18.2 14.6 28
240 15.8 13.2 17.2 14.5 28
260 13 11.4 18.5 14.9 29
280 29
300 11.6 11.8 31
320 8.1 11.5 41
340 5.9 8.1 20.8 9.7 5.4 8.2 62
400 6.4 6.7 22.4 14.3 6.7 9.9 71
600 8.6 8.8 18.5 14 7.8 11.2 49
800 21.4 19.8 26.5 27.1 17.7 21 10

Ravensthorpe 105 15.9 14.3 19.4 12.6 76
220 13.6 14.8 19.3 13 81
240 12.4 22.2 15.2 13 83
260 11.5 19.1 15 12.4 83
280 13.1 15.5 13.5 83
300 12.7 15 13 113
320  * 6.5 8.8 9.5 * 7.7 12.4 108
340  4.4 6.9 16.9 19.7 * 9.4 117
400  4.8 6.3 14.2 19.3 * 10.4 115
600  5.2 7 14.2 27.4 * 10.9 80
800  10.3 11.0 17.8 21.5  * 14.7 30

Koniambo 105 15.2 10.5 12.9 12.8 83
220 16.8 10.3 20.5 11 82
240 16.2 10.8 19.5 10.4 85
260 10 14.8 10.9 85
280 9.2 11.6 94
300 5.8 11.1 104
320 6.3 6.5 15.9 9.9 6.9 8 8.3 124
340 5.4 6.5 18 11.5 7.2 9.6 138
400 4.9 6.6 17.3 11.8 5.2 8.6 125
600 7.8 7.8 19.3 12.3 7.8 8.7 70
800 15.2 14.5 19.8 17.1 14.1 13.3 34

*denotes reflections that could not be resolved due to overlapping reflections.

  Hematite   Goethite
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Figure 2.5. Linear negative relationship between initial surface area (i.e. prior to 

heating) and dehydroxylation temperature (from DTA results) (r2= 0.84) for goethite.  

 

 

associated H+ are fully retained in the neo-formed hematite structure. Acid dissolution 

experiments for the same goethite samples analysed in this paper showed that some Ni 

is exsolved from hematite by heating at 600-800ºC and may reside on the surface of 

neoformed hematite crystals as a discrete (e.g. NiO) phase (Landers et al. 2008). 

Consequently, the following equation may provide a more appropriate description of the 

dehydroxylation reaction: 

 

2[Fe3+
0.9Ni2+

0.1O2-
0.9(OH-)1.1] → 0.9(Fe3+

2O2-
3) + 0.2Ni2+O2- + 1.1H2O      Equation (5) 

 

The theoretical loss of weight due to H2O evolution is now 11.1% for 10 mol % Ni 

substituted goethite as opposed to 10.1% for unsubstituted goethite. On this basis 

goethite containing ~3 mol% Ni (i.e. a typical lateritic Ni goethite) would experience 

about an additional 0.3 wt% loss in weight which is much less than the observed 

additional average loss of 2.94 %. Unit-cell volume measurements for hematite (Figure 

2.6c) also provides evidence to suggest that the weight loss due to heating above 400ºC 

is not a result of loss of bound OH- units, as there is no longer a contraction of the unit-

cell volume for heating temperatures above 400ºC. The remaining weight loss (~5-10% 

assuming pure goethite; Table 2.4) may be due to: i) free water trapped in pores formed 

during dehydroxylation, which is released at higher temperatures as volume diffusion 

enables hematite crystals to develop a nonporous fabric (Pomiès et al., 1999), or, ii) 

water associated with poorly ordered iron oxide phases that were not detected by XRD. 
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Torrent et al, (1992) showed that poorly ordered ferrihydrite impurities in New 

Caledonian iron oxide samples contained up to 20% water. 

 

 

 

 
Figure 2.6. Unit-cell parameters for hematite versus pre-heating temperature. A) a- and 

b- dimensions. B) c- dimension. C) unit-cell volume. Ideal hematite values (dashed lines) 

are taken from JCPDS card 33-664. 
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2.4.3 Unit cell dimensions 

 

The unit-cell dimensions (a-, b- and c-axis) of the goethites are similar except for 

Ravensthorpe goethite, which has considerably larger unit-cell dimensions than the 

other four goethites (Figure 2.7a, b, c and d). The larger unit-cell of Ravensthorpe 

goethite may be due inter alia to: i) the relatively low levels of Cr and Al incorporated 

in this goethite and ii) the large amount of Ni in this goethite compared to the other 

goethites (Table 2.2). Previous authors have reported a systematic decrease in the unit-

cell dimensions of synthetic goethite with increasing substitution of Al and Cr and an 

increase with increasing Ni (coupled with H+) substitution (Gerth, 1990; Manceau et al., 

2000; Ruan et al., 2002; Carvalho-e-Silva et al., 2003; Wells et al., 2006). Replacement 

of Fe3+ (r= 0.645Å) by the smaller Al3+ (r= 0.535 Å) and Cr3+ (r= 0.0615nm) ions in the 

goethite structure is consistent with reductions in the unit-cell dimensions in the 

direction of the isostructural endmembers diaspore (α-AlOOH) and bracewellite (α-

CrOOH), respectively. Results of X-ray absorption spectroscopy (XAS) analysis 

showed NiO2(OH)4 octahedra replacing FeO3(OH)3 octahedra (Carvalho-e-Silva et al., 

2003), a contraction of the goethite structure in the plane of edge-sharing double chains 

and expansion in the direction of corner linkages with increasing Ni substitution 

(Manceau et al., 2000). More recently Carvalho-e-Silva et al. (2003) used XAS analysis 

to show that the polyhedral linkages of Ni-substituted goethite are similar to those in 

pure goethite (i.e. edge-sharing linkages of Fe and Ni in pure goethite were essentially 

the same). However, the third and longest metal-metal distance was greater for Ni (3.7Å) 

than the expected corner–sharing distance of Fe (3.46Å), indicating that incorporation 

of Ni locally dilates the structure, resulting in an increase in unit-cell volume with 

increased incorporation of Ni2+ (Wells et al., 2006). 

 

The incorporation of cations other than Ni, Al and Cr into goethite (e.g., Mn, Co, V, Ti, 

Mg and Ba) also affects unit-cell lengths (Gerth, 1990; Schwertmann and Pfab, 1996; 

Manceau et al., 2000; Wells et al., 2006). However, the very low amounts of these 

metals detected in the bulk goethite assay (<1wt% total, Table 2.1) would not be 

sufficient to significantly affect goethite unit cell-dimensions. Similarly, these metals 

were not detected by TEM/EDS analysis of individual goethite crystals (Figure 2.2 and 

Table 2.2).  
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The goethite unit-cell a and b dimensions remained almost constant with increasing 

preheating temperature for all goethites (Figure 2.7a, b), while the c unit-cell dimension 

and, thus, the unit-cell volume decreased significantly (Figure 2.7c and d). The decrease 

in the unit-cell c direction with increasing temperature is consistent with reported  

 

 

Figure 2.7. Unit-cell parameters for goethite versus pre-heating temperature. a) a- 

dimension. b) b- dimension. c) c- dimension. d) goethite unit cell volume. Ideal goethite 

values (dashed lines) are taken from JCPDS card 29-713.  
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observations (Gualtieri and Venturelli, 1999; Wells et al., 2006). In contrast to our data 

Gualtieri and Venturelli (1999) reported small systematic increases in the a and b unit-

cell dimensions with increasing temperature. These results may differ from the present 

results due to: i) the present goethites being substituted with multiple cations (and 

accompanying substitution of H+  to retain charge neutrality where divalent metals are 

present), which may influence the effects of heating on the a and b dimensions, ii) The 

lower precision of the XRD method used in this study compared to the more precise 

synchrotron XRD results of Gualtieri and Venturelli (1999), or iii) synthetic goethites 

may differ in behaviour from these natural goethites. The large decrease in the c-axis 

dimension due to heating observed by all authors may be a result of the vacancy 

generated by proton migration from the goethite structure during dehydroxylation. 

Initially proton retention was for charge balance due to the partially dehydroxylated 

goethite phase (i.e. OH-hematite) being Fe deficient (Gualtieri and Venturelli, 1999). 

Movement of Fe atoms closer together along the c-axis for higher heating temperatures 

fills this vacancy. Additionally, for the present goethites, proton retention for charge 

balance due to divalent metal substitution also contributes to proton migration on 

heating and subsequent contraction in the c-axis dimension.  

 

The c unit-cell size of neo-formed OH-hematite decreased with increasing heating 

temperature up to ~400°C and at higher temperatures (well ordered hematite) this size 

remained constant or decreased slightly (except for Ravensthorpe goethite for which the 

hematite c value continued to decrease up to 800°C) (Figure 2.6). The a=b  unit-cell 

length initially decreased with increasing heating temperature to ~600°C and then 

increased up to 800°C (Figure 2.6a and b). These trends are reflected in values of 

hematite unit cell volume (UCV), which decreased with increasing temperature up to 

600°C followed by a slight increase at 800°C (except for Koniambo) (Figure 2.6c). The 

decrease in the unit-cell volume of hematite is consistent with results of previous 

authors who have shown that the unit-cell of disordered hematite formed at low 

dehydroxylation temperatures (~340°C, OH-hematite) appears to be about 0.3% larger 

than for well ordered hematite, possibly due to the presence of structural hydroxyl 

(Brown, 1980). It is postulated that changes in the hematite unit-cell volume with 

increasing temperature reflect the loss of residual water (OH-) from partially 

dehydroxylated goethite (or neoformed OH-hematite) and rearrangement of Fe3+ with a 

consequent decrease in the size of the unit-cell as well ordered hematite started to form 



43 
 

at > 600°C. The slight increase in hematite unit-cell volume for samples heated at 

800°C reflects expansion of the unit cell of well ordered hematite in the ab plane. This 

may be in response to increased structural ordering (i.e. sharp XRD peaks, Figure 2.3) 

of hematite at 800°C. 

 

2.4.4 XRD line broadening/ Mean Coherent Length (MCL) 

 

Non-instrumental XRD line broadening is caused by small crystal size including 

nanometric sized twinning and structural disorder in partially dehydroxylated goethite 

(i.e. OH-hematite) and neoformed hematite (Cornell and Schwertmann, 2003). 

Structural disorder in OH-hematite (~340°C) is due to, inter alia, the presence of 

obverse and reverse twin formation (Lima de Faria, 1963; Watari et al., 1979). These 

twins are due to two arrangements of Fe ions within the same oxygen framework (i.e. 

obverse and reverse). During goethite dehydroxylation the hexagonal, close-packed 

oxygen sequence is retained. However, Fe in the sub-lattice may adopt one of two non-

preferred stacking sequences (i.e. causing fine twinning in hematite) (Lima de Faria, 

1963; Watari et al., 1979; Löffler and Mader, 2006). This structural disorder in OH-

hematite is clearly seen in the greater broadening of some reflections where h - k = 3n 

and l ≠ 3n (e.g. 012, 104 and 024) (Figure 8), relative to reflections where l = 3n (e.g., 

110 and 113 reflections) which are sharper (Figure 2.9). The hematite (116) reflection is 

associated with both the Fe stacking sequences; hence line broadening is intermediate 

(Figure 2.9). 

 

Mean coherent length (MCL) data, calculated using the Scherrer formula (Klug and 

Alexander, 1974), for goethite and hematite are presented in Table 2.3. For original 

(105ºC) goethite MCL110 was between 10.5nm (Koniambo) and 14.3nm (Ravensthorpe) 

and goethite MCL111 ranged from 12.8nm (Goro) to 19.5nm (Weda Bay) (Table 2.3). 

These values are similar to those found by previous authors for goethite in New 

Caledonian soils, which includes the Goro and Koniambo lateritic nickel deposits (e.g., 

14nm and 33nm, Schwertmann and Latham, 1986; 24nm and 22nm, Perrier et al., 2006; 

and 14.7nm and 19.8nm, Landers and Gilkes, 2007) for the 110 and 111 reflections, 

respectively. Singh and Gilkes (1992a) reported values of goethite MCL110 and MCL111 

of about 20nm for mostly lateritic soils from SW Australia. Variations in MCL may be 
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due to the amounts and species (e.g. Cr, Al and Ni) of cations incorporated into goethite, 

which affect crystal size and order (Lim-Nunez, 1985; Ruan and Gilkes, 1995; Wells et 

al., 2006). 

 

 

Figure 2.8. Mean coherent length (MCL) calculated from FWHM values for goethite 

(Gt) and hematite (Hm) reflections for Goro goethite preheated for 30 minutes at 

various temperatures (105 to 800°C). The goethite 110 and 020 reflections are 

approximately directionally equivalent to the hematite 116 and 110 reflections 

respectively. 

 

 

There was an increase in hematite MCL110 (e.g. Koniambo, 15.9nm to 19.8nm) and 

MCL104 (e.g. Koniambo, 6.5nm to 14.5nm) with increasing temperature up to 800°C 

(Table 2.3, Figure 2.8). Perrier et al (2006) and Landers and Gilkes (2007), reported 

similar values for heated (2 hours at 600°C) goethitic soils from Koniambo. Comparison 

of MCL values for approximately directionally equivalent goethite and hematite MCL 

(i.e. goethite 110 reflection versus the hematite 116 reflection; goethite 020 reflection 

versus the hematite 110 reflection) indicates that the newly formed hematite crystals are 

larger than precursor goethite crystals. Ruan and Gilkes (1995) reported similar results 

and suggested that regularly ordered hematite domains develop from adjacent goethite 

crystals by sintering and surface diffusion, thus forming larger crystals at high 

temperatures.  

 

MCL for the hematite 104, 012 and 024 reflections increased substantially (~2 to 3 fold) 

with increasing heating temperature (300-800°C) while the MCL for the hematite 110 
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reflection remained relatively constant (< 2-fold increase) (Table 2.3, Figure 2.8). Other 

authors have reported similar results (Rooksby, 1961; Brown, 1980; Lim-Nunez, 1985; 

Landers and Gilkes, 2007). The hematite 104 reflection, which is an approximate 

measure of crystal size along the c-axis, is much broader than for the 110 reflection 

which is due to the organisation of twin domains associated with the two different 

orderings of Fe. Partially dehydroxylated goethite (i.e. OH-hematite) inherits a 

structural subunit (Fe(OH)2) (Francombe and Rooksby, 1959) common to both goethite 

and hematite which preserves an ordered structure along the hematite a-axis direction. 

The structure along the c-axis direction for hematite differs considerably from that for 

goethite. Consequently, high temperatures (~800ºC) are needed to enable the 

development of a regular structure along the c-axis direction of hematite (i.e. formation 

of well ordered hematite). During this transformation retained water is gradually lost 

(Figure 2.4) and both Fe and substituted cations are rearranged.  

 

 

 
 

Figure 2.9. Width of half height of XRD reflections (FWHM) for hematite in goethites 

heated at 340°C (OH-hematite) and 800°C (hematite). The measurements are for 

hematite reflections where h - k = 3n and l ≠ 3n (012, 104 and 204), those for l = 3n 

(110 and 113), and for the reflection associated with both the Fe stacking sequences 

(116). Peak broadening is much greater for partially dehydroxylated goethite (OH-

hematite) compared to well ordered hematite, and for reflections where h - k = 3n and l 

≠ 3n. The values have not been corrected for line broadening due to experimental 

configuration.  
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2.4.5 Surface Area 

 

The surface area of the 5 goethites ranges between 27 m2g-1 (Kalgoorlie) and 83 m2g-1 

(Koniambo) (Table 2.3). The surface area of Kalgoorlie goethite is considerably smaller 

than for the other goethites due to the larger size and more regular shapes of the 

Kalgoorlie goethite crystals. These results appear to be inconsistent with the MCL 

values for the Kalgoorlie goethite, which were similar to those of the other goethites. 

However, MCL is a measure of diffraction length (i.e. coherently diffracting length) and 

not of particle size which strongly influences surface area. Particles of goethite may 

contain several discrete diffracting zones so that MCL values will be smaller than the 

individual particles. Values of MCL110 and MCL113 for the neo-formed Kalgoorlie 

hematite were larger than for other neo-formed hematites presumably because the 

multiple diffracting zones of goethite coalesced into larger hematite crystals compared 

to the other samples. This interpretation is supported by TEM examination, which 

showed that Kalgoorlie goethite crystals have smoother surfaces with fewer 

imperfections compared to other goethites (Figure 2.10c). This is further discussed in 

the next section. 

 

Surface areas for the other goethites are comparable to those found by Landers and 

Gilkes (2007) (74 m2g-1) and Schwertmann and Latham (1986) (57-139 m2g-1) for New 

Caledonian goethites. There was no substantial change in surface area of the goethites 

on heating until approximately 240-300ºC (i.e. transformation of goethite to OH-

hematite) (Figure 2.11). From this point there was a large (~2-fold) increase in surface 

area with increasing heating temperature until all the goethite had transformed into OH-

hematite (340-400ºC). This was followed by a decrease in surface area on heating up to 

800ºC. This trend reflects the development of micropores in OH-hematite at 240-300ºC 

due to the partial dehydroxylation of goethite with expulsion of structural water into 

lamella pores. This is consistent with TEM analysis of newly formed hematite. Removal 

of these pores with further heating (up to 800ºC) by surface and volume diffusion, and 

associated formation of well ordered hematite crystals (Watari et al., 1983) decreased 

surface area. The surface area of hematites formed at 800ºC was between 10.4 m2g-1 

(Kalgoorlie) and 36.1 m2g-1 (Weda Bay), which is approximately half the surface area of 

the original goethites. These results are smaller than those reported by Schwertmann 

and Latham (1986) where the surface area of hematite was between 62 and 82 m2g-1 and 

the present values are lower than for heated Boulinda and Tiebaghi massif (New 
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Caledonia) goethites. Landers and Gilkes (2007) reported that the surface area of 

hematite (101 m2g- 1) produced by heating Koniambo goethite at 600ºC for 2 hours was 

larger than for the original goethite (74 m2g-1). 

 

2.4.6. Crystal morphology 

 

Transmission electron microscopy (TEM) showed that all goethites have dominantly an 

acicular or lathlike crystal morphology with most crystals being aggregated into raft-

like particles (e.g. Figure 2.10a). The acicular crystals vary considerably in length (~20-

400nm) and width (~10-30nm) between goethite samples, and within each goethite 

sample, thus making it difficult to quantify crystal size. Selected area electron 

diffraction (SAED) of single goethite crystals indicate that the a axis is parallel to the 

electron beam and the goethite crystals are elongated along the c-axis direction (Figure 

2.10a, b, c, d and e) (Cornell et al., 1983; Wells et al., 2006). The acicular crystals occur 

in three assemblages (i.e. different growth forms). These include: i) single crystals (e.g. 

Figure 2.10e), ii) compound particles (i.e. parallel crystals) or rafts (e.g. Figure 10a), 

and iii) echidna-shaped three dimensional radiating arrays of crystals (Figure 2.12a).  

For compound particles, each crystal is slightly misorientated with respect to its 

neighbours (Cornell and Schwertmann, 2003). SAED patterns show distinct arcing of 

reflections representing this range of orientation (e.g. Figure 2.10a-x). The 3D radiating 

arrays (i.e. echidna-shaped) may consist of a hematite nucleus with outgrowths of 

acicular goethite on all hematite faces (Barrón et al., 1997). The number of acicular 

crystals present in rafts and echidna-shaped particles varies considerably. For example, 

for the Goro goethite there are between two to thousands of crystals present per particle. 

Substitution of metals into goethite may affect crystal morphology. For example, with 

increasing Al substitution, multi-crystal arrangements increase and crystal width 

decreases (Schulze and Schwertmann, 1984) by retarding growth along the c-axis 

direction (Schulze and Schwertmann, 1984; Ruan et al., 2002). Due to the multi-

crystalline character of many goethite particles, crystal width (in the b- and c-axes 

directions) measured from XRD line broadening values, does not match particle sizes 

observed in TEM micrographs. Values of MCL represent a measurement of crystallite 

size rather than particle size. The aggregated nature of goethite particles affects the 

kinetics of acid dissolution (Landers et al., 2008) as much initial dissolution occurs at 

inter-crystal  boundaries, which increases surface area thereby facilitating increased 
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protonation of the crystal surface (i.e. larger surface area for acid attack) and an increase 

in dissolution rate. 
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Figure 2.10 (page back). TEM Micrographs and accompanying SAED patterns in 

correct orientation for compound particles consisting of rafts of acicular goethite 

crystals from a) Weda Bay, b) Goro, c) Kalgoorlie, d) Ravensthorpe , and e) Koniambo. 

SAED patterns indicate that the goethite crystals are elongated along the c-axis direction. 

The letter x (micrograph a) shows the arcing of spots in diffraction patterns indicating 

that the acicular crystals in the rafts are not in perfect parallel alignment. Note the scale 

bar on the diffraction patterns (2 1/nm) represents 2nm-1. 

 
 

 

Figure 2.11. Surface area and % weight loss on heating for Goro goethite heated at 

various temperatures (105 to 800°C). 
 

 

Changes in particle morphology associated with the alteration of Goro goethite to 

hematite due to heating are shown in Figure 2.13; similar changes occurred for all 

goethites but are not shown here. In most circumstances the acicular morphology of 

crystals and the various aggregate fabrics of goethite are retained throughout the 

recrystallisation process (105-800ºC) (Figure 2.13 and 2.12b). However, at higher 

temperatures needles coalesce and surface diffusion occurs forming rounded crystals of 

hematite (Figure 2.14). 

 

Aggregates of goethite crystals heated at 300ºC contain many elongated pores. Initially 

the pores appear to be irregularly slit shaped (at 300ºC) and may extend along the c-axis 

for the entire length of the crystal (Figure 2.13a). At this point (i.e. 300ºC) XRD and 

SAED indicate that goethite is the dominant iron oxide present (Figure 2.13a). For 

temperatures up to 340-400ºC (i.e. OH-hematite), these slit shaped pores persist and a 

few elliptical shaped micropres are present (Figure 2.13b). These observations are 
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consistent with those obtained by Pomiès et al., (1999) and Löffler and Mader (2006) 

for synthetic goethites. For samples preheated at 400ºC SAED patterns indicate that 

goethite no longer exists and the former c axis of goethite is now the 110 axis of 

hematite (Figure 2.13b). For temperatures of 600 and 800ºC, the elongated micropores 

mostly disappear, and fewer elliptical micropores (up to 10nm) persist (Figure 2.13d). It 

is postulated these residual micropores contain free water vapour trapped in the 

neoformed hematite structure. The hematite crystals have rounded ends (Figure 2.13c 

and d) and are mostly larger than the precursor goethite crystals reflecting the 

coalescing of hematite crystals with increasing heating temperature (Figure 2.13d). 

HRTEM imaging shows that the lattice fringes of hematite extend across the former 

boundaries between precursor goethite crystals, which indicates that the crystal domains 

have coalesced into single grains by sintering and volume diffusion resulting in larger 

particles (Figure 2.15). Arcing of the hematite 300 spot in SAED patterns of large 

aggregations of hematite crystals (which includes Figure 2.15a-c) (Figure 2.15d) 

indicates that the hematite crystals are not all in parallel orientation. The lattice fringes 

of hematite formed at 800ºC are more extensive than for lower heating temperatures (i.e. 

340-400ºC), reflecting the increased extent of structural order in hematite particles 

(Figure 2.15).  Rounded crystals of hematite also occur in high temperature heated 

goethites (Figure 2.14) and are more abundant for the Ravensthorpe and Kalgoorlie 

samples. According to Pomiès et al., (1999) and Löffler and Mader, (2006) spherical 

crystals become more prevalent with increasing heating temperature (up to 1000°C) 

until all the hematite crystals are spherical in shape. 

 

 
Figure 2.12. TEM Micrograph of an echidna-shaped aggregate of acicular crystals for a) 

Goro goethite at 105°C and b) hematite formed at 800°C from Goro goethite. The 

echidna shaped particle morphology is retained by hematite although the acicular 

crystals have developed rounded terminations. 
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Figure 2.13. (page back) TEM Micrographs and accompanying SAED patterns in 

correct orientation of complex raft-like aggregates of crystals in Goro goethite heated at 

a) 300°C, b) 400°C (OH-hematite), c) 600°C (hematite) and 800°C (hematite). The 

arrow in micrograph (a) (and inset) indicates a slit-shaped micropore extending the 

length of the particle and in micrograph (d) (and inset) the arrow indicates a residual 

elliptically shaped micropore preserved in the raft-like assemblage of well ordered 

hematite crystals. Arrows in the SAED patterns indicates the axis of elongation, with 

goethite elongated along the c axis  and hematite elongated along the [110] axis. The 

SAED patterns of hematite are not a simple (hk0) network of reflections due to the 

hematite crystals being slightly inclined to the grid so that (hkl) reflections occur. Note 

the scale bar on the diffraction patterns (2 1/nm) represents 2nm-1. 

 

 

 

 
Figure 2.14. TEM Micrograph of Kalgoorlie goethite heated at 800°C (hematite) 

showing both rounded and lathlike crystals. 
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Figure 2.15. HRTEM micrograph of Weda Bay goethite heated at 800°C (i.e. hematite). 

A) The end of a raft consisting of near-parallel former goethite crystals. b) Enlargement 

of (a) showing continuation of hematite lattice fringes across a former boundary (dotted 

line) between two former goethite crystals. c) Enlargement of (b) showing that the 

hematite lattice fringes extend across the former boundary (dotted line) indicating that 

former goethite crystals have coalesced to form a larger hematite crystal. The 2.48Å 

periodicity in the image corresponds to the associated 110 reflection of hematite (2.51Å) 

shown in the SAED pattern. Arcing of the hematite (300) reflection indicates that 

hematite crystals within the compound particle are not arranged in exact parallel 

alignment. 
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2.5. CONCLUSIONS 

 

The results from the TEM investigations, XRD analysis and thermal analysis of five 

goethites from oxide-type lateritic nickel ores which were heated to various 

temperatures (220-800°C) to produce OH-hematite and hematite lead to the following 

conclusions: 

(1) Nickel substitution into the goethites is quite variable (~0.84-2.08wt% Ni). 

(2) All goethite crystals are acicular in shape and are mostly organised into rafts.  

(3) The goethites dehydroxylated at different temperatures (262-285°C). 

(4) Hematites formed from dehydroxylation of goethite at low temperatures (300-400°C) 

are disordered, with much structural or included water. They have small crystal sizes 

and high surface area. However, hematite formed at higher heating temperatures (600-

800°C) contained no water and are better ordered. The needles have coalesced and 

formed larger crystals, and the surface area has decreased. 

 

The results may contribute to the development of more efficient procedures for the 

extraction of Ni from lateritic nickel ores. The rate of dissolution of goethite in sulfuric 

acid (utilised in heap leaching and pressure leach facilities) is enhanced by increasing 

the surface area and microporosity of the iron oxide crystals (Landers and Gilkes, 2007). 

Therefore, the rate of dissolution in sulfuric acid of the goethites investigated in this 

paper would be maximised for shock heating temperature between 340-400°C (i.e. OH-

hematite), where surface area and structural disorder is greatest. 
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3.1. ABSTRACT 

 

The dissolution kinetics in 2M H2SO4 of variously dehydroxylated nickeliferous 

goethites was investigated for five oxide type lateritic nickel deposits. Goethite was the 

main constituent with minor amounts of quartz, talc, kaolinite and Mn oxides. 

Dissolution of Fe from heated materials followed the Kabai equation. There was a 9-34 

fold increase in the Kabai dissolution rate constant (k) for samples heated at 340-400°C 

due to both the increased surface area (1.5-2.6 fold) and higher density of structural 

defects (5-10 fold) in the variously dehydroxylated products. The presence of structural 

Al and Cr in goethite appears to reduce dissolution rate possibly through the greater 

M3+-OH, O bond strength relative to Fe3+, Ni2+-OH, O. Nickel showed congruent 

dissolution with Fe indicating that Ni was uniformly incorporated in the goethite 

structure. Preheating goethite to 600-800°C for 30 minutes resulted in incongruent 

dissolution of Fe and Ni. It is postulated that some Ni is ejected from the neo-formed 

hematite structure and resides on the crystal surface or in voids. These results may 

contribute to the development of more efficient procedures for Ni-extraction including 

heap leaching of lateritic nickel ores. 

 

3.2. INTRODUCTION 

 

The increased demand for nickel has depleted the more easily extractable Ni sulphide 

deposits, which account for ~30% of the worlds Ni resource, and has caused the 

mining industry to look towards acid extraction of lateritic nickel (accounting for 

~70% of the worlds Ni resource). Difficulties in the extraction of Ni from lateritic 

nickel ore may partly reflect the limited knowledge of the process including the kinetics 

of acid dissolution which is the subject of this paper.  

 

Lateritic nickel deposits occur as a result of prolonged chemical weathering of 

ultramafic rocks containing ferro-magnesian minerals (olivine, pyroxene and 

amphibole), which have an initial Ni contents between 0.2 and 0.4% (Golightly, 1981). 

In the oxide-type Ni laterite deposits (Brand et al.,1998), also commonly known as 

limonite, divalent iron has been oxidised and precipitated as microcrystalline ferric 

(oxy)hydroxides (predominantly goethite [α-FeOOH] with lesser hematite [α-Fe2O3]), 

which together comprise the dominant Ni host mineralogy. 
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The dissolution rate of goethite in acid is increased by prior heating (Lim-Nunez and 

Gilkes, 1987; Cornell and Giovanoli, 1993; Landers and Gilkes, 2007). 

Dehydroxylation of goethite due to heating causes a topotactic transformation to 

hematite which occurs via minor modification in the goethite structure, and has been the 

focus of numerous studies (Watari et al.,1983; Wolska and Schwertmann, 1989; 

Gualtieri and Venturelli, 1999; Wells et al.,2006; Ruan et al., 2002; Landers and Gilkes, 

2007). The transformation is the basis of some manufacturing processes, and also 

occurs in nature due to natural and managed forest and grassland fires (Anand and 

Gilkes, 1987). 

 

Transformation of goethite to hematite first occurs at the goethite surface and then 

proceed inwards with the formation of voids (Watari et al., 1979, Watari et al., 1983). 

Studies using XRD, infrared (IR) spectroscopy and Raman spectroscopy have shown 

that dehydroxylation of goethite to well ordered hematite may occur via the formation 

of intermediate OH-containing hematite-like phases that have been called protohematite 

and hydrohematite (Wolska, 1988; Wolska and Schwertmann, 1989; Gualtieri & 

Venturelli, 1999; Ruan et al., 2002; Wells et al., 2006). Protohematite, which forms on 

heating at temperatures between 250°C-400°C, contains residual hydroxyl units and is 

Fe deficient in respect to well ordered (stoichiometric) hematite (Wolska and 

Schwertmann, 1989). The excess or non-stoichiometric OH- increases the unit cell a 

dimension. Gualtieri and Venturelli (1999) observed an intermediate phase of non-

stoichiometric (i.e. Fe deficient) composition and Wolska and Schwertmann, (1989) 

reported the formation of a second intermediate phase (hydrohematite) above 430°C. 

Hydrohematite may be distinguished from hematite by the presence of IR bands at 

~3400, 940-950 and 630 cm-1 (Wolska, 1988). On heating to 800°C hydrohematite 

transforms to well ordered hematite characterised by the complete removal of OH- and 

the achievement of stoichiometry. These published studies are based only on 

investigations of pure or unsubstituted goethite, and the behaviour of metals 

incorporated within the structure of goethite, such as Ni, during these transformations is 

poorly understood. Hydrohematite and protohematite have not been accepted as discrete 

mineral species so for the remainder of this paper they will be referred to as OH-

hematite. It should also be clarified that reduction in structural order described in this 

paper is related to x-ray diffraction peak broadening which is caused by both small 

mean coherent length (MCL) and/ or imperfect atomic ordering.  
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There have been numerous investigations of the acid dissolution kinetics of synthetic 

and natural iron oxides (Lim-Nunez and Gilkes, 1987; Schwertmann, 1991; Cornell and 

Giovanoli, 1993; Ruan and Gilkes, 1995; Landers and Gilkes; 2007). The mechanisms 

of metal release during acid dissolution of iron oxides relate directly to the dissolution 

of metals from lateritic ores (e.g. atmospheric and pressure digests, heap leaching). 

Dissolution of iron oxides in 1M HCl is well researched (Schwertmann and Latham, 

1986; Singh and Gilkes., 1992a; Perrier et al., 2006; Landers and Gilkes., 2007). 

Landers and Gilkes (2007) observed a 7-fold increase in the 1M HCl dissolution rate 

constant (k) (for the cube root law) for partially dehydroxylated New Caledonian 

goethite relative to original goethite. This increase was considered to be due to an 

increase in surface area reflecting the development of micropores and to the high 

density of structural defects in the newly transformed and poorly ordered hematite. 

There is no corresponding research on the dissolution kinetics of dehydroxylated 

goethite in H2SO4, which is the acid utilised in lateritic nickel refineries. The 

mechanisms of goethite dissolution are dependent on the type of acid used. For 

dissolution of goethite in HCl, Cornell et al., (1976) showed that chloride is involved in 

the activation of dissolution sites via formation of a surface Fe-Cl complex aiding 

protonation of the surface. Sulphate ions in H2SO4 do not form a similar surface 

complex with Fe, so that dissolution in H2SO4 is not directly comparable to dissolution 

in HCl.  

 

This paper describes the effects of prior heating of oxide-type ore on the dissolution rate 

of Fe minerals (i.e. goethite, OH-hematite and hematite) in 2M H2SO4. Results of this 

research may assist in the development of more efficient procedures for processing 

oxide-type lateritic nickel ores, and also provide valuable information on the 

geochemistry of soils including effects of pedogenesis and natural heating phenomenon, 

such as bush fires. 

 

3.3. MATERIALS AND METHODS 

 

3.3.1. Samples  

 

On the basis of preliminary X-ray diffraction (XRD) results of several samples, one 

representative goethite-rich sample from each of five oxide-type lateritic nickel deposits 
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(Kalgoorlie and Ravensthorpe in Western Australia, Koniambo and Goro in New 

Caledonia and Weda Bay in Indonesia) were selected for further investigation.  

 

3.3.2. Heating procedure 

 

Approximately 4g sub-samples of each oven dried (105°C) goethite were weighed and 

then heated at 220, 240, 260, 280, 300, 320, 340, 400, 600 and 800°C for 30 minutes. 

Goethites were heated as a shallow layer (~1mm thick), to minimise temperature 

gradients within the sample (i.e. as can occur in large volumes in crucibles), on a 

ceramic plate that had previously been dried at 400°C then cooled to air temperature. 

Samples were placed in a furnace that had been preheated to the desired temperature, to 

simulate the effect of an intense fire on the soil surface or rapid heating (i.e., thermal 

shock) in an industrial autoclave. After 30 minutes samples were removed from the 

furnace and left to cool in an oven at 105°C to prevent re-absorption of moisture, and 

then weighed to enable calculation of the percentage loss of weight on heating.  

 

3.3.3. Surface area 

 

The specific surface area of the original and heated goethites was measured using a 

Micrometrics Gemini 2375 instrument with a VacPrep 061 and the 5 point B.E.T. 

method with N2 as the absorbate. The samples were pre-treated before the surface area 

determination by degassing in vacuum overnight at 105°C. 

 

3.3.4. X-ray diffraction analysis 

 

X-ray diffraction (XRD) patterns were obtained using a Philips PW 1830 X-ray 

diffractometer with a Cu target tube and diffracted beam, graphite monochromator. 

XRD patterns were measured for the range 4-60°2θ at a scan rate of 0.3°2θ per minute 

in 0.01°2θ steps. Approximately 10% by weight of NaCl was first mixed with the 

sample to provide an internal standard for spacing and line broadening measurements. 

XRD patterns were manipulated using XPAS software (Singh and Gilkes, 1992b). 
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3.3.5. Acid dissolution experiment 

 

A dissolution procedure was designed to resemble that used in industry for sulfuric acid 

digestion of oxide nickel laterite. Exactly 200mg of each heated sample (and one 105°C 

oven dried sample of each material) was shaken at 250rpm in 200ml of 2M H2SO4 in a 

500ml plastic bottle in a controlled environment shaker at 40±1°C. After vigorous hand 

shaking to homogenise the suspension, successive 10ml aliquots of the suspension were 

withdrawn after set times (30 mins and 1, 2, 4, 6, 10, 20, 45, 80, 160 and 240h) using a 

10ml plastic syringe, and filtered through a 0.20µm Millipore filter (Singh and Gilkes, 

1992a). These solutions were analysed for Ni and Fe using atomic absorption 

spectrometry (AAS) and other elements were determined using inductively coupled 

plasma mass spectrometry (ICP-MS). Solid residue left on the 0.20µm Millipore filters 

for Koniambo and Goro goethites was collected and immediately washed with 

deionised-water (by flushing the millipore filter with a syringe filled with deionised-

water) to remove any remaining acid. The residue was extracted from the Millipore 

filter by withdrawing in a syringe (with Millipore filter attached) through Milli-Q water. 

Selected residues were analysed by XRD on a low background holder and by 

transmission electron microscopy (TEM). 

 

3.3.6. Transmission electron microscopy 

 

Transmission electron microscopy was used to investigate the morphology of the 

nanometric sized crystals for all samples that had been heated at 105°C, 800°C and the 

heating temperature at which the highest surface area occurred (i.e. 340 or 400°C). 

Specimens were prepared by ultrasonically dispersing the sample in Milli-Q water and 

then placing a drop of the very dilute suspension onto a carbon-coated grid, which was 

left to air dry. TEM analysis was performed using a JEOL 3000 FEG electron 

microscope operated at 300kV with an image resolution of 0.14nm, probe size 2.4nm- 

0.5nm and equipped with an Oxford Instruments INCA 200 Energy Dispersive 

Spectrometer (EDS).  

 

3.4. RESULTS AND DISCUSSION  

 

Goethite was the main constituent of the five lateritic nickel samples with minor 

amounts of quartz, talc and kaolinite (Figure 3.1). Free Mn oxides were also detected by 
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transmission electron microscopy (TEM)/energy dispersive spectrometry (EDS) but the 

samples were dominantly composed of goethite and will be referred to in this paper as 

goethites. Chemical analysis of the goethites dissolved in 2M H2SO4 is shown in Table 

3.1. XRD analysis detected the presence of kaolinite (Al2Si2O5(OH)4) in the 

Ravensthorpe and Goro goethites, quartz (SiO2) in the Weda Bay and Ravensthorpe 

goethites, and talc (Mg3Si4O10(OH)2) as a minor impurity in all goethite samples. 

However, the low levels of Mg and Al in the chemical assay do not reflect the levels of 

talc and kaolinite respectively detected by XRD analysis as these minerals were mostly 

insoluble in H2SO4 under the current experimental conditions. The portion of Al soluble 

in H2SO4 (Table 3.1) is mostly associated with goethite. Previous authors have shown 

that substitution of Al3+ for Fe3+ is common in natural goethites (Singh and Gilkes, 

1992a). Similarly, it is postulated that goethite also contains the Cr and Ni. The 

relatively high Mn content of the Goro sample is consistent with the presence of Mn 

oxide (MnO2) in this sample, which is soluble in H2SO4, and is also a carrier of Ni 

(Manceau et al., 2000). 

 

 

 

Figure 3.1. XRD patterns of goethites from five, oxide-type lateritic nickel deposits 

dried at 105°C, with ~10% NaCl added as an internal standard. Appreciable amounts of 

impurity are present in some samples. Gt= goethite, Qtz = quartz, Tlc = talc, Kln = 

kaolinite and Hl = halite (NaCl, sodium chloride internal standard). Mineral symbols 

follow the guidelines of Kretz (1983). 
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Table 3.1. Surface area and chemical composition of the goethites based on dissolution 

in 2M H2SO4.  

Fea Ala Mna Mga Tia Nib Crb Vb Cub Znb Cob Surface areae

Weda Bay 405 20.6 5.5 2.5 0.25 9800 12600 200 88 220 870 59.55
Goro 441 13.4 43.9 1.6 0.18 5860 13600 130 130 330 1900 67.86

Kalgoorlie 447 7.8 13.4 3.9 0.26 8780 11300 66 71 400 1400 27.35
Ravensthorpe 392 0.9 2.5 3.2 0.03 12900 823 25 60 34 480 76.59

Koniambo 550 16.2 3.8 1.9 0.01 10200 13100 210 92 230 900 83.20  
a mg/g. 
b mg/kg. 
e m2g-1. 

 

 

Graphs of iron dissolved versus time differ greatly between samples (Figure 3.2a), and 

there are also large differences between the curves for goethites heated at different 

temperatures (e.g. Figure 3.2b). The curves conform to one of three shapes. For 

preheating temperatures of 105-260°C (280°C for Kalgoorlie only) where the samples 

consists almost solely of goethite the curves are sigmoidal in shape (Type A) (Figure 

3.2b). On increasing the preheating temperature the curves become less sigmoidal and 

decelerate up to 260°C, and for preheating temperatures in the range 280-600°C (800°C 

for Kalgoorlie only) (i.e. partially dehydroxylated goethite) the curves are exponential 

in form (Type B). For the samples heated at 800°C (except Goro and Kalgoorlie where 

curves follow shape Type A) Fe dissolution curves are slightly sigmoidal in shape 

(Type C). The various shapes of these curves reflect changes in mineralogy, structural 

order (e.g. increase in the hematite MCL 104 for Koniambo goethite with increasing 

heating temperature, 6.5nm [340°C] to 14.5nm [800°C]), crystal morphology and 

surface area due to heating. These changes affect the nature and abundance of sites for 

acid attack (Cornell et al., 1976). Similar dissolution curves were obtained for New 

Caledonian nickeliferous goethite heated at various temperatures to 600°C when 

dissolved in 1M HCL (Landers and Gilkes, 2007), and for synthetic goethites dissolved 

in 1M HCl (Cornell et al., 1976; Lim-Nunez and Gilkes, 1987; Wells, 1998). 

 

Despite the apparent diversity of shapes of the dissolution curves the dissolution 

kinetics for all goethites and heating temperatures follow the cube root law quite closely 

yielding a single straight line (Figure 3.3a, Table 3.2) when plotted in the form: 
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Figure 3.2.(a) Graphs of percentage dissolved Fe versus time for 5 lateritic nickel 

goethites preheated at 105°C. (b) Dissolved Fe versus time curves for Weda Bay 

lateritic nickel goethite, for various pre-heating temperatures. 
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Figure 3.3. Dissolution of 0-95% Fe versus time relationship for a) using the cube root 

law for Weda Bay goethite heated at various temperatures, b) the Kabai (modified 

Nernst) equation for Weda Bay for various preheating temperatures, and c) the Kabai 

equation for all original goethites (i.e. oven dried at 105°C). 
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Table 3.2. Dissolution parameters derived from Equations 6 and 7, for goethites 

preheated at various temperatures. 

Sample Heating Temperature         7- Modified Nernst equation
(°C) k  [(h-1)*103] r 2 α k  [(min-1)*103] r 2

Weda Bay 105 20 0.95 1.18 0.189 0.98
220 22 0.95 1.04 0.188 0.99
240 25 0.90 0.94 0.242 0.96
260 28 0.96 0.82 0.328 0.99
280 56 0.99 0.78 1.070 0.99
300 114 0.94 1.04 2.580 0.97
320 292 0.88 1.23 3.640 0.96
340 338 0.97 1.33 3.750 0.99
400 236 0.95 1.14 2.510 0.99
600 116 0.98 1.11 1.000 1.00
800 11 0.99 0.89 0.073 0.99

Goro 105 13 0.97 1.07 0.008 0.94
220 12 0.98 0.99 0.009 0.95
240 15 0.98 0.95 0.014 0.97
260 14 0.99 0.85 0.012 0.97
280 16 0.98 0.79 0.031 1.00
300 28 0.83 0.81 0.085 0.96
320 168 0.98 1.04 0.180 0.98
340 153 1.00 1.08 0.180 1.00
400 207 0.99 1.08 0.233 0.99
600 70 1.00 1.09 0.072 0.98
800 19 0.97 1.17 0.015 0.95

Kalgoorlie 105 11 0.98 1.13 0.088 0.97
220 11 0.97 1.11 0.081 0.97
240 12 0.97 1.11 0.092 0.96
260 12 0.99 1.08 0.093 0.96
280 13 0.98 0.98 0.109 0.97
300 17 1.00 0.83 0.266 1.00
320 24 0.93 0.75 0.535 0.98
340 59 0.87 0.91 1.800 0.96
400 257 1.00 1.33 3.000 0.99
600 128 0.99 1.20 1.290 0.98
800 28 0.99 1.26 0.282 0.99

Ravensthorpe 105 63 0.95 1.28 0.768 0.98
220 81 0.95 1.40 0.802 0.99
240 126 0.90 1.44 1.000 0.96
260 124 0.96 1.35 1.230 0.99
280 88 0.99 1.17 1.140 0.99
300 486 0.94 1.85 5.320 0.97
320 239 0.88 1.27 3.970 0.96
340 780 0.97 1.90 6.555 0.99
400 542 0.95 1.80 4.870 0.99
600 521 0.98 1.56 2.500 1.00
800 22 0.99 1.30 0.238 0.99

Koniambo 105 18 0.99 1.28 0.222 1.00
220 18 0.99 1.11 0.208 1.00
240 23 1.00 1.07 0.260 1.00
260 23 1.00 1.15 0.281 1.00
280 34 0.95 0.97 0.686 0.99
300 58 0.92 0.98 1.300 0.98
320 132 0.94 1.22 2.190 0.98
340 133 0.95 1.19 2.080 0.99
400 112 0.98 1.30 1.500 1.00
600 85 0.98 1.17 0.696 0.98
800 9 0.98 0.97 0.073 0.97

      6-  Cube-root law

 
Note: Equations fit to ~95% Fe dissolution data. 
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W1/3= Wo
1/3-kt          Equation (6) 

 

W= percentage of iron undissolved at time t. 

Wo= initial percentage of Fe (100%). 

 k= dissolution rate constant.  

 

For each sample a single straight line follows the cube-root law for 0-95% Fe 

dissolution with r2=0.83-0.95 (Table 3.2). The cube root law is based on the assumption 

of isotropic dissolution where the reaction proceeds inwards at a constant rate at all 

crystal surfaces (Cornell and Schwertmann, 2003), and that the solid being dissolved is 

a single phase consisting of particles of uniform composition and morphology (Singh 

and Gilkes, 1992a). These assumptions are not consistent with the mineralogy and 

morphology of these materials. TEM micrographs of partially dissolved goethite (e.g. 

Figure 3.4b), partially dissolved, dehydroxylated goethite (i.e. OH-hematite) (Figure 

3.4d) and partially dissolved hematite (Figure 3.4f and h), indicate that the materials 

consist of particles of diverse shapes and sizes, and that dissolution is not isotropic. 

Anisotropic dissolution occurs because acid attack occurs preferentially along cracks 

and areas of weakness (e.g. micropores and dislocations) (Cornell et al., 1976). This 

diversity of dissolution sites together with differences in the rate of dissolution of Fe 

from particles that are mineralogically diverse (e.g, goethite, various hematites) and 

with variable structural order/disorder is presumably responsible for the only 

moderately good fit of data to the cube root law.  

 

Where a sample is a mixture of iron oxide phases (i.e. in this case various mixtures of 

goethite, OH-hematite and hematite) dissolution kinetics may be better described by a 

modified Nernst equation (e.g. the Kabai equation, Kabai, 1973): 

 

ln[lnCo/Co-C]= αlnk + αlnt          Equation (7) 

 

Co = initial amount of Fe (100%). 

C = amount of Fe dissolved (time t). 

α = constant that is characteristic of the solid phase. 

k = dissolution rate constant. 
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Figure 3.4. TEM microgrpaphs of a) Weda Bay goethite (105°C), b) partially dissolved 

(4 hours, 2% Fe dissolved) Weda Bay goethite (105°C), c) partially dehydroxylated 

Weda Bay goethite (340°C), d) partially dissolved (4 hours, 53% Fe dissolved), 

partially dehydroxylated (340°C) Weda Bay goethite, e) dehydroxylated acicular shaped 

Weda Bay goethite (800°C)  f) partially dissolved (80 hours, 48% Fe dissolved), 

dehydroxylated acicular shaped Weda Bay goethite (800°C), g) dehydroxylated 

isodimensional shaped Weda Bay goethite (800°C) and h) partially dissolved (80 hours, 

48% Fe dissolved), dehydroxylated isodimensional shaped Weda Bay goethite (800°C). 

 

 

The Kabai equation expresses the rate of dissolution as a function of changing particle 

size, morphology and dissolution site density (Cornell and Schwertmann, 2003). When 

the Kabai equation was applied to 0- 95% Fe dissolution data (Figure 3.3b and c, Table 

3.2) the data conformed to a single straight line (r2=0.94- 0.99). For each sample the r2 

value for the Kabai equation was larger than for the cube root law. Subsequent 

discussion in this paper relates only to the coefficients derived from the Kabai equation.  

 

The dissolution rate constant (k.103) from the Kabai equation (Figure 3.3b and c, Table 

3.2) for the original goethite (oven dried at 105°C) ranges from 0.008 min-1 (Goro) to 

0.768 min-1 (Ravensthorpe). This large difference in dissolution rate constant between 

samples partly reflects differences in surface area (Table 3.1) due to differences in 

particle size. Particle size may be a consequence of differences in the concentrations of 

Cr, Ni, Al, Mn and Co incorporated into the goethite and neo-formed hematite 

structures. Furthermore incorporation of Cr and Al in goethite has been shown (Lim-

Nunez and Gilkes, 1987) to greatly reduce dissolution rate, while Mn and Co increase 

dissolution rate. For the present investigation weak inverse relationships exist between 

the Al and Cr contents of goethite and the dissolution rate constant (k). In contrast, 

variations in Ni concentration in goethite had no systematic effect on the dissolution 

rate constant (k) (Figure 3.5, Table 3.3). These results are consistent with previous work 

which has focused on Al substituted synthetic goethites where increasing amounts of Al 

in goethite and hematite greatly decreased the dissolution rate in HCl (Lim-Nunez and 

Gilkes, 1987; Alvarez et al., 2007). Incorporation of Cr (Lim-Nunez and Gilkes, 1987; 

Schwertmann, 1991) and V (Schwertmann, 1991) have similar effects. The opposite 

effect has been reported for Mn (Schwertmann, 1991; Alvarez et al., 2007) and Co 

(Lim-Nunez and Gilkes, 1987).  It has been postulated that the substituted ions (Cr, Al 
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and Ni) affect the dissolution rate by influencing bond strength. The substitution of Al3+ 

and Cr3+ for Fe3+ causes a shortening and strengthening of the Me-O bonds (bond 

energy: Al3+-O = 29.3 kJ/mole, Cr3+-O= 24.5kJ/mole [Handbook of Chemistry and 

Physics, 1988]) compared to Fe3+-O (23.7 kJ/mole) with a similar trend for the Me-OH- 

bond. These Me sites are therefore more resistant to protonation. Substitution of Ni2+ for 

the smaller Fe3+ ion, together with incorporation of accompanying H+ as OH- to retain 

charge neutrality, would result in the weakening of the Me-O (Ni-O= 21.8 kJ/mole) 

bond due to lengthening of the Me-O bond distance, with a similar trend for the Me-OH 

bond. However, the atomic distances for Ni substituted goethite were found to be 

similar or shorter than those for Fe in goethite (Singh et al., 2002; Manceau et al., 2000) 

due to the distortion of the goethite structure resulting from the Ni for Fe substitution. 

These shorter than expected Ni-O and Ni-OH bond distances could potentially result in 

a stronger Ni-O and Ni-OH bonds than Fe-O and Fe-OH bonds. The combination of 

these two processes may negate any overall change in bond strength resulting from the 

substitution of Fe3+ by Ni2+. This interpretation would explain why Lim-Nunez and 

Gilkes (1987) did not observe an increase in the rate of dissolution of Ni-goethites with 

increasing Ni substitution. 

 

 

 
Figure 3.5. Dissolution rate constant (k*103) from the Kabai equation versus Me/ (Fe + 

Me) ratio determined from TEM/ EDS spectra for goethites (105°C). 
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There are no published studies where the Kabai equation has been applied to the 

dissolution of iron oxides in 2M H2SO4. Previous experiments where iron oxides were 

dissolved in 1 M HCl found that the Kabai constant α ranged from 0.44-2.11, 0.69-1.14, 

0.65-1.07, 0.84-1.45 and k.103 from 0.00017-8.60min-1, 0.12-0.53min-1, 0.0018-

0.22min-1 and 0.028-1.007min-1 (Schwertmann and Latham, 1986; Singh and Gilkes., 

1992a; Perrier et al., 2006; Landers and Gilkes, 2007, respectively). This large diversity 

in values of these coefficients, including the wide range of values observed for the 

present work may be due, inter alia, to differences in particle morphology, structural 

order, dissolution mechanisms, effects of substitutions of various metals and 

experimental conditions (Singh and Gilkes, 1992a). 

 

 

Table 3.3. Me/ (Fe+Me) ratios determined from TEM- EDS spectra of individual 

crystals of goethite (105°C). 

Sample Ni/(Fe+Ni) Al/(Fe+Al) Cr/(Fe+Cr) nc

Weda Bay 0.028 (0.005) 0.071 (0.026) 0.018 (0.003) 16
Goro 0.023 (0.009) 0.063 (0.005) 0.045 (0.010) 16

Kalgoorlie 0.027 (0.008) 0.035 (0.012) 0.038 (0.026) 30
Ravensthorpe 0.035 (0.006) 0.000 (0.000) 0.000 (0.000) 12

Koniambo 0.025 (0.010) 0.053 (0.037) 0.016 (0.012) 34  
Note: Values in parenthesis represent the standard deviation. 
cnumber of EDS-TEM spectra measured. 
 

 

For goethites dehydroxylated between 340-400°C, there was a 9-fold (Ravensthorpe) to 

34-fold (Kalgoorlie) increase in the Kabai dissolution rate constant, demonstrating that 

the newly transformed OH-hematite phases dissolved much more rapidly than the 

original goethite (Figure 3.3c and 3.6, Table 3.2). Well ordered fully dehydroxylated 

hematite (heated at 800°C) had similar values of α to the original goethite (oven dried at 

105°C). Previous authors have also found that partially dehydroxylated goethite 

dissolved much faster than ideal goethite or hematite. Lim-Nunez and Gilkes (1987) 

showed that hematite-like (i.e. OH-hematite) structures formed by the partial 

dehydroxylation (at 300°C) of synthetic goethite dissolved (in 1M HCl) between 3- 107 

times faster than the precursor goethite and hematite formed by heating goethite at 

800°C. Similarly, Landers and Gilkes (2007) reported that partially dehydroxylated 

goethite (heated at 340°C) dissolved (in 1M HCl) seven times faster than precursor 
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goethite. The increased dissolution rate of partially dehdroxylated goethite may be 

partly accounted for by the increase in surface area resulting from the development of 

abundant linear micropores in heated goethite (i.e. due to the expulsion of water) 

(Figure 3.4) (Watari et al., 1983).  

 
Figure 3.6. Kabai dissolution rate constant (k*103) versus temperature for Weda Bay 

goethite pre-heated at various temperatures. 

 

 

The dissolution rate constant (k.103) for the various heated goethites is linearly and 

positively related to surface area (Figure 3.7). However, only about 7.5% (Kalgoorlie) 

to 17% (Ravensthorpe) of the 9 to 34 fold increase in dissolution rate for heating 

temperatures up to 340 to 400°C can be directly accounted for by the 1.5 fold 

(Ravensthorpe) to 2.6 fold (Kalgoorlie) increase in surface area associated with partial 

dehydroxylation of goethite. Thus, the increased specific surface reactivity, due to the 

increased rate of dissociation of Fe ions from the surface of partially dehydroxylated 

goethite is mostly responsible for the increase in dissolution rate. In order to identify the 

specific effect of differences in the surface dissociation of Fe on dissolution rate the 

initial (<5%) dissolution rate per unit initial surface area of the Fe oxides has been 

plotted against heating temperature (Figure 3.8). Only data for < 5% Fe dissolution were 

used because the measured surface area will be little affected by minor dissolution. The 

large increase in dissolution rate per unit area (e.g. from ~0.01 to 0.17m-2 for 280°C 

heated Weda Bay goethite) induced by heating is presumably due to reduced structural 

order associated with the dehydroxylation of goethite to OH-hematite (Landers and 

Gilkes., 2007). On initial transformation of these minerals structural order along the c-

direction of hematite is not as well developed as along the a-direction reflecting the 
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structural relationships between goethite and hematite, which enable the topotactic 

transformation of goethite to hematite. This increased disorder in effect increases the 

surface density of those sites where Fe3+ can more easily undergo protonation. The 

effect of preheating on the dissolution rate per unit initial surface area was similar for 

the five goethites.  

 

 

    
 

     
                               

                                     
 
 
Figure 3.7. Kabai equation dissolution rate constant (k (min-1)*103) versus surface area 

for heated Ni- goethites. 
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Figure 3.8. Initial Fe dissolution rate per unit surface area (m-2) versus preheating 

temperature for Ni- goethites.  
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Previous authors have used the congruency of metal dissolution to provide information 

on the location of metal substituents in iron oxide crystals (Singh and Gilkes, 1992; 

Wells, 1998; Perrier et al., 2006).  If Fe and associated metals (Me) dissolve at identical 

rates expressed on a percentage basis then we can assume that the metal is uniformly 

distributed throughout the iron oxide crystals. If non-congruent dissolution is evident 

(e.g. ~60% Ni dissolved with ~10% Fe dissolved) then the distribution of Ni within iron 

oxide crystals is not uniform or Fe and Ni are not present in a single mineral.  

 

For Weda Bay, Goro and Koniambo goethites dried at 105°C near congruent dissolution 

occurred for Fe versus Ni with congruency of dissolution plots yielding a single straight 

line (e.g. Figure 3.9a), indicating that Ni is likely to be entirely associated with goethite 

and uniformly distributed throughout the goethite crystals. Incongruent dissolution 

occured for Ravensthorpe and Kalgoorlie goethites with initially Ni dissolving faster 

than Fe (e.g. for Ravensthorpe goethite ~20% Ni dissolved with ~5% Fe dissolved, 

Figure 3.9a), indicating that a portion of the Ni may be close to or absorbed to the 

surface of the goethite crystals and/ or that some of the Ni may be associated with a 

more soluble mineral(s) that was not detected by XRD (e.g. Mn oxide).  

 

On the basis of these congruency of dissolution plots there was no significant effect of 

preheating temperature on the distribution of Ni in goethite and OH-hematite crystals 

formed between 220-400°C (i.e. Ni was uniformly distributed in the goethite and OH-

hematite crystals). However, a significant effect was seen for Weda Bay, Goro and 

Koniambo goethites preheated at 600-800°C (hematite), with Ni versus Fe congruency 

of dissolution plots yielding an initial curved line as Ni initially dissolved at a faster rate 

than did Fe (Figure 3.9b). These changes in the initial slope of the congruency of 

dissolution of Ni versus Fe plots with increasing pre-heating temperature may reflect 

the formation by heating of a more soluble Ni mineral which has a higher Ni/ Fe ratio 

than the original goethite (e.g. NiO). However, corresponding XRD patterns and TEM/ 

EDS of the 600-800°C pre-heated goethites do not indicate the presence of a discrete Ni 

mineral(s) formed by heating. It is therefore assumed that the neo-formed hematite 

structure (i.e. well ordered hematite) (600-800°C) does not readily accommodate Ni 

forcing some Ni to migrate to the surface or into the abundant voids in the hematite 

crystals where it is more susceptible to acid attack.  
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The Ravensthorpe and Kalgoorlie goethites differ from the other goethites. There is a 

much smaller change in the Ni versus Fe congruency of dissolution graphs with only a 

minor amount of additional surface Ni dissolved due to heating (i.e. 105-800°C), as 

some Ni appears to be located toward the surface of the goethite crystals or in a discrete 

Ni phase.  
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Figure 3.9. Congruency of dissolution of Ni as a % of total Ni versus Fe as a % of total 

Fe for a) 105°C heated goethites and b) goethites heated at 800°C (hematite). Dotted 

line represents congruent dissolution of % Ni dissolved versus % Fe dissolved.  
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3.5. CONCLUSIONS 

 

Goethite was the main mineral present in five oxide-type lateritic Ni samples with 

minor quartz, talc, kaolinite and Mn oxides. Differences in dissolution rate between 

goethites may be due to differences in particle morphology of goethite, structural order 

and possibly to substitutions of various metals (i.e. Al and Cr). It is postulated that the 

decrease in dissolution rate for goethite containing Al or Cr is due to the greater M3+-

OH/O bond strength relative to Fe3+-OH/O. 

 

Dissolution of Fe from the preheated materials in 2M H2SO4 followed the Kabai 

equation with the data conforming to a single straight line. Pre-heating the goethites at 

340-400°C for 30 minutes (partially dehydroxylated goethite) significantly increased the 

Kabai dissolution rate constant (k) (9- 34 fold increase).  This increase is partly due to 

the 1.5-2.6 fold increase in surface area upon goethite dehydroxylation and reflects the 

development of micropores in the newly transformed OH-hematite. It is postulated that 

the remaining 5-10 fold increase in dissolution rate is due to the reduced structural order 

of the newly formed OH-hematite transitional phase(s), which provide a greater density 

of sites and/or a lower energy requirement for protonation of Fe3+ sites. 

 

For the goethites Ni dissolved congruently with Fe indicating uniform incorporation of 

Ni in the goethite structure. For some goethites preheating the goethite to 600-800°C 

(hematite) resulted in the migration of Ni toward the surface of the neo-formed hematite, 

and/or formation of a discrete Ni phase (e.g. NiO). It is postulated that the neo-formed 

hematite structure does not readily accommodate Ni.  

 

We propose that pre-heating oxide-type lateritic Ni ore, rich in goethite will facilitate 

extraction during acid digestion including decreasing the time required for heap 

leaching. Heap leaching of Ni from nickeliferous laterites is receiving considerable 

attention from the mining industry due to the low energy requirements and low capital 

costs compared to the more complex and expensive high pressure acid leaching (HPAL) 

process. Major disadvantages of Ni extraction via heap leaching are the large size of 

heaps and the long duration (up to 700 days) of leaching together with high acid 

consumption. Heating the lateritic Ni ore prior to heap leaching has the potential to 

significantly decrease leaching time and may realise major cost benefits in the form of 

decreased acid consumption, smaller heap size, and increased recovery of Ni. 
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4.1. ABSTRACT 

 

The effects on Ni, Cr and Al distribution and speciation in five nickeliferous goethites 

in oxide-type lateritic nickel ore deposits that were subjected to rapid dehydroxylation 

by shock heating were investigated using congruency of acid dissolution, synchrotron 

X-ray diffraction (SXRD), TEM microscopy, Energy Filtered TEM (EFTEM) and 

Electron Energy Loss Spectroscopy (EELS). Nickel and Al dissolved congruently with 

Fe in 2M H2SO4 indicating that these metals were uniformly distributed in the goethite 

structure. Chromium dissolved incongruently with Fe, showing that 30-90% of the Cr 

was uniformly distributed in goethite, and the remainder was presumably associated 

with a less soluble mineral(s). Shock heating goethite at 600-800°C for 30 minutes 

resulted in incongruent dissolution of Ni and Al with Fe. It is postulated that not all the 

Ni and Al in goethite is compatible with the neoformed hematite structure and, therefore, 

is exsolved to form discrete compounds that reside on the hematite crystal surface. 

Synchrotron XRD showed no evidence for the formation of discrete bunsenite (NiO) in 

goethites subjected to shock heating at 800°C. However, EFTEM mapping provided 

evidence of clustering of Ni oxide on the surface of neoformed hematite crystals. 

Mapping of Al and Cr in the hematite crystals was ineffective due to the low 

concentrations of these metals in goethite and the positions of the Al-L2,3 and Cr-L2,3 

ionisation edges in relation to the Fe- L2,3 and O-K ionisation edges. Chromium within 

goethite appeared to be compatible with the neoformed hematite (i.e. 600-800°C). 

These results may contribute to the development of more efficient procedures for the 

extraction of metals from oxide-type lateritic nickel ores, as well as providing 

information on the redistribution of metals in soil goethite impacted by forest fire.  

 

4.2.  INTRODUCTION 

 

Oxide-type (limonitic) nickeliferous laterites are composed mostly of Fe and Mn oxides, 

predominantly goethite [α-FeOOH] with some hematite [α-Fe2O3]. The properties of 

iron oxides (i.e. nanometric crystal sizes, large surface area and high surface reactivity) 

results in them acting as a sink for trace metals. Isomorphous substitution of a number 

of metals for Fe in iron oxides is usual, with Al substitution in goethite being very 

common in soils and this substitution has been widely investigated (e.g. Singh and 

Gilkes., 1992). Other metals have been incorporated into synthetic goethite and 

hematite: including chromium (Schwertmann et al., 1989), manganese (Stiers and 
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Schwertmann, 1985; Alvarez et al., 2007), germanium (Bernstein and Waychunas, 

1987), vanadium (Schwertmann and Pfab, 1996), cobalt (Pozas et al., 2004), nickel, 

copper, zinc, cadmium, lead (Gerth, 1989) and titanium (Wells et al., 2006). These 

metals may be concentrated in iron oxides relative to the precursor parent rock, and, in 

particular, Ni may be considerably concentrated in lateritic soils on ultramafic rocks 

forming economic deposits of Ni.  

 

Dehydroxylation of goethite to hematite during heating is a topotactic transformation 

where structural components and the chemical composition are retained. The process 

occurs in nature due to natural and managed grassland and forest fires (Anand and 

Gilkes, 1987), and is of interest to soil scientists (Wolska and Schwertmann, 1989; 

Singh and Gilkes 1992). The process is also of interest to the mining industry as it may 

be used to facilitate the extraction of nickel and other metals (e.g. Co and Cr) from 

goethitic lateritic nickel ores. Recent declines in nickel prices have resulted in those 

lateritic nickel refineries using high pressure acid leaching (HPAL) techniques 

becoming sub-economic and, therefore, more economical, energy efficient procedures 

may be required. This paper examines the use of flash heating of goethitic Ni ores to 

facilitate extraction of Ni by acid dissolution.  

 

Previous investigations performed on the goethites used in this research (Landers et al., 

in press) have shown that goethite may be dehydroxylated at a range of temperatures 

(~300-400°C), with the temperature determining the properties (e.g. surface area, crystal 

size, residual water and structural order) of the neo-formed hematites (i.e. OH-hematite 

and hematite). Hematites formed by shock heating at relatively low temperatures (i.e. 

~300-400°C) are disordered with very broad XRD reflections that are associated with 

the Fe sub-lattice (i.e. differential line broadening) (Lima de Faria, 1963; Watari et al., 

1979). They have much structural or included water and consist of nano-sized crystals, 

which have high surface area due to micropores formed from expulsion of water during 

heating. These partially dehydroxylated, metastable phases have been referred to in the 

literature as protohematite and hydrohematite (Wolska, 1988; Wolska and Schwertmann, 

1989; Gualtieri & Venturelli, 1999; Ruan et al., 2002; Wells et al., 2006). Protohematite 

and hydrohematite have not yet been accepted as discrete mineral species so for the 

remainder of this paper they will both be referred to as OH-hematite. Hematites formed 

at higher temperatures (i.e. 600-800°C) are well ordered with no structural water. The 

nano-sized crystals coalesce to form larger crystals and the precursor micropores that 
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persist at lower dehydroxylation temperatures disappear resulting in lower values of 

specific surface area.  

 

The behaviour of incorporated metals in goethite during transformation to hematite via 

the formation of these intermediate phases is poorly understood. Previous authors have 

postulated that metals incorporated in goethite may not be compatible with the 

neoformed hematite structure and are, therefore, exsolved from the structure on heating 

to form a discrete phase(s) which may reside on the surface of hematite crystals (Perrier 

et al., 2006; Landers et al., 2009). This process is examined in this paper using 

congruency of acid dissolution, TEM microscopic and spectroscopic techniques (i.e. 

EELS and EFTEM) and both conventional and synchrotron X-ray diffraction (SXRD). 

We investigated the effects of shock heating goethite in lateritic nickel ores on the 

redistribution of substituted metals in the iron oxide phases (i.e. goethite, OH-hematite 

and hematite). Results from this research may assist in the development of more energy 

efficient procedures for processing oxide-type lateritic nickel ores, as well as providing 

valuable information on the cycling and bioavailability of trace elements (Ni, Al and Cr) 

in goethitic soils subjected to forest fires.  

 

4.3. MATERIALS AND METHODS 

 

Five goethites from oxide-type lateritic nickel deposits (Table 4.1) were heated at 

several temperatures between 220 and 800°C for 30 minutes as a shallow layer. 

Samples were loaded onto a ceramic plate as a thin layer <1 mm thick, to reduce 

thermal gradient effects, and placed in a laboratory furnace that was already heated to 

the desired temperature (i.e. shock heating). X-ray diffraction (XRD) patterns were 

obtained using a Philips PW 1830 X-ray diffractometer with a Cu target tube and 

diffracted beam, graphite monochromator. XRD patterns were scanned from 4-60°2θ at 

a scan rate of 0.3° 2θ per minute in 0.01° 2θ steps. Approximately 10% by weight of 

halite (i.e. NaCl) was ground with the sample to provide an internal standard for d-

spacing corrections. Synchrotron XRD (SXRD) was used to identify minor phases that 

were not detected using conventional XRD, as the improved peak resolution and 

intensity of SXRD greatly improves sensitivity. This study was carried out on a bending 

magnet at the Australian Synchrotron X-ray powder diffraction beamline (10-BM-1) 

with powder samples in 0.3mm diameter, low X-ray absorption glass capillary tubes 
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mounted in a rotating goniometer head and placed on a multi-position sample spinner. 

The X-ray beam had a wavelength (λ) of 0.8254Å. 

 

 

Table 4.1. Chemical composition of the goethites (105°C) based on dissolution in 2M 

H2SO4 (modified from Landers et al., 2009).  

Fea Ala Mna Mga Tia Nib Crb Vb Cub Znb Cob

Weda Bay 405 20.6 5.5 2.5 0.25 9800 12600 200 88 220 870
Goro 441 13.4 43.9 1.6 0.18 5860 13600 130 130 330 1900

Kalgoorlie 447 7.8 13.4 3.9 0.26 8780 11300 66 71 400 1400
Ravensthorpe 392 0.9 2.5 3.2 0.03 12900 823 25 60 34 480

Koniambo 550 16.2 3.8 1.9 0.01 10200 13100 210 92 230 900  
a mg/g element. 
b mg/kg element. 

 

 

Congruency of acid dissolution experiments (i.e. the simultaneous release of Fe and 

metal into solution) were conducted to provide information on the distribution of metal 

substituents in Fe oxides. For a detailed description of the acid dissolution technique 

refer to Landers et al., (2009). Briefly, subsamples of the parent/precursor goethite and 

goethite subjected to shock heating (220-800°C) were dissolved in 2M H2SO4 in a 

controlled environment shaker at 40±1°C. Successive 10ml aliquots of the suspension 

were withdrawn after set times and after filtration these solutions were analysed for Ni 

and Fe using atomic absorption spectrometry (AAS), and other elements were 

determined using inductively coupled plasma mass spectrometry (ICP-MS). The very 

small amounts of solid residue left after complete dissolution of Fe were analysed by 

low background holder X-ray diffraction (LBH/XRD). Total element composition of the 

goethites was determined using X-ray fluorescence (XRF) on fused samples.  

 

Transmission electron microscopy (TEM) was used to investigate the distribution of 

metals in crystals of goethite and its dehydroxylation products (i.e. OH-hematite and 

hematite). Specimens were prepared by ultrasonically dispersing the sample in Milli-Q 

water and then placing a drop of the very dilute suspension onto a carbon-coated copper 

grid and air drying before examination. TEM studies were performed on a JEOL 3000 

FEG electron microscope operated at 300kV. The TEM was equipped with a Gatan 

digital camera with a resolution of 1024 × 1024 pixels, a Gatan image filter (GIF) with 
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nanoscale energy filtered transmission electron microscope (EFTEM) resolution and an 

Oxford Instruments INCA 200 energy dispersive spectrometer (EDS). A typical raw 

electron energy loss (EEL) spectrum for goethite is shown in Figure 4.1. The dominant 

features of the spectrum are the major O-K, Fe-L2,3 and small Ni-L ionisation edges 

superimposed on a sloped background. Element distribution maps were collected using 

the three-window EFTEM technique (Hofer et al., 2000). Briefly, an energy selecting 

slit was used to isolate a range of electron energies which correspond to a specific 

feature in the energy-loss spectrum (e.g. Fe-L2,3 ionisation edge). Three filtered images 

were acquired with the same energy window width; two pre-edge images and a post-

edge image located above the edge. The first two energy regions were used to determine 

the background function, while the third window contained both the signal for the 

particular element and the background (Figure 4.1). The signal was then corrected for 

the extrapolated background giving the map for a particular element (Hofer et al., 2000). 

Background intensity was subtracted from EEL spectra by fitting a conventional inverse 

power law function for the energy range below the ionisation energies of elements of 

interest according to the equation AE-R (E, energy; A, R, fit parameters) (Egerton, 1975) 

(Figure 4.1). The ideal slit widths and positions of the windows were determined from 

initial observations of EEL spectra and then adjusted slightly until the highest quality 

data were obtained. These parameters were then retained throughout the analysis of all 

the specimens. Goethite is easily damaged (i.e. dehydroxylates) at high electron beam 

intensities, and, in particular, at the high intensities required to obtain the best possible 

EFTEM data. Therefore, particular care was taken to prevent dehydroxylation of the 

goethite crystals under a focused beam. This was accomplished by the use of small 

apertures, diverging the beam and spending as little time as possible on each crystal 

within a sample. Multiple EFTEM images were taken in succession to observe the 

effects of drift and to identify if changes in metal distribution within crystals occurred 

over the time of observation.  
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Figure 4.1.  EEL spectrum from a typical goethite single particle prior to background 

subtraction showing the O-K, Fe-L2,3 edges and a small Ni-L ionisation edge 

superimposed on an exponentially decreasing background. The positions of the two pre-

edge slits and post-edge slit for each element are indicated on the spectrum. The 

spectrum inset is for the Ni- L2,3  ionisation energy with background subtracted by 

fitting a conventional inverse power law function.   

 

 

4.4. RESULTS AND DISCUSSION 

 

4.4.1 Mineralogy and Chemistry 

 

Goethite was the main constituent of the five oxide-type lateritic nickel samples with 

minor amounts of quartz, talc, willemseite (i.e. Ni-talc), maghemite, magnetite, 

asbolane, kaolinite and various spinels, which were detected by synchrotron X-ray 

diffraction (SXRD) (Figure 4.2a and b). The chemical composition of the five goethites 

determined by complete dissolution in 2M H2SO4 is shown in Table 4.1 (modified from 

Landers et al., 2009). Table 4.1 approximates the goethite composition because many of 

the minor phases are insoluble or only slightly soluble in 2M H2SO4 (e.g. quartz, talc 

and various spinels).  The X-ray fluorescence (XRF) results represent the chemical 

composition of the whole sample, including minerals that are insoluble in 2M H2SO4  
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Figure 4.2. a) Synchrotron XRD (SXRD) patterns for the five oxide-type lateritic nickel 

samples. b) Enlargements of part of the SXRD patterns. (Gt: goethite, Qtz: quartz. Mgh: 

maghemite, Kln: kaolinite, Asb: asbolane, W: willemseite, Mag: magnetite, Spl: spinel 

and Hl=halite (contamination)). 

 

 

(Table 4.2). Large differences between total and H2SO4 soluble Cr and Mg values 

reflect the insoluble nature of various metal (Me) spinels (MeCr2O4/MgCr2O4) and talc 

(Mg3Si4O10(OH)2) in 2M H2SO4. This interpretation is supported by the presence of 

chromite and talc in LBH/XRD patterns of residues after complete dissolution of Fe (i.e.  
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Table 4.2. Chemical composition of the goethites (105°C) from X-ray fluorescence 
(XRF) analysis. 

Fe2O3
a SiO2

a Al2O3
a MnOa MgOa TiO2

a Nib Crb Vb Cub Znb Bab Cob

Weda Bay 559 66.9 77 13.1 23.6 0.97 12500 46900 334 32 505 158 1730
Goro 554 19.7 41.2 97.2 5.1 0.53 7120 24900 146 164 389 78 3330

Kalgoorlie 586 41.3 21.3 23.2 11.1 0.72 11600 18100 105 74 480 457 2350
Ravensthorpe 505 291 6.3 41 8.3 0.13 17600 1150 36 73 45 45 732

Koniambo 619 22.0 44.6 5.8 7.1 0.06 12200 24900 246 66 260 30 1090  
a mg/g  
b mg/kg element. 
 

 

iron oxides) (Figure 4.3). The Mn values from XRF analysis are higher than the 2M 

H2SO4 acid dissolution values suggesting part of the Mn is present in an insoluble phase 

and is not associated with nanometric Fe and/or Mn oxides which are readily soluble in 

acid. The soluble Mn content of the samples is probably due to minor Mn oxide phases 

and/or Mn in goethite (i.e. substituted for Fe in the goethite structure). Goro goethite 

contains significantly more soluble Mn (i.e. ~4.5mg/g Mn) than the other goethites, and 

SXRD patterns showed this to be due, in part, to asbolane, (Co,Ni)(MnO2)(OH)·n(H2O), 

which is a common mineral in nickel laterites (e.g. Manceau et al., 2000). The presence 

of asbolane in the Goro goethite was not detected using conventional XRD. The 

enhanced peak resolution provided by synchrotron XRD made it possible to detect these 

minor phases. The presence of free Mn oxide in the Goro sample was supported by 

TEM/EDS observations of Mn-rich particles. Quartz (SiO2) was a significant 

constituent in the Ravensthorpe goethite sample and a minor constituent in the Weda 

Bay, Kalgoorlie and Koniambo goethite samples as indicated by the XRD and XRF 

results. Much of the quartz was insoluble in 2M H2SO4 and was, therefore, observed in 

LBH/ XRD patterns of the goethite residues after complete dissolution of Fe (Figure 

4.3). Maghemite (γ-Fe2O3) was a significant constituent of the Weda Bay and 

Kalgoorlie goethite samples and to a lesser extent of the Ravensthorpe goethite sample 

(Figure 4.2b). A weak magnetite (Fe3O4) peak at 2.532Å was observed in SXRD 

patterns for the Weda Bay goethite sample (Figure 4.2b). Other spinels were also 

detected by SXRD analysis (e.g. magnesiochromite). However, these minor phases 

represent very minor contributions to the total chemistry/mineralogy of the samples, and 

are generally quite resistant to acid dissolution. It is difficult to distinguish the various 

spinel species because reflections commonly coincide (Figure 4.2b). Therefore, the use 

of the word spinel refers collectively to a number of spinel group minerals. Small, broad 

kaolinite (Al2Si2O5(OH)4) reflections were detected for the Ravensthorpe and Goro  
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Figure 4.3. Low Background Holder (LBH) XRD patterns of residue after complete 

dissolution of goethite in 2M H2SO4 for all five oxide-type lateritic nickel samples. (Qtz: 

quartz, Chr: chromite, Tlc: talc and Spl: spinel).  

 

 

goethites, accounting for some Al reported in the chemical analyses. Acid digestion and 

XRF results for Ni were very similar indicating that Ni is predominantly associated with 

acid soluble mineral(s). The talc in the Weda Bay sample may contain a very small 

amount of Ni (i.e. is a member of the talc- willemseite isomorphous series) according to 

very slight shifts in talc reflections observed in SXRD patterns. Talc would account for 

< 5% of the total Ni in the Weda Bay goethite. TEM/EDS analysis of mineral grains 

indicated that Ni, Al and Cr are predominantly associated with goethite (i.e., these 

elements substitute for Fe in the goethite structure or are absorbed onto the goethite 

crystal surface) (Table 4.3). The association of these metals and Co with Mn oxides was 

also investigated as Mn oxides are a minor constituent in many lateritic soils (Brand et 

al., 1998), and have a strong affinity for several metals (Gilkes and Mckenzie, 1988). 
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Table 4.3. Me/ (Fe+Me) ratios determined from TEM- EDS spectra of individual 

crystals of goethite (105°C) (modified from Landers et al., 2009). 

Sample Ni/(Fe+Ni) Al/(Fe+Al) Cr/(Fe+Cr) nc

Weda Bay 0.028 (0.005) 0.071 (0.026) 0.018 (0.003) 16
Goro 0.023 (0.009) 0.063 (0.005) 0.045 (0.010) 16

Kalgoorlie 0.027 (0.008) 0.035 (0.012) 0.038 (0.026) 30
Ravensthorpe 0.035 (0.006) 0.000 (0.000) 0.000 (0.000) 12

Koniambo 0.025 (0.010) 0.053 (0.037) 0.016 (0.012) 34  
Note: Values in parentheses represent the standard deviation. 
c number of EDS-TEM spectra measured. 

 

 

4.4.2 Metal distribution in goethite crystals 

 

4.4.2.1 Congruency of acid dissolution 

 

Plots of the congruency of acid dissolution (Fe versus substituted metal) provide 

information on the association and speciation (e.g., separate phases, absorbed onto 

crystals, uniformly incorporated in the crystal structure) of metal substituents in iron 

oxides (Singh and Gilkes, 1992; Trolard et al., 1995; Wells, 1998; Perrier et al., 2006; 

Landers and Gilkes, 2007).  If plots of the % Fe dissolved (x) versus the % metal (Me) 

(y) dissolved during acid dissolution yield a straight line which intersects the origin (i.e. 

y-intercept = 0, slope = 1; congruent dissolution) we can assume the metal is uniformly 

distributed throughout the iron oxide crystals (Figure 4.4a; Type 1). If the plots indicate 

non-congruent dissolution, the Me is not uniformly distributed in the iron oxide or in 

some instances Fe and Me are not in the same mineral. For example, if the Me versus Fe 

dissolution graph is non-congruent and the plot yields a single straight line intersecting 

the % Me axis (Figure 4.4a; Type 2a and b), it is postulated that the metal is not solely 

associated with the iron oxide. However, the Me that is associated with the iron oxide is 

uniformly distributed within the iron oxide crystals. Plots yielding a curved line (i.e. 

convex or concave; Figure 4.4a; Type 3a and b) correspond to a difference in the 

relative rates of dissolution of Me and Fe, indicating that the metal may be either 

absorbed at the surface of the crystals (Type 3a), concentrated toward the centre of the 

crystals (Type 3b) or that the mineralogy of the sample is diverse, and some of the Me 

may be associated with a mineral that is more or less soluble than the iron oxide. When  
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Figure 4.4. a) Representative plots for congruency of acid dissolution curves expressed 

as Me as a % of total Me dissolved versus Fe or Mn as a % of total Fe or Mn dissolved. 

Dissolution of Fe as a % of total Fe dissolved versus, b) Ni as a % of total Ni dissolved, 

c) Al as a % of total Al dissolved, d) Cr as a % of total Cr dissolved, and e) Mn and Co 

as a % of total Mn and Co dissolved respectively for all goethites. Congruency of acid 

dissolution of f) Co as a % of total Co dissolved versus Mn as a % of total Mn dissolved, 

for Kalgoorlie goethite. Note: Ravensthorpe goethite was not included for the Al and Cr 

versus Fe acid dissolution congruency plots because these metals are not significant 

constituents of Ravensthorpe goethite. 
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the metal is partly associated with an insoluble mineral (i.e. Me had not completely 

dissolved when 100% Fe dissolved) then a Type 4 relationship occurs (Figure 4.4a Type 

4). 

 

For the Weda Bay, Goro and Koniambo goethites Fe dissolved at the same rate as did 

Ni (i.e. congruent dissolution) with % Fe versus % Ni  plots yielding a single straight 

line of unit slope (Figure 4.4a; Type 1, Figure 4.4b) indicating that all Ni is associated 

with goethite and is uniformly distributed throughout the goethite crystals. The very 

small percentage of Ni associated with willemseite (i.e. Ni-talc) in the Weda Bay 

goethite is too small to have any influence on the congruency of acid dissolution results. 

Similarly, asbolane in the Goro goethite sample either released Ni at a similar rate to Ni 

released from goethite, or, the amount of Ni associated with asbolane was too small to 

affect the congruency of acid dissolution result for Fe versus Ni (Figure 4.4b). For the 

Kalgoorlie and Ravensthorpe goethites, % Fe versus % Ni dissolution congruency plots 

showed that approximately 10% and 20%, respectively of Ni had dissolved before 

significant Fe had dissolved (a straight line fit intersect the % Ni dissolved axis) (Figure 

4.4a; Type 2, Figure 4.4b). This indicates that ~10% and 20% Ni might be absorbed, is 

located close to the surface of the goethite crystals or is associated with a more soluble 

mineral(s) than goethite, which were not detected by SXRD (e.g. Mn oxides). Poorly 

ordered or amorphous Mn oxides cannot be detected by XRD when only small amounts 

are present. An EEL spectrum for clusters of crystals from the Ravensthorpe sample 

indicates that there is a significantly larger (~5-fold) Ni-L2,3 edge when a Mn-L2,3 edge 

is present in the absorption spectrum (Figure 4.5a) (i.e. Mn oxide crystals are present in 

the cluster), compared to the spectrum obtained when only Fe bearing minerals were 

present (Figure 4.5b). This observation indicates that Ni is a major constituent of Mn 

oxide in the Ravensthorpe sample. These findings are consistent with observations by 

previous authors (Manceau et al., 2000; Quantin et al., 2002) who have shown that 

some Ni in lateritic soils may be associated with Mn oxides (e.g. Ni-asbolane). 

However, when both Mn and Fe oxides are present in lateritic soils, the majority of the 

Ni is associated with goethite (Quantin et al., 2002). After the initial dissolution of the 

~10% and 15% Ni in the Ravensthorpe and Kalgoorlie goethite samples which 

corresponded to dissolution of 10% and 30% of the total soluble Mn, the remaining ~90 

and 80% Ni, respectively, dissolved at the same rate as Fe, indicating that this Ni was 

uniformly distributed in the goethite crystals.  
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Figure 4.5. a) Electron Energy Loss (EEL) spectra for the indicated clusters of crystals 

in the Ravensthorpe goethite sample (inset micrographs), a) showing the Fe-L, Mn-L, 

Co-L, Ni-L and O-K ionisation edges (background subtracted); indicating the presence 

of Fe and Mn oxides with structural Ni and Co, and b) showing Fe-L, Ni-L and O-K 

ionisation edges (background subtracted); indicating the presence of an Fe oxide(s) with 

a small amount of structural Ni. Dotted lines represent the position of the Cr-L 

ionisation edge.  

 

 

Dissolution of Al and Fe was incongruent for the Weda Bay, Goro and Kalgoorlie 

goethites, where approximately 25%, 15% and 10 % respectively of the Al had 

dissolved before any Fe dissolved (Figure 4.4c, Figure 4.4a: Type 2). Thus, ~25%, 15% 

and 10 % Al, respectively, may be close to the surface of the goethite crystals, or that 

some Al may be associated with a more soluble mineral(s). Figure 4.6 shows an 

EFTEM map for a rhombic crystal in Weda Bay laterite, where the O and Al 

distributions coincide with the location of the crystals. The associated acicular crystals 
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correspond to the Fe map indicating that they are goethite, while the rhombic crystal is 

likely to be kaolinite which was identified by SXRD. The initial 10-25% dissolution of 

Al prior to any Fe dissolving (Figure 4.4c) represents the dissolution of Al associated 

with mineral(s) more soluble than goethite and kaolinite (which is not soluble in H2SO4), 

while, the remaining ~90%, 85% and 75% of Al dissolved at the same rate as Fe 

indicating the remaining Al was uniformly distributed within goethite. Aluminium in 

the Koniambo goethite dissolved congruently with Fe (Figure 4.4a; Type 1, Figure 4.4c), 

indicating that all soluble Al (16.2 mg/g Al, Table 4.1) was associated with goethite and 

Al was uniformly distributed throughout the goethite crystals. These results are 

consistent with SXRD analysis which shows there is no other Al phase present (e.g. 

kaolinite) in Koniambo goethite. For the Ravensthorpe goethite the very small amount 

of acid soluble Al in the sample (0.9 mg/g Al) did not dissolve congruently with Fe, 

indicating that Al is not in goethite. The minor amount of the Al in the Ravensthorpe 

sample (Table 4.1) may be associated with Al-mineral(s) that are present at 

concentrations below the detection limits of SXRD (Figure 4.2) (e.g. kaolinite and 

spinels). These results are consistent with TEM/EDS results for Ravensthorpe goethite 

which showed no detectable Al associated with the goethite crystals (Table 4.3).  

 

Chromium showed only partial congruency of acid dissolution with Fe for the Weda 

Bay, Goro and Kalgoorlie goethites, where ~30%, 60% and 80% Cr, respectively, had 

dissolved after 100% Fe dissolution (Figure 4.4d). Thus, some Cr may be uniformly 

distributed in the goethite structure, while the remaining ~70%, 40% and 20% Cr, 

respectively, may be in less soluble mineral(s) such as chromite (FeCr2O4). Chromite 

was detected by SXRD (Figure 4.2b) of goethite samples and chromite was observed in 

LBH XRD patterns of undissolved residue at the end of the dissolution experiment 

(Figure 4.3). Initial dissolution of ~15% Cr, occurred before any Fe had dissolved in the 

Koniambo goethite (Figure 4.4a; Type 2a, Figure 4.4d). This ~15% Cr was located 

close to the surface of goethite crystals, or was associated with a soluble minor 

constituent. Approximately 35% of the Cr in the Koniambo goethite dissolved 

congruently with Fe (i.e. from ~15-55% Cr) indicating that only ~35% of the Cr is 

uniformly distributed in goethite crystals. However, ~50% of the Cr had not dissolved 

when all Fe had dissolved; this Cr probably occurs as other insoluble, minor minerals 

(e.g., spinel). The relatively low amount of acid soluble Cr (i.e. 800mg/kg Cr, Table 4.1) 

in the Ravensthorpe goethite did not show congruent dissolution with Fe and it is, 

therefore, assumed to be mostly present as other Cr mineral(s). This interpretation is 
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consistent with TEM/EDS analyses (Table 4.3), but presence of these minerals could 

not be confirmed using LBH/XRD analysis of acid residues, being present below the 

limit of detection for this method. 

 

 
 

Figure 4.6. a) Electron micrograph of Weda Bay goethite and kaolinite crystals. Energy 

Filtered Transmission Electron Microscopy (EFTEM) element maps for the crystals (i.e. 

corresponding with Figure 6a), calculated using the three window technique (Hofer et 

al., 2000): b) iron map, c) oxygen map and d) aluminium map. e) The thickness map, 

indicates the uniform thickness distribution of the rhombic kaolinite crystal. Note: the 

hole in the rhombic kaolinite crystal is due to beam damage that occurred while 

acquiring the EDS spectrum.  

 

 

Cobalt is an important constituent of some lateritic nickel deposits because it co-exists 

with Ni in economic quantities and is generally extracted with Ni. For the goethites 

studied in this research between ~20% (Goro goethite) and 100% (Kalgoorlie and 

Ravensthorpe goethites) of the Co and Mn dissolved congruently with Fe (e.g. Figure 

4.4e). These results may indicate that between 20-100% Co and Mn are in goethite. 

Both Co and Mn have been shown to substitute for Fe in synthetic goethite (Singh et al., 

2002; Pozas et al., 2004; Wells et al., 2006; Alvarez et al., 2007). However, much Co in 



99 
 

regolith is in Mn oxides (Manceau et al., 1986; Manceau et al., 2000; Quantin et al., 

2002), which are ubiquitous constituents of lateritic soils (Brand et al., 1998). 

Manganese oxide crystals were detected by EELS for the Ravensthorpe goethite (Figure 

4.5a) and Co was only ever detected (i.e. above the detection limit of EELS) in 

association with Mn (Figure 4.5a). The perfect congruency of acid dissolution for % Mn 

versus % Co dissolved is consistent with the association of these metals in Mn oxide 

(Figure 4.4f). Trolard et al., (1995) reported that Mn was substituted in laterite goethite 

when the total Mn content of the laterite was small. However, for larger concentrations 

(> 1% MnO) discrete Mn oxide phases were also present. We, therefore, conclude that 

the quite small amounts of Mn oxides present in these goethite samples contain much of 

the Co, and that relatively small amounts of Co and Mn are substituted for Fe in 

goethite.  

 

4.4.2.2 EFTEM mapping 

 

An attempt was made to map the distribution of Ni, Cr and Al in single goethite crystals 

using EFTEM. However, due to the low concentrations of Cr and Al in goethite and 

overlaps between these weak signals and the dominant Fe- L2,3 and O-K edges (Figure 

4.5b), it was not possible to accurately fit and remove the background signals for these 

elements making it impossible to map them with any confidence. The Ni-L2,3 edge is 

located at a higher energy than the Fe-L2,3 and O K-edges (Figure 4.5b) making it 

possible to map the distribution of Ni in goethite crystals (using the Ni-L2,3 edge), even 

where Ni is present at relatively low concentrations (~2.5wt% Ni). Figure 4.7 shows 

element (Fe, Ni and O) maps for crystals of Ravensthorpe goethite. The Fe and O maps 

indicate that an Fe bearing mineral is the only phase present (i.e. goethite) and the Ni 

map indicates that Ni is quite uniformly distributed in the goethite crystals. At this 

nanometric scale Fe, O and Ni show similar spatial variations in abundance that 

correspond to the thickness map, thus indicating that at this scale the three elements are 

present in approximately constant proportions. These results are in agreement with the 

congruency of acid dissolution results discussed earlier. 
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Figure 4.7. EFTEM element maps for Ravensthorpe goethite, derived using the three 

window technique (Hofer et al., 2000) and indicating that Fe, O and Ni are uniformly 

distributed. a) Elastic scattered electron image, b) iron map, c) oxygen map and d) 

nickel map. f) Thickness map, indicating that the crystals are thinner near edges. 

 

 

4.4.3 Mineralogical changes due to heating 

 

Hematites formed by the dehydroxylation of goethite at low temperatures (300-400°C) 

are structurally disordered, have small crystal sizes, high specific surface area and 

contain significant structural water. Hence, they are referred here as OH-hematite.  

XRD reflections are broadened to various extents. However, hematite formed by the 

dehydroxylation of goethite at high temperatures (i.e. 600-800°C) contains no water, is 

well ordered, and has a lower specific surface area. The reflections are all sharp so that 

the mineral is referred to as well ordered hematite (Landers et al., in press). Figure 4.8 

shows the SXRD patterns for the progressive dehydroxylation of Goro goethite to well 

ordered hematite for increasing temperature. Corresponding SXRD data are shown in 

Figure 4.9 for 400°C heated goethite (OH-hematite) and Figure 4.10 for 800°C heated 

goethite (hematite) for all goethites.  
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Figure 4.8.  Synchrotron XRD patterns for the progressive dehydroxylation of Goro 

goethite to OH-hematite and then alteration to well ordered hematite (i.e. 105-800°C). 

(Hem: hematite, OH-Hem: OH-hematite, Gt: goethite, Bx: bixbyite, Asb: asbolane, 

Mgh: maghemite and Spl: spinel). 

 

 

Willemseite present in the Weda Bay goethite sample persisted throughout the 

dehydroxylation of goethite to well ordered hematite (i.e. 105-800°C) (Figure 4.9 and 

4.10).  However, the SXRD reflections associated with willemseite shifted closer to 

those of talc, possibly indicating the loss of Ni from the talc structure or some other 

structural rearrangement with increasing temperature. The persistence of talc in the 

Weda Bay goethite heated at 800°C is consistent with the infrared spectroscopic 

analysis of talc where dehydroxylation was shown to occur at ~900°C (Zang et al., 

2006). The kaolinite in Ravensthorpe and Goro goethites decomposed at temperatures 

between 400 and 600°C (according to the XRD patterns), which is consistent with 

differential thermal analyses showing that the thermal decomposition of kaolinite occurs  
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Figure 4.9. Synchrotron XRD patterns for all five lateritic nickel samples shock heated 

at 400°C (i.e. mostly OH-hematite). (OH-Hem: OH-hematite, Qtz: quartz, Mgh: 

maghemite, W: willemseite, Tlc: talc, Maj: majorite and Spl: spinel). 

 

 

 
 

Figure 4.10. Synchrotron XRD patterns for all five oxide-type lateritic nickel samples 

shock heated at 800°C (i.e. mostly well ordered hematite). (Hem: hematite, Qtz: quartz, 

Tlc: talc, Hl: halite, Bx: bixbyite, Awa: awaruite and Spl: spinel). 
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at ~525°C (Yeskis et al., 1985). Maghemite in the Weda Bay and Kalgoorlie goethite 

samples persisted on heating up to 600°C, at which point it co-existed with hematite 

(dehydroxylation product of goethite). However, after heating at 800°C maghemite no 

longer existed and the only iron oxide phase present was hematite (i.e. maghemite 

transformed into hematite) which is consistent with the behaviour of synthetic 

maghemite (Sidhu et al., 1980). Asbolane was present in the Goro goethite sample as 

indicated by the SXRD patterns of goethite heated up to 260°C. However, according to 

Novikov and Bogdanova (2007) asbolane is stable only up to 180°C. For heating 

temperatures above 280°C for the Goro samples the Mn containing mineral phase(s) are 

unknown except for the small proportion of Mn possibly associated with the spinel 

galaxite. According to Roy (1981) Mn oxides heated to ~350°C may convert into 

pyrolusite, and then to bixbyite and hollandite at 600°C. Synchrotron XRD did not 

identify pyrolusite. However, bixbyite ((Mn, Fe)2O3) was detected in the Goro goethite 

heated at 800°C (Figure 4.8 and 4.10).  Synchrotron XRD showed the crystallisation of  

manjiroite, (Na, K)(Mn4+,Mn2+)8O, in the Koniambo goethite heated at 340°C and 

400 °C (Figure 4.9), but it was not present at temperatures above 400°C. Generally the 

spinels present in most goethites were thermally stable from 105-600°C (e.g. Figure 4.8). 

Additional spinels crystallised at 600°C (e.g. formation of awaruite in the Weda Bay 

sample, Figure 4.10) and some disappeared at 800°C (e.g. galaxite in the Goro sample, 

Figure 4.10).  

  

4.4.4 Metal distribution in dehydroxylated goethite: OH-hematite and hematite 

 

The slopes and y-intercepts (for > 20% Fe dissolved) of the congruency of acid 

dissolution graphs (% Me dissolved versus % Fe dissolved) for several heating 

temperatures provide information on the effect of shock heating on metal distribution in 

the various iron oxide minerals (i.e. goethite, OH-hematite and hematite). For this paper 

slopes and y-intercepts were calculated by fitting a linear regression line to the Me 

versus Fe congruency of dissolution data for > 20% Fe dissolved. Use of data for > 20% 

Fe dissolved reduces the effect of the initial (i.e. ≤ 20% Fe dissolved) curvature, which 

occurs when Me dissolves at a faster rate than Fe. When the Me in goethite is initially 

uniformly associated with Fe there are three possible effects (i.e. scenarios) of shock 

heating on the congruency of acid dissolution graphs as will be discussed: Scenario 1; if 

there is no change in the y-intercept and slope of the congruency of dissolution graph 

with increasing heating temperature (i.e. Me is dissolving uniformly with Fe) it is 
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postulated that the metal is uniformly distributed in goethite, OH-hematite and hematite 

particles (i.e. there is no marked effect of heating on the distribution of the Me in the Fe 

oxide) (Figure 4.11, Scenario A). Scenario 2; if there is an increase in the y-intercept 

and a concomitant decrease in the slope of the congruency of dissolution graph with 

increasing heating temperature it is postulated that some of the metal has been exsolved 

from the iron oxide structure. That is, the Me is not fully compatible with the neoformed 

OH-hematite and/or hematite crystal structures and may reside at the surface of Fe 

oxide particles or be present as other discrete minerals (e.g. NiO) where it is readily 

susceptible to acid dissolution (Figure 4.11, Scenario B). Scenario 3; when there is a 

decrease in the y-intercept and a concomitant increase in the slope of the congruency of 

dissolution graph with increasing pre-heating temperature it is postulated that the metal 

may have become concentrated towards the centre of the neoformed OH-

hematite/hematite particles where it is less susceptible to acid attack, or, that the metal 

may have become associated with a neoformed less soluble mineral(s) (e.g. chromite) 

(Figure 4.11, Scenario C). It is also possible for a combination of the aforementioned 

scenarios to occur simultaneously.  

 

 
Figure 4.11. Three scenarios which may occur for changes in the slope and y-intercept 

values (for > 20% Fe dissolved) derived from the congruency of acid dissolution graphs 

(i.e. Me as a % of total Me dissolved versus  Fe as a % of total Fe dissolved) as a 

function of heating temperature (105-800°C).  
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Earlier it was established from SXRD analyses, congruency of acid dissolution results 

and elemental mapping (EFTEM) that the majority of Ni present in the lateritic nickel 

samples was associated with goethite and was mostly uniformly distributed at a 

nanometric scale in goethite crystals. The effects of heating on the slope and intercept of 

congruency of dissolution curves (Figure 4.12) are summarised in Figure 4.13. For 

Weda Bay, Goro, Koniambo and to a lesser extent Kalgoorlie goethite there was a 

marked and systematic effect of shock heating temperature on the distribution of Ni 

within the iron oxides (e.g. Figure 4.12a; Figure 4.13). For these goethites there was no 

change in the initial slope (i.e. slope ~1) or y-intercept of zero of the Ni versus Fe 

congruency of dissolution plots until goethite had been heated above ~240°C (Figure 

4.13). With heating temperatures from 240°C to 400°C (i.e. formation of OH-hematite) 

there was a moderate decrease in the slope and an increase in the y-intercept of the Ni 

versus Fe congruency of dissolution graphs. There were larger changes for heating 

temperatures above 600°C (i.e. formation of well ordered hematite). Changes for 

heating at >600°C may have been due to the formation by heating of discrete Ni 

mineral(s) that were more soluble than the neoformed iron oxides, which cannot 

accommodate all of the initial Ni in their structures (Figure 4.11, Scenario A). Under 

this scenario some Ni migrated to the surface of the neoformed crystals or into the 

abundant voids created in crystals where it was more susceptible to acid attack. Most Ni 

(~70-50%) appears to have been retained in the neoformed hematite and dissolved 

congruently with Fe. 

 

The Ravensthorpe goethite differs from the other goethites, in that there was no 

systematic effect of heating on the distribution of Ni through the iron oxide phases (i.e. 

dissolution of Ni and Fe remains almost congruent after approximately 29% Ni had 

dissolved quickly for all heating temperatures) (Figure 4.13). It is postulated that for the 

Ravensthorpe goethite the Ni is mostly retained by the three iron oxide phases (goethite, 

OH-hematite and hematite) so that little or no Ni was exsolved during heating. This may 

be associated with the larger unit-cell sizes of the Ravensthope iron oxides compared to 

the other samples (i.e. due to much lower amounts of Al or Cr substitution in 

Ravensthorpe goethite and its dehydroxylation products) (Landers et al., in press), 

which might provide more space to accommodate the relatively large Ni ion. 
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Synchrotron XRD patterns of goethties heated at 600-800°C did not indicate the 

presence of discrete Ni mineral(s) formed by heating as proposed earlier. However, if < 

1 wt% Ni exsolved from the structure of goethite in the form of nanometric NiO this  

 
Figure 4.12. Congruency of acid dissolution of shock heated goethites as a % of total 

Fe dissolved versus, a) Ni as a % of total Ni dissolved, b) Al as a % of total Al 

dissolved for goethites heated at 800°C for 30minutes, and c) Cr as a % of total Cr 

dissolved for all goethites heated at 800°C. Note: Ravensthorpe goethite was not 

included for the Al and Cr versus Fe congruency plots because these metals were not 

significant constituents of Ravensthorpe goethite.  
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Figure 4.13. Slope and y-intercept (as % of total Ni) of the congruency of acid 

dissolution graphs for Fe as a % of total Fe dissolved versus Ni as a % of total Ni 

dissolved (for > 20% Fe dissolved) as a function of heating temperature (i.e. 220-800°C) 

for all the goethite samples. Perfect congruent dissolution has a slope of one and y 

intercept of zero.  

 

 

would be present below the detection limit of synchrotron XRD. Synchotron XRD 

showed the possible formation of awaruite (Ni2Fe through to Ni3Fe) in the Weda Bay 

goethite heated at 600-800°C (Figure 4.10). The sharp XRD reflections of awaruite 
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indicated that the structure is well ordered and the crystals are quite large. Valix and 

Cheung (2002) and O’Connor et al., (2006) used in situ SXRD to study the phase 

transformation in heated limonitic (oxide-type) lateritic nickel ore prior to it being 

reduced. Their results showed the formation of taenite (γ-Fe,Ni) when goethite was 

dehydroxylated and reduced to magnetite. There was no evidence for the formation of 

taenite or magnetite in the present investigation, which may reflect the different 

mineralogy of the ores and the different redox conditions employed in this experiment. 

Typically, magnetite is a dehydroxylation product of goethite heated under reducing 

conditions.  

 

According to O’Connor et al., (2006), higher Ni dissolution was achieved when an 

oxide-type lateritic nickel ore was reduced following preheating at 600°C for 20 

minutes. During reduction less Ni diffused into iron oxide crystals for ores that were 

preheated, compared to diffusion of Ni into iron oxides that were not preheated. Iron 

oxides that were not preheated were more susceptible to reduction during 

dehydroxylation, therefore allowing more Ni to diffuse into the iron oxide structure 

(O’Connor et al., 2006).  According to Hallet (1997), during reduction Ni associated 

with goethite in limonitic ore may be incorporated into neo-formed trevorite which is 

the dehydroxylation product of goethite heated under reducing conditions. Trevorite 

(NiO.Fe2O3) and magnetite then react to form the spinel (Fe2+, Ni)O.Fe3+
2O3, making Ni 

more inaccessible as it diffuses into the spinel.  Magnetite was not a product of the 

dehydroxylation of goethite under the conditions of this experiment and there was no 

evidence in SXRD patterns for the formation of trevorite (Figure 4.9 and 4.10). 

 

The EFTEM element maps of a Goro goethite crystal shock heated at 400°C are shown 

in Figure 4.14a-e. These results appear similar to those for unheated goethites (Figure 

4.7), where within the limits of spatial and spectral resolution of this technique Ni is 

uniformly distributed in the iron oxide particle (i.e. OH-hematite). The dissolution data 

also indicate that most of the Ni was retained in the iron oxide particles after heating at 

400°C. The EFTEM maps of a Goro goethite crystal shock heated at 800°C (i.e. well 

ordered hematite) indicate a somewhat different element distribution (Figure 4.14f-j). 

These maps for well ordered hematite indicate some clustering of Ni on the surface of 

the neoformed hematite particles, which is consistent with the reduced congruency of 

acid dissolution indicating the formation of a discrete Ni phase (e.g. bunsenite).  
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Figure 4.14. a) Micrograph for a Weda Bay multidomain goethite crystal shock heated 

at 400°C (i.e. OH-hematite), and corresponding EFTEM element maps, calculated using 

the three window technique (Hofer et al., 2000):  b) iron map, c) oxygen map and d) 

nickel map. e) Thickness map, indicating that the crystal is thinner near edges and Fe, O, 

Ni are quite uniformly distributed throughout the crystal. f) Micrograph for a Weda Bay 

multidomain goethite crystal shock heated at 800°C (i.e. well ordered hematite), and 

corresponding EFTEM element maps, calculated using the three window technique 
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(Hofer et al., 2000):  g) iron map, h) oxygen map and i) nickel map, with enlargements 

of a section of the micrograph showing metal distributions at a nanometric-scale. j) 

Thickness map, indicating a quite uniform thickness with the crystal being thinner near 

The inset maps for Fe and O coincide but that for Ni shows a different edges. 

distribution that may indicate that some Ni is present in discrete Ni compounds (i.e. 

bunsenite, NiO).  

 

 

The effects of shock heating on the location of Al in goethite and the dehydroxylation 

products (i.e. OH-hematite and hematite) were similar to those for Ni. For all goethites 

except Ravensthorpe goethite, which did not contain any structural Al, there was a 

decrease in the slope and increase in the y-intercept of the Al versus Fe congruency 

graphs for pre-heating temperatures ≥220°C (Kalgoorlie) -280°C (Goro and Weda Bay) 

(Figure 4.12b; Figure 4.15 ). This trend may reflect the migration of Al towards the 

surface of the neoformed OH-hematite and hematite crystals, or the formation of a more 

soluble Al mineral(s), as discussed for Ni. Synchrotron XRD showed no evidence for 

the formation of a discrete Al mineral(s) in the samples, which were subjected to rapid 

dehydroxylation at 800°C. Wells et al., (1989) reported the formation of corundum 

(Al2O3) for several synthetic Al-goethites dehydroxylated at 900°C. However, 

corundum was not formed from natural goethite dehydroxylated at 900°C in the same 

study, probably due to the low level of Al in the precursor goethite so that Al was 

retained in hematite. 

 

The effects of shock heating on the Cr versus Fe congruency of acid dissolution graphs 

were quite similar for all the goethites (Figure 4.12c, Figure 4.16), except for 

Ravensthorpe goethite, which contained almost no Cr. For all four goethites there is no 

common or consistent trend for either slope or intercept values with increasing heating 

temperature to 800°C (Figure 4.12c; Figure 4.16), indicating that the small amount of 

Cr incorporated in the goethites may also be compatible with OH-hematite and hematite, 

which is consistent with findings of Schwertmann and Pfab (1996) and Perrier et al., 

(2006). 
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Figure 4.15. Slope and y-intercept of the congruency of acid dissolution graphs for Fe 

as a % of total Fe dissolved versus Al as a % of total Al dissolved (for > 20% Fe 

dissolved)  as a function of heating temperature (i.e. 220-800°C) for all the goethite 

samples. Congruent dissolution would have a slope of one and an intercept of zero.  
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Figure 4.16. Slope and y-intercept of the congruency of acid dissolution graphs for Fe 

as a % of total Fe dissolved versus Cr as a % of total Cr dissolved (for > 20% Fe 

dissolved)  as a function of heating temperature (i.e. 220-800°C) for all the goethite 

samples. dissolution would have a slope of one and an intercept of zero. 

 

 

4.5. CONCLUSIONS 

 

The effects on Ni, Al and Cr distribution in oxide-type (i.e. goethitic) lateritic nickel 

ores subjected to rapid dehydroxylation was investigated as shock dehydroxylation may 

be a potential beneficiation treatment prior to nickel extraction, for example via heap 

leaching.  Low temperature dehydroxylation of goethite (i.e. ~400°C), transforms 

goethite to OH-hematite but had only small effects on the distribution of Ni, Al and Cr 

in the iron oxides. However, high temperature dehydroxylation of goethite (i.e. 
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600/800°C) created well ordered hematite, and caused exsolution of some metals from 

the structure of the neoformed hematite. It is proposed that these exsolved metals form 

nanometric concentrations of discrete oxides (e.g. bunsenite, NiO) and iron nickel alloy 

(e.g. awaruite, Ni3Fe), which are more soluble in H2SO4 than the Ni in hematite. 

Therefore, high temperature rapid dehydroxylation of goethite will promote the 

dissolution of Ni, from oxide-type lateritic nickel ores.   

 

Diffusion of the Ni and Al from the neo-formed hematite structure, for goethite rapidly 

dehydroxylated at 800°C for 30 minutes, was limited as the majority of these metals 

were accommodated in the structure of neo-formed hematite. This may reflect the 

relatively short heating time, which did not allow complete migration of the 

incorporated metals to the surface of the neoformed hematite crystals to form discrete 

mineral(s).  

 

Further investigations are necessary to determine the influence of heating time (e.g. 

10min-10hours) and heating rate on the distribution of metals in dehydroxylated 

goethite. This is an important requirement for determining the optimum conditions for 

industrial scale treatment of lateritic Ni ore. 
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5.1. ABSTRACT 

 

The distribution of Ni in four lateritic Ni-goethites that were rapidly dehydroxylated by 

shock heating at 340/ 400°C and 800°C for 30 minutes was investigated using 

synchrotron based X-ray absorption spectroscopy (XAS). The Ni K-edge EXAFS 

results for unheated samples showed three distinct Ni-Fe shells including two edge-

sharing (RNi-Fe~3.01 and RNi-Fe~3.22 Å) and a double corner-sharing (RNi-Fe~3.52 Å) 

complex for most of the samples. These interatomic distances are indicative of Ni 

substituting for Fe in goethite, which resulted in an expansion in the goethite structure 

along the a-axis direction and a contraction along the b-axis direction. Ravensthorpe Ni 

goethite was considerably different with two Ni-O interatomic lengths (RNi-O~2.04 and 

2.46 Å), an edge-sharing (RNi-Fe~3.04 Å) and a corner-sharing (RNi-Fe~3.56 Å) complex. 

The Ni bonding environment is not indicative of Ni substituting for Fe in goethite and 

requires more EXAFS reference spectra to adequately interpret. The Ni K-edge EXAFS 

results for 340/ 400°C and 800°C heated samples (i.e. hematite) were very similar with 

four distinct metal neighbours representing Fe/ Ni in face-sharing (RNi-Fe~2.87-2.91 Å) 

and three different corner-sharing complexes (RNi-Fe~3.37- 3.41 Å, RNi-Fe~3.62- 3.64 Å 

and RNi-Fe~3.92- 4.09 Å); representing Ni substituting for Fe in hematite, while the 

fourth shell is indicative of an inner sphere surface complex. Therefore, most of the Ni 

is retained in the structures of the neoformed (OH-)hematites, while some of the Ni 

migrates to the surface of the neoformed (OH-)hematite where it forms a surface 

complex. There was no evidence supporting the formation of discrete Ni phases as a 

result of shock heating. These results may lead to more energy-efficient extraction 

methods for Ni in oxide-type lateritic Ni ores, as well as providing valuable information 

on the redistribution of Ni in thermally activated soils. 

 

5.2. INTRODUCTION 

 

In the previous chapters it was established that goethite is the main constituent of the 

oxide-type lateritic nickel ores and Ni is intimately associated with goethite and likely 

to substitute for Fe in the goethite structure. From congruency of acid dissolution (2M 

H2SO4) data and energy filtered transmission electron microscopy (EFTEM) it was 

postulated that shock heating nickeliferous goethite at 800°C (i.e. well ordered hematite) 

for 30 minutes resulted in the migration of Ni to the surface of the neoformed hematite 
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particles and/ or the formation of discrete Ni phases (e.g. NiO) that could not be 

identified from the synchrotron XRD results.  

 

Previous authors have employed synchrotron based x-ray absorption fine structure 

(XAFS) spectroscopy to develop a better understanding of the metal bonding 

environment(s) in iron oxides, in particular, to understand metal (e.g. Mn, Cr, Zn, Cd, 

Pb, Co and Cu) substitution for Fe in goethite (Manceau et al., 2000; Singh et al., 2002; 

Alvarez et al., 2007; Fandeur et al., 2009; Kaur et al., 2009). However, there is limited 

research on the incorporation of Ni in goethite, particularly for natural samples. This, 

inter alia, reflects the difficulty in applying XAFS techniques to metals with absorption 

edges above the Fe K-edge (e.g. nickel). This is due to the considerably weak 

fluorescence signal of the substituted metal compared to the significantly larger Fe 

fluorescence signal generated by the host iron oxides. Extended X-ray absorption fine 

structure spectroscopy (EXAFS) was utilised by Manceau et al (2000) to probe the Ni 

K-edge of a lateritic saprolite containing 0.9 wt % Ni. Their results showed interatomic 

distances of RNi-O~2.07 Å, RNi-Fe~3.07 Å, RNi-Fe~3.18 Å and RNi-Fe~3.65 Å, and 

indicated that 75% of Ni present was incorporated into the structure of goethite (i.e. Ni 

for Fe substitution). The other 25% was associated with (Ni, Co)-asbolane, also a 

common constituent of nickeliferous laterites which is often not detected by X-ray 

diffraction (XRD). The interatomic distances of Ni in goethite were similar to those 

reported for Fe in goethite, and in some instances shorter (e.g. RFe-Fe~3.18 Å versus RNi-

Fe~3.28 Å). This was apparently due to a contraction of the goethite structure in the 

plane of edge-sharing double chains and an expansion in the direction of corner linkages, 

which is thought to reduce the distortion of the goethite structure, and could result from 

a clustering of nickel atoms in the goethite structure (Manceau et al., 2000). 

 

Singh et al (2002) also utilised EXAFS spectroscopy to investigate different 

concentrations of Ni (2.7 to 10.0 mol. % Ni) incorporated in synthetic goethite. Their 

results yielded interatomic distances similar to or shorter than those for Fe in goethite: 

RNi-O~2.06 Å, RNi-Fe~2.99-3.02 Å, RNi-Fe~3.13-3.19 Å and RNi-Fe~4.03 Å, supporting the 

earlier results of Manceau et al (2000). There was no evidence for the formation of 

separate Ni mineral(s), indicating that all Ni had been incorporated into the structure of 

goethite. The incorporation of Ni (1.1-6.0 mol. % Ni) into synthetic hematite was also 

investigated (Singh et al., 2000), and yielded interatomic distances of RNi-Fe~2.90-2.92 

Å, RNi-Fe~3.41-3.42 Å and RNi-Fe~3.66-3.67 Å, indicating the replacement of Fe by Ni in 
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hematite. Their results also showed no evidence for the formation of discrete Ni 

mineral(s); however, their hematite samples were not formed from the dehydroxylation 

of Ni-goethite via heating, as in the case for the present investigation.  

 

Several recent XAFS investigations have focused on Ni absorbed to the surface of iron 

oxides. Xu et al (2007), who investigated the speciation of Ni on amorphous iron oxides 

(hydrous ferrous oxide), reported that Ni forms mononuclear bidentate edge-sharing 

surface complexes upon absorption, with interatomic distances of RNi-Fe~2.05-2.07 Å 

and RNi-Fe~3.07-3.11 Å. Their results showed no evidence for the substitution of Ni for 

Fe into the iron oxide structure. Arai (2008) investigated Ni adsorption onto synthetic 

goethite, hematite and ferrihydrite. Goethite was shown to have a combination of two 

edge-sharing complexes (RNi-Fe~3.03 Å and RNi-Fe~3.18 Å) and a corner-sharing surface 

species (RNi-Fe~4.06 Å). Hematite had face-sharing (RNi-Fe~2.92 Å) and corner-sharing 

(RNi-Fe~4.07 Å) complexes. Ferrihydrite contained edge-sharing species in chains (RNi-

Fe~3.05-3.08 Å) and in rows (RNi-Fe~3.19-3.21 Å). These authors provided evidence 

suggesting that the formation of surface complexes of Ni is sensitive to the crystallinity 

of the iron oxide, and the crystallinity of an iron oxide may be inhibited by the presence 

of Ni.   

 

The behaviour of metals, such as Ni, incorporated within the structure of goethite during 

transformation to hematite is poorly understood and not thoroughly researched. The 

following investigation utilises XAFS (XANES and EXAFS) to probe the Ni K-edge of 

four Ni-goethites in oxide-type latieritic Ni ore, to develop a better understanding of the 

Ni bonding environment in Ni-goethite, and its dehydroxylation products OH-hematite 

(340°C / 400°C) and hematite (800°C). We look for evidence of the migration of Ni to 

the surface of the neoformed hematite and/ or the formation of discrete Ni phases (e.g. 

NiO) that were not identified in earlier synchrotron XRD results. 
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5.3. MATERIALS AND METHODS 

 

5.3.1 Samples 

 

Four Ni-goethites in oxide-type lateritic nickel deposits were obtained and shock heated 

at 340/ 400°C and 800°C for 30 minutes. For a more detailed explanation of the heating 

procedure and the mineralogy and chemistry of the various samples refer to Landers et 

al., (2009). Briefly, goethite was the main constituent with minor amounts of talc, 

kaolinite, maghemite and quartz which differed in quantity between samples. Therefore, 

for the remainder of this paper the untreated samples will be referred to as goethites. 

Goethite was partially dehydroxylated to OH-hematite at 340-400°C which was 

characterised by broad XRD reflections and a significant (~1.5-2.5 fold) increase in the 

surface area reflecting the development of elliptically shaped micropores. Heating 

goethite at 800°C resulted in the formation of well ordered hematite with only few 

micropores and consequently a lower surface area. The chemical compositions of the 

goethites are summarised in Table 5.1. Only the 340°C or 400°C heated goethite was 

selected for further analysis in this investigation according to the temperature at which 

the highest surface area occurred (e.g. 340°C for WB and 400°C for Goro).   

 

 

Table 5.1. Chemical composition of the goethites (105°C) from X-ray fluorescence 

(XRF) analysis. 
Sample (abbreviation) Fe2O3

a SiO2
a Al2O3

a MnOa MgOa TiO2
a Nib Crb Vb Cub Znb Bab Cob

Weda Bay (WB) 559 66.9 77 13.1 23.6 0.97 12500 46900 334 32 505 158 1730
Goro (Goro) 554 19.7 41.2 97.2 5.1 0.53 7120 24900 146 164 389 78 3330

Kalgoorlie (Kal) 586 41.3 21.3 23.2 11.1 0.72 11600 18100 105 74 480 457 2350
Ravensthorpe (Rav) 505 291 6.3 41 8.3 0.13 17600 1150 36 73 45 45 732  

a mg/g  
b mg/kg element. 

 

 

5.3.2. XAFS Data collection  

 

Bulk XAFS spectra for the Ni K-edge were recorded at a bending magnet on beamline 

20-BM of PNC-CAT at the Advanced Photon Source, Argonne National Laboratory 

(Illinois, USA). The storage ring had an energy of 7 GeV and a ring current of ~100 mA. 
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Samples were placed in a sample holder, sealed with Kapton tape, and then mounted on 

a sample changer which was oriented at 45° to the incident X-ray beam. The white 

beam was monochromatised with a Si (111) crystal and detuned by 20 to 50% to reject 

higher order harmonics, and calibrated using a Ni foil, which was subsequently 

monitored with a reference ion chamber. Where the samples did not transmit enough X-

rays to monitor the reference foil adequately, the position of the Ni K-edge on the Ni 

foil was monitored frequently to ensure that all experimental and reference scans could 

be properly energy corrected. Due to the low concentration of Ni in the samples, Ni K-

edge spectra were recorded in fluorescence mode with a 13-element Ge solid state 

detector at ambient temperature. Concentrated reference materials (i.e. NiO and 

Ni(OH2)) were diluted in boron nitride (BN) to ~3000ppm Ni, to closely resemble the 

Ni concentrations in the samples. Due to the relatively low Ni contents and the high Fe 

content of the samples (Table 5.1), Fe strongly interferes with the Ni signal. Detector 

saturation was minimised and the signal to noise ratio was optimised by varying sample 

thickness and use of Al foil(s) of varying thickness as a fluorescence filter. The data 

were acquired by scanning stepwise from 200 eV below to 640 eV above the Ni K-edge 

(8333eV), with a step size of ~0.25eV through the XANES region and with a step size 

of ~2eV through the EXAFS region (~40 minutes spectrum acquisition time). In order 

to have data of interpretable quality, 8 repeat scans for each experimental sample were 

collected and merged. 

 

5.3.3. XAFS Data analysis 

 

EXAFS data were manipulated using the software WinXAS version 3.11(Ressler, 1997). 

The 8 repeated scans of each sample were merged and energy calibrated using the 

nickel reference foil (transmitted through the sample).  All spectra were normalised by 

fitting a first order polynomial to the pre-edge data (-150 to -30eV relative to Eo) and a 

second order polynomial to the post-edge region (+150 up to -100 eV before the end of 

the spectrum). For comparison of atomic and molecular orbital features in the XANES 

region the energy was converted to photoelectron wave vector units (i.e. A-1, k-space). 

The energy at which k equal to 0 was obtained by setting Eo to the first maximum of the 

first derivative of the absorption edge (i.e. shakedown peak). The second derivative was 

interpolated and spectra were smoothed using a Golay-Savitzky function with a fifth 

degree polynomial, two iterations and an interval of 15 (Furnare et al., 2005). 
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EXAFS spectra were extracted by fitting the post-edge data with a cubic spline function 

(7 splines and k3 weighted), and Fourier-transformed to produce radial distribution 

functions (RDFs) using a Bessel window function. For EXAFS modelling all fits were 

performed in k space with the coordination number (CN) and neighbouring atomic 

distances (R) allowed to vary freely. The photoelectron threshold energy shift (∆E o) for 

each of the shells was cross correlated with each other and allowed to vary freely, while 

the Debye-Waller factors (σ2) for the oxygen shells were set to 1.5 of the metal shells, 

and then allowed to vary freely. The amplitude reduction factor (So
2) for all fits was 

fixed to 0.9. All fits were performed in a sequential manner, adding single scattering 

paths step-wise, starting with the closest distance to the central absorber, followed by 

observing reductions of the fits residual (i.e. merit of fit).  

 

5.4. RESULTS AND DISCUSSION 

 

5.4.1. XANES 

 

The Ni K-edge XANES results and the corresponding second derivatives for the four 

lateritic Ni-goethites, and their dehydroxylation products OH-hematite (340/400°C) and 

well ordered hematite (800°C) are shown in Figure 5.1. The energy positions of atomic 

and molecular orbital features (i.e. peaks and shoulders observed in the XANES spectra) 

were determined from second derivatives of normalised spectra (Table 5.2; Figure 5.1). 

The Ni K-edge XANES spectra of the samples exhibit 5 main peaks (including 

shoulders), which vary little in position and magnitude. The Ni K-edge XANES spectra 

exhibit a small pre-edge absorption peak (Figure 5.1, feature A; Figure 5.2, inset A) that 

precedes a shoulder (Figure 5.1, feature B) situated below the main absorption jump 

(edge) prior to the whiteline (Figure 5.1, features Ci and Cii), and a broad absorption 

peak (Figure 5.1, feature D). The pre-edge peak corresponds to the dipole forbidden 

transition of electrons from the 1s to 3d orbitals. Shoulder B is part of the 1s to 4pz 

electron transition (Ci), but occurs at lower energy than the main 1s to 4pz electron 

transition, due to a ligand to metal charge transfer process. The main absorption peak(s) 

is due to the dipole-allowed 1s to 4pz (Ci) transition. A second such transition occurs at 

Cii and consequently, the whiteline occurs between these two electron transitions. 

Feature D may be due to transitions to higher np states, shape resonances, and/ or 

multiple scattering (Wong et al., 1984). The combination of pre-edge peaks and 1s to 
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4pz + shakedown transitions is consistent with Ni atoms six-fold coordinated by O/ OH 

ligands, whose symmetry is reduced from that of perfect octahedral (Oh) symmetry.  

 

 

 
Figure 5.1. Normalised Ni K-edge XANES spectra (top) and the corresponding second 

derivatives (bottom) for the A) four lateritic Ni-goethites, and their dehydroxylation 

products B) OH-hematite (340/400°C) and C) well ordered hematite (800°C). 
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Table 5.2. Energy positions of the atomic and molecular orbital features.  
1s to 3d 1s to 4p  + shakedown transition Multiple scattering

Sample (heat treatment °C) A B Ci Cii D
WB (105) 8333.6 8342.9 8348.9 8353.0 8368.1
Goro (105) 8333.6 8343.0 8348.9 8353.1 8368.1
Kal (105) 8333.5 8342.9 8348.8 8353.1 8368.0
Rav (105) 8333.6 8342.8 8348.8 8353.0 8368.0
WB (340) 8333.6 8342.9 8348.8 8353.1 8368.2
Goro (400) 8333.5 8342.9 8348.8 8353.0 8368.0
Kal  (400) 8333.5 8342.8 8348.9 8353.0 8368.0
Rav  (340) 8333.6 8342.8 8348.7 8353.2 8368.0
WB (800) 8333.7 8342.9 8348.5 8352.6 8368.2
Goro (800) 8333.5 8342.9 8348.8 8352.5 8368.0
Kal  (800) 8333.6 8342.9 8348.3 8352.5 8367.8
Rav  (800) 8333.6 8342.9 8348.6 8352.7 8368.0

1s -4p  dipole-allowed

 
 

5.4.1.1. A) Pre-edge peak; 1s to 3d electron transitions 

 

The presence of the pre-edge absorption feature can be explained by the transition of a 

1s electron of Ni to an unoccupied 3d state.  The 1s Ni electron is in gerade symmetry, 

therefore, the transition of a 1s electron to a 3d site is Laporte forbidden. However, this 

electron transition (i.e.1s to 3d) may become dipole allowed due to a combination of 3d/ 

4p mixing and/ or overlap of the Ni 3d orbital with 2p orbitals of the oxygen ligands 

(Wong et al., 1984; Combes et al., 1989; Farges et al., 2001a). Samples with different 

Ni-coordination may exhibit different energy positions for the pre-edge absorption peak 

(i.e. chemical shift) (Heumann et al., 1997; Farges et al., 2001a). According to 

Heumann et al (1997), the Fermi level for Ni2+ is located between the split 3d/ 4p states. 

This occurs between energetically favourable orbitals which are already fully occupied, 

and the partially empty and energetically favourable orbitals, with only the less 

energetically stable orbitals being able to receive a 1s electron. Therefore, the final 

position of the 1s to 3d electron transition cannot occur at the same energy for 

tetrahedrally (Td) and Oh coordinated Ni and this is related to crystal field splitting 

energy, which decreases with decreasing Ni-coordination (Heumann et al., 1997). The 

pre-edge absorption feature present in the Ni K-edge XANES spectra occurs 

consistently at 8333.6±0.2 eV (Table 5.2) for all the samples (Figure 5.2, inset A). Thus 

it appears that Ni occurs in approximately the same 6-fold coordination in all these 

lateritic goethites, and is retained throughout the transformation to well ordered 

hematite. The intensity of the pre-edge peak is dependent on the percentage of mixing 

between some of the 3d-np and quadrupole orbitals. Therefore, more intense pre-edge 

peaks are observed in non-centrosymmetric arrangements (e.g. Td geometry), where 

mixing of the 3d-np and quadrupole orbitals is maximised (Combes et al., 1989). 

Conversely, the pre-edge peak is absent for perfect centrosymmetric Oh symmetry. The 
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only small pre-edge peak observed for the Ni-goethites suggests minimal distortion of 

the Oh geometry, with little to no observed effect of shock heating (340/400°C and 

800°C) on the coordination of Ni2+ (Table 2).  

 

 

 
Figure 5.2. Normalised Ni K-edge XANES spectra for Kal goethite shock heated at 

400°C (OH-hematite) and 800°C (well ordered hematite), showing different energy 

positions and intensities of the whiteline (1s to 4p electron transfer) for various heat 

treatments. Inset A, pre-edge peaks (1s to 3d electron transitions) for Kal goethite and 

corresponding heat treatments, including synthetic reference materials NiO and Ni(OH)2. 

The pre-edge peak position is essentially the same for all samples. Inset B, normalised 

Ni K-edge XANES spectra for reference materials NiO and Ni(OH)2, showing different 

whiteline energy positions (i.e. Ci versus Cii). 

 

 

5.4.1.2. B) 1s to 4pz transition and shakedown electron transition 

 

The shoulder (Figure 5.1; feature B) present in all the Ni K-edge XANES spectra at 

8342.8-8343.0 eV (Table 5.2) may be explained by molecular orbital theory, it involves 

a 1s to 4pz electron transition in addition to a ligand-to-metal charge transfer creating a 

lower final energy final state than the main edge jump (i.e. 1s to 4pz electron transfer) 

(explained by Furnare et al., (2005) for Cu complexes on vermiculite). The energy 
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position of this shoulder varies minimally throughout the dehydroxylation of goethite to 

well ordered hematite, indicating that the covalent character between ligands and metals 

is similar throughout the heating series, or in other words, heating does not affect the 

covalency of the Ni-O bonds.  

 

5.4.1.3. Ci and Cii) 1s to 4p electron transfer: the whiteline 

 

The main absorption edge jump (Figure 5.1; feature C) is due to a 1s to 4p electron 

transition, with the main edge jump for lateritic Ni-goethites occurring at feature Ci, 

while the main edge for the well ordered hematites occurs at feature Cii (Figure 5.1 and 

Figure 5.2). Similar features were observed by Combes et al (1989) for Fe K-edge 

XANES of goethite and hematite. OH-hematite represents a transition state between 

goethite and well ordered hematite with both features Ci and Cii observed in the Ni K-

edge XANES spectra (Figure 5.1 and 5.2). The Ni 1s to 4pz electron transfer is 

indicative of the type of ligand environments present in the samples (Furnare et al., 

2005). The energy position of feature Ci occurs consistently at ~8348.8eV for all the 

samples (Table 5.2), while the energy position of feature Cii occurs at ~8353.1eV for 

Ni-goethite and OH-hematite. However, for well ordered hematite Cii shifts by -0.5eV. 

This shift is likely to be due to the loss of excess structural water (hydroxyl groups) 

from the OH-hematite structure with the formation of well ordered hematite, which, 

consequently changes the ligand environment (i.e. O2- compared to OH-). 

 

The resonance shape and intensity of the main edge (Figure 5.2, feature Ci and C ii) 

differ substantially between Ni-goethite, OH-hematite and hematite. It appear that there 

is a substantial shift in energy position of feature C from goethite (feature Ci) to well 

ordered hematite (feature Cii) (i.e. shift in position from Ci to Cii). This trend is not 

apparent for the 2nd derivative of the Ni K-edge XANES spectra (Figure 5.1, labelled 

X1/X2 and Y1/Y2), which indicates that both features are present for all the samples; but 

the relative magnitudes change significantly (e.g. when X1/Y1 increases in intensity, 

X1/Y2 decreases in intensity), affecting the resonance shape and energy position of the 

maximum intensity (i.e. main edge jump). This may reflect the ligand environment of 

Ni in the various iron oxides which changes when Ni-goethite dehydroxylates to form 

well ordered hematite. This interpretation is supported by the resonance shape of the 

main edge jump for the reference sample, Ni(OH)2 (Figure 5.2, inset B), which is 

similar to the resonance shape of the main edge jump for goethite and OH-hematite, 
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while the resonance shape for the reference sample, NiO (Figure 5.2, inset B), is similar 

to that for well ordered hematite, these changes reflecting the different ligand 

environments of Ni in these materials. 

 

Farges et al, (2001b) investigated the coordination of Ni2+ in hydrated sodium trisilicate 

and albitic glasses. The more hydrated glasses had a more intense feature C, which was 

suggested as being due to a higher average Ni2+ coordination in the glasses and 

therefore more structural order. The presence of structural water might induce an 

increase in coordination number around Ni, increasing the main-edge crest in the Ni K-

edge XANES spectrum (Farges et al., 2001b). This can explain the more intense main 

edge crest for Ni-goethite (Ci) compared to well ordered hematite (Cii). 

 

5.4.1.4. D) Beyond the main-edge jump 

 

Carvalho-E-Silva et al (2003) used FEFF code simulations to demonstrate that feature D 

for Ni-goethite (Figure 5.1) was related to multiple scattering by the next nearest 

oxygen neighbours.  Feature D was only present when multiple scattering of the second 

shell of O atoms was taken into account. For all the samples feature D occurs at ~ 

8368.0eV (Table 5.2), except for Rav Ni-goethite for which it occurs at a lower energy 

position (Figure 5.1) and is not emphasised in the corresponding second derivative of 

the Ni K-edge XANES spectrum (Table 5.2).This may be due to a different Ni-O 

bonding environment for Rav goethite compared to the other Ni-goethites. Interestingly, 

for 340/400°C and 800°C heated samples feature D for the Rav goethite Ni K-edge 

XANES spectra is identical to this feature for the other goethite samples, indicating a 

similar Ni-O bonding environment.  

 

5.4.2. EXAFS 

 

5.4.2.1. Lateritic Ni-goethite 

 

The non-linear least square EXAFS fit results for the Ni coordination environments in 

the four lateritic Ni-goethites are displayed in Table 5.3 and Figure 5.3. The k3-

weighted Ni EXAFS showed a regular sinusoidal wavefunction which, above 10 Å-1, 

deteriorates due to increasing noise from backscattering Fe neighbours, and contains a 

small shoulder at circa 5.4 Å-1 (Figure 5.3). The moduli of the radial distribution 
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functions (RDF) for the four Ni-goethites indicate the presence of at least three 

coordination shells (Figure 5.3). The dominant sinusoidal wavefunction is reflected by 

the first major shell (e.g. Figure 5.3, feature I) shown in the Fourier transformation (FT) 

over the r-range from 1.2-2.0 Å (R+∆R, uncorrected for phase shift) (e.g. Figure 5.4a). 

This shell is identical in position and magnitude for all four Ni-goethites (Figure 5.3). 

Goro and Kal Ni-goethites have a further two well resolved peaks in their respective 

RDFs (Figure 5.3; feature II/ III and IV), which are poorly resolved for the WB sample 

and absent for the Rav sample. The small shoulder at circa 5.4 Å-1 is reflected in the 

sinusoidal wavefunction of the FBT of the remaining shells (i.e. second, third and high-

order shells) over the r-range 2.0-3.6 Å (R+∆R) (Figure 5.4a). The position and shape of 

the EXAFS compares well with published results that have indicated Ni for Fe 

substitution in the structure of goethite (Manceau et al., 2000; Carvalho-E-Silva et al., 

2003). 

 

The first major shell of the RDF for all the lateritic Ni-goethites was modelled well with 

one oxygen shell (χNi-O), with a Ni-O interatomic distance of 2.04 Å and with 6.1 ± 1 

(Goro) to 7.6 ± 1 (Rav) oxygen atoms (σ2=0.004-0.007; Table 5.3). The χFe-O of the 

RDF in ideal goethite identifies 2 Fe-O bond distances at 1.95 and 2.09 Å (Manceau and 

Combes, 1988). The quality of the χNi-O fit was not enhanced by splitting the first 

coordination shell and fitting Ni-O shells over two distances (e.g. Goro goethite 

displayed in Figure 5.5), despite a small pre-edge absorption peak in the XANES 

spectra (Figure 5.2 inset). This indicates that either the degree of Oh symmetry reduction 

is insufficient to cause a noticeable split in the Ni-O environment of the EXAFS, or, the 

k-range (∆ k) is insufficient to resolve the two (or more) Ni-O shells. As the fit 

improvement was insufficient, only one O shell was used to fit the Ni-O environment. 

Similar results were reported by other authors who also fitted the χNi-O with a single Ni-

O of 5.3 at 2.07 Å (Manceau et al., 2000) for both natural (lateritic) and synthetic Ni-

goethites, and 6 oxygen atoms (fixed) at 2.06 Å (Singh et al., 2002) for synthetic Ni-

goethites with a range of Ni substitution (2.7-10.0 mol. % Ni).  

 

The peaks in the RDFs (Figure 5.3; features II/III and IV) between 2.2 and 4 Å (R+∆R, 

uncorrected for phase shifts) are associated with the cationic shell contributions to the  
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Figure 5.3. Normalised Ni K-edge EXAFS (k3-weighted χ(k) spectra) and 

corresponding radial distribution functions (uncorrected for phase shift) for Ni in Ni-

goethites.  
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Figure 5.4.  Normalised Ni K-edge EXAFS (k3-weighted χ(k) spectra) for WB goethite 

and corresponding dehydroxylation products OH-hematite (340°C) and hematite (800°C) 

shown in black dotted line (i.e. experimental), overlayed with k3-weighted Fourier back-

transformed χ(k) functions for the first shell contribution (i.e. Ni-O, red line) and second 

and third metal shell contribution (Ni-Ni/ Fe, blue line). Arrows indicate a distinct 

shoulder (5.4 Å-1) and beatnode (8.8 Å-1) in the EXAFS sinusoidal wave function. 

Parentheses represent the r-range over which the Fourier back-transformation was 

performed. 
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EXAFS (i.e. Ni-Fe; χNi-Fe). Three distinct Ni-Fe shells were required to model the 

second, third and high-order shell environments (i.e. WB, Kal and Goro goethite; Table 

5.3), with most of the interatomic distances closely resembling those reported for Ni in 

Ni substituted goethite  (Manceau et al., 2000; Singh et al., 2002). For Goro and Kal 

goethites these occur at ~3.01 Å, 3.22 Å, and 3.52 Å and represent Fe and/or Ni atoms 

in edge-sharing chains along the c-axis (Ni-Fei), edge-sharing rows along the b-axis 

direction (Ni-Feii)  and double corner sharing polyhedral linkages along the a-axis 

direction (Ni-Feiii) respectively, similar to the general Fe-Fe coordination environment  

of goethite (e.g. 3.01 Å, 3.28 Å and 3.46 Å; Manceau and Combes, 1988). Interestingly, 

although the ionic radius of Ni2+ (0.69 Å) is slightly (6%) larger than that of Fe3+ (0.65 

Å), only one Ni-Fe interatomic distance was larger than the Fe-Fe distances in ideal 

goethite (i.e. Ni-Feiii), while the other Ni-Fe lengths were the same (i.e. Ni-Fei) or 

shorter (i.e. Ni-Feii) than Fe-Fe lengths in ideal goethite (Table 5.3). Therefore, there is 

an overall expansion in the Goro and Kal goethite structure along the a-axis direction 

and a contraction along the b-axis direction due to the isomorphous substitution of Fe by 

Ni in goethite. Similar results were also observed by Manceau et al (2000) and Singh et 

al (2002), however, Manceau et al (2000) postulated that the uniform Ni-O shell may 

have been due to a clustering of Ni atoms in the goethite structure. 

 

 

 
Figure 5.5. k3-Weighted Fourier back-transformed χ(k) function for the first shell 

contribution (i.e. Ni-O, black line) for Goro goethite, overlayed with the best 1shell 

(blue dotted line) and 2 shell (red dotted line) simulations for the O coordination. 

Parenthesis= (RCN, σ2). 
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WB Ni-goethite is considerably different to Goro and Kal Ni-goethites, with Ni-Fe 

interatomic distances of 2.94 Å (Ni-Fei), 3.08 Å (Ni-Feii) and 3.53 Å (Ni-Feiii) (Table 

5.3). The first Ni-Fe interatomic distance indicates a likely face sharing polyhedral 

linkage, or, like the second Ni-Fe interatomic distance, may be associated with an edge-

sharing complex which is considerably shorter than corresponding Fe-Fe distances in 

ideal goethite and the measured Ni-Fe distances in the Goro and Kal goethites. However, 

the third Ni-Fe interatomic distance, which is a corner-sharing polyhedral linkage, is 

significantly longer than the Fe-Fe length in ideal goethite, and corresponds well with 

the Goro and Kal Ni-goethite interatomic distances.  

 

According to SXRD results, asbolane is a small constituent of the Goro Ni-goethite 

sample (Landers et al., in review). Previous investigations have shown that asbolane 

may contain some Ni (Manceau et al., 2000), however, according to the Ni K-edge 

EXAFS results for Goro goethite, the interatomic bond lengths and the positions of the 

components in the RDF suggests that Ni is not associated with asbolane. Similarly, 

previous investigations of Rav Ni-goethite utilising electron energy loss (EEL) 

spectroscopy showed the presence of a Ni containing amorphous Mn oxide phase 

(Landers et al., in review) which was not detected by SXRD. For the Rav Ni-goethite 

there were a number of discrepancies in the Ni-Fe interatomic distance that cannot be 

accounted for using only a model of Ni substituting for Fe in goethite; therefore the 

presence of another Ni species must be considered. It is not known what mineral the 

interatomic distances of 2.46 Å, 3.04 Å and 3.56 Å are associated with, however, it is 

likely that 2.46 Å represents a Ni-O bond length, which is supported by the lower 

energy position of feature D in the Ni K-edge XANES spectrum (Figure 5.1), while 3.04 

Å is likely an edge-sharing distance, and 3.56 Å indicative of a corner-sharing complex.  

 

5.4.2.2. Nickeliferous goethite heated at 340/400°C (OH-hematite) and 800°C (hematite) 

 

The EXAFS non-linear least square fitting results for the next-nearest neighbour 

coordination environments of 340/ 400°C shock heated Ni-goethite (i.e. partially 

dehydroxylated goethite; referred to here as OH-hematite) are displayed in Table 5.3 

and Figure 5.6, while the results for 800°C shock-heated Ni-goethites (i.e. well ordered 

hematite) are displayed in Table 5.3 and Figure 5.7. In contrast to the unheated (105°C) 

samples, the EXAFS of the 340/ 400°C samples show a distinct beatnode at circa 8.8 Å-

1 and a prominent shoulder at circa 5.4 Å-1 (Figure 5.6). In the RDFs, the beatnode 
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translates into a second shell feature of increased magnitude of the modulus at circa 2.5 

Å (R+∆R) (e.g. Figure 5.4b and c; Figure 5.6). Upon further heating to 800°C, the 

prominent shoulder feature at 5.4 Å-1 becomes as well resolved as the beatnode at circa 

8.8-9.0 Å-1 (Figure 5.7). In the corresponding RDFs, the second shell peak near 2.6 Å 

(R+∆R) increases in magnitude and shows a further peak near 4.8 Å (R+∆R) absent in 

the RDFs of the 340/ 400°C spectra. There are 3 main peaks in the RDF for all the (OH-) 

hematites (Figure 5.6 and 5.7 respectively; I, II/III and IV). The first peak (Figure 5.6 

and 5.7; feature I) of the RDF is associated with the χNi-O, which is symmetrical and 

identical in magnitude and position for all samples (Figure 5.6 and 5.7). The second 

peak (Figure 5.6 and 5.7; feature II/III) is not as well resolved as the first peak and 

varies slightly in FT magnitude and positioning amongst the OH-hematites (Figure 5.6), 

while for the 800°C heated samples (Figure 5.7; feature I/II), the peak occurs at an 

identical position. Generally, the cationic shell contributions (χNi-Fe) of the RDF for well 

ordered hematite is more defined than the RDF for the χNi-Fe of OH-hematite (Figure 5.6 

and 5.7), with a significant increase in the magnitude of the second and third FT peaks. 

These slight differences in χNi-Fe reflect small variations in the average Ni-Fe 

interatomic distance and 6-fold octahedral coordination environment. 

 

The first shell coordination environment of the 340/ 400°C and 800°C heated samples is 

very similar with 5.8-6.5 ± 1 oxygen atoms occurring at 2.03-2.04 Å (Table 3; σ 2= 

0.005-0.006). Singh et al (2000), who investigated Ni-hematites with various amounts 

of Ni substitution (i.e. 1.1-6.0 mol. % Ni), fit the χNi-O with two Ni-O interatomic 

distances at 1.97-1.98 Å and 2.09-2.10 Å. It was possible to fit the χ Ni-O with two Ni-O 

distances, however, there was no substantial improvement of the fit parameters, and in 

some instances the interatomic distances were not sufficiently separated to be 

statistically discernable (i.e. abiding by the rule ∆d= π/2 x kmax). In addition, the single 

very small pre-edge absorption peak in the Ni K-edge XANES spectra indicates only 

minimal distortion of the 6-fold coordination environment, and therefore does not 

necessarily warrant the splitting of the χNi-O (Figure 5.2, inset A). The CN and the 

corresponding σ2 values for 400°C heated Kal and 800°C heated Rav were slightly 

higher than for the other (OH-)hematites (Table 5.3). When σ2 was fixed to 0.006, to 

make the values directly comparable to the other (OH-)hematites, the CN and bond 

length values became similar for all the (OH-)hematites (Table 5.3). For the remainder 

of this paper the latter results (i.e. fixed σ2 at 0.006) are quoted. There was no 

significant change in the average Ni-O distance between goethite and (OH-)hematite (i.e. 
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2.04-2.03 Å), which corresponds well with the Ni K-edge XANES results, where the 

similar energy position of the pre-edge absorption feature were observed (Figure 5.2 

inset A).  

 

 

 
Figure 5.6. Normalised Ni K-edge EXAFS (k3-weighted χ(k) spectra) and 

corresponding radial distribution functions (uncorrected for phase shift) for Ni in oxide-

type lateritic Ni ores subjected to shock heating at 340/ 400°C for 30 minutes (i.e. OH-

hematite).  

 

 

Four distinct metal neighbours could be made out in the second coordination shell of Ni 

for (OH-)hematite. These occurred at ~2.87-2.91 Å, 3.37-3.41 Å, 3.62-3.64 Å and 3.92-

4.09 Å and represent Fe and/or Ni atoms in face sharing complexes and three different 

corner sharing complexes respectively. Upon heating to 800°C, the CNs RNi-Fe/ Ni ~2.90 
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Å increased by ~30% to ~3.5 reflecting the magnitude increase of the moduli in the 

RDFs of the 800°C samples. The Ni-Fe interatomic distances for the first and second 

cationic shells were essentially the same (i.e. within the estimated error of uncertainty) 

and consistent with the general Fe-Fe coordination environment of hematite (Manceau 

and Combs, 1988; Singh et al., 2000). However, the third cationic shell Ni-Fe 

interatomic distance, which is associated with double corner sharing linkages, was 

significantly shorter than the Fe-Fe interatomic distances in ideal hematite (i.e. 3.62-

3.64 Å versus 3.70 Å in ideal hematite; Table 3). This is particularly surprising 

considering the larger ionic radius of Ni2+ (0.69 Å) compared to Fe3+ (0.65 Å). 

Shortening of RFe-Fe~3.70 Å in ideal hematite results in an overall contraction of the 

structure along the ac plane. Essentially the aforementioned interatomic bond lengths 

correspond well to those published by previous authors for Ni2+ substituting for Fe3+ in 

the hematite structure (Singh et al., 2000), as well as for Fe-Fe interatomic distances in 

hematite (Manceau and Combs, 1988; Singh et al., 2000), providing evidence for the 

retention of most of the Ni in the neo-formed structures resembling (OH-)hematite.  

 

Conversely, the fourth cationic shell Ni-Fe bond length at 3.92-4.09 Å (Table 3) could 

not be accounted for with single and multiple scattering paths for Ni2+ incorporated into 

the hematite structure. In addition, the bond lengths are different to those for NiO and 

Ni(OH)2, and are not associated with any minerals detected in the SXRD patterns 

(Landers et al., in review). Cormier et al (1999) investigated the distribution of Ni in 

borate glasses, and showed the presence of a strong FT feature at ~4.0 Å, which was 

successfully fitted with a Ni-Ni bond distance of 4.08 Å, corresponding to corner-

sharing NiO6 Oh. A focusing effect was caused by a (nearly) colinear Ni-O-Ni 

arrangement, which was demonstrated using multiple scattering calculations. Arai (2008) 

used these assumptions (i.e. colinear arrangement between Ni-O-Fe) to account for the 

existence of a FT feature at 4.07 Å, when investigating surface speciation of Ni2+ on 

hematite. His results successfully accounted for the FT feature with a corner sharing Ni-

Fe interatomic distance of 4.07 Å coordinated with ~1.6 iron atoms. This suggested the 

existence of a Ni inner sphere surface species on hematite. Therefore, in the present 

investigation the occurrence of an interatomic bond length of 3.92-4.09 Å (Table 3) is 

likely to be due to surface absorbed Ni2+ on the (OH-)hematite surface. This provides 

evidence suggesting that (OH-)hematite formed by dehydroxylation of Ni-goethite, 

retains most of the Ni in the structure, with some Ni migrating to the surface of the 

(OH-)hematite crystals forming a surface complex.  
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Figure 5.7. Normalised Ni K-edge EXAFS (k3-weighted χ(k) spectra) and 

corresponding radial distribution functions (uncorrected for phase shift) for Ni in oxide-

type lateritic Ni ores subjected to shock heating at 800°C for 30 minutes (i.e. hematite). 

 

 

5.5. CONCLUSIONS 

 

The Ni K-edge EXAFS investigation indicated that Ni in oxide-type lateritic Ni ore was 

speciated differently amongst samples. Nickel was mostly incorporated in the structure 

of goethite, causing an expansion in the goethite structure along the a-axis direction and 

a contraction along the b-axis direction. However, the metal neighbours of some 

samples were different to those for Ni sequestered in goethite, suggesting that some Ni 

was associated with other mineral(s) (e.g. Mn oxides) which could not be identified in 

this investigation. The Ni K-edge EXAFS for Ni-goethites subjected to shock heating at 
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340/ 400°C and 800°C was very similar amongst samples indicating that most of the Ni 

was retained in the structure of the neoformed (OH-)hematite, while some of the Ni 

migrated to the surface of the neoformed (OH-)hematite existing as an inner sphere 

surface complex. However, there was no evidence supporting the formation of discrete 

Ni phases as a result of shock heating. These results may lead to more energy-efficient 

extraction methods for Ni in oxide-type lateritic Ni ores, as well as provide valuable 

information on the redistribution of Ni in thermally activated soils. 
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Chapter 6 

REVIEW DISCUSSION/ SUMMARY 

 

6.1. Mineralogy and geochemistry  

 

Five oxide-type (limonititc) lateritic nickel ores from Indonesia (Weda Bay), Western 

Australia (Kalgoorlie and Ravensthorpe) and New Caledonia (Goro and Koiambo) 

representing both “dry” and “wet” laterities were composed mostly of goethite with 

minor to trace amounts of quartz, talc, willemseite (i.e. Ni-talc), maghemite, magnetite, 

asbolane, kaolinite and various spinels, detected by synchrotron X-ray diffraction 

(SXRD). The improved peak resolution and sensitivity provided by SXRD showed the 

presence of minor mineral phases otherwise not detectable using conventional XRD (e.g. 

asbolane). Transmission electron microscopy/energy dispersive spectrometry 

(TEM/EDS) and electron energy loss spectroscopy (EELS) indicated the presence of 

minor Mn oxides and possibly X-ray amorphous iron oxide constituents. Although the 

mineralogical assemblages of the nickel laterities were dominated by goethite, there 

were slight variations in the contributions of minor constituents reflecting the bedrock 

from which the laterites were formed and environmental conditions during pedogenisis. 

The majority of the goethite crystals were nano-sized and acicular in shape, and were 

mostly organised into rafts (i.e. they were multidomanic). Single goethite crystals and 

echidna-shaped, three dimensional radiating arrays of crystals were also present. The 

TEM selected area electron diffraction (SAED) investigation showed the goethite 

crystals were mostly elongated along the c-axis direction (space group Pbmn). The 

surface area of the goethites ranged from 27m2g-1 (Kalgoorlie) to 83m2g-1 (Koniambo), 

with the value for Kalgoorlie goethite being significantly lower than for other goethites, 

partly reflecting its slightly larger crystal size and uniformly smooth particle 

morphology.  

 

6.2. Location and distribution of Ni, Al and Cr in goethite in oxide-type lateritic Ni ore 

 

Nickel, Al and Cr were the only metals associated with goethite that were within the 

detection limits of TEM/EDS. Therefore, these metals (including Fe) were the main 

focus of this investigation. The concentration of Ni, Al and Cr in the different goethites 

was quite variable (e.g. ~0.84-2.08 wt.% Ni), however, within a particular sample the 

distribution of these metals was quite homogenous (i.e. Ni, Cr and Al was distributed 
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evenly amongst iron oxide crystals). Ravensthorpe goethite was considerably different 

to the other goethites because it contained no Al or Cr in the goethite crystals (within 

the detection limits of TEM/EDS), and subsequently had slightly different properties 

from the other goethites. For example, the unit-cell size of Ravensthorpe goethite was 

considerably larger than for the other four goethites. The incorporation of the smaller Al 

and Cr ions in the other four goethites resulted in a significant contraction of the unit-

cell towards the respective endmembers diaspore, AlOOH, and bracewellite, CrOOH. 

These results are consistent with the findings of previous authors who investigated the 

substitution of Al and Cr for Fe in synthetic goethites (Gerth, 1990; Manceau et al., 

2000; Ruan et al., 2002; Wells et al., 2006). 

 

Degree of congruency of acid dissolution and TEM spectroscopic investigations (i.e. 

EELS and EDS) indicated incorporation of Al and Cr in the structure of all goethites, 

except for Ravensthorpe. Congruency of acid dissolution data similarly indicated that 

Ni was associated with goethite and uniformly incorporated in all the goethites. The Ni 

K-edge EXAFS data for the Kalgoorlie and Goro goethites showed three distinct Ni-Fe 

shells, including two edge-sharing (RNi-Fe~3.01 and RNi-Fe~3.22 Å) and a double corner-

sharing (RNi-Fe~3.52 Å) complex. These bond lengths are indicative of the substitution 

of Ni for Fe in goethite. The bond lengths associated with Weda Bay goethite were 

slightly different with a face sharing, or, edge-sharing complex (RNi-Fe~2.94 Å), an 

edge-sharing complex (RNi-Fe~3.08 Å) and a corner-sharing polyhedral linkage (RNi-

Fe~3.53 Å). These bond lengths are likely to be associated with Ni for Fe substitution in 

goethite with a substantial distortion of the goethite structure. Similarly, the presence of 

multiple Ni species must be considered. Since the congruency of acid dissolution results 

indicate identical dissolution rates for both Fe and Ni (i.e. congruent dissolution), then, 

if another Ni species were to be present in the Weda Bay sample, it must have the same 

dissolution rate as Fe. Ravensthorpe Ni K-edge EXAFS data were considerably 

different to that of the other goethites, with two Ni-O interatomic lengths (RNi-O~2.04 

and 2.46 Å), an edge-sharing (RNi-Fe~3.04 Å) and a corner-sharing (RNi-Fe~3.56 Å) 

complex. These bond lengths suggest that Ni is not incorporated in goethite, and is 

associated with another mineral(s) which could not be identified by SXRD (e.g. Mn 

oxides). The congruency of acid dissolution results for the Ravensthorpe goethite 

suggest that Ni is substituting for Fe in goethite. However, a more detailed examination 

shows that initially there is a slightly faster dissolution rate for Ni compared to Fe 

(Figure 4.4.b), which may be due to another Ni species that is more soluble in H2SO4 
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than Fe oxide. The Ni K-edge EXAFS results for Ravensthorpe goethite contradict the 

TEM/EDS results and the energy filtered transmission electron microscopy (EFTEM) 

mapping of the Ni and Fe L–edges (Figure 4.7), which suggest uniform incorporation of 

Ni in the iron oxide crystals. This ambiguity may arise due to the comparison of bulk 

analysis (i.e. congruency of acid dissolution, EXAFS) with nanometric analysis (i.e. 

TEM/EDS, EFTEM). In regards to EFTEM, few crystals contain sufficient Ni to map 

this element. Therefore, these goethite crystals (i.e. that contain sufficient Ni) may be 

exceptions and may not provide a true representation of most goethite in the samples. 

 

This investigation shows that the congruency of dissolution data can be misleading, 

particularly for natural samples with unknown impurities and possibly containing 

amorphous constituents. In this investigation TEM/EDS and EELS showed that minor 

amounts of Mn oxides were present in the Goro and Ravensthorpe samples and which 

contain some Ni; however the majority of the Ni was associated with goethite.   

 

Due to the limited experimental time available on the bulk EXAFS beamline (20-BM of 

PNC-CAT) at the Advanced Photon Sourse (APS), it was not possible to obtain Ni K-

edge EXAFS data for the for Koniambo goethite and the corresponding dehydroxylation 

products. 

 

6.3. Dissolution kinetics of lateritic goethite 

 

Dissolution of Fe (i.e. goethite) for all the oxide-type lateritic nickel samples in 2M 

H2SO4 followed the Kabai equation with the data conforming to a single straight line. 

There were significant differences in the dissolution rate constant (k) for the Kabai 

equation for the various samples due to differences in particle morphology, structural 

order (i.e. crystallinity) and incorporated chemical species (i.e. Ni, Al and Cr). There 

was a significantly lower dissolution rate constant (k) for goethites that contained 

structural Cr and Al. This is due to the greater M3+-OH/O bond strength relative to Fe3+-

OH/O in goethites. The Ravensthorpe goethite was the only sample that did not contain 

detectable Al or Cr; consequently Ravensthorpe goethite had a significantly faster 

dissolution rate than the other goethites (e.g. k= 0.008 min-1 for Goro goethite versus k= 

0.768 min-1 for Ravensthorpe goethite). 
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6.4. Rapid dehydroxylation of goethite to hematite  

 

6.4.1. Dehydroxylation of goethite to hematite: Mineralogy/ morphology 

 

Thermal analysis indicated that the various nickeliferous goethites dehydroxylated at 

different temperatures (i.e. DSC maxima ranged from 272-285°C). However, the 

morphological and mineralogical changes occurring to goethite throughout the 

dehydroxylation transformation were similar for all samples. Due to differences in the 

minor mineral constituents of samples, some slight variations in the mineralogical 

assemblages of the samples occurred throughout the heating range 220-800°C. While 

some of the minor minerals present in the laterites persist throughout the 

dehydroxylation of goethite to well ordered hematite (e.g. talc, quartz and spinel), other 

minor minerals (e.g. bixbyite and manjiroite) were altered by heating. The thermal 

behaviours of goethite and these minor mineral phases for all the samples are 

summarised in Figure 6.1. 

 

Rapid low temperature dehydroxylation of goethite at 300-400°C resulted in the 

formation of OH-hematite (i.e. hydrous hematite) (Figure 6.1). This intermediate 

metastable phase has previously been referred to as protohematite and/ or hydrohematite 

(Wolska, 1988; Wolska and Schwertmann, 1989; Wells et al., 2006; Gualtieri & 

Venturelli, 1999). OH-hematite was characterised as having: broad XRD reflections 

associated with the OH-hematite Fe sub-lattice, excess structural water, high surface 

area, structural disorder and small crystal size. The significant increase in surface area 

(i.e. 1.5-2.6 fold) from goethite to OH-hematite is due to the formation of slit-shaped 

micropores at 300°C, which further develop into elliptically-shaped micropores at 

400°C, due to the expulsion of structural water. Differential line broadening of OH-

hematite XRD reflections, which are associated with the Fe sub-lattice, is due to Fe in 

the sub-lattice adopting one of two non-preferred stacking sequences while the close-

packed O sequence is retained (Lima de Faria, 1963; Watari et al., 1979; Löffler and 

Mader, 2006). Consequently, OH-hematite contains fine twinning and substantial 

structural disorder. 
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Figure 6.1. Mineral transformations for all goethites and their minor phase constituents 

for shock heating at 220-800°C for 30 minutes. WB= Weda Bay goethite, Goro= Goro 

goethite, Kal= Kalgoorlie goethite, Rav= Ravensthorpe goethite and Koni= Koniambo 

goethite. 

 

 

The goethite c unit-cell dimension (space group Pbmn) decreased systematically with 

increasing heating temperature for all the goethites, until all the goethite had 

transformed into OH-hematite. Corresponding a and b unit-cell dimensions remained 

constant on heating. The decrease in the c unit-cell dimension is reported to be due to 

proton migration from the goethite structure as a result of heating, which causes a 

vacancy that is consequently filled by Fe atoms moving closer together along the c-axis 

(Gultieri and Venterelli, 1999). The c unit-cell dimension of the corresponding 

neoformed OH-hematite also decreased with increasing heating temperature up to 

400°C, and then it remained constant (i.e. formation of stoichiometric hematite). The 

a=b unit-cell dimensions of OH-hematite decreased up to 600°C, reflecting the loss of 

residual structural water from OH-hematite and the consequent formation of well 

ordered hematite.  

 

Rapid high temperature dehydroxylation of goethite at 800°C resulted in the formation 

of well ordered hematite (i.e. stoichiometric hematite). Hematite contains no residual 
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structural water, has low specific surface area and is well ordered (i.e. sharp XRD 

reflections). Well ordered refers to the presence of only one Fe stacking arrangement in 

the hematite sub-lattice; therefore, there is no fine twinning in hematite crystals nor 

XRD differential line broadening as occurs for precursor OH-hematites. The low 

specific surface area of well ordered hematites is due to the removal of most micropores 

and the coalescing of acicular nano-sized hematite crystals into larger rounded particles 

by surface and volume diffusion (observed in the TEM investigation).  

 

6.4.2. Dehydroxylation of goethite to hematite: Effect on dissolution rate 

 

Dissolution in 2M H2SO4 of Fe (i.e. iron oxides) in the preheated (220-800°C) materials 

followed the Kabai equation with the data conforming to a single straight line. Partially 

dehydroxylating the goethite to OH-hematite at 340/400°C (i.e. low temperature 

dehydroxylation) significantly increased the dissolution rate constant (k) for the Kabai 

equation. This large increase in dissolution rate is partly due to the 1.5-2.6 fold increase 

in surface area, while the remaining 5-10 fold increase in dissolution rate is postulated 

to be due to reduced structural order which provides a greater density of sites and/or a 

lower energy requirement for protonation of Fe3+ sites to occur. On the contrary, 

dehydroxylation of goethite to form well ordered hematite at 800°C (i.e. high 

temperature dehydroxylation) results in a similar dissolution rate value to the precursor 

goethite. This is postulated to be due to increased structural order and decreased surface 

area reflecting the removal of micropores and morphological defects.  

 

6.4.3. Rapid dehydroxylation of goethite to hematite: effects on location and 

distribution of Ni, Al and Cr.  

 

Congruency of acid dissolution results indicate that rapid dehydroxylation of goethite to 

OH-hematite by heating at ~300-400°C (i.e. low temperature dehydroxylation) had 

minimal effects on the speciation of Ni, Al and Cr in the iron oxides (i.e., Ni, Al and Cr 

that was associated with goethite was also associated with the neoformed OH-hematite 

and uniformly incorporated in the structure of OH-hematite). These results were partly 

supported by the Ni K-edge EXAFS results for all the OH-hematites, which showed a 

face sharing (RNi-Fe~2.87-2.89 Å) and three different corner-sharing (RNi-Fe~3.38-3.40 Å, 

3.64 Å and 4.05-4.09 Å) complexes, with bond lengths that are indicative of Ni for Fe 

substitution in hematite. However, the longest corner-sharing distance of 4.05-4.09 Å is 
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postulated to be associated with Ni adsorbed to the surface of the neoformed OH-

hematite (i.e. inner sphere surface complex). Therefore, as a consequence of the low 

temperature flash heating at 340/400°C (i.e. rapid dehydroxylation), some of the Ni that 

was uniformly incorporated in the precursor goethite migrated towards the surface of 

the neoformed OH-hematite. It is postulated that not all the Ni is compatible with the 

rapidly formed OH-hematite. However, the congruency of acid dissolution data did not 

indicate the formation of a Ni surface complex, otherwise the congruency of acid 

dissolution data for Ni versus Fe would show an initial curved shape due to the more 

rapid dissolution of Ni (i.e. surface located) compared to Fe.  

 

Interestingly, although the Ni K-edge EXAFS results suggested that for the 

Ravensthorpe sample Ni was not present in the goethite structure, the corresponding Ni 

K-edge EXAFS results for shock heated goethite at 340°C (OH-hematite) and 800°C 

(hematite) implied the incorporation of Ni in the (OH-)hematite structures. It is difficult 

to explain why this may occur, and the Ni K-edge EXAFS results for the Ravensthorpe 

goethite still remain unresolved. Possibly Ni was transferred from an initial host mineral 

(i.e. due to decomposition) and diffused into the hematite structure due to heating for 

only 30 minutes. Alternatively, the current interpretation of Ni K-edge EXAFS data for 

this goethite is incorrect.  

 

Rapid dehydroxylation of goethite to well ordered hematite at 800°C (i.e. high 

temperature dehydroxylation) affected the location and distribution of Ni and Al in the 

iron oxides. Congruency of acid dissolution results indicated that rapid formation of 

well ordered hematite caused the migration of some of the metals to the surface of the 

neo-formed hematite structure (i.e. non-congruent dissolution). The congruency of 

dissolution graphs for Fe versus Ni showed an initial curved shape, reflecting the more 

rapid dissolution of surface located Ni, or, formation of a discrete Ni species. Similarly, 

the corresponding Ni K-edge EXAFS and EFTEM results showed evidence of Ni 

migrating to the surface of the neoformed hematite. The Ni K-edge EXAFS results 

showed four metal neighbours representing Ni/Fe in face sharing (RNi-Fe~2.88-2.92 Å) 

and three corner-sharing complexes (RNi-Fe~3.37-3.41 Å, 3.62-3.64 Å and 3.92-4.08 Å), 

which is indicative of Ni for Fe substitution in hematite (i.e.  most of the Ni was 

incorporated in the neo-formed hematite). However, as for the OH-hematite results, the 

RNi-Fe~3.92-4.08 Å interatomic distance is indicative of Ni forming an inner sphere 

surface complex on hematite. The congruency of acid dissolution results for Al versus 
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Fe were similar to those for Ni. The EXAFS (for Ni) and SXRD results showed no 

evidence for the formation of discrete Ni or Al phase(s). It is postulated that Ni and Al 

are not completely compatible with the neo-formed hematite, and some ions migrate to 

the surface of the hematite forming a surface complex. The exolution of some of the Al 

from the hematite structure may significantly increase the dissolution rate of the 

hematites in sulphuric acid. As was explained (section 6.3.) structural Al and Cr 

significantly reduced dissolution rate.  

 

6.5. Relevance to the mining industry  

 

Processing of lateritic Ni ores by the expensive high pressure acid leaching (HPAL) 

process is proving to be sub-economic, consequently some HPAL refineries have closed 

(e.g. Ravensthorpe Nickel Project). The relatively new hydrometallurgical processing of 

lateritic Ni ores by heap leaching requires considerably lower energy requirements and 

lower capital costs compared to the more complex and energy intensive (expensive) 

HPAL process. Heap leaching has been utilised for the leaching of Au and Cu in low-

grade ores and, more recently (since the early 1990’s) similar technology has been 

employed for heap leaching of Ni in lateritic Ni ores. Consequences of extracting Ni 

from low-grade lateritic ore by heap leaching are inter alia, the large size of the heaps 

involved, the long duration (up to 700 days) of leaching required to provide economic 

yields of Ni, and the consequent high acid consumption.  

 

Results from this investigation indicate that the rate of dissolution of oxide-type (i.e. Fe 

oxide rich) lateritic Ni ore in sulphuric acid is enhanced by increasing the surface area 

and structural disorder of the iron oxides present within the samples. Therefore, for the 

five oxide-type lateritic Ni ores investigated in this thesis, the rate of dissolution in 

sulfuric acid would be maximised by shock heating at temperatures between 340-400°C 

for 30 minutes forming a.partially dehydroxylated goethite/OH-hematite phase, where 

surface area and structural disorder are greatest. These results may be beneficial when 

applied to heap-leaching of Ni from oxide-type lateritic Ni ore in sulphuric acid, with 

the potential to significantly decrease leach time and increase Ni yield, as well as 

providing cost benefits due to decreased acid consumption. However, enhancing the 

dissolution of oxide-type lateritic Ni ore at these temperatures (i.e. 340-400°C) still 

produced dissolved Ni and Fe. Therefore, further processing is required to separate the 

two metals. To reduce the cost of this step (i.e. separating Fe from Ni), shock heating at 
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800°C to form well ordered hematite may be applicable. Although the dissolution rate 

of oxide-type lateritic Ni ore decreases at these heating temperatures (i.e. 800°C 

compared to 340-400°C), there is significant migration of structural Ni to the surface of 

the neoformed hematite, which is more accessible to acid solutions and initially there is 

relatively more Ni in solution that Fe. However, the additional costs involved in heating 

at the higher temperature needs to be considered.  

 

These results may also be applied to other Fe oxide rich systems, such as bauxites and 

bauxite residues (red mud). The incorporation of Al in bauxitic goethites is of particular 

interest to the alumina mining industries because a substantial amount of Al is hosted in 

the iron oxide constituents (mostly goethite and hematite) which cannot be successfully 

extracted utilising the Bayer process. Similarly, bauxite residues are significantly 

enriched in Al and speciality metals such as Sc and Ga that are at least partly present in 

goethite. Utilising the heating methods described herein to extract these metals from 

bauxities and bauxite residues may be possible.  

 

6.6. Where to from here?  

 

A major difficulty in investigating the speciation of metals in natural samples are the 

confounding effects of minor contaminants which make determinations of metal 

associations with the various mineral phases ambiguous. To negate the effects of minor 

contaminants which are unavoidable using bulk analysis techniques (i.e. congruency of 

acid dissolution and bulk EXAFS), the use of synchrotron X-ray microprobe analysis 

(simultaneous µ-XRD, µ-XRF and µ-XAFS) may benefit this type of investigation. 

Although the sizes of the crystal investigated herein (i.e. for goethite) are below the 

resolution of single crystal analysis by synchrotron X-ray microprobe, the possibility of 

obtaining data from a mineral of interest (i.e. Ni-goethite) uncontaminated with 

impurities is significantly enhanced. Another technique that may further enhance this 

research is X-ray photoelectron spectroscopy (XPS). XPS is a quantitative spectroscopic 

technique that is sensitive to the surface composition of a particular material (i.e.1-10 

nm depth). Therefore, in this investigation, surface concentrations of Al and Ni in the 

goethite samples before and after shock heating at 800°C could have been quantified. 

From the outcomes of this investigation, it is expected for there to be an increase in the 

surface concentration of Ni and Al on hematite crystals due to shock heating at 800°C. 

Similarly, for a more thorough investigation on metal distribution in goethite and its 
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dehydroylation products (OH-hematite and hematite), Fe, Cr and Al K-edge EXAFS 

spectra should be acquired. Further investigations are necessary to determine the 

influence of heating time (e.g. 10 minutes versus 10 hours) and temperature on the 

speciation and distribution of metals in goethite and hematite. This is an important 

requirement for determining the cost efficiency of industrial processing plants that heat 

lateritic Ni ores prior to extraction of Ni. 

 

An alternative approach to fitting the Ni EXAFS spectra (corresponding to goethites 

shock heated) was suggested by Prof. David Sherman (thesis examiner). This involves 

forward-modelling the EXAFS by fitting all the shells at once using cluster(s). He 

suggested attempting to model the EXAFS using a single cluster corresponding to Ni 

occupying a Fe site, with all the coordination numbers fixed and the distance allowed to 

vary freely. A second cluster is then included corresponding to Ni occupying a surface 

complex (e.g., as tridentate or bi-dentate corner-sharing complex). The EXAFS is 

modelled as a linear combination of the two clusters.  
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