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Abstract 

The processing of nickeliferous laterites to produce nickel metal is both complex 

and energy intensive. Since most laterites are found in remote regions, the capital 

costs for the infrastructure can exceed those for the process itself. The low 

temperature sulphidation of lateritic ores to produce an intermediate nickel 

concentrate for further processing offers a number of potential advantages, such as 

lower energy consumption and a relatively simple flowsheet.  In this research, the 

sulphidation of a nickeliferous lateritic ore was investigated between the 

temperatures of 450-1100oC and sulphur additions of between 25-1000 kg of 

sulphur per tonne of ore. 

The experiments demonstrated that the nickel oxide within the ore can be 

selectively sulphidized to a nickel-iron sulphide. It was found that both the grade 

and the sulphidation degree largely depended upon the temperature and the 

sulphur additions, with temperatures above 550oC exhibiting the highest nickel 

sulphidation extents and grades. A DTA/TGA with mass spectrometer was used to 

further elucidate the nature of the phase transformations that occur upon heating of 

the ore, in the presence of sulphur.  

It was found that the Fe-Ni-S phase formed at low temperatures was submicron in 

nature and heating to temperatures of 1050oC-1100oC allowed for the growth of the 

sulphides to a d80 of up to 14 µm due to increased sulphide mobility, associated with 

the formation of a liquid sulphide matte with dissolved oxygen. Flotation studies 

conducted on 60 g samples showed that the sulphides formed respond to flotation 
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with maximum grades of up to 6-7 wt% nickel being achieved and average grades of 

between 4-5 wt% nickel.  Recoveries were approximately 50% on a sulphide basis 

and it was determined that the low nickel grades were due to the entrainment of 

magnetite fines.  
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Chapter 1: Introduction 

1.1 General Overview 

This thesis is concerned with an examination of a novel process for the selective 

sulphidation and recovery of nickel sulphide concentrate from a nickeliferous 

laterite deposit.  The motivation for this current work is due to the changing face of 

the nickel industry, which is currently facing an important shift in production 

methods from what once was a traditionally sulphide ore based production stream,  

to one that will require the successful processing of nickel bearing oxidic ores, 

known as laterites. The following section will provide a brief overview of the nickel 

industry, the current production methods and the motivation for the production of a 

nickel sulphide concentrate from lateritic ores. 

Nickel is used for a variety of industrial purposes, but its primary use is as an 

alloying agent in stainless steels.  Additional applications include high performance 

super alloys and batteries (Elms 2009). Nickel consumption has grown 

tremendously (see Figure 1-1) , since the 1940s, fueled early on by World War II, 

and now by increased development and urbanization in China (Mackey 2011). 
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Figure 1-1: Trends in Nickel Production (Plot reproduced from (Mackey 2011)) 

The production methods and the types of nickel ores which have been treated has 

also changed over the past seventy years. Abundant high grade sulphur deposits 

have become depleted and new deposits, with lower grades and different ore types, 

which previously were not competitive with the treatment of sulphide ores, are now 

being considered as options. While nickel extraction has historically been 

dominated by pyrometallurgical treatment of sulphide ores, the relatively high 

abundance of nickel laterites is now beginning to translate into increased 

production from this oxidic ore type; which may be treated by, both 

hydrometallurgical and pyrometallurgical methods. In fact, laterites account for 

approximately 70% of estimated resources, but only 40 % of current production, as 

shown Figure 1 (Mackey 2011). 
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One of the major reasons that sulphides have accounted for a larger portion of 

production when compared to lateritic ores is due to their relative ease of 

processing. Nickel sulphide ores contain pentlandite, a mineral containing 

approximately 34 wt% nickel. Pentlandite can be readily separated from the gangue 

components of the mineral to produce a 6-15 wt% nickel concentrate. This 

concentrate is then smelted and converted to a metallic matte for eventual 

conversion to high purity nickel products via a variety of process options. Te ability 

to produce a nickel concentrate results in a much lower mass load to be treated in 

the high temperature and  energy consuming smelting process and less transport of 

material from the mine site to the smelter. In contrast, thus far, nickel laterites have 

not been amenable to significant physical upgrading and this inability to produce a 

nickel concentrate from a lateritic ore results in large quantities of material which 

must be treated in the higher energy consuming pyrometallurgical and 

hydrometallurgical processes.  

1.2 Nickeliferous Lateritic Ores 

Nickeliferous lateritic ores are located in tropical and sub-tropical locations and are 

formed through the weathering of olivine rich rocks known as peridotites (Boldt 

1967). Acidic ground water dissolves many of the soluble minerals resulting in a 

solution containing nickel, iron, magnesium, silica and other elements such as 

chromium. As the groundwater travels deeper within the host rock, changes in pH 

and contact with the unaltered host rock results in the preferential precipitation of 

iron and nickel minerals. Nickel and iron enrichment also occur through an ion 
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exchange process where, nickel and iron in solution will exchange with magnesium 

within the host rock (Boldt 1967). 

Minerals near the surface are enriched in iron and eventually form hydrated iron 

oxides such as goethite. This portion of the ore is generally referred to as limonite. 

Whereas the host rock may contain low amounts of nickel (0.2-0.3 wt%), the 

limonitic zone of an ore body may contain between 0.5-1.7 wt% nickel and between 

40-60 wt% iron. Extremely weathered orebodies, particularly in dry or arid 

locations, may contain a ferricrete cap, which contains extremely insoluble minerals 

such as hematite, spinels and maghemite. 

Near the bottom of a typical orebody, modified host rock containing nickel enriched 

serpentines and olivines are present. This enrichment may be due to either the 

precipitation of nickel rich minerals such as garnierite within veins of the host rock, 

or can also be due to direct substitution of nickel for magnesium within the 

serpentine. Ore from this portion of the ore body is known as saprolitic ore and may 

contain between 1.5 wt% to 3wt% nickel.  In drier locations, there is often an 

intermediate region which contains smectite clays and quartz which separate the 

limonitic zone from the saprolitic zone (Golightly 1979). Typical ore profiles are 

shown in Figure 1-2. 



5 

 

 

Figure 1-2: Typical profile of a lateritic ore body (Dalvi et al. 2004) 

 

1.3 Current Processing Options 

There are currently several industrially proven technologies for the treatment of 

nickeliferous lateritic ores. The choice of process is dictated by the ore type as 

limonitic and saprolitic ores have very different properties.  

1.3.1 The treatment of saprolitic ores 

Saprolitic ores are relatively high in nickel as well as magnesium silicates and are 

treated via a pyrometallurgical treatment method known as the rotary kiln electric 

furnace (RKEF).  The first stage involves the drying of the ore to remove free water, 

which may represent between 20-25 wt% of the ore. The dried ore is mixed with 

coal and charged to a rotary kiln, where crystalline water is removed and the ore is 

partially reduced, promoting the formation of wustite and fayalite. A portion of the 
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nickel is converted into metallic nickel. The partially reduced calcine is then charged 

to an electric furnace, where the remaining reduction of the charge occurs. The 

nickel oxide is reduced along with some of the iron to form a ferronickel alloy with 

between 20-30 wt% nickel and recoveries of between 85-95 % (Warner et al. 

2006).  Due to the high melting points of the magnesium silicate slag, as well as the 

ferronickel, the furnace is run at higher temperatures than in sulphide smelting 

(typically 1400-1500oC vs. 1250-1350 oC for sulphide smelting). 

A typical energy balance for the process is shown in Table 1-1.  Due to the low grade 

of nickel, this process requires large amounts of energy input per tonne of nickel 

produced.   Although calcining represents a large proportion of the total energy 

consumption, the energy in smelting requires high quality electrical energy, which is 

often generated via an on-site coal fired power plant.  The overall thermal efficiency 

of such plants is typically only 33%.  

Table 1-1: Typical RKEF energy balance (data from Warner et al. 2006) 

 Fuel Consumption Energy (kWh/kg Ni) 

Drying 680 Nm3/tonne Ni natural gas 7.5 

Calcining   

           Natural Gas 2400 Nm3/tonne Ni 26.5 

          Reductant 2500 kg anthracite/tonne Ni 25 

Smelting 24,000 kWh/tonne Ni electrical energy 72 (24) 

Total  131 (82.6) 
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*net energy use due to inefficiency of power generation assuming 33% thermal 

efficiency, values in () represent values when only electrical energy is considered. 

Fuel and electricity consumption are from Cerro Matoso operation.  

This is the dominant process for the treatment of saprolitic ores. The high energy 

consumption per kilogram of nickel requires that only high grade ore (typically >2 

wt% nickel) be treated by this method.  This process is not suited for the limonitic 

ores for several reasons, the first of which involves the relative low grade of the ore 

which increases the energy consumption per tonne of nickel to a level that is 

uneconomical. Additionally, the high iron oxide concentration in this ore requires 

large amounts of reductant which further inhibit the economics.   

1.3.2 The Treatment of Limonitic Ores 

1.3.2.1 High Pressure Acid Leaching 

It is uneconomical to process limonitic ores which are high in iron and lower in 

nickel grade via the RKEF route, instead these low grade ores are currently treated 

using one of two hydrometallurgical processes.   High Pressure Acid Leaching 

(HPAL) treats the ores with sulphuric acid in an autoclave followed by purification 

and, either electrowinning or hydrogen reduction of the nickel in solution, to 

produce a high purity nickel product. 

The following provides a summary of key leaching reactions; more details may be 

found in Wicker and Jha (1987) and Whittington and Muir (2008). The predominant 

mineral present is goethite, and in the presence of sulphuric acid, the goethite will 
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react to form an iron sulphate species and water according to Reaction 1.1. At high 

pressures and temperatures, the iron sulphate species undergoes a hydrolysis 

reaction according to Reaction 1.2. This is important since the iron is now present as 

an oxide, and there is no net acid consumption due to the iron phase.  This results in 

less acid consumption and requires less neutralization later in the process.  

Aluminum also undergoes similar reactions to iron, with the formation of an 

aluminum oxide in the solid phase. The hydrolysis of the iron sulphate is very 

important, as most of the minerals are high in iron and if the sulphate did not 

hydrolyze there would be large acid requirements for the process. 

Magnesium silicates and magnesium oxides are net acid consumers according to 

Reactions 1.3 and 1.4.  Due to the high temperatures and pressures, the magnesium 

forms a bisulphate compound instead of a simple magnesium sulphate, which forms 

at lower temperatures and pressures.  Due to this bisulphate formation, the overall 

acid consumption in the autoclave increases due to the stoichiometry of Reactions 

1.3 and 1.4.  

Following leaching, the pressure is lowered and during this reduction in 

temperature and pressure, the bisulphate disproportionates into a simple 

magnesium sulphate and sulphuric acid according to Reaction 1.5. This sets limits 

on the overall efficiency of sulphuric acid usage and requires neutralization of the 

free acid.   As shown in Reaction 1.6, the leaching of nickel also forms a bisulphate 

which will release free acid at lower temperatures and pressures. 
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Iron Reactions:  

  (1.1)  

  (1.2)  

Magnesium Reactions   

 (1.3)  

 (1.4)  

 (1.5)  

  

Nickel Reactions:   

 (1.6)  

Following leaching and solid/liquid separation, the nickel and cobalt are 

precipitated as either mixed hydroxides or sulphides. These solids are separated 

from the liquid, redigested and then are converted to nickel products by either 

electrowinning or hydrogen reduction.  

Despite the initial promise of this technology for the production of a low cost nickel 

product from lateritic ores, the actual implementation and performance of these 

plants has fallen well below expectations (King 2005).  An examination of recent 
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HPAL plants has suggested that despite adequate laboratory performance, 

successful industrial scale practice has not materialized.  Three operations in 

Western Australia failed to achieve their nameplate production levels, and operating 

costs were much higher than expected (King 2005). Recently, Ravensthorpe, a 

second generation laterite plant was opened in mid-2008 and was closed after less 

than a year of operation due to a failure to reach production levels and achieve low 

operating costs. The Goro nickel project, the most recent HPAL project operated by 

Vale, has been approximately two billion dollars over budget and despite initial 

plans for full production by 2008, it is still undergoing commissioning. 

1.3.3 The Caron process 

The Caron process is a combined hydrometallurgical and pyrometallurgical process 

for treating a range of laterites, though predominately intended for limonitic ores. 

The laterite is charged to a multi-hearth roaster under a reducing environment, 

where the nickel is reduced to the metallic state, along with some of the iron. The 

reduced ore is then leached in an ammoniacal solution which extracts the nickel for 

recovery to a high purity nickel product. The recoveries for this process are typically 

80% and there are only several plants in operation.  This process is generally not 

considered economical (King 2005).  

1.4 Shortcomings of Current Processing and Motivation for the Current 

Work 

There are a number of reasons why alternative production means should be 

examined for limonitic ores.  Although the RKEF process is a proven technology for 
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the treatment of saprolitic ores, it is unable to treat limonitic ores which represent 

approximately 70% of the lateritic resources (King 2005).  Although HPAL appears 

to be a suitable technology, the transition from the laboratory to the industrial scale 

has not proven successful, with many plants being shut down after large capital 

expenditures.  Additionally, as both saprolitic and limonitic ores occur within the 

same orebody, it would be desirable to develop a process to be able to treat both 

ores or utilize similar processing equipment, where there may be the potential for 

some degree of integration or capital savings.  The high energy consumption and 

processing difficulties of lateritic ores can be compared with the relative success of 

sulphide processing. In this case, a nickel concentrate can be produced, which 

dramatically reduces the size and scale of downstream equipment. The majority of 

recent sulphide mines do not have a smelter located on site, as the infrastructure 

costs associated with the installation of a smelter are not justified. This decoupling 

of concentrate production and smelting allows flexibility in processing, either as an 

integrated producer or through toll smelting arrangements, a flexibility which 

laterite deposits do not currently have.  It is therefore logical to try to attempt to 

develop a process that can produce a nickel concentrate from a lateritic ore without 

proceeding through a complete smelting route, particularly as the high grade 

electrical energy for the smelting process often requires the building of a power 

plant at the mine site.  
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There are several desirable goals/requirements for the production of a nickel 

concentrate. The first is that the chemical treatment must be selective towards 

nickel and maximize the conversion of the nickel to a separate phase, while at the 

same time minimizing the conversion of gangue material. Additionally, the process 

must allow for the growth of this phase to sufficient size to allow for liberation. 

Finally, the chemical form must be distinct enough to allow for a means of physical 

or physical/chemical separation from the waste components. The concentrate 

should be of sufficient grade (>10 wt% nickel) to be attractive to nickel smelters.  

The selective sulphidation of nickel oxide from a lateritic ore and subsequent 

concentration could meet all of these objectives.  The higher stability of nickel 

sulphide relative to its oxides compared with the stability of iron sulphide to its 

oxides is already exploited in the sulphide smelting industry. Provided a concentrate 

of approximately 10 wt% nickel could be produced at a reasonable recovery, there 

would be an existing economical market for the nickel concentrate.   

Despite several studies that have indicated a benefit to adding sulphur during the 

selective reduction of nickel from within a lateritic ore, there have been no studies 

on the sulphidation of nickel from a lateritic ore. This is an area requiring further 

study and attention. It is therefore the aim of this work to:  

Examine the theoretical and thermodynamic basis for the selective sulphidation of 

nickel from a limonitic ore. 
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Understand the effect of sulphur additions and temperature on the various phases 

formed within the laterite/sulphur system, as well as quantify the degree of 

selectivity that can be achieved. 

Examine the nature of the phase formed, to determine the potential for subsequent 

physical separation (i.e. chemical composition and size). 

Examine the mechanisms of particle growth. 

Assess the potential and demonstrate proof of concept separation of a nickel 

sulphide from a lateritic ore. 

It is not the intention of this current work to examine the economics of the 

treatment option, but to understand the physical and chemical reactions within the 

system.  

1.5 Organization of Thesis 

The thesis is organized into several sections and subsections; 

 

Chapter 2:  Provides a survey of academic literature which will have some relevance 

regarding the current body of work. Previous examples of upgrading will be 

discussed, as well as several studies which have examined potentially relevant 

physical and chemical reactions in the nickel laterite system. 

Chapter 3: Examines the thermodynamic basis of the process. The thermodynamics 

of the sulphidation of the pure nickel and iron oxide components are first discussed 
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to provide a general argument for the suitability of the process and to examine the 

difference in driving force for the conversion of nickel oxides to sulphides versus 

that of iron oxides to their sulphides. The chapter will also discuss several solution 

phases which were found to be of importance and examine what limitations these 

solution phases place on possible extraction degree versus sulphide grade.  

Chapter 4: Is a description of the major experimental equipment and procedures 

that were used in the current study.  In addition to the description of techniques and 

equipment, this section also includes error analysis and the development of a novel 

technique for the determination of pS2/pSO2 ratio from the measured ion current 

using a quadrupole mass spectrometer. 

Chapter 5 – This section is concerned with the major results and their 

interpretation. The major sections of the results can be split into: 

Furnace studies which examine the sulphidation degree, as well as selectivity, under 

a variety of conditions (i.e. temperature, sulphur addition, particle size) 

Thermogravimetric studies with evolved gas analysis to further examine the nature 

of the chemical reactions determined from the furnace studies. 

Optical and chemical characterization of the various phases as a function of time and 

temperature to examine the mechanisms of particle growth and composition. 

Separation studies to determine what recoveries and grades of sulphide concentrate 

can be achieved.  
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Chapter 6 – This chapter contains overall conclusions which can be drawn from the 

current work, as well as suggestions for several areas that could benefit from future 

work.  Further research could be conducted to develop more fundamental 

knowledge. Additionally, several tests that could be performed to better assess the 

potential of this processing route from a more industrial perspective are suggested.  
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Chapter 2:  Literature Review 

2.1 General Overview 

 A study of the available literature found no previous studies involving the selective 

sulphidation of nickel oxide from iron oxides, although there are a variety of 

research areas which have applicability to the current study. There are several 

previous examples of the upgrading and separation of nickel from lateritic ores, as 

well as various studies on the chemical and physical reactions that occur in the 

nickel laterite system (i.e. dehydroxylation) which provide some insight for the 

current studies.  Studies on the selective reduction of nickel oxide from lateritic ores 

also have some applicability to the current work, as there may be some similarities 

between solid state reduction and sulphidation.  There are a limited number of 

studies that have examined the role of various iron and nickel oxides and sulphur 

species which also have bearing on the current work.  The flotation of nickel 

sulphides is briefly reviewed, in order to highlight the major phenomena that  

facilitates their flotation and discuss several of the potential issues which may be 

relevant during the flotation of the nickel sulphide from the lateritic ore.  

2.2 Previous Examples of Nickel Laterite Upgrading 

2.2.1 INCO Patent (US Patent # 5,178,666) 

The closest example to the current work, which has demonstrated nickel upgrading 

from a limonitic ore, can be found in US patent 5,178,666. The process outlined in 

the patent involves mixing sulphur and carbon with a limonitic ore and heating the 
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charge to 1010 oC. The reducing strength, controlled via carbon addition and 

combustion atmosphere, is strong enough to convert the iron oxide to wustite and 

the nickel to a ferronickel alloy. The ferronickel alloy is separated from the wustite 

via magnetic separation. The authors of the patent claim that the sulphur addition is 

used to promote the formation of a transient sulfide-oxide liquid, which allows for 

the coalescence of the ferronickel alloy to a size large enough for separation.   A 

schematic diagram of the process is shown in Figure 2-1 

 

Figure 2-1: Schematic diagram of the process from INCO patent #5,178,666 

This patent is important as it is the only demonstration of limonitic upgrading that 

involves sulphur. The process also provides a target for comparison with other 

processes in terms of the nickel grade and recovery of nickel to the concentrate.   

Since this patent is not a technical paper, there is little information regarding the 

specific mechanisms involved in the liquid phase coalescence and the specific 

chemical reactions which are occurring within the system.  
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2.2.2 Nippon Yakin Oheyama process 

The Nippon Yakin Oheyama process is a variant of the Krupp Renn process for the 

production of direct reduced iron, and the process is described by Watanabe et al. 

(1987).  Saprolitic ore is combined with a carbon reductant and briquetted before 

being charged to a rotary kiln. The nickel within the ore is reduced to ferronickel, 

with the kiln at a temperature of between 1250-1400 oC,  resulting in the ore 

becoming partially molten. This partially fused ore allows for the growth of metallic 

particles and the formation of ferronickel particles of between 2-3mm in diameter.  

The addition of lime, alumina and sulphur were reported to aid in the agglomeration 

process.  The first two were hypothesized to lower the viscosity of the partially 

molten material, whereas the sulphur was claimed to lower the surface tension of 

the metallic particles and also lower the melting temperature of the alloy. Following 

magnetic separation, a 20 wt% nickel alloy is produced with a typical recovery of 

95%.   

2.2.3 The segregation process methods 

The segregation process has been applied to nickel bearing lateritic ores in order to 

form a ferronickel alloy which is then floated from the oxide material. The 

segregation process relies on the addition of calcium chloride or sodium chloride 

and carbon, which generates HC gas, allowing the formation of nickel and iron 

chlorides at temperatures between 900-1150oC. These chlorides are then reduced 

on or near the solid carbon to form a ferronickel alloy of sufficient size for 

separation and flotation. A detailed examination of the process may be found in 
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Iwasaki 1972 and Takahashi et al. 1966.  The overall upgrading of nickel provides a 

baseline from which to assess any future processes. The available upgrading results 

following flotation are shown in Table 2-1.  It is apparent that this process is more 

readily adapted to saprolitic ores, with limonitic ores responding less favorably with 

regards to both nickel recovery and grade.  

Table 2-1: Flotation product from the segregation process 

Ni 

Recovery 

Conc. 

Grade 

CuSO4 

(kg/tonne) 

Collector 

(kg/tonne) 

Frother Ore 

Type 

Reference 

85 28 5.0 0.5 PAX NA Sap Iwasaki et 

al. 1961 

81 37 5.0 0.5 PAX NA Sap Iwasaki et 

al. 1961 

73-77 4.5-7.3 1.0 0.5 PAX NA Lim Iwasaki et 

al. 1961 

90 22 3 1  AX Pine Oil Sap Takahasi  

1970 

52 20 NA  0.85 AX Pine Oil Lim Takahasi  

1970 

75 10.3 0.2 - 1 1 PAX Pine Oil Lim Nestoridis 

1977 

2.3 Dehydroxylation 

Upon heating, the hydrated minerals within the laterite will undergo a 

dehydroxylation reaction, which removes the crystalline water from the ore.  

Goethite begins to lose its crystalline water between 220oC- 300 oC, however 

stoichiometric crystalline hematite is not fully formed until temperatures of 

approximately 900 oC (Ruan  et al. 2002). There have been a number of studies 
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examining the dehydroxylation of goethite and its transformation to hematite. Many 

of these studies have used Fourier Transform Infrared Spectroscopy (FTIR) to 

examine the hydroxyl removal and subsequent formation of hematite.  Several 

studies have indicated that there are two distinct intermediate phases, which are 

similar to hematite in crystallographic nature but continue to retain hydroxyl 

groups (Wolska and Schwertmann 1989). The first of these two intermediate 

phases, has been termed protohematite is formed between (250-400 oC).  The 

second phase has been termed hydrohematite and forms above 430oC, prior to the 

complete removal of hydroxyl groups and the formation of well ordered hematite 

(Wolska and Schwertmann 1989).  These two intermediate phases have not been 

accepted as individual phases, and following the example of Landers et al.(2009b) 

the intermediate phase(s) will be called OH-hematite. 

In limonitic orebodies, nickel, aluminum, chromium and other elements are 

contained within the goethite structure. Trivalent ions such as Al3+and Cr3+  can 

substitute directly for iron and, due to differing bonding energies with the hydroxyl 

group, can inhibit the dehydroxylation. Divalent cations such as Ni2+ require a 

proton to be incorporated into the structure to maintain charge neutrality (Landers 

et al. 2009a).  During dehydroxylation, nickel is unable to incorporate itself into the 

intermediate phases and several authors have suggested that it forms nickel oxide 

(Landers et al. 2009a), whereas other authors have suggested that trevorite 
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(NiFe2O4) may be formed (O’Connor et al. 2006). Landers et al. (2009a) proposed 

the following stoichiometry for the dehydroxylation of a nickeliferous laterite: 

 (2.1) 

Figure 2-2 shows the XRD pattern of a limonitic ore during dehydroxylation. During 

the dehydroxylation of limonitic ores, the surface area of the sample can double and 

the reactivity of the sample, as measured by acid dissolution, can increase up to 7 

times (Landers et al. 2009b). This increase in reactivity can be attributed to both the 

increase in surface area and the structural disorder during the transformation. As 

the temperature is further increased, the hematite becomes more ordered, and 

grows into larger spherical crystals via a combination of surface diffusion and 

sintering, resulting in a decrease in reactivity (Landers et al. 2009a). 

 

Figure 2-2: XRD during the dehydroxylation of a limonitic ore (from Landers et al. 2009a, 

Gt – Geothite, Hm - Hematite) 
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2.4 Selective reduction of nickel oxide from limonitic ores 

 

There have been a wide range of studies which have examined the impact of 

reduction conditions, temperatures, reductant type, and phase transformations on 

the metallization extent and composition of iron-nickel alloy produced under 

reducing conditions. The majority of these studies have been performed in order to 

establish optimal recoveries for the Caron process. These results are still somewhat 

applicable when considering the reduction of nickeliferous lateritic ores prior to 

physical separation, and may have some relevance when considering the selective 

sulphidation of nickel oxide from the ore.  

Figure 2-3 shows the equivalent CO2/CO ratios and temperatures which have been 

studied within the literature.  Also, shown for reference,  are the equilibrium lines of 

various iron and nickel compounds, assumed to be at unit activity.  The reducing 

potentials used in the literature are generally chosen to promote selective 

reduction. Reducing potentials and temperatures cover a wide operating window, 

and, studies in a number of different phase fields have been examined. Many of the 

experiments occur near the magnetite/wustite transition, or just above the 

magnetite/iron boundary line at lower temperatures, with the aim of obtaining the 

maximum nickel yield while maintaining the iron as iron oxide.  
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Figure 2-3: Equivalent CO2/CO ratio versus temperature from literature [Valix and 

Cheung 2002, O’Connor et al. 2006, Li and Coley 2000, De Graaf 1979, Kawahara et al. 

1998, Antola et al. 1995, Utigard and Bergman 1992]  

The reduction of the nickeliferous limonites is mainly impacted by the state of the 

iron oxides. The magnetite and wustite phases have significant nickel solubility 

which must be considered when investigating the reduction behavior. This solid 

solubility has a strong influence on the achievable nickel grade and metallization 

(Cheung and Valix 2008, Hallett 1997). The reduction potential and temperature 

must allow for nickel metallization, while minimizing the amount of iron oxide 

which is co-reduced.  Typically, gaseous reduction occurs over temperature ranges 

from 500oC to 1000oC. The relationships between temperature and nickel recovery 

have been studied by several authors, both from an experimental standpoint (Valix 

and Cheung 2002, O’Connor et al. 2006, De Graaf  1979, Cheung and Valix 2008),  as 
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well as a thermodynamic perspective (Hallett 1997). De Graaf (1979) has studied 

the role of temperature on nickel recovery for limonitic ores over a range of 

conditions. The role of temperature on nickel extraction was shown to be relatively 

insensitive to temperature over the range of 500oC-900oC, with a broad optimum at 

temperatures around 600-650 oC. The recoveries for the limonitic ore, as well as 

recoveries for the two silicate ores studied by De Graaf are shown in Figure 2-4. 

Valix and Cheung (2002) have also noted the optimum nickel recovery for a 

limonitic ore between 600 - 650oC.  

 

Figure 2-4: Nickel recovery versus reduction temperature [De Graff 1979] 

De Graaf (1979), O’Connor et al. (2006) and Schulz et al. (1980), however have 

noted that the reduction time has a significant impact on nickel recovery, 

particularly at higher reduction temperatures (i.e. 700 oC). A maximum nickel 
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extraction was observed after relatively short times at higher temperatures and 

decreased with longer reduction times. This was attributed to the reincorporation of 

nickel into a recrystallized iron oxide phase (De Graff1979). De Graaf has noted that 

the decrease in recovery associated with longer reduction times was not as 

pronounced when a carbon monoxide/carbon dioxide reducing gas mixture was 

used. This effect was not explained by the author.   

The impact of various iron oxide phases on nickel recovery has also been studied. 

O’Connor et al. (2006) have investigated the role of calcination of limonitic ores in 

air prior to reduction on nickel recovery. For a limonitic ore which was calcined in 

air, the iron oxide existed as hematite, whereas for the ore, which was calcined 

while in a reducing gas, the iron oxide formed a spinel (magnetite).  O’Connor et al. 

(2006) noted that the limonitic ores which were calcined in air exhibited an 

increase in nickel recovery which could be attributed to the inability of nickel to 

incorporate itself the iron oxide structure (hematite). Presumably, the inability of 

nickel to dissolve in the hematite structure during calcination resulted in an 

increase in gas accessibility and therefore high recovery. In contrast, the production 

of magnetite and wustite promoted the dissolution of nickel within the structure, 

and as a result, the nickel recovery was lower as the gases were not able to access 

the nickel as easily. This was further supported by the fact that for the uncalcined 

ore, higher nickel recoveries were associated with larger iron recoveries, whereas 

for the precalcined ores, the nickel recovery was less sensitive to iron recovery. In-
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situ X-Ray Diffraction studies showed that the iron oxide was predominantly 

present as magnetite.   

Both De Graaf (1979)and O’Connor et al. (2006) employed ammoniacal leaching as 

a means of determining nickel grade and so it is somewhat difficult to separate the 

behavior of leaching from the behavior of reduction. O’Connor et al. (2006) has 

suggested that a nickel iron alloy may exhibit a stronger resistance to chemical 

dissolution, resulting in decreased nickel recoveries when nickel is incorporated 

into an alloy phase.  De Graaf (1979) has also noted that large amounts of iron in the 

alloy during ammoniacal leaching can result in iron hydroxide precipitates which 

can also result in lower nickel yields.  Nickel recoveries in the work of O’Connor et 

al. (2006) were quite sensitive to the length of leach time employed, and the 

decrease in nickel yield at longer reduction times was not as severe when longer 

leaching times were used.  

In a thermodynamic analysis of limonite reduction, Hallett (1997) has provided a 

possible explanation for the reincorporation of nickel into an oxide. Hallett (1997) 

noted that metallic nickel in equilibrium with magnetite can be reincorporated into 

a wustite solid solution phase upon increasing the reducing potential, from the 

spinel/alloy phase equilibrium to the wustite/alloy phase equilibrium.  In contrast, 

Reddy et al. (1995), noted that nickel extraction from the reduction of low grade 

chromite ores, followed by ammoniacal leaching.  increased with increasing wustite 

concentration, up to 50 percent wustite. It is unclear if this increase in nickel 
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recovery with wustite formation is due to the chromite species within the spinel 

phase. De Graff (1979) obtained the maximum nickel recovery at the 

magnetite/wustite boundary. Decreased recoveries were obtained when reduction 

occurred within the wustite phase field, and at lower reduction potentials within the 

spinel phase field.  

Despite this potential for incorporation of nickel within the wustite and the spinel 

phases, it is apparent that high nickel recoveries are achievable from limonitic ores.  

There is some apparent contradiction regarding the optimal reducing conditions 

during gaseous reduction, which, could, in part, be due to the analytical techniques 

used or the natural variability in ores. 

2.4.1 The use of sulphur in lateritic processing 

Sulphur, in elemental form, as pyrite, or in some cases pyrrhotite, has been used to 

improve recoveries in both saprolitic and limonitic ores during the selective 

reduction of nickel oxide.  Table 2.2 shows a comparison of experiments run both 

with, and without sulphur. Improved recoveries were achieved over a range of 

reduction temperatures and with a variety of ore types.  

Table 2-2: The role of sulphur on nickel recoveries during reduction 

Additive Recovery 

(with  S) 

Recovery

(no S) 

Ore Type Temperature 

C 

Reference 

5 wt% S 98 28 Weathered 

Saprolite 

600 Valix and Cheung 

2002b 

5 wt% S 81 29 Limonite 

(precalcined) 

600 Valix and Cheung 

2002b 
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Additive Recovery 

(with  S) 

Recovery

(no S) 

Ore Type Temperature 

C 

Reference 

1.2 % 

FeS2 

85 60 Limonite-

Transition 

500 Siemens and Good 

1976 

1.2 % 

FeS2 

92 63 Limonite-

Transition 

700 Siemens and Good 

1976 

 

 Several different explanations for the beneficial role of sulphur have been given. 

Some have suggested that sulphur lowers the surface tension of the metallic 

ferronickel, allowing for agglomeration of the particles (Canteford 1975).  The 

formation of crystalline forsterite has been shown to decrease the amount of nickel 

reduction, which could be due to increased stability of nickel within the forsterite 

phase, or also due to a decrease in available surface area for reaction. Valix and 

Cheung (2002b) performed in-situ XRD and proposed that sulphur aids the 

suppression of the forsterite phase, allowing for the nickel to be in the active stage 

where it can then be reduced.  The suppression of the forsterite phase has also been 

indicated by Schulz and Faulkner (1980) and Sefton et al. (1975).  Dean (1959) has 

suggested that sulphur, along with other gases released during reduction helps keep 

the ore structure open, allowing for rapid water removal during dehydroxylation.  

While the depression of fayalite may be a possible explanation for improved 

recoveries, this would not explain the high recoveries achieved in limonitic ores, 

which will have small amounts of fayalite.   Diaz et al. (1993) has suggested that the 

sulphur helps to promote low melting point sulphide-oxide liquids, which allow for 
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the migration and the coalescence of nickel particles. There has been no detailed 

study of the chemical role sulphur plays within the system, and no agreement on the 

reasons for the improved recoveries achieved with sulphur addition for both 

limonitic and saprolitic ores. 

2.5 Reactions in the Iron Oxide, Nickel Oxide, Sulphur System 

2.5.1 The sulphidation of hematite 

The kinetics of the sulphidation of hematite in an SO2-CO gas mixture between 

500oC and 900oC has been studied by Bolsaitis and Nagata (1980). Gas compositions 

within the pyrrhotite stability field were chosen and samples were run in a 

thermogravimeteric unit. The dominant species for sulphidation and reduction were 

S2 and COS, and the relative amount of each was varied over a series of experiments 

to compare the kinetics of sulphidation of the two species. 

 The weight loss curves for a number of temperatures are shown in Figure 2-5. The 

authors found that at temperatures of 550oC and below, the hematite was converted 

to pyrrhotite directly, whereas at higher temperatures, reduction of hematite to 

magnetite occurred first, followed by the formation of pyrrhotite. The authors 

attributed this to a magnetite nucleation barrier at lower temperatures. In fact, at 

these low temperatures, magnetite is just beginning to become a stable phase, as 

will be discussed in the thermodynamic chapter. As a result, there is little difference 

in the driving force for magnetite formation over pyrrhotite formation.  Higher 

temperatures promoted the formation of a pyrrhotite phase with a smaller 
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deviation from ideal stoichiometry (a metal to sulphur molar ratio of 1:1). The 

authors have also found that the kinetics for sulphidation and reduction were 

similar irrespective of the dominant gas species, i.e. S2 and COS behaved in a similar 

manner. 

 A kinetic analysis, along with a study of the product morphology, resulted in the 

development of a kinetic model, whose rate controlling step was the diffusion of the 

dominant reacting species. During reaction, excessive sintering of the product 

occurred and the final conversion was limited by encapsulation of the reactant 

species by the product. 

 

Figure 2-5: Weight loss conversion curves for the sulphidation of hematite, the box shows values 

of x of the stoichiometric parameter in FeS1+x (from Bolsaitis and Nagata 1980) 
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2.5.2 The reaction of hematite with pyrite and pyrrhotite 

The reaction of hematite with pyrite has been studied by Mayoral et al. (2002), who 

has shown that pyrite begins to react with hematite to form magnetite when heated 

to between 500-700oC. The degree of mixing has a large effect on the temperature at 

which the reaction begins; poor mixing requires much higher temperatures prior to 

reaction.  

Mayoral et al. (2002) have proposed the following reaction scheme for the reaction 

of pyrite with hematite: 

 (2.2) 

 This reaction has a large positive Gibbs Energy (233 kJ at 600 oC)y due to the 

formation of metallic iron as well as SO gas which is unstable, as a result this 

reaction is unlikely to occur. An alternative reaction mechanism is discussed in the 

thermodynamics section. Mayoral et al. (2002) have also studied the reaction of 

hematite with pyrrhotite and found that pyrrhotite will react directly with hematite 

to form magnetite, although the reaction mechanism proposed is similar to Equation 

2.2, and once again is unlikely to occur.  

2.5.3 The partitioning of nickel between sulphur-oxide liquids and olivine 

The partitioning of nickel between a sulphur-oxide liquid (oxygen enriched matte) 

phase and olivine has been examined by Fleet and MacRae (1988) as well as Doyle 

and Naldrett (1987).   The formation of a liquid matte with appreciable amounts of 

dissolved oxygen is possible in the Fe-Ni-O-S system, and will be discussed in more 
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detail in the thermodynamic section. The partitioning of nickel between an olivine 

phase and a sulphur-oxide liquid is similar to the current work which will involve 

the partitioning of nickel between an iron oxide phase and various sulphide phases. 

Additionally, olivine will also be present in limonitic ores in small quantities and this 

exchange will dictate how much nickel remains within the olivine phase.  The 

partitioning of nickel between the phases is represented by Equation 2.3 

 (2.3) 

The equilibrium of Equation 2.3 will set an upper limit on the maximum conversion 

of the nickel to sulphide for a given nickel grade within the sulphide. The increased 

activity of nickel sulphide will result in a higher equilibrium concentration of nickel 

within the olivine phase and an overall smaller conversion extent. 

Figure 2-6 shows the results from Fleet and MacRae (1988), which shows how the 

nickel contents of the silicate increases with increasing grade of nickel in the 

sulphide. The different lines in the graph represent olivines with various quantities 

of magnesium silicates. The inclusion of magnesium silicates allows for a smaller 

mole fraction of nickel to be retained in the olivine for a given sulphide composition.  

Although these experiments were performed at higher temperatures (1200-1400 

oC) than the current work, the results still provide general guidance on the expected 

behaviour of the system.  
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It is useful to consider the results in terms of a partition coefficient (termed Kd), 

which has been defined as follows (Fleet and MacRae 1988): 

 (2.4) 

The partition coefficient depends on the overall sulphur and oxygen potential of the 

system, and the corresponding oxygen to sulphur ratio of the liquid.   Figure 2-7 

shows the role of matte composition on the overall partition coefficient. Mattes with 

little dissolved oxygen have Kd values that are between 30-40, whereas at higher 

oxygen contents, the partition coefficient drops to between 10-20.  

 

Figure 2-6: Equilibrium nickel and iron content in olivine equilibrated with a sulphur-

oxygen liquid( Fleet and MacRae 1988). 
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.  

Figure 2-7: The impact of matte composition on the partition coefficient (closed circles are 

data from Fleet 1988 and open circles are from Doyle and Naldrett 1987) 

The overall oxygen content in the matte depends on the relative partial pressures of 

sulphur and oxygen in the system. Figure 2-8 shows the compositional ranges of the 

matte as a function of the difference between oxygen and sulphur potentials. Oxygen 

contents can reach as high as 15 wt% under high oxygen potentials.  An examination 

of the impact of dissolved oxygen on the partition coefficient, suggest improved 

separation can be achieved at lower oxygen potentials, where there is less dissolved 

oxygen within the liquid matte. As will be discussed in the thermodynamics chapter, 

there is not complete freedom to separate the sulphur and oxygen potential in the 

current system. In the absence of additional reducing gases, the oxygen potential is 

established by the equilibrium of sulphur and sulphur dioxide in the system.  
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Figure 2-8: The impact of sulphur and oxygen potential on oxygen content in the matte 

phase (Doyle and Naldrett 1987) 

2.6 Flotation of Sulphides 

 

The flotation of nickel sulphides from gangue material is a common industrial 

practice and is used as the primary means of producing a nickel concentrate from a 

sulphide deposit.  Although the mineralogy of the ore is different than the material 

to be treated in the present study, it is useful to examine several of the parameters 

used to promote the flotation of nickel sulphides.  

The majority of nickel sulphides that are floated are present as the mineral 

pentlandite (Ni,Fe)9S8  with some of the nickel (5-8 %) also dissolved within 

pyrrhotite (Agar 1991). The flotation of pentlandite is performed using an anionic 
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collector such as Potassium Amyl Xanthate (PAX), which adsorbs on the nickel sites 

on the surface of pentlandite. The adsorption of a xanthate on a pentlandite surface 

is hypothesized to react according to the following half- cell reactions, where X 

represents the xanthate species (Xu et al . 1998): 

 (2.5) 

 (2.6) 

The adsorption of a collector on pyrrhotite is more complex and involves the 

formation of a hydroxide layer with excess sulphur at the surface of the mineral 

according to: 

 (2.7) 

The formation of the sulphur layer allows for the collector to adsorb on the surface 

and eventually form a dixanthogen molecule according to: 

 (2.8) 

 (2.9) 

The resulting mineral surface is hydrophobic and when the mineral contacts air 

bubbles, it will attach to the surface of the bubble and float to the top of the flotation 

cell where it will be removed. 
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Industrial operations typically treat ore with between 3-7 wt% pentlandite along 

with other sulphide minerals such as chalcopyrite, pyrrhotite and gangue 

components such as silica, feldspar and chlorite (Agar 1991). Flotation of nickel 

concentrates is done in several stages, which include major flotation banks as well 

as a series of rougher and cleaner flotation cells and pyrrhotite rejection cells. 

Typical nickel concentrate grades are between 10-14 % (Agar 1991). The recovery 

of pentlandite depends strongly upon the particle size of the mineral, with both 

coarse and fine fractions showing low recoveries in comparison to intermediate size 

particles.  

Figure 2-9 shows the results from a size by size analysis of a mixed 

pentlandite/pyrrhotite flotation (Senior et al. 1995). It is apparent that below 10 

µm and above 120 µm the recovery of the particles drops off dramatically.   

Pyrrhotite does not float as easily as pentlandite, however, larger dosages of 

collector do improve the pyrrhotite flotation.  
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Figure 2-9: Pentlandite and pyrrhotite recovery by particle size for two different collector 

dosages, modified from Senior et al. (1995). (Square points are pyrrhotite flotation results 

and open circles are pentlandite) 

The flotation of fine particles and ultrafine particles (<10 um) is an area of recent 

research and is relevant to the current work.  There are several factors for the poor 

results obtained when floating fine particles and a good review of the difficulties 

associated with fine particle flotation may be found in the work of Sivamohan 

(1990).  The combination of large surface area with a small mass results in low 

recoveries due to the small momentum of the particles, which make it difficult for 

the particles to attach to a bubble. Instead, there is a tendency for the particle to be 

pushed away from the bubble due to the forces of the bubble wake.   Additionally, 

heterocoagulation of the gangue components with the desired minerals can prevent 

the target metals from being floated and also result in the flotation of unwanted 

minerals. The small particles are easily entrained in the froth, resulting in decreased 
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concentrate grade.  The fine minerals have a large surface area which can also result 

in the increased dissolution of the minerals. Ions in solution are able to adsorb on 

other minerals and decrease the selective adsorption of collector and flotation of the 

desired minerals (Kelebek and Tukel 1999).  

Several methods of improving the flotation of fine particles have been suggested. 

The reduction in selectivity due to the dissolution of metal ions can be limited by 

adding a chelating agent which will complex with the ions preventing their 

adsorption on the surface of other minerals. One such chelating agent is 

Triethylenetetramine (TETA). Table 2-3 shows the solubility constant of nickel and 

iron ions with TETA. 

Table 2-3: Solubility constants of ions chelated with TETA (from Kelebek and Tukel 1999) 

 Ni2+ Fe2+ 

Log K 13.8 7.6 

 

Other methods of improving the grades and recoveries during fine particle flotation 

involve column flotation, which reduces entrainment of fines in the froth.  Various 

chemical methods have also been used to flocculate the fine particles of the desired 

minerals, including shear flocculation, emulsion flocculation and polymer 

flocculation. In general however, the flotation of fine particles represents an ongoing 

area of research within academia and industry.  
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2.7 Summary 

Although there are no reported results on the selective sulphidation of nickel from a 

lateritic ore and subsequent upgrading, an examination of previous attempts at 

upgrading of nickeliferous ores, as well as the selective reduction of nickel, suggest 

that in general, under reducing conditions a high degree of nickel conversion to a 

ferronickel alloy can be obtained while at the same time leaving much of the iron as 

an oxide. While this does not ensure successful sulphidation, it does indicate that the 

nickel within the limonitic ore is amenable to selective chemical conversion. 

Additionally, the study of the dehydroxylation of the ore suggests that a highly 

reactive combination of iron oxides and nickel oxides will be available for reaction 

at relatively low temperatures (<300 oC).  The sulphidation of iron oxide appears to 

occur quite readily and solid state reactions in the iron sulphide/iron oxide system 

also appear to occur at reasonably low temperatures (500-700 oC).  The study of 

nickel partitioning between sulphides and olivines at higher temperatures provides 

some guidance on the maximum grade/recovery combinations that may be 

achievable in the current work. Provided the nickel can be successfully converted to 

a sulphide phase, the commercial use of flotation to produce nickel sulphides 

concentrates of between 10-14 wt% has been industrially demonstrated. The 

flotation of fine sulphide particles however, is an area of ongoing research with 

major difficulties achieving similar recoveries to the intermediate size fraction of 

sulphides.  
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Chapter 3: Thermodynamic Analysis 

3.1 Reaction of iron and nickel oxides with sulphur 

 

The potential for selective sulphidation of nickel oxide from iron oxide relies on the 

increased stability of nickel sulphide compared to iron sulphide for a given 

sulphidizing atmosphere.   The relative stabilities of the various oxides and 

sulphides are generally considered in terms of a sulphur or oxygen potential, or 

equivalently, in terms of the relative partial pressures of S2 and SO2. Consider the 

reaction of nickel oxide with gaseous sulphur to form nickel disulphide: 

 (3.1) 

The equilibrium constant KI for this reaction may be written as: 

 
(3.2) 

The sulphur and oxygen potential of the system are not independent of each other 

and are related through the following equilibrium: 

 (3.3) 

For which the equilibrium constant can be written as: 

 
(3.4) 
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For a given sulphur partial pressure and system pressure, the partial pressures of 

sulphur dioxide and oxygen are uniquely determined. Equations 3.2 and 3.4 can be 

rearranged and the partial pressures of sulphur dioxide and oxygen expressed in 

terms of the partial pressure of sulphur and the total pressure of the system as 

follows: 

 
(3.5) 

 
(3.6) 

Substitution of Equations 3.2, 3.5 and 3.6 into 3.4 and the assumption of unit activity 

for the condensed phases, results in the following expression, which determines the 

critical sulphur partial pressure at which both phases coexist: 

 

(3.7) 

Once the sulphur potential is calculated, then the ratio of the partial pressure of 

sulphur to sulphur dioxide can be determined. This ratio provides an overall 

measure of the strength of the sulphidizing environment required to convert the 

nickel oxide into a nickel sulphide.  

 Figure 3-1 shows the ratio of the pressures of sulphur to sulphur dioxide required 

for the sulphidation of iron and nickel oxides to sulphides, as well as the relative 
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stabilities of the various sulphide species, at 1 atmosphere pressure. The 

thermodynamic data was taken from Roine (2009).   In general, it can be seen that 

the nickel sulphides form at lower sulphur potentials than the iron sulphides.  

Figure 3-1 neglects the various solid solutions which may form in the nickel, iron, 

sulphur, oxygen system, which will be discussed in a later section.  

 

Figure 3-1: Calculated stability diagram for the Fe-S-O and Ni-S-O systems at 1 atm total 

pressure 

At temperatures between 300 oC and 450oC both the iron and the nickel oxides that 

have formed during the dehydroxylation of the ore will react with elemental sulphur 

to form sulphides: 
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 (3.8) 

 (3.9) 

At temperatures below 400 oC, these sulphides should not coexist 

thermodynamically with the oxides, instead the sulphides should react with the 

corresponding oxides to form sulphates. Given the solid state nature of the reactants 

and also the low temperatures, there are severe kinetic limitations on the reaction 

rates. 

As the temperature is further increased, the sulphur potential required to maintain 

both the pyrite(FeS2) and the nickel disulphide increases, and provided there is still 

hematite(Fe2O3) present, the pyrite will decompose to pyrrhotite(FeδS) at 

approximately 450 oC. In a similar temperature regime, the reduction of hematite to 

magnetite(Fe3O4) becomes possible through either direct reduction via sulphur or 

through the solid state reaction with existing pyrite or pyrrhotite as follows (note: δ 

is used to describe the range of pyrrhotite stoichiometry) 

 (3.10) 

 (3.11) 

 
(3.12) 

Further increases in temperature promote the formation of more metal rich nickel 

sulphide phases, from NiS2 to NiS, and finally to Ni3S2.   
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An examination of the pure components suggests there is considerable opportunity 

for the selective sulphidation of a nickel oxide, while retaining the iron as an iron 

oxide. The solid solutions which can form will impact both the phase of the nickel 

sulphide, as well as limit the overall nickel conversion and grade of sulphide that is 

achievable.  

3.2 Solid Solution Phases 

There are a variety of solid solutions which may form in the nickel-iron-sulphur 

system. Examination of the ternary phase diagrams in Ueno (2000) and Waldner 

and Pelton (2004) show that, for temperatures in the range of 400-500oC, relatively 

nickel rich  phases such as pentlandite may form, along with an iron-nickel 

monosulphide solid solution.  At temperatures above 610 oC, pentlandite is no 

longer stable and a (Ni,Fe)3S2  phase forms, along with an iron-rich monosulphide 

solid solution (Raghavan 2000). The ability of nickel oxide to dissolve within 

magnetite and the formation of solution phases will place thermodynamic 

limitations on both the overall degree of nickel extraction and the achievable grade 

of the nickel sulphide, which may be formed due to the departure of activities from 

unity.  It is therefore useful to examine the partitioning of nickel and iron between 

the relevant solution phases.  

3.2.1 Monosulphide solid solution /Spinel equilibrium 

At temperatures above 450oC, it is expected that a spinel will coexist with the 

dominant sulphide phase. Under the majority of the conditions studied, this 

sulphide phase should be a monosulphide solution. The distribution of nickel and 
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iron between the two phases will be determined through the exchange reaction 

3.13: 

 (3.13) 

Both NiS and FeS are in a single solution phase and NiFe2O4 and Fe3O4 form a solid 

solution in the spinel phase.  The equilibrium expression for this reaction can be 

written as:  

 (3.14) 

An analysis of the Gibbs phase rule indicates, that for the two solid solutions existing 

along with a gas phase, there are three independent variables: temperature, 

pressure and a compositional variable.  Once the temperature, pressure and the 

fraction of nickel in the sulphide phase are specified, the equilibrium is fully 

determined. Thus, for a specific grade of nickel within the sulphide phase, the 

partitioning between the spinel and sulphide phase is determined. 

 The thermodynamic description of the monosulphide phase has been described by 

Waldner and Pelton (2004) using the following expression: 

 
(3.15) 

where the departure from ideal stoichiometry (metal to sulphur molar ratio of one) 

is accommodated by the inclusion of vacancies in the metal lattice (denoted VaS). 
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The parameters used in this model can be found in Waldner and Pelton (2004), 

Waldner and Pelton (2004B) as well as Waldner and Pelton (2005). 

The activity coefficients, and therefore the activities, of the components can be 

determined from Equation 3.15 through the application of the following equation 

(Berman and Brown 1984): 

 (3.16) 

 

where xi are the mole fractions of NiS, FeS and VaS and  Gxs represents the excess 

Gibbs Energy of mixing, which for the monosulphide solution, is represented by the 

last two terms in Equation 3.15.  

The presence of magnetite allows for some solubility of nickel oxide within the 

spinel phase as trevorite (NiFe2O4.)  The overall activity of magnetite and trevorite 

within the spinel phase has been described by Hsieh and Chang (1986) using the 

following expressions: 

 
(3.17) 

 

 
(3.18) 
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Substitution of the activity of Fe3O4 and NiFe2O4 from equations 3.17 and 3.18 and 

rearrangement of equation 3.14 allows the equilibrium mole fraction of NiFe2O4 to 

be written in terms of the activities of NiS and FeS and the equilibrium constant as 

follows: 

 

(3.19) 

The overall sulphur potential and oxygen potential are fixed and can be determined 

through the following equilibrium combined with Equations 3.5 and 3.7 as 

discussed in the previous section: 

 (3.20) 

The overall activity of the vacancies, and thus the vacancy concentration of the 

monosulphide solution (mss) are determined by the sulphur potential of the system, 

and can be determined from the following equilibrium: 

 (3.21) 

This leads to the following expression for the activity of the vacancies in the 

monosulphide solution written in terms of the sulphur potential calculated from the 

solution of Equations 3.7 and 3.20, and also in terms of the equilibrium constant for 

Equation 3.21 (denoted KIV). : 

 
(3.22) 
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For a specific mole fraction of nickel within the monosulphide solution, the system 

is fully determined, and the partitioning of nickel and iron between the 

monosulphide solution and spinel, along with the excess sulphur concentration in 

the monosulphide solution, can be determined. The solution to this system was 

solved in MATLAB™ using a least squares routine.  Figure 3-2  shows the mole 

fraction of trevorite as a function of the nickel to iron ratio in the monosulphide 

solution for four different temperatures.  The nickel content in the spinel increases 

with increasing sulphide grade as a result of the equilibrium established by Reaction 

3.13.  

The overall sulphide composition is shown in Figure 3-3. The increased nickel 

content results in a weaker sulphidizing environment and therefore a smaller 

deviation from the stoichiometric monosulphide. Additionally, higher temperatures 

promote the formation of a near stoichiometric monosulphide solution.  
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Figure 3-2 : Equilibrium weight percent of nickel in the spinel phase as a function of mole 

fraction nickel monosulphide in the mss solution 

 

Figure 3-3:  Sulphide composition as a function of nickel content in the mss solution 
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It is useful to consider the impact that the residual nickel in the spinel phase will 

have on possible grade/recovery combinations. The extent of nickel conversion to 

sulphide will dictate the maximum recovery that could be achieved for a specific 

nickel grade. The ideal grade/recovery curves, shown in Figure 3-4, were created 

for the ore composition outlined in the experimental section, which corresponds to 

a nickel grade of approximately 1.5 weight percent.   The calculations indicate that 

at above 20 weight percent nickel grade in the sulphide, the achievable recovery 

drops very quickly. As a result, grades above 20-25 weight percent nickel will most 

likely result in too low a recovery to be considered under any practical conditions. 

Temperature has little impact on the partitioning of the nickel between the phases. 

This is evident in Figure 3-5, which shows the recovery of nickel as a function of 

temperature for several possible nickel sulphide grades.  

 

Figure 3-4: Maximum nickel conversion as a function of nickel sulphide grade 
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Figure 3-5: Maximum nickel recovery as a function of temperature 

3.2.2 The Formation of Heazlewoodite ( Ni3S2) 

An examination of Figure 3-1 shows that pure nickel monosulphide decomposes to 

heazlewoodite at approximately 700oC in the presence of magnetite. The 

temperature at which this happens in the presence of the monosulphide solid 

solution will depend on the activity of nickel monosulphide in the mss phase and the 

corresponding partial pressure of sulphur according to: 

 (3.23) 

The activity of heazlewoodite can be calculated as a function of the nickel content in 

the monosulphide phase. Figure 3-6  shows the activity of Ni3S2 as a function of 

nickel content. At a Ni3S2 activity of unity this phase will begin to form.  It is 
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apparent that the ability of the nickel monosulphide to form a solution with iron 

sulphide pushes the formation of heazlewoodite to higher temperatures, with this 

phase not beginning to form until  25 weight percent nickel at higher temperatures 

(i.e. 1000-1050 oC) and 40-45 weight percent nickel at temperatures near 800oC.  

An examination of the typical equilibrium content of nickel in the spinel phase at 

these higher nickel grades suggests that heazlewoodite will not be a relevant phase 

of interest if a reasonable conversion of nickel to the sulphide phase is desirable.  

 

Figure 3-6: Activity of Ni3S2 as a function of nickel content in mss phase (Temperatures of 

800
 o
C, 900

 o
C, 1000

 o
C, 1050 

o
C) 
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3.2.3 Sulphide-oxide liquid/Spinel equilibrium 

The formation of a sulphide matte with appreciable quantities of dissolved oxygen is 

possible at the oxygen and sulphur potentials which are being considered, and will 

form from magnetite/monosulphide phase assemblages at between 950 oC and 

1050oC (Nalderett 1969). The partitioning of nickel between the liquid phase and 

the spinel phase is an important consideration and can be represented by Equation 

3.24 which is similar to Equation 3.13 which previously defined the exchange 

reaction between spinel and monosulphide solution. The species in brackets denote 

those that are dissolved within the liquid phase. 

 (3.24) 

 The thermodynamic properties of the sulphur oxygen liquid has been described by 

Kress (2007) using an associated solution model which considers the liquid 

composed of ten species,  namely: 

NiS,FeS,Ni,Fe,NiO,FeO,FeO1.5,Ni0.25S0.25O,Fei0.25S0.25O and FeOS. The overall Gibbs 

Energy of the phase was described using the general Margules expansion 

represented by Equation 3.25 where xi represents the mole fraction of the 

individual species in the matte.  

 
(3.25) 
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In the model of Kress (2007) model the ternary terms, i=j=k and the case where 

i≠j≠k were not included. The parameters for the model can be found in Kress 

(2007).  The chemical potentials of the individual species can be determined by 

application of Equation 3.16 to Equation 3.25 to give the following expression for 

the chemical potential of species i as derived in Kress ( 2003): 

 
(3.26) 

 is defined as  where  =1 if i=j and 0 if i≠j.  

The number of species is greater than the number of components, therefore the 

equilibrium speciation of the liquid for a given temperature and composition was 

determined by minimizing the Gibbs Energy of the liquid. A minimization routine 

was programmed in MATLAB™, following the method outlined in Kress (2003). 

Examination of the Gibbs phase rule indicates that when the temperature, total 

pressure and the mole fraction of nickel in the liquid are defined, the equilibrium 

between the gas phase, spinel and liquid is fully determined.   

The solubility of oxygen in the liquid matte in equilibrium can be determined by 

ensuring that the activity of magnetite, which can be calculated through the 

equilibrium Reaction 3.27, is equal to the activity of the magnetite which is 

determined through solution of the matte/spinel equivalent of Equations 3.19 and 

3.20 which were previously used to define the monosulphide/spinel equilibrium.  
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 (3.27) 

Figure 3-7 shows the weight percent of nickel that remains in the spinel phase as a 

function of the nickel grade within the liquid phase.  The higher the nickel grade, the 

higher the residual nickel content in the spinel phase, which is a direct result of 

exchange Reaction 3.24. Higher temperatures also promote an increased nickel 

content within the spinel phase, although this effect is minor compared to the role of 

nickel grade within the matte phase.   The sulphur and oxygen contents of the matte 

are shown in Figure 3-8.  

 

Figure 3-7: Weight fraction of nickel in the spinel phase vs. the nickel grade in the liquid 

phase 
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Figure 3-8: Oxygen and sulphur contents of liquid matte in equilibrium with the spinel 

phase 

In a manner similar to the spinel/mss equilibrium, it is useful to examine the 

implications of the nickel partitioning between the matte and the spinel on the 

maximum achievable grade/recovery curves. For the ore composition discussed in 

the experimental section, a maximum grade/recovery curve can be created and is 

shown in Figure 3-9.  This figure has two families of curves. The first set of curves 

shows the bulk nickel grade including the dissolved iron oxide components, 

whereas the second set of curves includes only the sulphide components, assuming 

the iron oxide was able to precipitate from the liquid.  The figure indicates that for 

an overall conversion of over eighty percent, the bulk nickel grade of the liquid is 
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limited to between 15-20 weight percent, which corresponds to a nickel grade on a 

sulphide only basis of between 25-30 weight percent. 

 

Figure 3-9: The maximum recovery of nickel to the liquid phase vs. nickel grade in the 

liquid phase ( --- denotes nickel grade which excludes oxide components)  

3.2.4 Miscibility gap at high nickel contents 

It was found that during the calculation of the equilibrium composition of mattes 

containing high nickel contents in the liquid phase that the results were numerically 

unstable.  In order to examine the potential reason for this, the system was tested 

for a miscibility gap. Two liquids were assumed to exist in equilibrium with 

magnetite at a total pressure of 1 atm.  The coexistence of two liquids requires that 

the activities of all components be equal. For the current situation, this implies two 
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additional constraints which must be included during the equilibrium calculations, 

namely: 

 (3.28) 

 (3.29) 

The additional constraints imposed by Equations 3.28 and 3.29 remove all degrees 

of freedom regarding the liquid compositions, and for a fixed temperature and 

pressure, the composition of both liquids are uniquely determined.  

The two liquid compositions which were found to satisfy Equations 3.29 and 3.30 in 

addition to the conditions previously specified, are shown in Table 3-1 for the three 

different temperatures. The first liquid represents a nickel-rich phase with little 

oxygen solubility and a bulk composition very close to the liquid heazlewoodite 

phase found in the Fe-Ni-S phase diagram, whereas the second  phase is very close 

to a mixture of iron rich monosulphide solid solution with dissolved magnetite. This 

phase separation is not surprising, as the partitioning of nickel and iron between a 

(Fe,Ni)3S2 phase and monosulphide solution phase is seen in the Fe-Ni-S phase 

diagram.  Additionally, there is a strong positive Gibbs Energy of mixing between 

oxygen and nickel compounds in the solution, which represents a driving force for 

their separation. The formation of a second liquid occurs at nickel contents similar 

to those found in the mss/spinel/heazlewoodite equilibrium previously discussed.  
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  A more detailed study of the miscibility gap was not done, since the liquid 

separation occurs in an area that is not relevant to the current area of study, as the 

residual nickel within the trevorite would be on the order of 1 wt%.  With typical 

ore grades of only 1-1.5 wt%, little or no nickel would be converted to the sulphide 

phase under these conditions.  

Table 3-1: Liquid compositions on either side of the calculated miscibility gap 

 1000 oC 1050 oC 1100 oC 

 Liquid 1 Liquid 2 Liquid 1 Liquid 2 Liquid 1 Liquid 2 

Wt% Ni 64.48 26.02 62.62 23.68 58.56 21.94 

Wt% Fe 6.95 41.32 8.55 44.11 12.71 46.44 

Wt% S 28.54 25.25 28.55 23.41 27.63 21.22 

Wt% O 0.02 7.46 0.26 8.83 1.11 10.41 

aFeS 0.24 0.23 0.23 0.23 0.20 0.19 

aNiS 0.26 0.27 0.26 0.26 0.25 0.25 

 

3.3 Summary 

An examination of the pure component thermodynamics reveals a strong driving 

force for the selective sulphidation of nickel oxide from a lateritic ore, while leaving 

the bulk of the iron as an oxide.  Further study of the solution phases within the Ni-

Fe-S-O system reveals the overall conversion of nickel to a sulphide must be 

balanced by the quantity of iron that is also converted to sulphide. At high nickel 

grades, the recovery of the nickel to sulphide decreases dramatically. At these high 

nickel grades the formation of a nickel rich heazlewoodite phase which coexists with 
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the monosulphide phase is possible as is the formation of two immiscible liquids. 

These phases will not likely appear in the current study due to the high nickel 

content in the spinel that coexists with the sulphides.  The initial thermodynamic 

analysis suggests that the maximum bulk nickel grade that could be achieved, while 

at the same time requiring that eighty percent of the nickel be converted to a 

sulphide, is approximately 20-25 wt% nickel.  
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Chapter 4: Material and Methods 

4.1 Introduction 

The purpose of the experimental work was to examine the behavior of a lateritic ore 

under sulphidizing conditions.  The major goal of the experimental work was to 

quantify the degree of selectivity that could be achieved for a variety of conditions, 

and examine the major chemical and physical processes occurring during 

sulphidation.  Proof of concept separation studies were also done in order to assess 

the potential of this treatment option, as well as to determine the critical issues that 

would benefit from further research in this area.  

A bench scale tube furnace was used to investigate the effect of various parameters 

such as temperature, sulphur addition and particle size on the nickel and iron 

sulphidation degree and composition. Bench scale tests were also used to generate 

samples for microscopy and x-ray diffraction studies.  Additional information on the 

chemical reactions was obtained through thermogravimetric differential thermal 

analysis coupled with evolved gas analysis (TGA/DTA with EGA).  Flotation studies 

were performed on larger samples produced from the bench scale furnace.  

4.2 Ore Characterization 

The ore used for all of the experiments was a limonitic ore from the Ivory Coast 

which was provided by Xstrata.  The analysis of the ore was determined by x-ray 

fluorescence (XRF) and is shown in Table 4-1.  The nickel content is typical of a 

limonitic ore, and the high iron content on the ore indicates that nickel selectivity 



63 

 

will be extremely important in order to obtain a bulk nickel sulphide grade on the 

order of 10 wt%.  Additional sample was required part way through the studies and 

a second sample from the same deposit was provided.  Acid digestion and Atomic 

absorption spectroscopy (AAS) was performed on the second sample to confirm 

iron and nickel grades similar to the original sample. The nickel and iron grades for 

the second sample are also shown in Table 4-1. The assay results indicate that the 

bulk composition of the second sample is nearly identical to the first sample.  The 

XRF analysis, provided by Xstrata, did not provide any details regarding the 

sampling uncertainty in composition of Sample A. 

Table 4-1: Chemical analysis of the limonitic ore samples 

Component Ni Fe Co MgO SiO2 

Wt % ( Sample  A) 1.24 59.8 0.11 0.26 2.66 

Wt % (Sample B*) 1.23 ± 0.05 58.6  ± 0.92 NA NA NA 

*± represent 1 standard deviation from assay results based upon 0.3g digestion size 

Assuming the iron was present as goethite the composition was converted to an 

approximate mineralogical composition as shown in Table 4-2. This composition 

agrees well with the X-ray diffraction spectrum, shown in Figure 4-1, which 

indicates that the only identifiable mineral is goethite. 

Table 4-2: Approximate mineral composition of the limonitic ore (dry basis) 

Mineral NiO FeOOH Mg3Si2O5(OH)4 SiO2 other 

Wt % 1.58 95.13 0.58 2.35 <1 
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Figure 4-1: X-ray spectrum of the limonitic ore (G-goethite) 

4.3 Ore preparation 

The as-received ore was dried in an oven for a week at 95 oC to remove the free 

moisture of the ore. The ore was dried, in order to reduce any variability in the ore 

composition due to changes in free moisture, which could change based upon size 

fraction of the ore and/or temperature of the laboratory.  The dried ore was then 

separated using a spinning riffler to produce individual representative samples of 

250g each.  Approximately fifty percent of the as- received ore was +35 mesh. In 

order to reduce the particle size, the ore was placed in a ring pulverizer for fifteen 

seconds.  Subsequently the material was screened, and approximately half of the 

material was -100 mesh. Oversize material was pulverized for an additional 5 

seconds and re-screened.  This was continued until all material was -100 mesh. The 

screened material was then kept in an oven at 65oC until it was used in the 
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experiments, this was done to prevent the adsorption of water and ensure a uniform 

ore composition which could be used during the experiments. 

4.4 Bench Scale Furnace Studies 

The sulphidation reactions were studied by mechanically mixing the limonitic ore 

with reagent grade elemental sulphur. The ore and the sulphur were combined in 

varying proportions to provide a total sample mass of 3 grams.  Figure 4-2 shows a 

photograph of the raw materials prior to mixing.   The ore and sulphur were mixed 

for approximately 5 minutes, until the sample was homogenous. The sample was 

then pressed into a half inch diameter briquette at a pressure of 9000 psi, which 

resulted in a final briquette height of just over half an inch.  A briquette was used to 

improve the contact of the reactants, to provide a highly reproducible sample size 

and surface area and for improved sample recovery and analysis. 

 

Figure 4-2: Limonitic ore and sulphur prior to mixing 
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Figure 4-3 shows a schematic diagram of the bench scale experimental set-up used 

for all of the experimental furnace work. The briquettes were placed onto a quartz 

sample carrier and placed in the cool zone of the tube furnace. Experiments at or 

above 1000 oC required that the quartz be lined with sintered aluminum powder in 

order to prevent interaction of the sample with the carrier. The furnace was purged 

with high purity nitrogen at a flow rate of 1L/min for 10 minutes which corresponds 

to approximately 5 purge volumes to remove any residual air within the furnace 

tube. The sample was then introduced into the hot zone of the furnace and allowed 

to react for the desired length of time (between 30 min to 6 hrs). Reacted samples 

were moved into the cool zone of the furnace and allowed to cool for 20 minutes, at 

which point the sample temperature was between 40-70 oC. In order to prevent 

oxidation of the sample, the briquette was removed from the furnace and 

immediately placed in ethanol, following the procedure of Chen (2009). 

 

 

Figure 4-3: Schematic diagram of the furnace set-up 
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4.5 Product Characterization and Analytical Techniques 

4.5.1 Determination of nickel and iron sulphidation degree 

The quantity and the composition of the nickel and iron sulphides produced during 

the furnace experiments were determined using a combination of a bromine 

methanol diagnostic leach, and LECO analysis fur sulphur content. Digestion of a 

sample containing oxides and sulphides in a solution containing 5% bromine and 

95% methanol, selectivity dissolves the sulphides while leaving the oxides as a solid.  

A review of this procedure may be found in Young (1974).  

 The samples from the furnace experiments were ground with a mortar and pestle 

and 0.3g of sample was added to a 5% bromine/methanol solution. The sample was 

heated to 60oC and allowed to reflux for 20 minutes. The sample was then cooled in 

a water bath and vacuum filtered using glass fiber micro filters. Twenty five 

milliliters of hydrochloric acid was added, and the sample was placed on a hot plate 

until only twenty milliliters of solution remained. The purpose of the hydrochloric 

acid addition was to convert the nickel and iron bromides to chlorides and remove 

residual alcohol.   Samples were then diluted to between one to twenty parts per 

million and analyzed for nickel and iron using a Thermo Scientific iCE 3000 Series 

Atomic Absorption Spectroscopy unit.  

Blank ore samples were also heated to the experimental temperatures and leached 

in the bromine methanol solution. It was found that approximately 2.85 ±0.61 

percent of the iron was leached and 19.2± 0.85 percent of the nickel was leached (± 
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two standard deviations).   The fact that the overall quantity of nickel and iron 

reporting to the solution is not zero is not surprising.  During the heating and loss of 

crystalline water, the iron and nickel are undergoing phase transformations and 

may not exist as well defined oxide components.  The nickel and iron that report to 

the solution do not significantly impact the overall results, as both the nickel and 

iron recoveries determined over the test conditions are significantly higher than the 

blank test results. Additionally, it would, be expected that the nickel and iron that 

leaches during the test would be the most susceptible to sulphidation. Mass balance, 

sulphur analysis, microprobe data and flotation results were able to provide 

independent confirmation of the nickel and iron sulphidation degrees, which agreed 

well with the values determined via the diagnostic leach.  

The sulphur content of the calcine was determined through the use of Infrared 

Spectroscopy. 0.2 g of sample was weighed and combusted at 1300oC in a LECO SC-

44DR.   Calibration standards of 5.1 and 32.9 wt% sulphur were used, depending 

upon the sulphur content of the calcine.  

4.5.2 X-Ray diffraction 

The mineralogy of the raw materials and reacted samples were characterized 

through the use of X-Ray Diffraction(XRD).   Powder XRD was carried out using a 

Xpert Pro Philips powder diffractometer and Cu Kα radiation.  The mineralogy of the 

samples was determined through the commercial software X-pert High Score which 

uses regression techniques for peak identification.  
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4.5.3 Optical and scanning electron microscopy 

Briquettes for optical and Scanning Electron Microscopy(SEM) were produced using 

the furnace set-up described above. After the briquettes were cooled and removed 

from the furnace, they were impregnated with epoxy and sectioned vertically down 

the middle of the briquette.  Samples were stored in a dessicator that was also kept 

in a freezer to prevent oxidation of any sulphides.  

Optical microscopy was carried out using an Olympus MTV 3, and images captured 

using a Moticam 2300 camera.  Images were taken as 1200 x 800 tiff files. At the 

highest magnification 1 µm corresponds to approximately 9 pixels, therefore the 

absolute smallest feature that can be resolved is between 0.1-0.2 µm.   

At temperatures at or above 1000oC it was found that there were well-defined 

grains of oxides. In order to reveal the grain structure, a variety of etchants were 

examined.  It was found that concentrated hydrochloric acid with an etching time of 

two to three seconds was able to successfully reveal the grain structure of the oxide 

minerals formed at high temperatures.  

Samples were prepared for Scanning Electron Microscopy by carbon coating the 

sectioned sample to prevent charging of the surface while under examination. A  

MLA 650 FEG ESEM was used to examine the sample. Back scattered electron 

imaging was the primary imaging mode used, as the brightness is dependent upon 

the density of the mineral. The difference in brightness was able to provide an 
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indication of the compositional gradients within the sample. Energy dispersive x-ray 

spectroscopy (EDX) was also used to verify the mineralogy of the samples.  

4.5.4 Electron Microprobe 

The analysis of samples was carried out on a JXA JEOL-8900L with 5 wavelength 

dispersive x-ray detectors. The accelerating voltage for the microprobe was 20kV.  

As will be discussed in the results section, many of the sulphides are very small in 

nature, it is therefore important to understand the spatial resolution of the 

microprobe.   There are two aspects which must be considered, the first is the beam 

spot size and the second is the interaction volume of the beam vertically into the 

sample.  The beam size of the microprobe is 2-3 µm, and the interaction depth can 

be estimated from the following equation (see Kanaya and Okayama 1972): 

 
(4.1) 

Where    is the interaction depth in µm,     is the effective atomic mass of a 

compound containing a total of 1 mole of atoms (g/mol) ,  is the effective atomic 

number,  is the density of the mineral (g/cm3) and  is the beam energy (in keV).    

Table 4-3 summarizes the interaction depths for several of the minerals present in 

the sample.  The interaction depth is similar to the overall beam size used, indicating 

that the minimum size sulphide particle for analysis should be 3 µm or larger. For 

this reason the microprobe was used only on samples reacted at higher 

temperatures, where the sulphides were sufficiently large for individual analysis. 
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The standards and detections limits are listed in Table 4-3 to Table 4-6. The 

detection limits are well below the typical concentration of the components which 

was analyzed in the study.  

Table 4-3: Parameters for estimating the microprobe interaction depth 

Mineral     

FeS 23.14 43.95 4.83 2.28 

Fe3O4 23.23 33.07 5.15 1.60 

Mg2SiO4 11.10 20.09 3.2 3.02 

 

Table 4-4: Microprobe detection limits within the olivine phase 

Component SiO2 MgO NiO Al2O3 FeO CoO Cr2O3 MnO 

Standard Olivine Olivine NiO Chromite Olivine CoNiAs Chromite Spessartine 

Detection limits (wt%) 0.039 0.029 0.044 0.0402 

 

0.0304 0.0375 

 

0.0642  0.0301 

 

Table 4-5: Microprobe detection limits within the spinel phase 

Component SiO2 MgO NiO Al2O3 FeO CoO Cr2O3 MnO 

Standard Olivine Olivine NiO Chromite Hematite CoNiAs Chromite Spessartine 

Detection limits (wt%) 0.041 

 

0.031 0.049 

 

0.0428 0.032 0.0415 

 

0.0681 

 

.0319 

 

Table 4-6: Microprobe detection limits within the sulphide 

Component Si Mg Ni S Fe Al Co Cr Mn 

Standard Olivine Olivine Pn Po Po Chromite CoNiAs Spessartine Spessartine 

Detection 

limits (wt%) 

0.021 

 

0.02 0.0430 0.0229 0.0271 0.025 

 

0.0355 

 

0.0546 0.0269 

*Pn =pentlandite, Po=pyrrhotite 
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4.6 Thermogravimetric differential thermal analysis with evolved gas 

analysis 

In order to further understand the chemical reactions occurring during 

sulphidation, studies were conducted using a simultaneous thermogravimetric 

differential thermal analysis coupled with evolved gas analysis via mass 

spectrometry (TGA/DTA with EGA).  The studies were conducted on a Netzsch STA 

449, with a QMS 403C Aeolos quadrupole mass spectrometer.  Figure 4-4 shows a 

schematic diagram of the thermal analysis unit.    

The TGA/DTA portion of the equipment measured the mass of the sample as a 

function of time and temperature for specific heating profiles.  A 25-30 mg sample of 

powder was loaded into an alumina crucible, mounted on a carrier connected to a 

balance in the lower housing of the unit. A nitrogen flow of 80ml per minute was 

introduced into the bottom portion of the equipment during the run to ensure the 

sample was kept under an inert atmosphere and to allow for the gases to be 

transported through to the mass spectrometer. The differential temperature 

between the crucible with the sample and a reference crucible adjacent to the 

sample provided an indication of exothermic or endothermic chemical reactions and 

the latent heat associated with phase changes.  
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Figure 4-4: Schematic Diagram of the STA 449C  

A heated quartz capillary tube, connected to the STA unit, transported a portion of 

the gas from the STA to a mass spectrometer for simultaneous measurement of the 

evolved gases.   The gases were ionized via bombardment with electrons with an 

energy of 70 eV. The interaction of the electrons with the gases created a series of 

positively charged ions, which included ions of the parent molecule as well as 

fragments of the molecule which resulted from bond breakage.  

The current generated from ions with a specific mass to charge ratio was measured 

after the ions impacted a secondary electron multiplier. The ions which were 

measured at a specific time were determined by the applied voltage and frequency 

of current applied to the quadrupole (see Figure 4-5 for a schematic diagram).   The 
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mass spectrometer and software adjusted the applied voltage to scan for the desired 

ions as a function of time.  

 

Figure 4-5: Schematic diagram of the quadrupole portion of the mass spectrometer  

The interpretation of the data from the mass spectrometer requires an 

understanding of the principles of operation. Each parent molecule produces a 

number of ions during the ionization process. For example, the most common ions 

produced during the ionization of the sulphur dioxide molecule, occured at a mass 

to charge (m/z) ratio of 64, however ions at m/z=66 were measured due to the 

presence of the isotope 34S. Fragments of the SO2 molecule also produced ions at 

m/z=16, m/z=32 and m/z=48.  

The overall ion current measured at each mass to charge ratio can be related to the 

partial pressure of a gas species through the following equation: 



75 

 

 
(4.2) 

Where pj is the partial pressure of gas species j, Ii is the ion current measured at a 

specific m/z. which is usually measured as the same atomic mass as the most stable 

isotope of the parent molecule, ai is the fraction of molecules with atomic mass 

i(isotope abundance) ,  is the ionization cross section, and is a measure of how 

easily the parent gas molecule is ionized, T is the temperature and C is a machine 

constant.  This relation has been used in the metallurgical field for determination of 

activities via Knudsen cell mass spectrometry (Copland and Jacobson 2001). The 

calculation of a partial pressure requires that the machine be calibrated over a range 

of partial pressures for each species.  In order to avoid this difficulty, it is possible to 

take the ratio of partial pressures of gas species, which removes the machine 

constant.   

The present situation is further complicated by the fact that both SO2 and S2 will 

have their major peak at m/z=64, which makes it difficult to distinguish between 

the evolution of sulphur dioxide and sulphur gas, as the total ion current measured 

at m/z 64 will have contributions from both gas species. It is possible to distinguish 

between sulphur and sulphur dioxide due to the different abundance of 34S in each 

molecule. Consider the total ion current measured at m/z=64, which can be 

calculated by considering both the contributions of sulphur and sulphur dioxide 

according to: 
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 (4.3) 

 Which, when written in terms of the relative partial pressures of S2 and SO2 gives: 

 
(4.4) 

Due to the presence of the isotope 34S there will also be an ion current measured at 

m/z = 66 for both SO2 and S2. The magnitude of the measured current relative to the 

current at m/z=64 will depend on the relative proportion of SO2 and S2. The overall 

current measured at m/z = 66 is related to the pressures of both gaseous species as 

well as their isotope abundance according to: 

 
(4.5) 

Thus the ratio of ion currents measured at m/z=66 to the current measured at 

m/z=64 is given by the following expression: 

 

(4.6) 

The proceeding equation can be rearranged and the ratio of the partial pressure of 

S2 to SO2 written in terms of measureable quantities: 
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4.7 

As the ionization cross sections for these molecules are not well known, their ratio 

can be replaced by a calibration constant k according to:  

 

(4.8) 

If the isotope abundance for the two species is known,  then the mass spectrometer 

can be calibrated to provide the ratio of partial pressure of S2 to SO2 based upon the 

measured ratio of ion currents at m/z=66 and m/z 64.  

In order to verify this technique, the ratio of the ion currents for both sulphur 

vapour and sulphur dioxide were measured on the mass spectrometer. For the case 

of the pure gases, the ratio of the ion currents will be the same as the relative 

isotope abundance of 34S to 32S in each molecule.  Table 4-7shows the theoretical 

values along with the measured values.  The overall agreement is good, with the 

measured values slightly lower in both cases.   
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Table 4-7: A comparison of the measured and theoretical ratio of m/z 66 to m/z 64 ion currents 

for S2 and SO2 molecules 

Species I
66

/I
64

 theoretical I
66

/I
64

 measured* 

Sulphur vapour 8.9 8.5 ± 0.19 

SO2 4.8 4.5  ± 0.06 

*± one standard deviation 

The calibration constant k, was determined by regression analysis using 

measurement data from a STA run where the overall pS2/pSO2 mass balance was 

known from the closure of a mass balance. The value was determined as 5.92.  

Figure 4-6 shows the relationship between the measured ion currents and the 

pS2/pSO2. The variability in the measured ion currents results in a difficulty 

resolving pS2/pSO2 ratios at values less than 0.5 and at values greater than 10, as 

indicated by the dashed lines which were calculated using the uncertainty 

measurements from Table 4-7. The majority of the STA tests resulted in a pS2/pSO2 

of between 0.25 -0.5. As a result, for all but a few select cases, this technique only 

served to provide qualitative confirmation of the reaction mechanisms, as there was 

not sufficient resolution to use this technique in the mass balance calculations.   
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Figure 4-6: The relationship between the ratio of the sulphur to sulphur dioxide partial 

pressures and the measured ratio of m/z=66 to m/z=64 ion currents 

4.7 Flotation Studies 

Four briquettes, each of 20 grams, were prepared and charged to the furnace to 

produce approximately 60 g of reacted sample. This was done three times under 

identical conditions to prepare enough bulk material for the flotation tests.  The 

bulk sample was pulverized to -100 mesh and then split into 3 individual samples.  

Prior to flotation, the sample was mixed with water to achieve a pulp density of 66 

wt% solids and ground in a 0.5L Netzsch ISA mill M-V with 1200g of ceramic 

grinding media at 1000 rpm for 2.5 minutes.  50mg of sodium metasilicate was also 

added, in order to prevent the agglomeration of fine particles. A typical particle size 

distribution following grinding is shown in Figure 4-7. 
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Figure 4-7: PSD obtained from ISA Mill (Sample shown is FT04-Tails) 

The sample was separated from the grinding media by wet vibratory screening and 

the sample was then placed in a 1.5L Denver D-12 flotation cell.   

Flotation studies were conducted at a pH of between approximately 9-9.5.  pH 

adjustment was made using either sodium carbonate, if the tests were conducted in 

deionized water, or burnt lime if the test was conducted in tap water.    Potassium 

amyl xanthate (PAX) was used as the collector and Dow Frother 250 was used as a 

frother.  Both the frother and collector were added to the flotation cell as 0.1 % 

mass solutions in water.  Previous studies involving the flotation of nickel sulphides 

have shown that the addition of Triethylenetetramine (TETA) can be beneficial in 

improving flotation selectivity (Kelebek and Tukel  1999).  TETA was therefore 



81 

 

added in the majority of flotation tests, and additions were made using a 0.5 wt% 

solution in water.   

The agitator speed of the flotation cell was 900 RPM.   Prior to the beginning of 

flotation, the pulp was conditioned with the collector for two minutes and the 

frother was added after one and a half minutes. Air was then introduced and the 

flotation concentrate was manually removed via skimming of the froth layer. 

Following the specified collection time, the air was turned off, stagewise additions of 

reagents were made, and the pulp reconditioned with collector and frother for a 

minute prior to flotation of the next concentrate.  Figure 4-8 shows a typical froth 

layer loaded with sulphides during the flotation stage of the experiment.  

 

 

Figure 4-8: Froth layer during the flotation of the sulphides 
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The product streams, which consisted of between five to ten separate concentrates, 

were individually vacuum filtered, air dried and then analyzed for sulphur, nickel 

and iron contents.  The tails were pressure filtered, dried for 2 hrs in an oven at 

45oC and then air dried overnight prior to analysis for nickel, iron and sulphur.  

Select particle size analysis on the flotation products was done using a Fritsch 

analysette 22 laser particle.  

4.8 Error Analysis  

4.8.1 Furnace Experiments 

To determine the error, repeat sulphidation experiments were performed for each 

series of experiments done using the bench scale furnace.  Several repeat runs were 

done at either, two or three of the experimental conditions, depending upon the 

nature of the trend observed. The variability from these repeat runs was used to 

calculate a pooled variance estimate which provided an overall uncertainty estimate 

for the entire series of experiments.   The pooled variance estimate can be calculated 

via the following formula: 

 
(4.9) 

  

Where  

 

 
(4.10) 
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An example of the uncertainty estimate is shown below, for a series of experiments 

that determined the effect of particle size on the nickel and iron recoveries, as 

determined by the bromine/methanol leach. Repeat runs were done for three of the 

particle sizes and the variance for the nickel recovery was calculated.  The error 

bars on the data plots indicate ±two standard deviations of the pooled variance 

estimate.  

Test Group Individual Test Nickel recovery  (yi)  
L03P L03P1 72.03 23.57 

 L03P2 76.78 0.011 
 L03P3 77.76 0.769 
 L03P4 80.97 16.68 

   13.67 

L07P L07P1 73.69 2.96 
 L07P2 76.00 0.348 
 L07P3 76.54 1.27 

   2.29 
L06P L06P1 80.46  

 L06P2 83.52  

   4.71 
 
 

   

 

 

 

4.8.2 TGA/DTA with EGA experiments 

Several repeat runs for the STA were performed, and are shown in Figure 4-9. The 

repeat runs involved mixing separate samples,  and the overall variability includes 

both machine variance as well as the representative sampling. Due to the small 

variance between the runs, only single runs were done for all of the other TGA tests. 
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The overall standard deviation from these two runs was calculated to be ±0.14 

wt%.  The two major reasons for this variance is most likely due to the potential for 

variation in sample composition (ore to sulphur ratio), as well as in the 

measurement of the original sample mass that was used in the experiments.  

 

Figure 4-9: Two repeat STA tests (sample was ore mixed with 100kg S/tonne ore) 
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Chapter 5 

Results and Discussion I:  Low Temperature Sulphidation Reactions  

5.1 Preliminary Screening Studies 

In order to determine the extent of the sulphidation reactions outlined in the 

thermodynamics section, a series of fractional factorial screening studies were 

conducted. Limonitic ore and sulphur were mixed, and charged to the tube furnace 

at various temperatures and for various times, as described in the experimental 

procedure.  It was determined that sulphidation reactions did occur, and that while 

sulphidation reactions occurred at all temperatures, a temperature of 500 oC 

appeared to provide the maximum conversion of nickel oxide to sulphide.  For this 

reason, a temperature of 500 oC was chosen as the initial temperature for the more 

in-depth studies described below. Additional temperatures were also studied and 

will be discussed in detail further in the thesis. Details of the fractional factorial 

design tests may be found in Appendix B.  

5.2 Effect of Sulphur Addition  

 The overall objective of the proposed process is to selectively convert the nickel 

oxide to a sulphide while minimizing the amount of iron oxide that is also converted 

to a sulphide. Thermodynamics considerations limit the degree of selectivity that 

may be achieved; however the reaction mechanism and kinetics may set a limit on 

the selectivity that is achieved in practice. A series of experiments was performed in 
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order to understand the role of sulphur additions on nickel oxide selectivity, 

sulphidation extent and also to aid in the determination of the predominant 

chemical reactions.   It should be noted, that with the exception of results from the 

flotation studies, all metal extractions and recoveries reported, are based upon the 

results from the bromine diagnostic leach, and represent the extent of nickel and 

iron conversion to the sulphide phase, and do not represent physical recovery.  

The range of sulphur additions was determined by considering the amount of 

sulphur required for a variety of potential reactions. Table 5-1 shows a summary of 

potential reactions, and the associated stoichiometric sulphur requirements, in units 

of kg of sulphur per tonne of ore. The potential reactions were determined from the 

thermodynamic calculations of Chapter 3. The overall sulphur demand, assuming 

100% sulphur utilization, varies between 8 kg S per tonne of ore, if only the nickel 

oxide is sulphidized, up to approximately 1000 kg S per tonne of ore, if the entire 

ore is converted to an iron-nickel sulphide. For this reason, sulphur additions 

between 25-1000 kg of sulphur per tonne of ore were studied.  

Table 5-1: Calculated sulphur demand for several potential sulphidation reactions 

Reaction Mass Sulphur Required 

(kg/ tonne ore) 

 944 

 28 

 572 

 17 

 8 
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Figure 5-1 shows the experimental nickel and iron sulphidation extent as a function 

of sulphur addition.  The nickel extraction is much higher than the corresponding 

iron extraction at all sulphur additions, and reaches a constant value of nearly 80% 

extraction, whereas the iron extraction continues to increase with increasing 

sulphur addition. It can be seen that the slope of the iron extraction versus sulphur 

addition curve is higher at lower sulphur additions than at larger sulphur additions, 

suggesting that there may be a change in reaction mechanism or kinetics. This will 

be discussed in more detail later in the thesis.  

 

The plateau in nickel sulphidation suggests that the remaining 20% of nickel is 

resistant to sulphidation and is either chemically or physically locked in a phase that 

does not react with sulphur at these temperatures, since the nickel extraction does 

not continue to increase as more of the iron oxide is converted to a sulphide phase.  



88 

 

 

Figure 5-1: Nickel and iron sulphidation extent as a function of sulphur addition (at 500 
o
C) 

 

Figure 5-2 shows the weight percentage of sulphur in the product calcine as a 

function of the initial sulphur addition.  At low sulphur additions, the residual 

sulphur appears to be linearly proportional to the sulphur addition, whereas at 

higher sulphur additions a proportionally smaller percentage of the total sulphur 

remains, indicating lower sulphur utilization.  

A bulk sulphide composition was calculated based upon the overall nickel and iron 

extraction extents and sulphur content in the calcine, which is shown in Figure 5-3.  

At low sulphur additions, the bulk composition indicates the formation of 

pyrrhotite, whereas at higher sulphur additions, the ratio of sulphur to metal 
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indicates that a combination of pyrrhotite and pyrite is favoured.  The formation of 

pyrite instead of pyrrhotite, combined with the change in the slope of the iron 

extraction curve shown in Figure 5-1 again suggests a change in the reactions 

occurring at higher sulphur additions. 

 

Figure 5-2: Residual sulphur in furnace calcine as a function of sulphur addition (at 500 
o
C) 

The calculated grade of the nickel iron sulphide is shown in Figure 5-4. As more 

sulphur is added, the additional iron which is sulphidized, lowers the grade rapidly, 

from a maximum of about 18 wt % to less than 2 wt% at the highest sulphur 

addition. 
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Figure 5-3: Calculated bulk sulphide composition as a function of sulphur addition (at500 

o
C) 

 

Figure 5-4: Nickel grade in the bulk sulphide as a function of sulphur addition (at 500 
o
C) 
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In order to verify that the chemical reactions outlined in the thermodynamics 

section were the predominant reactions, the theoretical mass loss was calculated 

assuming that all the oxygen from the nickel and iron recovered in the leach solution 

had reacted with sulphur to produce sulphur dioxide. A sulphur balance was then 

performed based upon the initial sulphur addition, the residual sulphur and the 

sulphur required to sulphidize the metal oxides. The remaining sulphur was 

assumed to leave as gaseous sulphur.  The overall sulphur requirements can 

therefore be calculated according to Equation 5.1: 

 

 (5.1) 

Where Msi represents the mass of sulphur associated with a given species j. The 

experimentally measured quantities can be used to calculate the amount of sulphur 

reacted according to Equation 5.2: 

 

(5.2) 

 

 

Where,  represents the fractional weight loss during reaction,   represents the 

mass fraction of component i in the ore,  represents reaction extent and MW 

represents the molar mass of a species.   
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The overall fractional mass loss was calculated according to Equation 5.3, which 

considers the individual contributions of crystalline water, sulphur dioxide and 

elemental sulphur. The water loss was calculated based upon the mineralogy of the 

laterite and the sulphur dioxide and sulphur from the assay results and mass 

balance. The overall mass loss is written according to Equation 5.3:   

 
(5.3) 

 

Figure 5-5 shows both the predicted mass loss and the measured mass loss versus 

the sulphur addition. The predicted mass loss is in good agreement with the 

measured values which supports the reactions outlined in the preceding section. 

 

Figure 5-5: Comparison of predicted and measured mass loss as a function of sulphur 

addition (at 500 
o
C) 
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The closure of the mass balance allows for a net sulphur utilization to be calculated 

according to Equation 5.4  

 

(5.4) 

The sulphur utilization, shown in Figure 5-6, remains high, at over 80 %, up to levels 

of about 300 kg of sulphur per tonne of ore, and then decreases with increasing 

sulphur addition. As more sulphur is added to the system, the sulphur potential in 

the system increases, allowing for a more sulphidizing environment.  The drop in 

sulphur utilization, combined with the formation of pyrite instead of additional 

pyrrhotite at higher sulphur additions, suggests that mass transfer of sulphur 

through the pyrrhotite may be the rate-controlling step at high sulphur additions. 

The increased degree of iron sulphidation at higher sulphur additions can act as a 

barrier, preventing further reaction of sulphur with hematite. The remaining 

sulphur is only able to react with existing pyrrhotite resulting in the formation of 

pyrite. Any remaining sulphur would evaporate, resulting in a lower sulphur 

utilization efficiency. This will be discussed in further sections.  
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Figure 5-6: Calculated sulphur utilization as a function of sulphur addition (at 500 
o
C) 

Figure 5-7 shows the corresponding pS2 to pSO2 ratio which was calculated from the 

closure of the mass balance. The ratio remains nearly constant at a value of about 

0.25 until approximately 300 kg S per tonne of ore, after which, the additional 

evaporation of sulphur results in a stronger sulphidizing environment. This stronger 

sulphidizing environment favors the formation of sulphide rich material such as 

pyrite. It should be noted however that in all cases, the sulphur potential is well 

above the equilibrium iron oxide/sulphide boundary calculated in the 

thermodynamics section. This indicates kinetics play a significant role at these 

temperatures in determining both phase composition and reagent consumption.  
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Figure 5-7: Calculated PS2/pSO2 ratios as a function of sulphur addition (at 500 
o
C) 

In order to verify the diagnostic leach results, and confirm the presence of the 

various sulphides, x-ray diffraction studies were performed on the product calcine. 

The x-ray spectra for samples with 100 kg of sulphur/tonne of ore and 700 kg of 

sulphur per tonne of ore are shown in Figure 5-8.  The XRD results confirm that a 

pyrrhotite phase is formed at low sulphur additions, whereas a mixture of 

pyrrhotite and pyrite is formed at higher sulphur additions. The broad peaks of all 

phases indicate that the crystalline phases are composed of very fine grains. The 

width of the peaks for the sulphide phases is greater for the lower sulphur 

additions, indicating that the grains of sulphide are larger and more crystalline at 

higher sulphur additions.  
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Figure 5-8: X-Ray diffraction spectra for two different ore-sulphur mixes reacted at 500 
o
C 

(Cu Kα, H – Hematite, Py- Pyrite, Po- Pyrrhotite) 

A separate nickel sulphide phase was not detected, which indicates that the phase is 

either below the instrument detection limit, that it is not crystalline, or that the 

nickel is contained in an iron-bearing sulphide phase. An analysis of the peak 

position of pyrrhotite provides further information on the location of the nickel 

phase.   The crystal lattice spacing of pyrrhotite shifts due to nickel substitution and 

sulphur composition  (Nalderett, Craig and Kullerud 1967). The Bragg angle and the 

associated lattice spacing of the 102 crystal plane d<102> is shown in Table 5-2  as 

determined by the angle associated with the intensity maximum. The d<102> spacing 
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can be used to estimate a range of sulphur/nickel combinations contained within 

the pyrrhotite structure which is shown in Figure 5-9. 

Table 5-2: Lattice Spacing for nickeliferous pyrrhotite at 500 
o
C 

Sulphur addition 2θ d<102> 

100 kg S per tonne ore 44.20 2.047 

700 kg S per tonne ore 44.04 2.054 

 

 

Figure 5-9: Relation between lattice spacing and pyrrhotite composition from Nalderett, 

Craig and Kullerud (1967). d102 spacing is in angstroms. 

100 kg S 
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The lattice spacing agrees well with the diagnostic leach test results in terms of 

overall sulphide composition. The spacing indicates that the pyrrhotite is rich in 

sulphur (between 39-40 wt%) and the range of nickel compositions (as indicate by 

the intersection of the dashed lines with the curves) are near the experimentally 

determined nickel grades of 8 and 3 wt% for the low and high sulphur additions 

respectively. The d<102>  peak for the 100 kg sulphur addition exhibits a certain 

degree of asymmetry, with a longer tail towards lower angles. The asymmetric peak 

suggests a range of pyrrhotite compositions, with a greater degree of likelihood of 

having some nickel-deficient pyrrhotite, in addition to nickel-rich pyrrhotite.  

5.3  Effect of Temperature 

In order to gain further insight into the reaction mechanisms, samples with 100 kg 

S/tonne of ore were reacted at different temperatures to determine the impact of 

reaction temperature on the nickel extraction and grade, as measured using the 

bromine-methanol leach. Samples with this sulphur addition were chosen, as they 

provided a balance between nickel sulphidation extent and sulphide selectivity.  

Temperatures between 450oC and 650 oC were examined. Figure 5-10 shows the 

nickel and iron extraction as a function of temperature.  There is a sharp increase in 

nickel extraction between 500 oC and 550 oC, after which the nickel extraction 

exhibits little change.  Figure 5-10 also shows the corresponding grade of the 

sulphides formed and indicates an increase in nickel grade with increasing reaction 

temperature. 
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Additional experiments at 550 oC were performed with varying sulphur additions in 

order to verify that this increase in nickel extraction was not dependent upon 

sulphur addition.  Figure 5-11 shows the sulphidation degree of nickel versus the 

grade of nickel within the bulk sulphide product, for experiments at 500 oC and 550 

oC as well as a single point at 450 oC, which was the final point obtained from sample 

A. The curves indicate that there is a tradeoff between the degree of nickel 

sulphidation and nickel grade. Samples reacted at 550 oC exhibited the highest 

recoveries at the highest grades.  Conversely, at 450 oC,  there was a decrease in the 

achievable grade/extraction and a general decrease in nickel selectivity. Reactions 

at or above 550 oC appeared to give the maximum nickel extraction over a range of 

sulphur additions. Samples prepared with 100kg S /tonne of ore and 700 kg 

S/tonne of ore were reacted at 550 oC and analyzed using XRD and the diffraction 

patterns are shown in Figure 5-12. 
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Figure 5-10: Metal recovery and nickel grade of sulphide as a function of temperature for 

sample A mixed with 100 kg S/tonne ore. 

 

Figure 5-11: Extraction vs. Grade Curves (Sample A) 
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Figure 5-12: X-Ray Diffraction spectra for two different ore-sulphur mixes reacted at 550 

o
C (Cu Kα) (Sample A, H- Hematite, M – Magnetite, Po – Pyrrhotite) 

The sample with 100 kg S/tonne of ore is composed primarily of hematite and 

magnetite. There is also evidence of pyrrhotite, with a minor peak centered at the 

angle which corresponds to the lattice spacing for pyrrhotite. The presence of 

additional peaks which correspond to pyrrhotite are difficult to determine due to 

the proximity of these peaks to hematite and magnetite, and the peak broadening 

due to the small grain size. The wide peak at low diffraction angles suggest an 

amorphous phase. 

At the larger sulphur addition, the two phases detected are pyrrhotite and 

magnetite. The peaks for the pyrrhotite are shifted slightly from those for pure iron 
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pyrrhotite.  The d<102> spacing is shown in Table 5-3. The overall lattice spacing for 

both samples remain similar to the values determined at 500oC.   

Table 5-3: Lattice Spacing for nickeliferous pyrrhotite at 550 
o
C 

Sulphur addition 2θ d<102> 

100 kg S per tonne ore 44.18 2.048 

700 kg S per tonne ore 44.0 2.056 

 

Samples reacted at 550 oC were examined using an electron microprobe in order to 

determine the mineralogy of the reacted samples. There was little evidence of 

discreet sulphide particles; however, several particles showed smaller dense 

sulphides nucleated within the cracks of iron oxides as shown in Figure 5-13. The 

lack of larger sulphide particles is consistent with the peak spreading of the XRD 

spectra.  

 

Figure 5-13: Micrograph of sample reacted with 100 kg S/tonne of ore at 550 
o
C, showing 

submicron sulphides (Sample A) 
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Grains of both magnetite and hematite were observed within the sample. Typical 

grains of both minerals are shown in Figure 5-14. Both the magnetite and hematite 

particles exhibited a large degree of micro-cracking, with the magnetite particles 

showing a higher degree of cracking throughout the structure. These cracks are 

consistent with the large degree of gas evolution during both dehydroxylation and 

sulphidation. 

  

Hematite particle Magnetite particle 

Figure 5-14: Micrograph of iron oxide phases present in pellet reacted with 100 kg S/tonne 

of ore at 550 
o
C (Sample A) 

5.4  Effect of Temperature – Sample B 

As indicated in the experimental section,  a new shipment of ore was received later 

in the experimental campaign. Sample B was also reacted at various temperatures in 

order to verify that the sample behaved in a similar manner to the original ore 

tested.  Figure 5-15 shows the overall nickel and iron recoveries as a function of 
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temperature.  The overall trend of both the nickel and iron extraction is similar to 

sample A. The iron extractions are very similar in value to sample A, whereas the 

nickel extraction is slightly lower. Both sample A and sample B have similar bulk 

mineralogies and overall chemical compositions. The reason for the difference in 

extraction could be due to how the nickel is disseminated within the ore ( i.e. locked 

in a silicate structure).  The overall trend remains similar between sample A and 

sample B, indicating that the predominant reaction mechanisms are the same.  

 

Figure 5-15: Metal extraction vs. temperature for sample B mixed with 100 kg S/tonne of 

ore  

In a manner similar to sample A, the overall nickel grade in the bulk sulphide also 

exhibits a sharp increase between the temperatures near 500 oC.  Due to the overall 

lower recoveries, the bulk grade is less than with sample A.  This overall increase in 
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grade results from three individual contributions. The first is the increasing nickel 

recovery with increasing temperature, the second is due to the minor decrease in 

iron recovery with increasing temperature, and the third is due to the decrease in 

sulphur content of the calcine with increasing temperature, as shown in Figure 5-17.  

 

Figure 5-16: Nickel Grade as a function of temperature for sample B mixed with 100 kg 

S/tonne ore 
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Figure 5-17: Sulphide content of calcine as a function of temperature sample B mixed with 

100 kg S/tonne of ore 

5.5 Thermogravimetric Differential Thermal Analysis with Evolved Gas Analysis 

Figure 5-18 shows the TG signals for ore (sample B) reacted with variable amounts of 

sulphur, run under nitrogen. For all of the tests, excluding the sample with no 

sulphur addition, there are three separate weight loss stages. These individual 

stages are more evident when the evolved gas is examined, and this is shown in 

Figure 5-19.   Each of the three reaction stages will be discussed in more detail 

below. 
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Figure 5-18: Weight loss as a function of temperature and sulphur addition 

 

Figure 5-19: Evolved gas analysis (m/z=64) for ore mixed with variable amounts of sulphur 
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Reaction 1 – Dehydroxylation and Initial Sulphidation (250-360 oC) 

The first weight loss occurs between 250 and 360 oC and involves weight loss 

associated with the dehydroxylation of the goethite, sulphidation of the oxides 

species and evaporation of sulphur. The gaseous species were determined through 

the use of evolved gas analysis. Gas peaks for both low and high sulphur additions 

are shown in Figure 5-20 and Figure 5-21 respectively. The overall ion currents 

were normalized relative to the maximum ion current in order to allow for the 

plotting of all three peaks on the same graph. The presence of m/z of 18, and 64 

indicate water and SO2/S2 gas evolution and the presence of m/z of 34 indicates 

hydrogen sulphide evolution.  

 

Figure 5-20: Evolved gases during the initial reaction of sample B mixed with 100 kg S/ 

tonne ore  
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Figure 5-21: Evolved gases during the initial reaction of sample B mixed with 1000 kg S/ 

tonne ore 

During this initial sulphidation and dehydroxylation, the crystalline water is 

removed and the iron oxide is partially converted into a combination of pyrrhotite 

and pyrite, in accordance with the furnace results discussed previously (see Figure 

5-3 for example). The overall weight loss curves for all sulphur additions, as well as 

the SO2 evolution, fall on the same curve indicating that the same reaction pathway 

is followed. This suggests that the overall reaction is controlled by partial pressure 

of sulphur, as this is the only variable which would remain unchanged as the relative 

proportion of sulphur and ore are changed.  As the temperature increase, the liquid 

sulphur evaporates as it attempts to establish its equilibrium partial pressure of 

gasesous sulphur, which is exponential in temperature. The possibility of gaseous 
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diffusion limitations is also suggested, as at higher sulphur additions, a higher 

proportion of unreacted sulphur evaporates towards the latter portion of the 

reactions. The shift of the sulphur peak to higher temperatures for the sample mixed 

with 1000 kg S/tonne of ore is due to this evaporation of excess sulphur.  

The dehydroxylation in the presence of sulphur occurs at lower temperatures than 

the dehydroxylation of the ore only, as is shown in Figure 5-22. This shift to lower 

reaction temperatures, coupled with the appearance of a H2S peak, indicate that the 

sulphur provides an alternative dehydroxylation pathway. Several possible 

reactions along with their Gibbs Free Energy are summarized in Table 5-4. The 

overall formation of H2S is not very favorable, and only small partial pressures of 

H2S would be able to develop at these temperatures. Evidence of the small quantity 

of hydrogen sulphide generation is provided by examining the asymmetric peak of 

the m/z peak =34 in Figure 5-21. The first peak corresponds to dehydroxylation, 

whereas the second peak coincides with the peak from the m/z peak =64 and is due 

to the presence of the isotope S34 which represents only 4.4 percent of all S2 

molecules. The presence of single sulphur molecules is again only a fraction of all 

sulphur molecules and the relative heights of the curve indicates that the overall 

concentration of H2S is of similar magnitude.  
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Figure 5-22: Gases evolved during the initial reaction of ore mixed with 1000 kg S/ tonne 

ore 

The small quantity of hydrogen sulphide molecules that are generated are quite 

reactive and can react with goethite according to Reactions 5.5- 5.9.   

 Table 5-4:Possible reactions of goethite with sulphur and hydrogen sulphide 

Reaction ∆G
o
 (kJ/mol FeOOH)  @ 250 C  

2FeOOH +3/2S → Fe2O3 +H2S + 0.5SO2 0.74 (5.5) 

2FeOOH → Fe2O3 + H2O -12.5  (5.6) 

11H2S(g) + SO2(g)+6FeOOH→6FeS2+14H2O(g) -94.7  (5.7) 

7 H2S(g)+6FeOOH→SO2(g)+10H2O(g)+6FeS -32.0 (5.8) 

H2S(g)+2FeOOH +4S →2FeS2+2H2O+SO2(g) -59.0 (5.9) 
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Figure 5-23 shows the weight loss during the initial reaction as a function of sulphur 

addition. The predicted weight losses, based upon assay results from the isothermal 

tube furnace runs, are also shown for comparison. Both the predicted weight loss of 

isothermal runs and the non-isothermal runs in the TG show similar weight loss, 

with the furnace runs showing a slightly higher weight loss. This increased weight 

loss in the furnace runs is due to the weight loss which occurs between 450-520 oC. 

This second reaction will be discussed below.  

 

Figure 5-23: TG Weight loss for low temperature reaction as a function of sulphur addition 

Reaction 2 –Decomposition of Pyrite (450 oC -520oC)  
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The second weight loss occurs between 450oC and 520 oC and is more evident on 

the evolved gas analysis than on the TG signal.  The magnitude of the weight loss 

and the SO2 evolution depends on the sulphur addition, with higher sulphur 

additions resulting in an increased weight loss.  This weight loss, and loss in 

sulphur, was also observed in the furnace between 450oC and 500oC (see Figure 

5-17).  The reaction that occurs is the decomposition of pyrite to pyrrhotite: 

     2.32FeS2 → 2.65Fe0.877S + S2(g) ∆Go450=49.2 kJ/mol S2 (5.10) 

The standard Gibbs Free Energy for this reaction is positive (data from Roine 2008), 

but in the presence of hematite, this reaction can proceed spontaneously at 

temperatures above 450oC. The sulphur gas from this reaction further reacts with 

the iron and nickel oxide to produce more sulphides if the temperature is at or 

below 500oC or if the temperature is above 500oC it will react with the hematite to 

form magnetite, according to: 

                                FeS2 +6.5Fe2O3→Fe.877S + 4.37Fe3O4 +SO2(g) (5.11) 

This is in agreement with the XRD results and furnace test results, which show that 

for the 100 kg S per tonne of ore addition a mixture of pyrite/pyrrhotite/hematite 

exists at 450oC, pyrrhotite/hematite at 500oC and pyrrhotite/magnetite at 550oC, 

and it is also in agreement with iron oxide sulphidation experiments by Bolsaitis 

and Nagata (1980) who found that reduction of hematite to magnetite occurred 

prior to iron sulphidation at 550oC and above in a sulphidizing environment. 
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The evolved gas analysis indicates that this reaction also appears to be gas phase 

controlled, as the rate of reaction for all sulphur additions occurs at the same rate 

and is exponential with temperature. The vapour pressure of sulphur in equilibrium 

with liquid sulphur, and at higher temperatures, vapour pressure of sulphur in 

equilibrium with pyrite, increases exponentially with temperature.  If the reaction 

was controlled by a different mechanism, it would be expected that the rates of gas 

evolution would differ with differing sulphur additions, due to the changing 

proportion of reactants.  This indicates that the first step during the second stage 

reaction is most likely the partial decomposition of FeS2 to provide some labile 

sulphur, which is then free to react with the iron and nickel oxides.  The overall 

weight loss measurements support this mechanism, since an increased proportion 

of pyrite is favored at higher sulphur additions.  For samples with larger quantities 

of pyrite, the decomposition proceeds past 500oC and some magnetite reduction 

may be possible during pyrite decomposition. For samples with smaller quantities 

of sulphur the decomposition is completed before 500oC indicating that in the TGA 

experiments the magnetite forms from via a third reaction discussed below.  

Reaction 3 –Reaction of pyrrhotite with hematite to form magnetite (550
 o
C -700

o
C)  

The third weight loss which is evident on both the TG curve and evolved gas curve 

occurs between 550oC and 700 oC.  The weight loss curves and evolved gas analysis 

indicate further release of sulphur dioxide, as pyrrhotite reacts with residual 

hematite to form magnetite. The overall weight loss and relative magnitudes of the 

evolved gas analysis relative to the sulphur additions, agree with this mechanism. 
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The peak with the greatest magnitude corresponds to the lowest sulphur addition, 

since there is more residual hematite when compared to the higher sulphur 

additions which will have less hematite to reduce. Furnace results also indicate that 

additional nickel oxide is also converted to sulphide in this reaction. 

TGA Mass Balance Model 

In order to provide additional support for the proposed reaction mechanisms a 

mass balance was created for the three individual reaction sequences outlined 

above. To provide additional information about the extent of iron sulphidation and 

the reduction of hematite to magnetite the samples were dead roasted in oxygen 

following the third reaction. The weight change during the dead roast provides 

information regarding the relative proportion of iron sulphides to oxides.  

The first series of reactions involved the following major sulphidation reaction.  

Expressions for the coefficients for all of the reactions may be found in Appendix C. 

The major sulphidation reaction is that of iron oxide with sulphur: 

 (5.12) 

Additionally nickel oxide is also sulphidized:  

 (5.13) 

The mass loss can be written in terms of the sulphidation extent of the nickel and 

iron oxides and the weight loss associated with dehydroxylation as follows:  
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 (5.14) 

The second series of reactions, involves the decomposition of pyrite. The first 

general reaction is pyrite decomposition and reaction of the labile sulphur to 

produce a combination of magnetite and a more metal-rich sulphide: 

 (5.15) 

 

Additionally iron sulphide may react with residual nickel oxide to produce nickel 

sulphide: 

 (5.16) 

Nickel sulphide formed during the first reaction can react with hematite to form 

iron sulphides  

 (5.17) 

 

Iron sulphide can also decompose to provide labile sulphur which does not react: 

 (5.18) 

 

The weight loss from the second reaction can be written in terms of the reaction 

extents of the preceding reactions to provide the following expression: 
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(5.19) 

The third series of reactions involves the conversion of residual hematite to 

magnetite as well as additional nickel oxide sulphidation: 

 (5.20) 

 

 

 

(5.21) 

 

The total mass loss from this reaction can be written as follows: 

 

(5.22) 

The dead roast provides further information by allowing for the determination of 

the relative proportions of magnetite to sulphides. The following reactions are 

assumed to occur during dead roasting: 
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 (5.23) 

 

 (5.24) 

 

 (5.25) 

 

The sulphidation extents and stoichiometry were calculated using least squares 

regression program written in MATLAB™. The nickel sulphidation extent was 

assumed to be 50% due to reaction 5.13 ,  10% due to reaction 5.16  and 10% due to 

reaction 5.20 which was based upon the furnace test results. Additionally, the 

overall sulphidation extent following the second series of reactions was set to be the 

same as that found in the furnace tests at 500 oC.  

Table 5-5 shows a comparison of the measured and predicted weight losses.  Overall 

the agreement is adequate, given the assumption of no additional reactions with the 

gangue components and also upon comparing the difference between the calculated 

and predicted values to the variance calculated in Chapter 4. Table 5-6 shows the 

calculated sulphide compositions and conversion extents. The overall trend is 

similar to the furnace results with more pyrite relative to pyrrhotite being formed 

with increased sulphur additions. The overall stoichiometry of the sulphides agrees 

well with the furnace results as does the increase in iron sulphidation due to the 

second series of reactions, followed by a decrease again as the iron sulphide is used 
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in the conversion of hematite to magnetite.  In all of the TGA experiments the least 

squares mass balance results indicated that no magnetite was formed during the 

second reaction, and that all magnetite formation was due to the third reaction.  

Table 5-5: Comparison of measured mass loss vs. predicted mass loss from a mass balance 

 100 kg S 200 kg S 500 kg S 1000 kg S 

 Calc TGA Calc TGA Calc TGA Calc TGA 

Wt 

loss 

1 

16.63 17.42 22.76 22.33 35.78 35.6 48.09 47.65 

Wt 

loss 

2 

1.81 2.08 2.15 2.45 3.51 3.56 4.71 4.53 

Wt 

loss 

3 

2.45 2.63 2.01 2.18 1.36 1.73 0.87 0.99 

Dead 

roast 

-1.58 -1.92 -0.86 -0.91 0.25 0.22 1.81 1.63 

*Dead roast weight is taken as the difference between mass after reaction 3 and the 

final weight after 30min dead roast at 1100C   

Table 5-6: Calculated parameters from TGA mass balance 

 100 kg S 200 kg S 500 kg S 1000 kg S 

 0.75 0.74 0.71 0.61 

 1.10 1.07 1.07 0.94 

% Fe as sulphide 

after R1  

11.9 17.1 31.6 48.6 

% Fe as sulphide 

after R2 

14.3 20.1 34.4 48.9 

% Fe as sulphide 

after R3 

9.9 17.0 32.9 46.64 

 

5.6 Nickel Selectivity and Exchange Reactions 

While much of the focus has been on the conversion of iron oxides into other oxides 

as well as the sulphides, the speciation of nickel is also largely impacted by these 

reactions. During the initial sulphidation reactions at lower temperatures only 40-
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50 percent of the nickel is converted to a sulphide, the remainder is still present as 

an oxide. Furnace assay results show that the nickel recovery increases by 20-30 

percent over the range of 450-550 oC with a more dramatic increase coinciding with 

the onset of magnetite formation at temperatures above 500 oC.  

One major reason for this is the creation of porosity and additional surface area 

during the reduction of hematite to magnetite. An examination of the pore structure 

in Figure 5-14 shows that there are very fine cracks present throughout the 

magnetite particles. Additionally, during the reaction of hematite to magnetite over 

this temperature range, the thermodynamic driving force for conversion of nickel 

oxide to nickel sulphide is roughly equivalent to the thermodynamic driving force 

for the conversion of hematite to magnetite. Thus it would be expected that any 

nickel oxide present within the portion of the hematite that has been converted to 

magnetite would also be converted to a sulphide.  This is not true during the 

conversion of any residual hematite to magnetite at higher temperatures, where the 

sulphidizing environment can be of a composition such that the hematite is 

converted to magnetite while nickel remains in an oxidic form.  

In order to further examine the role of secondary sulphide reactions a series of 

exchange reactions were performed. Ore and 100 kg sulphur/tonne of ore were 

mixed and initially reacted at 450 oC, and then allowed to further react at higher 

temperatures. These experiments provided information regarding the quantity of 

nickel oxide which was converted to sulphide via the secondary sulphide reactions.   
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Figure 5-24 shows the overall metal extraction as a function of the second reaction 

temperature. It is apparent that there is an increase in selectivity which occurs at 

higher temperatures. Initially the nickel recovery increases and the iron recovery 

remains relatively constant, with a modest increase in iron recovery between 400-

600 oC and a 20 percent increase in nickel recovery. This increase in nickel recovery 

is associated with the conversion of the hematite to magnetite via the reaction with 

sulphur from pyrite decomposition. A much smaller increase in nickel recovery is 

observed between 600 and 800 oC, while there is a minor decrease in iron recovery 

due to the continued reaction of pyrrhotite to form magnetite.  At higher 

temperatures there is a decrease in iron present as sulphide and presumably occurs 

according to the following solid state reaction: 

                                        NiFe2O4+FeS → NiS+Fe3O4 (5.26) 

 

 

This exchange reaction allows for improved selectivity at higher temperatures as 

the system is better able to approach thermodynamic equilibrium.  
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Figure 5-24: Nickel and iron recovery due to secondary sulphide reactions as a function of 

temperature 

In order to determine the increased selectivity that could be achieved, samples were 

prepared with various sulphur additions and reacted at 450oC for 1 hr, followed by 

reaction at 1000oC for 1 hr. The nickel grades and extraction as a function of sulphur 

addition are shown in Figure 5-25. There is a substantial improvement in the 

grade/extraction extent compared with lower temperatures.  This suggests an 

optimal range of sulphur additions of between 65-100 kg S/tonne of ore, which 

allows a nickel grade of approximately 20 weight percent while keeping the nickel 

conversion to a relatively high value of 80 percent.  As most commercial nickel 

concentrates are between 10-14weight percent nickel, a starting sulphide grade of 

20 percent allows for a margin of dilution during the subsequent separation steps.  
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This drop in conversion extent at nickel grades of between 25-30 weight percent 

also agrees favorably with the thermodynamic predictions.

Figure 5-25: Nickel sulphide grade and conversion as a function of sulphur addition 

for samples reacted at 1000 oC 

5.6.1 Effect of Particle Size on sulphidation extent 

In order to determine the role of particle size on the sulphidation reactions, ore was 

screened to various sizes fractions. Each particle size fraction of ore was mixed with 

100 kg sulphur per tonne of ore and then reacted at 550 oC for 1 hr.  Figure 5-26 

shows the overall metal extraction as a function of particle size (defined by the 

average between mesh sizes). The particle size has no statistical impact on nickel 

and iron extraction or sulphur content of the calcine. This is not surprising, as the 

overall kinetics and sulphidation mechanism occurs via a gaseous mechanism and 
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the ‘real’ overall surface area for laterites is much larger than is described by an 

average particle size as indicated by surface area measurements of limonitic ores , 

with limonitic ores having surface areas of between 60-100 m2/g (Landers  et al. 

2009) 

 

Figure 5-26: Nickel and iron extraction as a function of particle size 

5.7  Sulphidation of chemical grade nickel oxide 

The low quantity of nickel oxide within the ore made the study of nickel oxide 

sulphidation difficult to study directly. The diagnostic leach indicates the quantity of 

nickel oxide which has been converted to nickel sulphide, however the solid solution 

nature of the nickel/iron phases combined with the multiple simultaneous reactions 

and weight losses measured on the TGA make it difficult to examine the 

sulphidation of nickel oxide exclusively.  In order to study the direct sulphidation of 
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nickel oxide, chemical grade nickel oxide (99% pure nickel oxide) was mixed with 

sulphur. Samples mixed with sufficient sulphur to sulphidize all of the oxide to 

either nickel disulphide or nickel monosulphide were heated using the TGA and the 

results are shown in Figure 5-27. 

 

Figure 5-27: TGA signal for nickel oxide mixed with sulphur 

 

In order to determine the extent of nickel sulphidation at various temperatures 

samples mixed with 700 kg S per tonne of ore were prepared and reacted in the 

furnace. The results are show in Table 5.7. The overall phases, as determined by 

XRD analysis and the diagnostic leach, agree well with the thermodynamic 

predictions. Nickel sulphides with high sulphur to metal ratios form at low 
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temperatures and more metal- rich sulphides result at higher temperatures as the 

original nickel sulphide decomposes and reacts with the remaining oxide.   

Table 5-7: Nickel sulphide species formed during sulphidation of nickel oxide mixed with 

700 kg S per tonne of NiO during furnace tests 

 450
o
C 550

o
C 700

o
C 

Ni as sulphide 89 89 99 

Metal to sulphur Ratio 

of the sulphide 

0.53 0.53 0.56 

Phases from XRD NiO, Ni0.96S, NiO, Ni0.96S, NiS , Ni7S6 Ni0.96S, Ni7S6, Ni3S2 

Sulphur utilization 80 80 85 

 

A mass balance from the TGA results, combined with the furnace tests and XRD at 

higher temperatures indicate that at low temperatures nickel disulphide is formed 

according to the following reaction:  

2NiO + 5/2S2 → 2NiS2 + SO2 (5.27) 

 

Above 400oC the nickel disulphide decomposes and a portion of the sulphur can 

react with remaining nickel oxide: 

3NiS2 +2NiO→5NiS+SO2 (5.28) 

 

Between 450 oC and 700oC the nickel monosulphide reacts with remaining nickel 

oxide to produce more metal-rich phases: 

19NiS + 2NiO → 3Ni7S6 + SO2 (5.29) 
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Above 700 oC, Ni7S6 is unstable and decomposed into Ni3S2 evolving sulphur and 

allowing for the residual nickel oxide to be completely sulphidized. 

The reaction mechanism outlined above was verified by comparing the weight 

losses measured from the TGA experiments with those predicted from a mass 

balance and sulphur balanced based upon reactions 5.26, 5.27 and 5.28.  A 

comparison of the calculated and measured mass loss for both sulphur additions is 

shown in Table 5-8. The weight loss comparisons are in excellent agreement.  

Table 5-8: A comparison of predicted and measured mass losses during the sulphidation of 

nickel oxide 

 700 kg S/ tonne NiO 1070 kg S/tonne NiO 

 Calculated Measured Calculated Measured 

Weight loss 1 20.66 20.66 34.60 36.30 

Weight loss 2 10.30 10.30 8.97 8.97 

 Weight loss 3 3.25 3.27 2.81 2.92 

 

The parameters which were calculated from the mass balance are shown in 5-9. The 

initial sulphidation reaction results in the formation of nickel disulphide and in both 

cases approximately 45% of the nickel is sulphidized. Increased sulphur addition 

does not further increase the amount of nickel oxide which forms a sulphide. This 

strongly suggests that the conversion of nickel oxide is most likely limited by the 

final encapsulation of the oxide by the newly formed sulphide. This is similar to the 

results found by Bolsaitis and Nagata (1980) during the conversion of hematite to 

pyrrhotite.   
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The second reaction which involves the further decomposition of nickel disulphide 

to nickel monosulphide and Ni7S6 results in near complete conversion of the 

remaining nickel oxide to nickel sulphide. Both the overall molar ratio of metal to 

sulphur and sulphur utilization agree well with the isothermal furnace experiments, 

as does the nickel sulphidation extent, which is within five percent of the value 

determined from the isothermal furnace runs.  The third reaction involves the final 

sulphidation of nickel oxide to nickel sulphide and the decomposition of the Ni7S6 to 

Ni3S2. 

Table 5-9: Calculated sulphidation extents and stoichiometry for the sulphidation of nickel 

oxide 

Sulphur addition (kg S/tonne NiO) 700 1070 

Weight Loss  1 (R 5.27)   

    Nickel to Sulphur molar ratio 0.5 0.5 

    Sulphur utilization 82 55 

    Nickel sulphidation extent 45 45 

Weight Loss  2  (R 5.28)   

   Nickel to Sulphur molar ratio 0.53 0.53 

   Nickel sulphidation extent 95 98 

Weight Loss 3 (R 5.29)   

   Nickel to Sulphur molar ratio 0.56 0.56 

    Nickel sulphidation extent 100 100 

 

In order to better understand the reaction mechanism a sample mixed with 

sufficient sulphur to convert all of the nickel oxide to nickel disulphide was run 

isothermally in the TGA unit at 280oC. The temperature of 280oC was chosen as it 
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was near the onset of the initial sulphidation reaction, this minimized the amount of 

reaction which occurred prior to the isothermal temperature being reached in the 

TGA unit. The determination of total nickel conversion, nickel sulphide 

stoichiometry and the quantities of SO2 and S2 were calculated through mass 

balance coupled with sulphur speciation via isotope analysis.  

Consider the two possible initial reactions occurring: 

  

NiO + (1/2+1/δ )S → 1/δ NiδS + 1/2 SO2 (5.30) 

S → ½ S2 (5.31) 

 

Consider the first reaction occurring to extent   and the second reaction to 

extent  then the overall mass balance is: 

 
(5.32) 

 

The overall sulphur balance may also be performed according to the following 

equation: 

 
(5.33) 
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At any point in time the overall rate of evolution of SO2 may be determined by the 

following equation, neglecting the difference in molar mass between sulphur 

dioxide and sulphur gas: 

 

 
(5.34) 

 

Which, can be rewritten in terms of the ratio of partial pressures (ps2/pso2) 

according to: 

 
(5.35) 

 

The ratio of partial pressures can be determined via the ratio of isotopes, as derived 

in the experimental section, and substitution of the expression for the ratio of S2 to 

SO2 provides the following expression: 
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(5.36) 

 

This allows the overall extent of nickel oxide reaction to be determined according to: 
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 (5.37) 

 

It follows that the overall extent of sulphur evaporation is provided by the closure of 

the mass balance according to: 

 
(5.38) 

and  

 
(5.39) 

 

The overall stoichiometry of the nickel to sulphur ratio of the formed sulphide can 

therefore be determined as follows: 

 
(5.40) 

 

Figure 5-28 shows the individual contributions of the mass loss due to both SO2 and 

S2.  The rate of sulphidation, once initiated, decreases dramatically as a function of 

time. The evaporation rate of sulphur is constant, which is typical for a liquid 

evaporating at a constant temperature.  
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Figure 5-28: Calculated mass loss of sulphur dioxide and sulphur during the sulphidation of 

NiO at 280
o
C 

The kinetics of sulphidation was fitted to a variety of kinetic models including the 

grain model and the shrinking core model. The only model that resulted in a suitable 

fit was the pore blocking model as described by Evans (1960). This model was also 

found to be most appropriate for the chlorination of nickel oxide at temperatures 

between 200-300 oC (Kanungo and Mishra 1995), the chlorination of nickel oxide 

from a limonitic ore (Kanungo and Mishra 1995B) and the sulphidation of calcium 

oxide to calcium sulphide (Won and Sohn 1985).  

This model has the following form: 

=kt 
(5.41) 
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Where  is a measure of the pore properties and blockage which occurs during 

reaction and k is a reaction rate constant. This model assumes that the rate of pore 

blockage is proportional to the reaction progress and the number of pores.  A plot of 

the left hand side of equation 5.41 versus time should yield a straight line and this is 

shown in Figure 5-29.  The parameter  was calculated using least squares 

regression, and a plot of the predicted versus calculated sulphidation extent is 

shown in Figure 5-30. 

 

Figure 5-29: LHS of Equation 5.41 vs. time 

The overall fit of the calculated reaction extent compared with that predicted by the 

pore model is quite good, particularly considering the number of steps required to 

first obtain the nickel sulphidation extent as a function of time.  The largest 

deviation occurs in the first portion of the reaction, which indicates that another 
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mechanism might also be affecting the kinetics. This is not surprising as the initial 

stages of reaction would most likely be either controlled by nucleation of the 

sulphide phase or limited by the rate of a chemical reaction.  The overall 

sulphidation extent at 280oC can be described with the following equation, where 

the time is measured in minutes. 

The intercept was found to be required as the reaction did not occur at an 

appreciable rate at time zero, but instead there was a minor incubation period 

which is most likely associated with nucleation of the sulphide phase. This 

incubation period was also present in the work of Kanungo and Mishra (1995).  

 

Figure 5-30:  Nickel sulphidation vs. time for nickel oxide sulphidation 

=0.16t-0.47 
(5.42) 
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5.8 Phase Transformations, Melting and Particle Growth  

The sulphide particles formed at lower temperatures were submicron in size, which 

made physical characterization difficult but more importantly, precludes any 

possible physical liberation and subsequent separation.  In order to promote 

particle growth, a series of studies were performed at higher temperatures in order 

to assess the impact of temperature on particle size and also determine what 

additional phase transformations and reactions occurred at these temperatures.  

The growth of sulphides from submicron to larger particles can occur either via 

solid state diffusion mechanisms, due to standard particle coarsening mechanisms 

(Porter and Easterling 2004), or through a liquid phase mechanism (Diaz et al. 

1993). The driving force for this process is attributed to the reduction in surface 

area of the material. The promotion of a liquid phase, with larger diffusivities, could 

provide more rapid growth and mobility compared to the relatively slow solid state 

diffusion mechanisms.   

In order to study the role of temperature, briquettes were first subjected to 

sulphidation at 450oC for 1 hr, followed by cooling and then introduction into the 

hot zone of the furnace again at temperatures between 950-1100 oC for times of 

between 1-6 hr.  Samples mixed with 100 kg S per tonne of ore were the primary 

mixtures studied however several briquettes were prepared with 65 kg S per tonne 

of ore. The compositions of the products from the two different sulphur additions 

are shown in Table 5-10.   Samples were characterized using a combination of 
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optical microscope, scanning electron microscope and electron microprobe, the 

specific details are found in the experimental section.  

Table 5-10:Bulk composition of the sulphides studied at 1000 
o
C 

 Wt % 

sulphide 

Wt % Ni in 

sulphide 

Wt % Fe in 

sulphide 

Wt % S in 

sulphide 

100 kg S/tonne ore 8.9 14.8 53.8 31.4 

65 kg S/tonne ore 5.8 21.5 43.9 34.5 

 

The visual appearance of the briquettes changed dramatically above 950 oC with a 

dramatic shrinkage of the briquette and cracking throughout the structure. The 

densities of the pellet are shown in Figure 5-31. There is a rapid densification of the 

pellet at about 950 oC which remains relatively constant at higher temperatures. 

This rapid densification indicates a sintering mechanism that begins above 950o C. 

 

Figure 5-31: Briquette Density as a function of final reaction temperature 
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This rapid densification coincides with the onset of liquid formation as determined 

by the DTA peak from the TGA experiments (Figure 5-32).  The solidus temperature 

for the 100 kg S addition and samples with higher sulphur additions are shown in 

Figure 5-32.  The increase in iron sulphidation results in the onset of liquid 

formation to near 1010 oC compared with a temperature of 965 oC for the sample 

mixed with 100 kg S per tonne of ore.  This melting range of temperatures is in 

excellent agreement with the formation of a oxysulphide liquid as outlined in the 

work of Nalderett (1969).  

 

Figure 5-32: Solidus temperature vs. sulphur addition 

Cross sections of the pellet were epoxy mounted and examined under an optical 

microscope. Following initial characterization, samples were also etched in 
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concentrated HCl for 2-3 seconds to reveal the magnetite grain structure.   An 

examination of the microstructure reveals classical signs of liquid phase sintering 

mechanisms. The microstructure and phenomena are therefore best explained using 

the liquid phase sintering stages outlined in a review paper on LPS by German et al. 

(2009).  

Step 1: Pre-liquid phase (950 oC) 

For temperatures at or below 950 oC a typical microstructure is shown in Figure 

5-33.  The structure is quite porous with much of the original particle structure still 

intact. This porous structure provides evidence of the gaseous products released 

during sulphidation and reduction. The sulphides are the fine reflective phase 

distributed throughout the darker matrix (magnetite).  

The small particles and many voids increase the overall energy of the system owing 

to both the magnetite/vapour interfaces and the sulphide/magnetite interfaces. 

Despite this high energy, there is little evidence of sintering or particle coarsening.  

There is a net driving force for the reduction in surface area; however particle 

sintering and coarsening can only occur via solid state diffusion mechanisms which 

are slow at these relatively low temperatures.  SEM examination also revealed no 

evidence of well-defined magnetite grains 
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Figure 5-33: Optical micrograph of briquette reacted at 950 
o
C for 1 hr (scale marker is 10 

µm) 

Step 2:Incipient Liquid formation (960-1000oC) 

The onset of liquid formation has a large impact on the microstructure of the 

sample. The initial liquid formation creates strong capillary forces between 

neighboring particles, drawing the particles together and rapidly increasing the 

density of the pellet.  A schematic diagram of the process of densification and 

particle rearrangement is shown in Figure 5-34, where the force pulling on the 

particles is provided by Equation 5.43 and found to depend on particle size, surface 

tension and interfacial tension between the liquid and the solid: 

 
(5.43a) 

 (5.43b) 
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Figure 5-34: Schematic diagram of the liquid bridge and particle rearrangement during 

early phase liquid phase sintering (from German et al 2009) 

The increase in density shown in Figure 5-31 supports this mechanism as does the 

microstructure of the pellet which is shown in Figure 5-35.  The magnetite forms a 

much more cohesive and connected structure when compared with the structure at 

950oC. The pores that remain are much larger in nature and the sulphides are also 

larger.   SEM analysis revealed that, while the overall density has improved, many of 

the initial reacted particles remain largely intact. There is also evidence of very fine 

magnetite grains beginning to nucleate within several particles. 

 
(5.43c) 
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Figure 5-35: Optical micrograph of briquette reacted at 1000 
o
C for 1 hr (scale bar 

represents 10 µm) 

 

Step 3: Solution Reprecipitation and Grain Growth 

Following the rearrangement of the particles due to liquid capillary forces, the 

particles which are connected via liquid bridges provide a means of grain growth as 

large grains grow at the expense of smaller grains.   Evidence of grain growth is 

provided by examination of Figure 5-36 and Figure 5-37 which show the etched 

grain structure of samples reacted at 1050 oC and 1100 oC.  Well-defined magnetite 

grains are located throughout the microstructure with the sulphides existing at the 

grain junctures.  Samples were also reacted for 3 and 6 hrs and the microstructure 

was similar but with larger sulphides and larger voids visible, and this will be 

discussed in subsequent sections.  
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Figure 5-36: Optical micrograph of etched sample reacted at 1050 
o
C for 1 hr (scale bar is 

10 µm)  

 

Figure 5-37: Optical micrograph of etched sample reacted at 1100 
o
C for 1 hr (scale bar is 

10 µm) 
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Provided that there is some solubility of the solid within the liquid then small 

particles and other regions of solids with high energy will dissolve preferentially 

within the liquid and diffuse to larger particles which have lower energy (see Porter 

and Easterling 2004). The increased solubility of small particles in a liquid can be 

calculated through the Gibbs Free Energy criterion by including the excess Gibbs 

Energy associated with the liquid/solid interface according to the following 

equation: 

 
(5.44) 

 

Where Gr is the Gibbs Free Energy of a particle with radius r,  is the Gibbs Free 

Energy of the phase with an infinite radius of curvature, Vm is the molar volume and 

 is the interfacial tension between the liquid and the solid.   

The increased solubility of magnetite can be approximated by considering a Taylor 

series expansion of the chemical potential of magnetite in the liquid as follows: 

 
(5.45) 

Where xe represents the mole fraction of dissolved magnetite in equilibrium with a 

planar interface of solid magnetite. The assumption of a constant activity coefficient 

over this range leads to the following expression for the derivative of the iron oxide 

chemical potential in the liquid: 
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(5.46) 

 

The equilibrium mole fraction of magnetite for a planar interface can be written in 

terms of the activity coefficient and the chemical potential of the magnetite 

according to: 

 
(5.47) 

Where is the activity coefficient of magnetite in the liquid and is the 

activity of the magnetite in the solid spinel phase evaluated at the equilibrium mole 

fraction of magnetite. 

Substitution of the above expressions leads to the following equation for the 

chemical potential of magnetite in the liquid as a function of magnetite mole fraction 

in the liquid: 

 
(5.48) 

At equilibrium, the chemical potential of the magnetite in the spinel phase must be 

equal to the chemical potential of the magnetite in the liquid. Provided that the 

spinel is composed primarily of magnetite, and only a small fraction of trevorite, this 

allows rearrangement of Equation 5.48 and 5.44 to write the equilibrium mole 

fraction of magnetite as a function of particle size as follows: 
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(5.49) 

The calculated solubility ratio  is shown in Figure 5-38 for several different 

assumed values of . The value of the activity coefficient was determined by 

calculation of the activity of Fe3O4 using the thermodynamic model of Kress (2007) 

as outlined in the thermodynamic section.  For particles below 5-10 microns there is 

an increase in solubility of oxygen which can facilitate grain growth through 

selective dissolution and reprecipitation of magnetite. 

 

Figure 5-38: Increased solubility of oxygen in liquid sulphide as a function of magnetite 

particle diameter for various   Values ( . In J/m
2
) 

 Further evidence for solute reprecipitation as a means of grain growth is provided 

by a comparison of the shape of the grains throughout the sample compared with 

shapes predicted by the different mechanisms occurring during liquid phase 



146 

 

sintering.  A schematic diagram of three possible mechanisms for grain growth and 

grain shape changes/grain shape accommodation proposed by German et al. (2009)  

are shown in Figure 5-39 (labeled a,b and c).  The first, (a) involves contact 

flattening and results from the dissolution of the spherical cap of the grain and 

transport of material to the edges, the second, (b), involves the dissolution of small 

grains and reprecipitation of the material on larger grains, the third, (c), involves 

solid state bonding resulting from contact of two particles and transport to the 

particle edges (German et al 2009). All three mechanisms are evident in the samples 

reacted above the temperature of liquid formation. Figure 5-40 shows a 

backscattered SEM micrograph of a sample reacted at 1100 oC for 1 hour showing 

the three mechanisms outlined above. The chemical gradation within the liquid will 

be discussed in subsequent sections.   

 

Figure 5-39: Mechanisms of grain shape accommodation during liquid phase sintering 

(reproduced from German et al. 2009): 



147 

 

 

Figure 5-40: Backscattered SEM micrograph of sample reacted at 1100 
o
C for 1 hr 

The size and shape of the sulphide phase depends on several important factors, 

particularly the wetting behavior of the sulphide on the magnetite solid. If the 

interfacial tension between the sulphide and the magnetite is low then the liquid 

will spread throughout the entire structure, wetting the grain boundary surfaces. 

Conversely, if the liquid/magnetite interfacial energy is high then the liquid will be 

non-wetting and will not coat the grain boundaries but will instead reside in the 

voids located at the grain boundary junctions forming discrete particles.  The overall 

wetting behavior can be determined by examining the shape of the sulphides 

located at the grain junctions and comparing these with the schematic diagram 

shown in Figure 5-41.  An examination of the various shapes indicates a wide 
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variability in sulphide shapes, however the majority appear to have wetting angles 

between 40o to 100o.  

This range of wetting angles is a function of the sulphide liquid chemistry (Barnes et 

al (2008).  Brenan and Rose(2001) have studied the wetting behavior of sulphur-

oxygen  liquids on olivine and found that the dissolved oxygen content greatly 

lowered the interfacial energy and allows the dihedral angle to approach  40o, 

whereas with limited to no oxygen solubility the interfacial energy increased and 

the dihedral angle approached 90o. Therefore, liquids near small particles, or with 

limited nickel content should exhibit a higher degree of wetting than liquids near 

larger magnetite particles and with an increased nickel content, both of which 

reduce the amount of oxygen dissolved within the liquid.  

The growth of the sulphide phase will therefore depend strongly on the overall 

interfacial energy, and also the resulting capillary forces. The growth of the sulphide 

phase requires that the liquid move from between the grains into progressively 

larger voids.  An analysis of the forces acting on a liquid between grains and the 

requirement for void fillage can be found in the work of German et al. (2009). The  

conditions under which a large void fills with liquid is primarily a function of the 

grain size and the wetting behavior of the liquid. A larger grain size will have 

correspondingly smaller capillary forces and promote the liquid migration into a 

larger void.  This coalescence and pore filling can result in an overall increase in 

sulphide size, and also if there is some degree of connectivity of the voids, pooling of 



149 

 

the sulphide. If the dihedral angle is higher than 90o then the liquid can even exit the 

pellet and form a coating on the surface.   Since small grain sizes will tend to trap the 

liquid via capillary forces, larger sulphide particles will not be expected until after 

the magnetite grains have grown to sufficient size to reduce the capillary forces 

acting on the sulphides. This is further compounded by the decrease in wetting 

associated with the decrease in magnetite solubility with larger grains.  

 

Figure 5-41: Liquid shape and connectivity as a function of dihedral angle (from German et 

al.  2009) 

Sulphide size as a function of time and temperature  

In order to assess the overall impacts of time, temperature and composition on the 

size of the sulphide particles various samples were prepared between 950-1100 oC 

and for various times of between 1-6 hrs. Micrographs for these samples were 
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analyzed using freeware image analysis software Image J.  The sulphides are highly 

reflective and the brightness was used to separate the sulphides from the magnetite 

phases.  Figure 5-42 and Figure 5-43 show a typical micrograph and the 

corresponding binary image used to determine the particle size.  

 

Figure 5-42: Original micrograph of a sample before image processing 
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Figure 5-43: Binary image created from original micrograph 

The software was used to record data on each of the particles, such as the overall 

area, perimeter and location, which was then utilized to determine a particle size 

distribution.  

There are numerous difficulties associated with reconstructing a particle size 

distribution from a series of two dimensional cross sections, even if the sample is 

composed of one known type of shape. The major difficulty is in the bias towards 

underestimating the true size of a particle due to the low probability of intersecting 

the particle at its widest point. There are complex algorithms (Sahagian and 

Proussevitich 1998) available to estimate a particle size distribution provided the 

shape is known and uniform, however given the complex nature of the current 

sulphides the additional complexity associated with this method is not justified.  
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Additionally, there is a wide range of sulphide morphologies that preclude using a 

single geometric shape and also introduce an additional difficulty in how a particle 

is defined, i.e. what diameter should be used.   

Due to this complexity, the particle size of the sulphides was estimated using two 

methods. The first calculated an equivalent spherical diameter based on the two 

dimensional area of the particle and the second calculated an equivalent spherical 

diameter based on the perimeter of the two dimensional particle.  After the particle 

size distribution was calculated on a frequency basis, it was converted to an 

estimated mass distribution. The mass distribution is the common distribution used 

within mineral processing and metallurgy, as the number of particles of a certain 

size class is not as relevant as the total mass of each size fraction. While the shapes 

of the sulphides are certainly not spherical, this provides a simple measure of 

particle growth without the unjustified complexity of the other methods in 

literature (Sahagian and Proussevitich 1998).  

Figure 5-44 shows the ratio of the equivalent perimeter diameter to the equivalent 

area diameter as a function of particle size. The perimeter estimate is typically 

larger by a factor of 1.5-2, reflecting the deviation of the shape of the sulphides from 

spheres. For the remainder of this thesis the particle size utilized is based upon the 

area estimate as it provides a more conservative estimate of particle size.  The d80 

from the mass distribution for various times, temperatures and sulphur additions is 

summarized in Figure 5-45.   
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Figure 5-44: A comparison of the particle size estimates based on area and perimeter 

 

Figure 5-45: Sulphide particle size as a function of temperature under various conditions 
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The overall impact of temperature is important between 1000oC and 1050oC, 

however there is little change between samples run at 1050 oC and 1100o C. There is 

insufficient information in the literature to evaluate important parameters such as 

diffusivity and viscosity of the oxygen enriched mattes in this temperature range 

however the rapid increase in growth between 1000oC and 1050 oC could be due to 

increased liquid mobility. 

 Longer heating times favour the growth of sulphides. This is most likely due to the 

ability of magnetite grains to grow and allow the drainage of liquid from between 

pores, as smaller pores empty and the liquid coalesces. The long time for relatively 

large liquid coalescence is characteristic of liquid phase sintering (LPS), since the 

larger pores are not able to fill with liquid until the grains have reached a sufficient 

size (Park et al 1984). Park et al (1984) has studied the filling of pores by liquid 

during LPS and noted that it occurs quickly once the critical condition for pore filling 

is reached. This rapid liquid coalescence will dramatically increase the average size 

of the liquid at longer times. Additionally, gravity is able to act on the liquid 

promoting movement within the pellet, the larger the sulphide agglomerate, the 

more influential gravitation forces are in allowing the sulphide to penetrate 

between pores through pore necks and coalesce (Mungall and Chung 2009). 

The samples that were reacted with less sulphur contained more nickel-rich 

sulphides with overall less liquid present. The initial 1 hour particle size distribution 

is quite similar to the 100 kg S addition; however after 6 hours there is a dramatic 
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difference. This is most likely due to the limited amount of sulphide present 

throughout the matrix. The ability of the sulphide to coalesce into larger liquid 

drops is prevented since there is less material available.  The fraction of liquid was 

found to play an important role in how quickly and the extent to which pores are 

able to be filled by liquid in studies by Park et al. (1984).  

Longer heating times also showed evidence of mass movement of sulphides through 

the pellet, with drainage of the sulphides towards the lower portion of the pellet. 

Presumably as the liquid coalesced, the forces due to gravity overcame the capillary 

forces and allowed mass movement throughout the particle. Figure 5-46 and Figure 

5-47 shows the increased concentration of large sulphide particles near the lower 

portion of the pellet compared with the centre of the pellet.  Also evident in this 

micrograph is the formation of large stable voids throughout the structure. In a 

manner similar to the grain and liquid growth, pores become more stable as they 

become larger. This promotes the formation of larger voids from a series of smaller 

voids, as can be seen at points A and B in the micrograph.  The arrow indicates the 

direction of the lower portion of the pellet.  
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Figure 5-46: Optical micrograph of the centre of a pellet reacted at 1100 
o
C for 6 hr. (Scale 

Bar is 50 µm) 

 

Figure 5-47: Micrograph of the lower portion of a briquette reacted at 1100 
o
C for 6 hr ( the 

arrow indicates the bottom of the briquette, Scale Bar is 50 µm) 
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Composition of the Liquid Sulphides 

 

To this point, the sulphides have been treated as homogenous in chemical 

composition. SEM backscattered imaging however, reveals that there is chemical 

gradation within the solidified sulphides.  EDX and microprobe analyses of samples 

were used to determine the compositions of various phases present.  Chemical 

variation within the sulphides was first identified using backscattered imaging 

followed by composition determination via microprobe. Due to the small particle 

size compared with the beam of the microprobe, line scanning was not possible. On 

the smallest zones there was also some overlap between chemical zones. Three 

distinct zones were identified and their composition is shown in Table 5-11. These 

phases also agree well with the XRD data which identified troilite along with an 

amorphous phase in addition to magnetite and olivine (Appendix B).  

Table 5-11: Sulphide phases identified in samples heated at 1050-1150 
o
C 

Phase Ni (wt%) Fe (wt%) S (wt%) 

Troilite 2.11±0.51 60.25±0.80 35.05±0.90 

Matte 19.39±7.23 45.95±4.8 30.68±2.19 

Metallics* 46.5 41.0 13 

 *only 1 sample was found that was large enough for microprobe analysis  

The different chemical phases are clearly visible in a backscattered micrograph and 

are identified in Figure 5-48 and their formation can be explained by examining the 

solidification path of the sulphides buffered with magnetite.  
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Figure 5-48:BS-SEM micrograph showing various sulphide phases formed during 

solidification ( 1 – large stable magnetite grain, 2- troilite, 3-secondary magnetite, 4-nickel rich matte, 5- iron 

oxide) 

 

Solidification Pathway 

Initial composition 

Initially at 1100 oC the entire liquid is composed of a homogenous oxygen-enriched 

matte. Thermodynamic calculations using the model of Kress(2003) show an overall 

oxygen solubility in the liquid of 10-12 weight percent oxygen which agrees 

favorably with the 10 weight percent value on the Fe-0-S phase diagram  at 1120 oC 

as shown in Figure 5-49 a.  
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Troilite precipitation 

As the sample cools, the solubility of oxygen decreases slightly, requiring the 

precipitation of magnetite. This decrease in oxygen solubility is small and can be 

accommodated by precipitation on existing magnetite particles.  As the liquid 

continues to cool, the liquid becomes saturated with pyrrhotite, which begins to 

precipitate from solution.  Figure 5-49b shows the region of coexistence of 

pyrrhotite, liquid and magnetite on the phase diagram at 1050oC.  The onset of 

pyrrhotite precipitation is strongly influenced by the sulphur content of the liquid, 

with sulphur rich mattes beginning to precipitate pyrrhotite at 1050 oC, whereas 

sulphur deficient mattes will favor precipitation of troilite between approximately 

930-1000 oC.  

This precipitation of troilite also requires much more rapid precipitation of 

magnetite to keep the oxygen solubility of the remaining liquid in equilibrium.  

Much of this magnetite precipitation can be accommodated by precipitation on 

existing sites but there is evidence of some homogenous nucleation of magnetite 

precipitation in some of the larger troilite particles (see region 3 in Figure 5-48), 

suggesting that the diffusional distances were too great to allow for heterogeneous 

nucleation.  

The pyrrhotite that initially precipitates is low in nickel content. This agrees well 

with the Fe-Ni-S phase diagram (Figure 5-49c) which shows a low nickel content 

pyrrhotite in equilibrium with a more metal-rich matte phase.  This solidification of 
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pyrrhotite also requires an oxygen adjustment in the liquid phase, as the increased 

content of nickel content relative to iron reduces the solubility of oxygen in the 

matte.  

Precipitation of ferronickel and nickel matte  

The remaining nickel-rich matte will continue to exsolve magnetite as it cools, until 

there is almost no oxygen present; instead a more metal rich matte will exist. 

Evidence of this additional rejection of magnetite can be found at the interfaces 

between the troilite and the nickel-rich matte (see points 5a and 5b in Figure 5-48). 

The matte can be more metallic in nature than the original composition due the fact 

that the overall stoichiometry of oxygen and metal in the liquid does not need to be 

equivalent to stoichiometric magnetite. The overall remaining composition falls in 

the ferronickel, matte, troilite phase field which is shown in Figure 5-49d. 

Ferronickel is the first to precipitate and can precipitate on existing solids as well as 

via homogenous nucleation within the matte. The last phase to solidify is the nickel 

rich matte. This solidification scheme agrees with the microstructure as well as the 

available phase diagrams (Nalderett 1969, Raghavan 2004). 
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Figure 5-49: Phase diagrams in the Fe-Ni-S-O system. [Phase diagrams a and b are 

reproduced from Naldrett 1969 and diagrams c and d are from Raghavan 2004] 

The magnetite particles were also analyzed using the microprobe, in order to 

determine the residual nickel within the matrix. Table 5-12 shows the nickel content 

in the spinel, along with the predicted recovery of nickel to the sulphide based upon 

the initial head grade. The recovery, based on residual nickel in magnetite, agrees 

well with the results from the diagnostic leach reported in Figure 5-16.   

a b 

c 
d S 

Ni Fe 
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o
C 900 

o
C 

S 

Ni Fe 
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Table 5-12: Residual nickel within the magnetite phase 

 1050
 o
C 1100

 o
C 

% Ni in spinel  0.13±0.022 0.21±0.027 

Predicted proportion of nickel in sulphide 91±1.5 86±2.5 

Proportion of nickel determined by leach 86±4.2 81±4.2 

 

Cobalt within the ore was also found to report with the sulphide phase. Figure 5-50 

shows the correlation between cobalt and nickel in the sulphides. This  figure 

suggests that the cobalt oxide undergoes sulphidation and could be recovered with 

nickel in the concentrate stream, although the cobalt does not exhibit the same 

degree of upgrading as the nickel does.  

 

Figure 5-50: Cobalt grade versus nickel grade of sulphides 
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5.9 Fluxing of Sulphides 

In an effort to promote a lower melting point liquid sulphide, the fluxing of the 

ore/sulphur mixture was investigated. One compound that has been shown to form 

a low melting point liquid when combined with pyrrhotite is sodium sulphide.  

Figure 5-51 shows the phase diagram for Na2S-FeS(a) and Na2S-Ni3S2(b) systems. In 

both cases the melting point can be lowered dramatically with small amount of 

sodium sulphide addition. 4 weight percent Na2S was added as Na2S. 9H2O and was 

mixed with ore and 100 kg S per tonne ore into briquette and reacted at 450oC and 

800 oC in the tube furnace. The 4 weight percent addition was chosen to provide a 

molar ratio of sodium sulphide to iron sulphide close to the eutectic composition 

indicated in Figure 5-51. 

 
 

(a) Na2S-FeS (b) Na2S-Ni3S2 

Figure 5-51: Phase diagram in the Na-S-Fe and Na-Ni-S systems. Na2S-FeS diagram 

reproduced from Clevenger et al (1995), Na2S-Ni3S2 phase diagram modified from 

Rosenqvist (2004) 
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The overall nickel and iron assay results for tests run at 450 oC and 800oC are shown 

for both the base case and also where sodium sulphide was added. While the 

original intent of sodium sulphide was to act solely as a fluxing agent, the sodium 

sulphide also increased the overall extent of iron sulphidation well above the value 

for direct sulphidation of the iron and nickel oxides. 

Table 5-13: Nickel and iron sulphidation extents with Na2S flux addition 

 450 
o
C 450 

o
C w Na2S 800 

o
C 800 

o
C w Na2S 

Nickel Recovery 52 50 76 68 

Iron Recovery 10 19.3 9.2 19.4 

 

Samples were heated in the TGA unit with evolved gas analysis to further elucidate 

the mechanism for increased iron sulphidation. The TG curve is shown in Figure 

5-52 and the evolved gas analysis is shown in Figure 5-53. 

The initial weight loss is due to the decomposition of the hydrated sodium sulphide 

to anhydrous sodium sulphide, as predicted in the phase diagram of R. de Boer et al. 

(2003). The reaction occurs at temperatures of approximately 200 oC: 

 (5.50) 

A second reaction is also observed in the TGA curve at approximately 200 oC. 

Evolved gas analysis reveals a large quantity of H2S and very little SO2.  Additionally, 

the overall weight loss during the initial sulphidation reaction was less than the 

sulphur and ore only. Based upon these observations it is proposed that the SO2 and 
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the H2O produced during the initial dehydroxylation and sulphidation of the ore 

react with sodium sulphide according to: 

 (5.51) 

The formation of sodium sulphate allows for the release of hydrogen sulphide, 

which can then further sulphidize the iron and nickel oxides according to the 

following reactions: 

 (5.52) 

 (5.53) 

This reaction mechanism explains the less than expected weight loss, the increased 

iron sulphidation, the presence of large quantities of H2S and small quantities of SO2. 

 

Figure 5-52: TGA of ore with 100 kg sulphur per tonne of ore and  4 wt % Na2S.9H2O 

addition 
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Figure 5-53: Evolved gas analysis of ore with 100 kg sulphur per tonne of ore and  4 wt % 

Na2S.9H2O addition 

Sodium sulphide may play a continued role in the transformation of hematite to 

magnetite. The overall weight loss associated with the hematite to magnetite 

transformation is lower than the base case and also smaller amounts of SO2 are 

evolved. In addition to reduction of hematite by iron and nickel sulphides, direct 

reduction with sodium sulphide is also possible through the following reaction:  

 (5.54) 

  

 The DTA peaks reveal a small endothermic peak at 705 oC and a larger endothermic 

peak at 880 oC. The peak at 705 oC is close to the eutectic temperature of the FeS-

Na2S  system (695oC)  This indicates that a small amount of residual sodium 
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sulphide has successfully fluxed the iron-nickel sulphide. The second endothermic 

temperature is associated with the melting of Na2SO4. At temperatures above 840oC 

the sodium sulphate begins to thermally decompose and SO2 and SO3 are present as 

evolved gases. The onset of sodium sulphate decomposition at temperatures of 850 

oC has been reported by Ebert et al. (1997). 

SEM images and EDX also support the presence of both sodium sulphate and 

sulphides. Figure 5-54a show an iron, sodium sulphide with some manganese and 

nickel present in small quantities (bright area in micrograph) and Figure 5-54b 

shows sodium sulphate (dark gray area) as determined by EDX analysis.    

  

Figure 5-54: SEM micrograph showing various sulphides (a) and sodium sulphate(b) in a 

Na2S fluxed sample at 800 
o
C 

The formation of sodium sulphate during the initial sulphidation reactions 

prevented the successful fluxing of a large portion of the sulphides to form a lower 

melting point sulphide and increased the iron oxide sulphidation extent to a level 

A 
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that was too high. Never the less, the reactions examined in the system are of some 

academic interest, as to the authors knowledge there is no report in literature on 

these reactions. The formation of a limited amount of sodium sulphide, and evidence 

of large iron sulphides does suggest that fluxing may be successful if introduced at a 

higher temperature or if a reductant were added to prevent the sulphation of the 

sodium sulphide.  

5.10 Separation Studies 

5.10.1 Flotation Tests 

Conventional nickel bearing sulphides can be successfully upgraded using flotation 

(Agar 1991). For this reason flotation studies were performed using a standard 

mechanical flotation cell as outlined in the experimental chapter. Samples for 

flotation were prepared for two different levels of sulphur addition, in order to 

assess the impact of bulk nickel sulphide grade on the flotation performance.  

Samples which were prepared with 65 kg sulphur per tonne of ore showed evidence 

of liquid sulphides on the bottom of the alumina lined crucible. This is reflected in 

the lower head grade of the feed material to the flotation cell, as determined by 

chemical digestion (1.07 wt% Ni vs. 1.50 for the 100 kg S per tonne of ore addition).   

The purpose of the flotation tests was not to optimize flotation reagent choice, and 

so these common reagents were chosen. Potassium Amyl Xanthate was used as a 

collector,  as it is a commonly used reagent in industrial nickel sulphide flotation cell 

as is the use of  Dow Frother 250  as a frothing agent (Bulatovic 2007). The addition 
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of sodium silicate can prevent agglomeration of fines and acts as a dispersant 

minimizing heterogeneous coagulation (Bulatovic 2007). The addition of TETA has 

been also used to improve nickel selectivity during flotation (Kelebek and Tukel 

1999).  Table 5-14 summarizes the key features of each test and Figure 5-55 shows 

the flowsheet for a typical flotation study. 

Table 5-14: Summary of flotation tests  

Test ID sulphur 

addition  

Reagents 

additions 

Purpose/Comments 

FTO1 100  Sodium silicate, 

PAX, DF250,DI 

water 

Initial test of  reagents adjusted based 

on visual observations 

FTO2 100 Sodium silicate, 

PAX, DF250, 

TETA DI water 

Assess the impact of TETA addition, 

adjusted based on visual observations 

FTO3 100 Sodium silicate, 

PAX DF250, 

TETA. DI water 

 Test with controlled dose of reagents at 

specific times – assess kinetics 

FTO4 65 Sodium silicate, 

PAX DF250, 

TETA, DI water 

Controlled test with specific dose of 

reagents – used to compare the impact 

of different sulphur addition 

FTO5 65 Same as FTO4 

with tap water 

Similar to Test 4 but done in tap water  
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Figure 5-55:  Flow diagram for flotation study
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Particle size distributions for the various tailings and select feed material may be 

found in the Appendix B. The typical d80 of the tailings was between 13-16 µm 

which is also indicative of the incoming feed size, as most of the feed reported to the 

tailings.  

Table 5-15 shows the results from the first flotation study. PAX and frother were 

added based upon the overall appearance of the froth and the amount of mass that 

was being collected from the froth layer. The results indicate some degree of 

upgrading however the maximum nickel grade is only about two times the head 

grade.  

Table 5-15: Flotation results for FT01

 

In an effort to improve the grade during the second set of flotation tests, care was 

taken to ensure a more selective removal stroke of the froth layer in an effort to 

avoid entrainment. Triethylenetetramine (TETA) was also added in an effort to 

depress magnetite that may have been susceptible to activation during flotation, due 

to adsorption of nickel ions in solution. Table 5-16 shows the summary of the 

Stream Mass (g) Cum time
PAX addition  

(mL)
Frother Addition (mL) Fe Grade Ni grade S grade

Conc 1 3.17 1.00 5.00 10.00 64.95 2.59 5.89

Conc 2 1.87 2.00 3.00 2.00 55.98 2.80 5.90

Conc 3 1.81 3.00 2.00 2.00 65.21 2.71 5.92

Conc 4 1.08 4.00 1.00 1.00 65.02 2.89 5.92

Conc 5 1.08 5.00 1.00 1.00 65.60 2.88 6.47

Conc 6 1.05 6.00 1.00 1.00 64.76 2.88 5.76

Conc 7 2.74 8.00 5.00 2.00 65.72 2.50 5.60

Tails 44.73 71.42 1.06 1.78

Head 58.04 69.20 1.52 3.25

Calc Head 57.54 69.74 1.42 2.69

y = 0.858x
R² = 0.989
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results from Test 2. It is evident that the combined changes have improved the 

upgrading, with grades of between 4-5 weight percent nickel being achieved. These 

nickel grades represent roughly 35-40 percent of the theoretical grade, if only 

sulphide particles were to float at the bulk composition.  

Table 5-16: Flotation results for FTO2 

 

 

The test FTO2 showed sufficient signs of upgrading to allow for a test with more 

controlled conditions. The third test was done under controlled and constant 

additions of reagents, with concentrates being taken at specific time intervals to 

allow for the kinetics of flotation to be determined and to generate a cumulative 

grade/recovery curve under these conditions. Flotation was done for a total of 24 

minutes and 10 concentrate streams were prepared. The results are summarized in 

Table 5-17. 

 

 

 

Stream Mass (g) Cum Time
PAX addition  

(mL)
Theta Addition Frother Addition (mL) Fe Grade Ni grade S grade

Conc 1 0.45 1.00 5.00 5.00 10.00 66.60 4.77 8.20

Conc 2 2.05 2.00 10.00 0.00 10.00 70.81 3.38 5.85

Conc 3 1.16 3.00 5.00 5.00 0.00 66.76 3.92 8.19

Conc 4 0.90 4.00 5.00 0.00 2.00 68.64 4.10 8.71

Conc 5 1.00 5.00 8.00 0.00 2.00 68.25 4.26 9.20

Conc 6 0.97 6.00 10.00 0.00 2.00 64.56 3.59 8.61

Scav 1 1.33 8.00 10.00 0.00 2.00 76.27 5.00 9.14

Tails 49.61 66.93 0.93 1.87

Head 58.04 69.20 1.52 3.25

Calc Head 57.47 67.29 1.36 2.71
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Table 5-17 

 

 

 

 

Table 5-17: Flotation results for FTO3 

 

 

Test 4 was done under similar conditions to Test 3, however the sample that was 

used was prepared by reaction with 65 kg S/tonne ore instead of 100 kg S/tonne 

ore, in order to determine the effects of sulphide composition and the initial 

sulphide size(prior to grinding), on flotation behavior.   Test 5 was done in tap 

water to determine if the presence of additional ions, particularly calcium had an 

impact on the flotation. The results for these two tests are shown in Table 5-18 and 

Table 5-19.  

Stream Mass (g) Cum time
PAX addition  

(mL)
Teta Addition Frother Addition (mL) Fe Grade Ni grade S grade

Conc 1 0.51 2.00 7.00 2.00 10.00 54.60 6.23 12.60

Conc 2 0.74 4.00 7.00 2.00 5.00 56.48 4.82 11.60

Conc 3 1.01 6.00 7.00 2.00 5.00 53.35 3.65 10.06

Conc 4 0.84 8.00 7.00 2.00 5.00 58.11 3.94 10.35

Conc 5 0.80 10.00 7.00 2.00 5.00 56.69 3.09 7.75

Conc 6 0.67 12.00 7.00 2.00 5.00 57.96 3.26 10.00

Conc 7 0.55 14.00 7.00 2.00 5.00 57.82 3.11 9.73

Conc 8 0.77 16.00 7.00 2.00 5.00 59.15 3.12 9.34

Conc 9 0.60 19.00 14.00 0.00 5.00 60.97 2.81 9.36

Conc 10 0.90 24.00 20.00 0.00 2.00 62.63 2.58 8.93

Tails 49.75 69.56 0.73 1.79

Head 60.00 69.20 1.52 3.25

Calc Head 57.13 68.04 1.10 2.83
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Table 5-18: Flotation results for FT04

 

 

Table 5-19:Flotation results for FT05 

 

 

In order to assess the overall flotation results, there are two definitions of nickel 

recovery which are useful. The first is absolute nickel recovery based on the total 

nickel content of the ore and the second is the amount of nickel recovered compared 

with the amount of nickel which can be recovered (i.e. amount of nickel sulphide 

recovered). The overall economics and suitability of the process relies on the total 

Stream Mass (g) Time (min)
PAX addition  

(mL)

Teta Addition 

(mL)

Frother Addition 

(mL)
Fe Grade Ni grade S grade

Conc 1 0.65 2.00 7.00 2.00 10.00 59.27 5.86 7.50

Conc 2 0.96 4.00 7.00 1.00 5.00 61.62 4.90 6.36

Conc 3 0.85 6.00 3.00 1.00 2.50 61.67 5.35 7.11

Conc 4 0.66 8.00 3.00 1.00 2.50 60.97 5.06 7.20

Conc 5 0.50 10.00 3.00 1.00 2.50 59.36 5.30 7.11

Conc 6 0.57 12.00 3.00 1.00 2.50 62.14 3.92 5.46

Conc 7 1.05 17.00 10.00 1.00 0.00 63.72 3.82 5.19

Conc 8 0.83 22.00 10.00 1.00 2.50 61.81 2.29 4.28

Conc 9 0.63 27.00 10.00 1.00 2.50 66.37 1.79 3.40

Tails 56.05 66.99 0.74 0.62

Head 60.00 67.98 1.07 1.23

Calc Head 62.74 66.46 1.11 1.18
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Stream Mass (g)
Cum time 

(min)

PAX addition  

(mL)

Teta Addition 

(mL)

Frother Addition 

(mL)
Fe Grade Ni grade S grade

Conc 1 0.38 2.00 10.00 2.00 10.00 60.05 5.18 5.61

Conc 2 0.58 4.00 7.00 0.00 5.00 62.47 6.16 6.39

Conc 3 0.48 6.00 7.00 1.00 5.00 57.60 6.74 7.19

Conc 4 0.59 9.00 7.00 0.00 5.00 57.34 7.09 8.12

Conc 5 0.78 14.00 7.00 1.00 5.00 58.45 5.57 7.27

Conc 6 0.73 19.00 7.00 0.00 5.00 49.97 4.37 5.94

Conc 7 0.56 24.00 12.00 0.00 0.00 52.41 3.70 5.17

Conc 8 0.57 29.00 15.00 0.50 5.00 59.77 3.20 4.08

Tails 58.61 66.97 0.71 0.82

Head 60.00 67.98 1.07 1.28

Calc Head 63.26 66.23 1.04 1.22
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nickel recovery, whereas the flotation performance should be assessed on the 

recoverable nickel which is approximately 80% of the total nickel.  

Figure 5-56 shows a typical grade recovery curve from the metered reagent tests 

(FTO3-FT05) indicating both absolute nickel recovery of the nickel sulphide fraction 

and recoverable nickel recovery.  The highest grade material is achieved at the 

beginning, after which, the grade remains nearly constant until near the end of the 

test where the grade decreases. 

 

 

Figure 5-56: Cumulative grade recovery curve for FT04 

 

In order to verify that the sulphides were floating as a bulk sulphide and not as a 

separate matte or troilite phase, the cumulative nickel recovery was plotted against 
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cumulative sulphur recovery and is shown in Figure 5-57. If the sulphide floats as a 

bulk sulphide, and not as the separate phases outlined in the preceding sections, 

then the line should be straight with a slope of unity, the excellent fit and slope of 

very close to one is excellent confirmation of bulk sulphide flotation. Similar results 

were achieved for FT03 and FTO5.  

 

Figure 5-57: Cumulative nickel recovery vs. cumulative sulphur recovery for FTO4 

The overall impact of the different feed compositions on the relationship between 

nickel grade and sulphur grade is shown in Figure 5-58.  The shift towards a more 

nickel-rich sulphide with lower sulphur additions, is evident in the flotation results 

with the same nickel grade being achieved with the lower sulphur grade, when 

compared to the higher sulphur addition. 
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The nickel grades for FTO3 are slightly below what would be expected based on a 

comparison between FTO1 and FTO2 tests, additionally the nickel balance on FTO3 

is low suggesting that the overall nickel in the concentrate should be slightly higher.   

 

Figure 5-58: Relationship between nickel grade and sulphur grade for different feed 

compositions 

In order to determine the reason for the low grade, it is useful to examine the nature 

of both the nickel and iron recoveries as a function of sulphur recovery. The 

flotation of magnetite/sulphide assemblages would be indicated by the correlation 

between the iron recovery and the sulphur recovery, whereas if the low grade is due 

to entrainment, there should be little relation between sulphur recovery and iron 

recovery.  Figure 5-59 shows the recovery of both nickel and iron as a function of 

sulphur recovery.  There is a much stronger correlation between nickel recovery 
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and sulphur recovery when compared with iron, indicating that the major reason 

for the low grade is due to magnetite entrainment. This becomes more evident if the 

amount of iron associated with sulphide is estimated based on the bulk composition 

determined by chemical assay. The remaining mass in the concentrate is then 

assumed to be gangue. Gangue recovery versus sulphur recovery is shown in Figure 

5-60 where the weak correlation is more evident.  

 

Figure 5-59: Metal recovery vs. sulphur recovery 
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Figure 5-60: Gangue recovery vs. sulphur recovery 

5.10.2 Liberation  

Initial feed material was examined under the SEM, after it was ground in the ISA 

mill, to determine if there were any hybrid particles and also to determine the 

nature of particle liberation.  Figure 5-61 shows a back scattered electron 

microscope image of the particles. The original grains of magnetite were confirmed 

by EDX and have retained much of their original shape and structure. The sulphide 

is much finer in nature and is found as discreet particles throughout the sample. 

While it is not possible to determine the chemical composition of the individual 

particles, it also appears as though the chemical zoning present in the microprobe 

work is also present in the sulphides.  The lack of hybrid particles further supports 

the entrainment of magnetite as the major reason for the decrease in grade, and 
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suggests that liberation is not the limiting factor in the recovery of the nickel 

sulphides; instead the nickel sulphide particles may be too fine at this level of 

grinding. 

 

 

Figure 5-61: BS SEM micrograph of flotation feed 

 

5.10.3 Flotation Kinetics 

The overall kinetics of flotation were determined by analyzing the data from 

flotation tests FTO3, FTO4 and FT05. The overall nickel recovery as a function of 

time is shown in Figure 5-62.  Both FTO3 and FTO4 exhibit similar initial kinetics 

despite different chemical compositions and sulphide particle sizes. The fact that 

FTO3 and FTO4 follow similar initial kinetics provides further evidence for 

entrainment as the major mechanism for grade reduction, as the rate of flotation for 
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hybrid particles would depend on the particle size of the sulphide, and one would 

expect different kinetics for the larger sulphide particles present in the 100 kg 

sulphur per tonne of ore sample compared with the smaller sulphide particles 

present with the 65 kg sulphur per tonne of ore addition sample. The sulphide 

sample that was floated in tap water, instead of DI water, exhibited slower kinetics, 

which suggests possible interaction of the sulphides with dissolved ions.  

 

Figure 5-62: Nickel recovery vs. time 

 

The kinetics were found to be first order in nature and could be described by the 

following equation:  
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 (5.55) 

  

RI represents the maximum achievable recovery at infinite time, t is time, k is a rate 

constant and θ allows for lag time prior to flotation. The parameters are shown in 

Table 5-20 and the goodness of fit is demonstrated by the linear behavior of the data 

shown in Figure 5-63. There was no benefit of θ as an additional parameter for tests 

FTO4 and FTO5.  The lower value of maximum recovery (R1) for  tests FTO4 and 

FT05 are most likely a reflection of the lowered head grade of the feed for FTO4 and 

FTO5, due to the pooling of sulphide in the bottom of the crucible. This sulphide, 

which was removed in tests FT04 and FTO5, would be susceptible to flotation and if 

included increase the amount of nickel sulphide which would respond to flotation. 

The first order kinetics indicates that the rate of flotation is directly proportional to 

the amount of sulphide within the flotation cell (Hernainz and Calero 2001) 

Table 5-20: Summary of flotation parameters 

Test R1 K Θ 

FTO3 70 -0.065 15 sec 

FTO4 55 -0.095 0 

FTO5 55 -0.062 0 



183 

 

 

Figure 5-63: Evidence of first order kinetics during the flotation of the sulphides 
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Chapter 6: Conclusions and Future Work 

6.1 Low Temperature Sulphidation Reactions  

Furnace studies have indicated that the selective sulphidation of nickel from a 

lateritic ore is achievable and that the overall extent of conversion and grade of 

nickel sulphide is strongly dependent upon both the sulphur addition and 

temperature at which the reaction occurs. The sulphidation of lateritic ore was 

found to begin at temperatures of approximately 250 oC which coincided with the 

dehydroxylation of the goethite mineral.  It was found that at low temperatures 

(<450 oC) that the formation of pyrite was favored over pyrrhotite, with the amount 

of pyrite to pyrrhotite increasing with increased sulphur addition.  The nickel 

recoveries at these low temperatures were relatively low with 40-50% of the nickel 

being converted to the sulphide phase. The degree of selectivity at these low 

temperatures is due to the buffering role that the iron oxide/iron sulphide 

equilibrium couple plays in the system to control the pS2/pSO2 ratio. It is for this 

reason that nickel recoveries are low and the relative amount of iron sulphide 

formed is high. This is in contrast to higher temperatures, where the conversion of 

hematite to magnetite served as a buffer which controls the relative sulphur and 

oxygen potentials, allowing for improved nickel recoveries while reducing iron 

sulphide conversion.  Additional selectivity was found to occur through solid state 

exchange reactions.   
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At temperatures above 450 oC, pyrite begins to decompose to pyrrhotite which 

results in available sulphur for additional reaction. The sulphur that is released 

further reacts with the ore to convert additional iron and nickel oxides to sulphides, 

and if the temperature is above 500oC, this sulphur is also available to directly 

reduce the hematite to magnetite.  

These secondary reactions allowed for increased nickel recovery and conversion, 

particularly during the transition of hematite to magnetite. Nickel sulphidation was 

able to increase to between 70-90% after the formation of magnetite. The grade of 

material formed is strongly dependent upon the sulphur additions.  Nickel grades of 

between 8-10% were achievable in this temperature regime while maintaining 

conversion extents to between 70-90%, as determined by the brome methanol 

leach.   100 kg S per tonne of ore provide the optimal combination of nickel 

conversion and nickel grades with regards to current industrial sulphide 

concentrates. Based upon the XRD data the nickel was determined to reside in the 

pyrrhotite phase.  

A study of the sulphidation of pure nickel oxide suggests that it follows 

thermodynamic predictions.  Nickel disulphide is first formed at temperatures 

below 400 oC.  NiS2 was found to decompose above 400 oC and react with any 

available nickel oxide to form nickel monosulphide. At higher temperatures this 

nickel monosulphide was able to react with nickel oxide to form more metallic 

sulphides (Ni7S6 and eventually Ni3S2). The sulphidation extent was found to be 
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limited to 45-50%, even for large sulphur additions, presumably due to the inability 

of gaseous sulphur to penetrate the nickel sulphide product layer. The sulphidation 

was found to be described by a pore blocking model which was also used in the 

literature to describe the kinetics of nickel oxide chlorination in a similar 

temperature regime.  

The shape of the gas evolution curves during the sulphidation of the limonitic ores 

suggest that the reaction kinetics are strongly affected by the partial pressure of 

sulphur gas, for both the initial sulphidation and decomposition of pyrite, since the 

reaction rate for the gas phase reactions increases exponentially with  increasing  

temperature while being heated at a constant heating rate. If the reaction was 

between solids and/or liquids then the reaction rate should decrease towards the 

end of the reaction as the concentration of the reactant decreases. This is in 

agreement with previous results on the rate controlling step in the sulphidation of 

hematite to pyrrhotite. 

Due to the high surface area of laterites it was found that the particle size of the 

laterite did not affect the sulphidation extent or grades, which gives further 

evidence of the gas phase reaction mechanism.  

The sulphides formed at temperatures below 1000 oC were found to be submicron 

and are therefore not amenable to physical upgrading. Therefore various heat 

treatments were examined to coarsen the sulphide particles. 
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6.2 Phase transformations an chemical reactions at higher temperatures 

When the sulphide/oxide product is heated to higher temperatures several 

important reactions occur. Above 800oC it was determined that the solid state 

exchange reaction between FeS and NiS within the monosulphide phase allows for 

improved nickel recovery while at the same time decreasing the amount of iron 

sulphide.  

Upon further heating, it was found that an oxygen rich matte forms at temperatures 

between 950-1050oC.  The temperature was dependent upon the sulphur addition. 

Smaller sulphur additions result in a decrease in the temperature of liquid 

formation due to the increased nickel content and decreased sulphur content of the 

monosulphide solution.   The liquid formation allowed for rapid densification of the 

briquette due to the capillary forces created by liquid bridging which resulted in 

rapid particle rearrangement. The formation of a liquid matte with oxygen solubility 

also provided a means of magnetite growth and sulphide growth via a liquid phase 

sintering mechanism (LPS). An examination of the microstructure revealed  many of 

the characteristic signs of LPS.  

During the cooling of the briquette the liquid phase solidified into three distinct 

nickel bearing phases. The iron oxide dissolved in the liquid was able to 

heterogeneously nucleate on existing iron oxide particles. An iron-rich pyrrhotite 

containing 2-3 wt% nickel precipitated along with a nickel rich, sulphur deficient 

matte which contained about 20 wt% nickel. Submicron ferronickel particles were 
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also found to have precipitated within the matte, which agrees with the Fe-Ni-S 

phase diagrams.  

Optical microscopy, combined with image analysis, allowed for the characterization 

of the sulphide particles. It was determined that after a heat treatment at 

temperatures of 1050-1100 oC a d80 particle size of up to  14 µm could be achieved. 

The growth of the sulphide phase was possible due to the pore filling between 

magnetite particles.   The partitioning of nickel between the magnetite and the 

sulphide phase was found to be in good agreement with the solution 

thermodynamic calculations. Bulk sulphide grades of between 15-20 wt% nickel 

were achievable with the corresponding nickel sulphidation extent remaining at 

about 80 %.  Decreasing the sulphur addition to 55 kg S per tonne of ore allowed for 

the increase in nickel grade to 30%, but resulted in a rapid drop in the nickel 

conversion extent which is in agreement with the thermodynamic calculations. The 

optimal sulphur addition at these temperatures was therefore found to be between 

65-100 kg S per tonne of ore.  

6.3 Fluxing of the sulphide phase 

The fluxing of the sulphide phase with sodium sulphide was found to lower the 

melting temperature of the sulphide phase to near the solidus of the Na2S-FeS 

eutectic temperature of 695 oC.  It was also found that sodium sulphide additions at 

low temperatures resulted in the sulphation of the sodium sulphide, which 

increased the amount of iron which was also sulphidized due to the increased 
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availability of sulphur to react in the system. This was found to be detrimental as it 

resulted in a grade decrease and the sodium sulphide was also consumed.   

6.4 Flotation  

The degree of nickel sulphide upgrading was determined by fine grinding of the 

calcine to a d80 of approximately 14 µm in an Isa mill followed by flotation. 

Examination of the ground material by SEM revealed good liberation characteristics, 

most likely due to the hard nature of the magnetite particles and the weak bonding 

of the sulphides and magnetite at the grain boundary junctions.  

It was found that the nickel sulphides responded to flotation at pH 9 with PAX and 

TETA additions and that maximum grade of between 6-8 % were achieved with the 

average cumulative grade of the nickel concentrates having values of between 4-5 

wt% nickel. Cumulative recoveries were low, with values of between 50-60 % on a 

sulphide basis which correspond to a 35-45 % recovery on a total nickel basis.  An 

analysis of the correlation between nickel, sulphur and iron grades reveal that the 

concentrate floats as a bulk sulphide, despite the various phases identified via 

microprobe and SEM. Additionally, it was found that the low grade of nickel in the 

concentrate was due to fine particle entrainment, and not due to liberation issues.  

The recovery of nickel was low, although a comparison with the flotation of 

pentlandite and pyrrhotite in a similar particle size range reveals that the recoveries 

are similar in value, suggesting that the low recovery of nickel may be due to an 

issue  with fine particle grinding and flotation.  Further work may be able to 
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optimize nickel recovery and grade but this is not considered within the scope of 

this thesis.  

6.5 Future work 

The current work has demonstrated that there is the potential for the selective 

sulphidation of nickel from a lateritic ore and that the sulphides can be upgraded via 

flotation.  The major reactions which control the sulphide and oxide phases and the 

degree of selectivity as well as the mechanism for particle growth have been 

determined.  From an industrial perspective the recoveries are too low, and the 

energy input and the long induration time required for particle growth are not 

economical. Future work could address several major issues: 

6.5.1 Particle Growth 

The growth of the particles in a static bed is slow due to the low mobility of the 

sulphide phase and the small driving forces for particle growth. Particle growth 

should therefore be an area of ongoing research, in particular efforts towards the 

fluxing of the sulphides to promote a low viscosity melt with high interfacial tension 

should aid in the promotion of larger sulphide particles. Sodium sulphide additions 

with carbon and sulphur at temperature of 700-800 oC may promote particle 

growth. Heating the material in a rotary kiln, where gravitational forces are able to 

act on the liquids should also significantly improve the particle growth. The ability 

to promote sulphide particle growth will significantly reduce the grind size 

requirement and thus reduce magnetite entrainment and also potentially improve 

the recovery of the sulphide phase.  
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6.5.2 Large Scale Flotation Tests 

Larger samples for flotation will provide information regarding the nature of the 

low recoveries and also allow for multiple stages of flotation which will help 

eliminate the magnetite entrainment issues.  Samples of between 200-1000 g would 

generate enough product for detailed analysis which could include recovery by size 

fraction using a cyclosizer.  The Denver cell that was used in the current work is 

intended for samples of this size, therefore issues such as the froth layer thickness, 

the pulp density and reagent consumption will be more directly comparable to 

existing flotation operations with a larger sample.  

There are a variety of flotation strategies designed to improve the flotation of fine 

particles. Sample could be generated and several of these techniques could be tried, 

to improve the recoveries of fine particle. These could include column flotation tests, 

hydrophobic flocculation and an assessment of additional flotation collectors, 

frothers and activators. 

Flotation with different feed sizes could also be performed. Liberation of the 

sulphides under the current conditions was not an issue and a coarser grind size 

could be used to determine the impact on entrainment as well as nickel sulphide 

recovery.  
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6.5.3 Sulphidation of transitional ores and mixtures of limonites and saprolite 

The suitability of various ore types for the sulphidation treatment should be 

assessed to determine the potential of the treatment of transitional ores as well as 

combination and mixtures of limonitic and saprolitic ores.  The existence of 

saprolitic, limonitic and transitional ores within the same deposit, place a strong 

value on the development of an omnivorous process which can treat all ore types.  

Although large saprolitic ore bodies are treated via the RKEF process, ore bodies 

with small amounts of saprolite combined with large limonite deposits would 

benefit from a process which could handle mixed feed.  

6.5.4 Investigation of low temperature reactions 

The three simultaneous reactions during the sulphidation and dehydroxylation of 

the ore make direct kinetic measurements difficult. Provided the mass spectrometer 

resolution can be improved to distinguish between sulphur and sulphur dioxide, it 

would be possible to use the non-isothermal numerical method of Batagas (1998) 

along with evolved gas analysis to simultaneously analyze the kinetics of 

dehydroxylation, sulphidation and sulphur evaporation.  

Transmission electron microscopy of the low temperature sulphidation and 

dehydroxylation reactions could serve to further elucidate the exact reaction 

mechanism and the interaction of sulphur with the nickel oxide species as well as 

provide information on the role of sulphur in lowering the dehydroxylation 

temperature.  
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Appendix A: Equilibrium Lines  

The following are the ps2/pso2 ratios for the coexistence of the various pure 

component phases in the Fe-S-O and Ni-S-O system at 1 atm.  Calculated using the 

thermodynamic data from Roine (2008).  

Fe-S-O system 

Temp 
(oC) Fe2O3/FeS2 Fe2O3/FeS Fe3O4/FeS FeS2/FeSO4 

250.000 8.80202E-08 3.97733E-06 1.73E-06 1.53E-05 

260.000 1.45738E-07 5.0295E-06 2.31E-06 1.67E-05 

270.000 2.3691E-07 6.30184E-06 3.06E-06 1.82E-05 

280.000 3.78484E-07 7.82757E-06 4.01E-06 1.98E-05 

290.000 5.9479E-07 9.64263E-06 5.21E-06 2.15E-05 

300.000 9.20251E-07 1.17856E-05 6.69E-06 2.32E-05 

310.000 1.40289E-06 1.42977E-05 8.51E-06 2.51E-05 

320.000 2.1088E-06 1.72224E-05 1.07E-05 2.7E-05 

330.000 3.12789E-06 2.05914E-05 1.34E-05 2.9E-05 

340.000 4.5809E-06 2.44553E-05 1.67E-05 3.11E-05 

350.000 6.62826E-06 2.88819E-05 2.05E-05 3.33E-05 

360.000 9.48085E-06 3.39289E-05 2.51E-05 3.55E-05 

370.000 1.3413E-05 3.96571E-05 3.06E-05 3.79E-05 

380.000 1.87784E-05 4.61306E-05 3.7E-05 4.04E-05 

390.000 2.60283E-05 5.34163E-05 4.44E-05 4.29E-05 

400.000 3.57343E-05 6.15845E-05 5.31E-05 4.56E-05 

410.000 4.86137E-05 7.07084E-05 6.32E-05 4.83E-05 

420.000 6.55599E-05 8.08643E-05 7.49E-05 5.11E-05 

430.000 8.76771E-05 9.21312E-05 8.83E-05 5.4E-05 

440.000 0.000116321 0.000104591 0.000104 5.71E-05 

450.000 0.000153142 0.000118329 0.000121 6.02E-05 

460.000 0.000200142 0.000133432 0.000141 6.34E-05 

470.000 0.000259727 0.000149991 0.000163 6.67E-05 

480.000 0.000334777 0.000168099 0.000189 7.01E-05 

490.000 0.000428715 0.00018785 0.000217 7.36E-05 

500.000 0.000545595 0.000209343 0.00025 7.72E-05 

510.000 0.000690185 0.000232679 0.000286 8.09E-05 
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Temp 
(oC) Fe2O3/FeS2 Fe2O3/FeS Fe3O4/FeS FeS2/FeSO4 

520.000 0.000868071 0.000257961 0.000326 8.47E-05 

530.000 0.001085765 0.000285294 0.000371 8.86E-05 

540.000 0.001350827 0.000314786 0.000421 9.26E-05 

550.000 0.001671993 0.000346548 0.000476 9.67E-05 

560.000 0.002059323 0.000380693 0.000537 0.000101 

570.000 0.002524355 0.000417338 0.000605 0.000105 

580.000 0.003080277 0.0004566 0.00068 0.00011 

590.000 0.003742114 0.000498602 0.000762 0.000114 

600.000 0.00452693 0.000543467 0.000852 0.000119 

610.000 0.005454052 0.000591324 0.00095 0.000123 

620.000 0.006545313 0.000642301 0.001057 0.000128 

630.000 0.007825315 0.000696535 0.001173 0.000133 

640.000 0.009321725 0.000754161 0.0013 0.000138 

650.000 0.011065594 0.000815322 0.001437 0.000143 

660.000 0.013091716 0.000880162 0.001585 0.000148 

670.000 0.015439021 0.000948832 0.001745 0.000154 

680.000 0.018151028 0.001021486 0.001917 0.000159 

690.000 0.021275881 0.001098251 0.002101 0.000165 

700.000 0.024865881 0.001179168 0.0023 0.00017 

710.000 0.028978885 0.001264281 0.002513 0.000176 

720.000 0.033679117 0.001353651 0.00274 0.000182 

730.000 0.039037878 0.001447354 0.002983 0.000188 

740.000 0.045134323 0.001545475 0.003241 0.000194 

750.000 0.052056289 0.001648107 0.003517 0.0002 

760.000 0.059901164 0.00175534 0.00381 0.000206 

770.000 0.068776787 0.001867255 0.004121 0.000212 

780.000 0.078802346 0.001983914 0.00445 0.000219 

790.000 0.090109933 0.002105366 0.004798 0.000225 

800.000 0.102846954 0.002231675 0.005167 0.000232 

810.000 0.117177676 0.002362904 0.005555 0.000239 

820.000 0.133285384 0.002499113 0.005965 0.000246 

830.000 0.151374952 0.002640358 0.006397 0.000253 

840.000 0.171675809 0.002786688 0.006851 0.00026 

850.000 0.194445382 0.002938151 0.007327 0.000267 

860.000 0.219973068 0.003094791 0.007827 0.000274 

870.000 0.248584832 0.003256645 0.008351 0.000281 

880.000 0.280648506 0.003423749 0.0089 0.000289 
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Temp 
(oC) Fe2O3/FeS2 Fe2O3/FeS Fe3O4/FeS FeS2/FeSO4 

890.000 0.316579896 0.003596132 0.009473 0.000296 

900.000 0.356849802 0.00377382 0.010072 0.000304 

910.000 0.401992061 0.003956836 0.010697 0.000312 

920.000 0.452612745 0.004145196 0.011349 0.000319 

930.000 0.509400626 0.004338915 0.012028 0.000327 

940.000 0.573139038 0.004538 0.012734 0.000335 

950.000 0.644719261 0.004742457 0.013468 0.000344 

960.000 0.725155519 0.004952286 0.01423 0.000352 

970.000 0.815601712 0.005167484 0.015021 0.00036 

980.000 0.917369917 0.005388044 0.015842 0.000369 

990.000 1.031950725 0.005613953 0.016691 0.000377 

1000.000 1.161035401 0.005845196 0.017571 0.000386 

Ni-S-O system 

T NiO/NiS2 NiO/NiS NiO/Ni3S2 NiS/Ni3S2 

250 1.793E-11 7.440E-11 5.230E-10 8.080E-14 

260 3.587E-11 1.280E-10 8.011E-10 2.085E-13 

270 6.993E-11 2.158E-10 1.209E-09 5.190E-13 

280 1.331E-10 3.572E-10 1.798E-09 1.249E-12 

290 2.476E-10 5.809E-10 2.637E-09 2.914E-12 

300 4.507E-10 9.288E-10 3.818E-09 6.593E-12 

310 8.037E-10 1.461E-09 5.460E-09 1.450E-11 

320 1.405E-09 2.265E-09 7.716E-09 3.103E-11 

330 2.412E-09 3.459E-09 1.078E-08 6.472E-11 

340 4.067E-09 5.211E-09 1.490E-08 1.317E-10 

350 6.743E-09 7.747E-09 2.039E-08 2.619E-10 

360 1.100E-08 1.137E-08 2.762E-08 5.093E-10 

370 1.767E-08 1.650E-08 3.708E-08 9.696E-10 

380 2.798E-08 2.359E-08 4.932E-08 1.786E-09 

390 4.369E-08 3.268E-08 6.504E-08 2.938E-09 

400 6.731E-08 4.483E-08 8.508E-08 4.760E-09 

410 1.024E-07 6.093E-08 1.104E-07 7.605E-09 

420 1.538E-07 8.209E-08 1.422E-07 1.199E-08 

430 2.284E-07 1.097E-07 1.819E-07 1.865E-08 

440 3.355E-07 1.453E-07 2.310E-07 2.867E-08 

450 4.874E-07 1.910E-07 2.915E-07 4.354E-08 

460 7.008E-07 2.493E-07 3.655E-07 6.537E-08 



203 

 

T NiO/NiS2 NiO/NiS NiO/Ni3S2 NiS/Ni3S2 

470 9.977E-07 3.230E-07 4.554E-07 9.707E-08 

480 1.407E-06 4.156E-07 5.641E-07 1.426E-07 

490 1.966E-06 5.311E-07 6.948E-07 2.075E-07 

500 2.723E-06 6.745E-07 8.512E-07 2.989E-07 

510 3.741E-06 8.514E-07 1.037E-06 4.265E-07 

520 5.096E-06 1.068E-06 1.258E-06 6.030E-07 

530 6.889E-06 1.333E-06 1.518E-06 8.453E-07 

540 9.243E-06 1.653E-06 1.823E-06 1.175E-06 

550 1.231E-05 2.040E-06 2.179E-06 1.620E-06 

560 1.628E-05 2.505E-06 2.535E-06 2.404E-06 

570 2.139E-05 3.060E-06 2.843E-06 3.961E-06 

580 2.792E-05 3.721E-06 3.178E-06 6.457E-06 

590 3.621E-05 4.503E-06 3.543E-06 1.042E-05 

600 4.669E-05 5.425E-06 3.938E-06 1.665E-05 

610 5.983E-05 6.509E-06 4.366E-06 2.634E-05 

620 7.625E-05 7.775E-06 4.826E-06 4.128E-05 

630 9.664E-05 9.251E-06 5.321E-06 6.411E-05 

640 1.218E-04 1.096E-05 5.853E-06 9.868E-05 

650 1.528E-04 1.295E-05 6.422E-06 1.506E-04 

660 1.907E-04 1.523E-05 7.030E-06 2.279E-04 

670 2.369E-04 1.785E-05 7.678E-06 3.422E-04 

680 2.929E-04 2.085E-05 8.368E-06 5.097E-04 

690 3.604E-04 2.428E-05 9.100E-06 7.534E-04 

700 4.417E-04 2.817E-05 9.877E-06 1.106E-03 

710 5.389E-04 3.259E-05 1.070E-05 1.611E-03 

720 6.549E-04 3.759E-05 1.157E-05 2.331E-03 

730 7.926E-04 4.322E-05 1.248E-05 3.350E-03 

740 9.557E-04 4.956E-05 1.345E-05 4.785E-03 

750 1.148E-03 5.666E-05 1.446E-05 6.794E-03 

760 1.374E-03 6.461E-05 1.552E-05 9.593E-03 

770 1.639E-03 7.348E-05 1.664E-05 1.348E-02 

780 1.948E-03 8.335E-05 1.781E-05 1.884E-02 

790 2.307E-03 9.431E-05 1.900E-05 2.636E-02 

800 2.724E-03 1.065E-04 2.003E-05 3.821E-02 

810 3.207E-03 1.199E-04 2.110E-05 5.532E-02 

820 3.763E-03 1.347E-04 2.219E-05 8.014E-02 

830 4.403E-03 1.510E-04 2.331E-05 1.166E-01 

840 5.138E-03 1.689E-04 2.446E-05 1.710E-01 
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T NiO/NiS2 NiO/NiS NiO/Ni3S2 NiS/Ni3S2 

850 5.978E-03 1.885E-04 2.564E-05 2.547E-01 

860 6.937E-03 2.099E-04 2.684E-05 3.903E-01 

870 8.028E-03 2.334E-04 2.808E-05 6.289E-01 

880 9.268E-03 2.589E-04 2.934E-05 1.119E+00 

890 1.067E-02 2.867E-04 3.063E-05 2.555E+00 

900 1.226E-02 3.168E-04 3.194E-05 3.606E+01 

910 1.406E-02 3.495E-04 3.328E-05 
 920 1.608E-02 3.849E-04 3.465E-05 
 930 1.835E-02 4.231E-04 3.604E-05 
 940 2.089E-02 4.644E-04 3.746E-05 
 950 2.374E-02 5.088E-04 3.890E-05 
 960 2.693E-02 5.565E-04 4.036E-05 
 970 3.049E-02 6.078E-04 4.184E-05 
 980 3.446E-02 6.542E-04 4.335E-05 
 990 3.888E-02 6.908E-04 4.488E-05 
 1000 4.379E-02 7.287E-04 4.642E-05 
  

T NiS2/NiS NiSO4/NiS2 NiSO4/NiS 

250 2.122E-12 4.696E-08 6.986E-06 

260 5.322E-12 5.367E-08 5.389E-06 

270 1.290E-11 6.104E-08 4.199E-06 

280 3.028E-11 6.913E-08 3.304E-06 

290 6.891E-11 7.797E-08 2.623E-06 

300 1.524E-10 8.759E-08 2.100E-06 

310 3.278E-10 9.803E-08 1.695E-06 

320 6.869E-10 1.093E-07 1.379E-06 

330 1.404E-09 1.215E-07 1.130E-06 

340 2.804E-09 1.346E-07 9.327E-07 

350 5.475E-09 1.487E-07 7.748E-07 

360 1.046E-08 1.637E-07 6.476E-07 

370 1.960E-08 1.798E-07 5.446E-07 

380 3.615E-08 1.969E-07 4.596E-07 

390 6.754E-08 2.151E-07 3.839E-07 

400 1.238E-07 2.344E-07 3.225E-07 

410 2.230E-07 2.549E-07 2.725E-07 

420 3.946E-07 2.765E-07 2.314E-07 

430 6.868E-07 2.992E-07 1.975E-07 

440 1.177E-06 3.233E-07 1.694E-07 
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T NiS2/NiS NiSO4/NiS2 NiSO4/NiS 

450 1.986E-06 3.485E-07 1.460E-07 

460 3.302E-06 3.750E-07 1.264E-07 

470 5.416E-06 4.028E-07 1.098E-07 

480 8.765E-06 4.319E-07 9.587E-08 

490 1.400E-05 4.623E-07 8.400E-08 

500 2.210E-05 4.940E-07 7.388E-08 

510 3.445E-05 5.272E-07 6.521E-08 

520 5.312E-05 5.617E-07 5.776E-08 

530 8.100E-05 5.976E-07 5.133E-08 

540 1.222E-04 6.349E-07 4.576E-08 

550 1.825E-04 6.736E-07 4.092E-08 

560 2.700E-04 7.138E-07 3.671E-08 

570 3.955E-04 7.554E-07 3.302E-08 

580 5.743E-04 7.985E-07 2.978E-08 

590 8.266E-04 8.430E-07 2.693E-08 

600 1.180E-03 8.891E-07 2.442E-08 

610 1.670E-03 9.367E-07 2.220E-08 

620 2.347E-03 9.857E-07 2.022E-08 

630 3.273E-03 1.036E-06 1.847E-08 

640 4.533E-03 1.088E-06 1.690E-08 

650 6.235E-03 1.142E-06 1.551E-08 

660 8.522E-03 1.197E-06 1.425E-08 

670 1.158E-02 1.254E-06 1.313E-08 

680 1.565E-02 1.312E-06 1.211E-08 

690 2.104E-02 1.372E-06 1.120E-08 

700 2.816E-02 1.434E-06 1.037E-08 

710 3.756E-02 1.497E-06 9.623E-09 

720 4.995E-02 1.561E-06 8.944E-09 

730 6.629E-02 1.627E-06 8.326E-09 

740 8.792E-02 1.695E-06 7.764E-09 

750 1.167E-01 1.764E-06 7.251E-09 

760 1.553E-01 1.835E-06 6.782E-09 

770 2.079E-01 1.908E-06 6.352E-09 

780 2.809E-01 1.982E-06 5.959E-09 

790 3.854E-01 2.058E-06 5.597E-09 

800 5.414E-01 2.135E-06 5.265E-09 

810 7.907E-01 2.214E-06 4.958E-09 

820 1.236E+00 2.295E-06 4.676E-09 
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T NiS2/NiS NiSO4/NiS2 NiSO4/NiS 

830 2.217E+00 2.377E-06 4.414E-09 

840 5.929E+00 2.461E-06 4.173E-09 

850 
 

2.546E-06 3.949E-09 

860 
 

2.633E-06 3.742E-09 

870 
 

2.722E-06 3.549E-09 

880 
 

2.812E-06 3.370E-09 

890 
 

2.904E-06 3.203E-09 

900 
 

2.997E-06 3.047E-09 

910 
 

3.093E-06 2.902E-09 

920 
 

3.189E-06 2.767E-09 

930 
 

3.288E-06 2.640E-09 

940 
 

3.388E-06 2.521E-09 

950 
 

3.489E-06 2.410E-09 

960 
 

3.592E-06 2.306E-09 

970 
 

3.697E-06 2.207E-09 

980 
 

3.804E-06 2.094E-09 

990 
 

3.912E-06 1.961E-09 

1000 
 

4.021E-06 1.837E-09 
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Appendix B– Experimental Results 

The following tables are the data from the preliminary screening studies. Several 

runs were done using both sulphur and carbon, and some cases CO/CO2 and the 

addition of pyrite as a sulphur source, these are also included.  The preliminary 

screening studies do not include sulphur analysis.  

Experiment  # L01B L02B L03B L04B L05B L06B 

Conditions       

Carbon wt% 8 8 10 6 6 10 

Sulphur wt% 4 4 0 8 0 8 

FeS2 wt% 0 0 0 0 0 0 

Temperature (deg C) 600 600 550 650 650 550 

Time (min) 90 90 120 60 120 60 

Summary of Key Results       

Ni Recovery (%) 81.88 61.34 24.98 79.30 12.86 81.73 

Fe Recovery (%) 6.37 4.39 3.49 8.50 1.91 4.58 

Ni Grade (metal basis) 21.27 22.71 13.09 16.39 12.43 27.29 

Pellet Weight Loss 14.89% 13.81% 10.32% 20.42% 15.32% 16.67% 

 

Experiment  # L07B L08B L09B L10B L11B L12B 

Conditions       

Carbon wt% 6 8 10 8 6 10 

Sulphur wt% 8 4 0 4 0 8 

FeS2 wt% 0 0 0 0 0 0 

Temperature (deg C) 550 600 650 600 550 650 

Time (min) 120 90 60 90 60 120 

Summary of Key Results       

Ni Recovery (%) 84.01 78.66 21.16 81.33 19.77 83.57 

Fe Recovery (%) 9.07 3.47 2.51 4.34 2.37 12.05 

Ni Grade (metal basis) 16.29 32.27 15.04 28.25 14.91 12.72 

Pellet Weight Loss 17.58% 14.74% 11.55% 16.53% 11.95% 18.94% 
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Experiment  # L13B L14B L15B L119B L20B L21B 

Conditions 
      Carbon wt% 0 0 6 10 10 10 

Sulphur wt% 0 0 0 0 0 0 

FeS2 wt% 0 0 0 8 8 8 

Temperature (deg C) 600 600 550 650 750 850 

Time (min) 90 90 60 120 120 120 

Summary of Key Results 
      Ni Recovery (%) 20.23 18.84 24.94 65.68 78.62 47.14 

Fe Recovery (%) 2.99 2.17 3.00 1.62 2.51 0.13 

Ni Grade (metal basis) 12.46 15.42 14.85 14.62 16.58 17.10 

Pellet Weight Loss 12.13% 11.85% 11.95% 16.36% 24.62% 31.92% 

 

Experiment  # L22B L23B 

Conditions 
  Carbon wt% 0 0 

Sulphur wt% 0 0 

FeS2 wt% 8 8 

Temperature (deg C) 650 750 

Time (min) 120 120 

Summary of Key Results 
  Ni Recovery (%) 56.92 57.09 

Fe Recovery (%) 1.58 0.84 

Ni Grade (metal basis) 14.29 19.65 

Pellet Weight Loss 18.54% 40.72% 
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Experiment  # L01DS L02DS L03DS L04DS L05DS 

Conditions           

Carbon wt% 0 0 10 6 6 

Sulphur wt% 0 0 0 8 0 

FeS2 wt% 0 0 0 0 0 

CO/CO2 1 1 1 1 1 

Temperature (deg C) 600 700 800 900 1000 

Time (min) 60 90 120 60 120 

Summary of Key Results           

Ni Recovery (%) 23.38 21.22 20.06 40.13 100.85 

Fe Recovery (%) 1.89 1.87 1.23 2.00 1.03 

Ni Grade (metal basis) 20.61 19.28 25.47 29.68 67.34 

Pellet Weight Loss 12.95% 16.19% 17.25% 18.83% 19.47% 

 

Experiment  # L06DS L07DS L08DS L09DS L10DS 

Conditions           

Carbon wt% 10 6 8 10 8 

Sulphur wt% 8 8 4 0 4 

FeS2 wt% 0 0 0 0 0 

CO/CO2           

Temperature (deg C) 550 550 600 650 600 

Time (min) 60 120 90 60 90 

Summary of Key Results           

Ni Recovery (%) 67.02 84.01 78.66 21.16 81.33 

Fe Recovery (%) 3.75 9.07 3.47 2.51 4.34 

Ni Grade metal basis 27.29 16.29 32.27 15.04 28.25 

Pellet Weight Loss 16.67% 17.58% 14.74% 11.55% 16.53% 
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Experiment  # L11DS L12DS L13DS L14DS L15DS 

Conditions           

Carbon wt% 6 10 0 0 6 

Sulphur wt% 0 8 0 0 0 

FeS2 wt% 0 0 0 0 0 

CO/CO2           

Temperature (deg C) 550 650 600 600 550 

Time (min) 60 120 90 90 60 

Summary of Key Results           

Ni Recovery (%) 19.77 89.74 20.23 18.84 24.94 

Fe Recovery (%) 2.37 12.94 2.99 2.17 3.00 

Ni Grade (metal basis) 14.91 12.72 12.46 15.42 14.85 

Pellet Weight Loss 11.95% 12.96% 12.13% 11.85% 11.95% 
 

Experiment  # L16D L17D L18D L19D L20D 

Conditions           

Carbon wt% 10 10 10 0 0 

Sulphur wt% 0 0 0 0 0 

FeS2 wt% 8 8 8 8 8 

CO/CO2           

Temperature (deg C) 650 750 850 650 750 

Time (min) 120 120 120 120 120 

Summary of Key Results           

Ni Recovery (%) 65.68 78.62 47.14 56.92 57.09 

Fe Recovery (%) 1.62 2.51 0.13 1.58 0.84 

Ni Grade (metal basis) 14.62 16.58 17.10 14.29 19.65 

Pellet Weight Loss 16.36% 24.62% 31.92% 18.54% 40.72% 
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The following results are experimental results examining the impact of temperature 

and sulphur addition on Sample B.    

Sample ID L01G L02G L03G L04G L05G 

Conditions           

Temperature (oC) 450 500 550 600 650 

Time (min) 60 60 60 60 60 

Sulphur addition (kg/tonne) 100 100 100 100 100 

Results           

wt % S in pellet 5.79 4.86 4.70 3.95 4.21 

Weight loss (%) 20.13 19.26 20.93 22.40 23.96 

Ni Recovery (%) 41.82 59.26 68.53 70.95 76.73 

Fe Recovery (%) 10.24 15.22 13.20 11.59 12.74 

Ni/metal+sulphur (wt pct) 4.47% 5.24% 6.68% 7.93% 7.93% 

Fe/(metal + sulphur) (wt pct) 51.68% 63.99% 61.21% 61.64% 62.69% 
 

 

Sample ID L06G L03G1 L03G2 L05G2 L06G2 

Conditions           

Temperature (oC) 700 550 550 650 700 

Time (min) 60 60 60 60 60 

Sulphur addition (kg/tonne) 100 100 100 100 100 

Results           

wt % S in pellet 3.87 4.78 4.81 3.87 4.09 

Weight loss (%) 24.08 22.01 21.71 24.24 23.78 

Ni Recovery (%) 68.29 74.71 71.59 75.19 77.31 

Fe Recovery (%) 10.74 12.38 11.65 11.90 9.85 

Ni/metal+sulphur (wt pct) 8.13% 7.51% 7.46% 8.34% 9.40% 

Fe/(metal + sulphur) (wt pct) 60.85% 59.24% 57.73% 62.81% 56.99% 
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Run Ni Rec SSE Fe Rec SSE Wt loss SSE 

L03G 68.53 9.49 13.20 0.63 20.93 0.38 

L03G1 74.71 9.62 12.38 0.00 22.01 0.21 

L03G2 71.59 0.00 11.65 0.58 21.71 0.03 

variance 
 

9.56 
 

0.61 
 

0.31 

L05G 76.73 0.59 12.74 0.18 23.96 0.02 

L05G1 75.19 0.59 11.90 0.18 24.24 0.02 

variance 
 

1.18 
 

0.36 
 

0.04 

L06G 68.29 20.38 10.74 0.20 24.08 0.02 

L06G1 77.31 20.38 9.85 0.20 23.78 0.02 

variance 
 

40.76 
 

0.40 
 

0.05 

sp2 
 

15.26 
 

0.64 
 

0.25 

Stdev 
 

3.91 
 

0.80 
 

0.50 

2 stdev 
 

7.81 
 

1.60 
 

1.00 
 

Run Sulphur wt% SSE Ni Grade SSE molar ratio SSE 

L03G 4.70 0.004 0.07 2.91E-05 0.55 2.08E-04 

L03G1 4.78 0.000 0.08 8.94E-06 0.54 2.18E-06 

L03G2 4.81 0.002 0.07 5.78E-06 0.52 2.53E-04 

variance 
 

0.003 
 

2.19E-05 
 

2.32E-04 

L05G 4.21 0.030 0.08 4.18E-06 0.58 9.55E-06 

L05G1 3.87 0.030 0.08 4.18E-06 0.59 9.55E-06 

variance 
 

0.059 
 

8.36E-06 
 

1.91E-05 

L06G 3.87 0.012 0.08 4.05E-05 0.56 2.19E-04 

L06G1 4.09 0.012 0.09 4.05E-05 0.53 2.19E-04 

variance 
 

0.024 
 

8.10E-05 
 

4.38E-04 

sp2 
 

0.023 
 

3.88E-05 
 

2.88E-04 

stdev 
 

0.152 
 

6.23E-03 
 

1.70E-02 

2 stdev 
 

0.305 
 

1.25E-02 
 

3.39E-02 
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The following results represent the exchange reaction tests. Samples were first reacted at 450
o
C 

for 1 hr, followed by a second heat treatment at a higher temperature for 1 hr.  

 

Sample ID LXC01 LXC02 LXC03 LXC04 LXC05 

Conditions           

Temperature (oC) 450 600 800 1000 1100 

Time (min) 60 60 60 60 60 

Sulphur addition (kg/tonne) 100 100 100 100 100 

Results           

wt % S in pellet 5.58 3.99 3.24 2.71 2.77 

Weight loss (%) 19.72 22.85 23.86 24.40 25.35 

Ni Recovery (%) 52.19 72.30 76.19 86.61 79.98 

Fe Recovery (%) 10.20 11.01 9.28 7.68 5.80 

Ni/metal+sulphur (wt frac) 0.06 0.08 0.10 0.14 0.15 

Fe/(metal + sulphur) (wt frac) 0.52 0.60 0.60 0.58 0.51 
 

Sample ID LXC1A LXC1B LXC4A LSA01 LSA02 LSA03 

Conditions             

Temperature (oC) 450 450 1000 1000 1000 1000 

Time (min) 60 60 60 60 50 60 

Sulphur addition (kg/tonne) 100 100 100 75 65 55 

Results             

wt % S in pellet 5.58 5.27 2.58 2.57 2.00 0.62 

Weight loss (%) 21.39 19.03 26.87 21.99 21.39 21.48 

Ni Recovery (%) 50.04 48.37 85.15 83.35 84.14 40.79 

Fe Recovery (%) 9.75 9.77 6.87 4.84 3.56 0.95 

Ni/metal+sulphur (wt frac) 0.06 0.05 0.15 0.17 0.22 0.32 

Fe/(metal + sulphur) (wt frac) 0.51 0.52 0.56 0.48 0.44 0.36 
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  Ni rec SSE Fe rec SSE wt loss SSE 

LXC01 52.19 3.97 10.20 0.09 19.72 0.10 

LXC01A 50.04 0.03 9.75 0.02 21.39 1.80 

LXC01B 48.37 3.35 9.77 0.02 19.03 1.04 

    3.68   0.06   1.47 

LXC4 86.61 0.54 7.68 0.16 24.40 1.53 

LXC4a 85.15 0.54 6.87 0.16 26.87 1.53 

    1.07   0.32   3.06 

sp2   4.39   0.28   3.52 

stdev   2.10   0.53   1.88 

2 stdev   4.19   1.06   3.75 
 

  
Sulphur 

wt% SSE 
Ni 

Grade SSE 
molar 
ratio SSE density SSE 

LXC01 5.58 0.010 0.06 8.42E-07 0.52 5.69E-07     

LXC01A 5.58 0.011 0.06 1.31E-08 0.51 1.15E-05 1662 298 

LXC01B 5.27 0.042 0.05 1.07E-06 0.52 1.72E-05 1627 298 

    0.032   9.60E-07   1.46E-05   596 

LXC4 2.71 0.004 0.14 2.64E-05 0.58 3.55E-05 3893 3281 

LXC4a 2.58 0.004 0.15 2.64E-05 0.56 3.55E-05 3779 3281 

    0.009   5.27E-05   7.09E-05   6563 

sp2   0.038   3.61E-05   6.19E-05   7159 

stdev   0.194   6.01E-03   0.007866   85 

2 stdev   0.389   1.20E-02   0.015733   169 
 

 

The following results are experimental results examining the impact of temperature 

and sulphur addition on Sample A. 
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Sample ID L01D L02D L03D L04D L05D 

Conditions           

Temperature (oC) 500 500 500 500 500 

Time (min) 60 60 60 60 60 

Sulphur addition (kg/tonne) 100 300 500 700 900 

Results           

wt % S in pellet 4.91 13.86 21.83 24.77 25.87 

Weight loss (%) 18.47 27.14 31.95 38.88 42.29 

Ni Recovery (%) 78.00 82.58 81.27 81.69 81.60 

Fe Recovery (%) 12.07 29.82 35.91 40.38 49.51 

Ni/metal+sulphur (wt pct) 7.74% 3.23% 2.27% 2.00% 1.73% 

Fe/(metal + sulphur) (wt pct) 57.00% 55.42% 47.64% 47.11% 49.86% 
 

Sample ID L01DA L02DA L07D L08D L09D 

Conditions           

Temperature (oC) 500 500 500 500 500 

Time (min) 60 60 60 60 60 

Sulphur addition (kg/tonne) 100 300 75 50 25 

Results           

wt % S in pellet 5.81 15.96 3.83 2.70 1.53 

Weight loss (%) 18.47 27.32 16.55 15.45 14.79 

Ni Recovery (%) 75.14 80.81 72.64 69.77 60.84 

Fe Recovery (%) 12.29 31.47 8.26 5.01 3.52 

Ni/metal+sulphur (wt pct) 6.95% 2.89% 9.78% 13.91% 18.12% 

Fe/(metal + sulphur) (wt pct) 54.13% 53.58% 52.94% 47.54% 49.87% 
 

Sample ID L01DB L10D L11D L12DB L13D 

Conditions           

Temperature (oC) 500 450 550 550 550 

Time (min) 60 60 60 60 60 

Sulphur addition (kg/tonne) 100 100 100 700 75 

Results           

wt % S in pellet 5.28 6.00 5.78 28.07 3.72 

Weight loss (%) 18.43 14.35 18.75 42.47 17.53 

Ni Recovery (%) 77.05 69.86 89.26 103.32 83.92 

Fe Recovery (%) 12.31 16.01 11.68 63.04 8.45 

Ni/metal+sulphur (wt pct) 7.37% 5.43% 8.41% 1.94% 11.16% 

Fe/(metal + sulphur) (wt pct) 56.06% 59.17% 52.34% 56.41% 53.48% 
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Sample ID L14D L17D L18D L19D 

Conditions         

Temperature (oC) 550 600 650 800 

Time (min) 60 60 60 60 

Sulphur addition (kg/tonne) 25 100 100 100 

Results         

wt % S in pellet 1.19 4.89 4.42 3.88 

Weight loss (%) 14.12 19.27 20.36 13.95 

Ni Recovery (%) 52.09 90.56 91.32 113.03 

Fe Recovery (%) 2.59 10.58 10.39 16.36 

Ni/metal+sulphur (wt pct) 20.01% 9.59% 10.17% 9.52% 

Fe/(metal + sulphur) (wt pct) 47.42% 53.34% 55.04% 65.56% 
 

Run Ni Rec SSE Fe Rec SSE Wt loss SSE 

L01D 78.00 1.60 12.07 2.39E-02 18.47 1.88E-04 

L01DA 75.14 0.10 12.29 4.46E-03 18.47 1.88E-04 

L01DB 77.05 2.52 12.31 7.74E-03 18.43 7.51E-04 

variance   1.49   1.81E-02   5.63E-04 

L02D 82.58 0.78 29.82 6.78E-01 27.14 7.65E-03 

L02DA 80.81 0.78 31.47 6.78E-01 27.32 7.65E-03 

variance   1.57   1.36E+00   1.53E-02 

sp2   2.89   2.62E+00   8.22E-03 

stdev   1.70   1.62E+00   9.06E-02 

2 stdev   3.40   3.24E+00   1.81E-01 
 

Run Sulphur wt% SSE Ni Grade SSE molar ratio SSE 

L01D 4.91 0.180 7.74% 3.34E-05 0.52 3.17E-04 

L01DA 5.28 0.180 6.95% 3.34E-05 0.50 1.30E-05 

L01DB 5.81 0.180 7.37% 3.34E-05 0.48 4.58E-04 

variance   0.206   1.55E-05   3.94E-04 

L02D 13.86 0.030 3.23% 2.78E-06 0.45 9.55E-06 

L02DA 15.80 0.030 2.89% 2.78E-06 0.43 9.55E-06 

variance   1.881   5.55E-06   2.39E-04 

sp2   0.008   2.39E-05   5.13E-04 

stdev   0.091   0.49%   2.27E-02 

2 stdev   0.181   0.98%   4.53E-02 
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Run ps2/pSO2 SSE ηS2 SSE Mass closure SSE 

L01D 0.33 4.13E-03 0.78 3.91E-03 17.52 9.89E-02 

L01DA 0.27 1.76E-06 0.86 5.39E-04 16.82 1.44E-01 

L01DB 0.20 4.30E-03 0.82 5.39E-04 17.27 4.19E-03 

variance   4.22E-03   1.84E-03   1.23E-01 

L02D 0.56   0.70   27.03   

L02DA 0.86   0.78   25.84   

variance   4.62E-02   3.12E-03   6.97E-01 

sp2   2.73E-02   4.06E-03   9.44E-01 

stdev   1.65E-01   6.37E-02   9.72E-01 

2 stdev   3.31E-01   1.27E-01   1.94E+00 
 

 

The following are experimental results which examine the impact of particle size on 

nickel and iron sulphidation extents. 

Sample ID L01P L02P L03P L04P L05P 

Conditions           

Temperature (oC) 550 550 550 550 550 

Time (min) 60 60 60 60 60 

Mesh Size -270/+400 -65/+100 -400  -48/+65 -200/+270 

Sulphur addition (kg/tonne) 100 100 100 100 100 

Results           

wt % S in pellet 4.93 4.32 5.51 4.71 4.75 

Weight loss (%) 20.56 19.74 20.56 20.64 21.28 

Ni Recovery (%) 74.65 77.12 72.03 73.39 79.42 

Fe Recovery (%) 11.18 9.62 11.76 13.31 14.21 

Ni/metal+sulphur (wt pct) 7.92% 9.16% 7.06% 7.07% 7.30% 

Fe/(metal + sulphur) (wt pct) 55.21% 54.34% 54.87% 60.99% 62.18% 
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Sample ID L06P L07P L07P2 L07P3 

Conditions         

Temperature (oC) 550 550 550 550 

Time (min) 60 60 60 60 

Mesh Size -150/+200 -100/+150 -100/+150 -100/+150 

Sulphur addition (kg/tonne) 100 100 100 100 

Results         

wt % S in pellet 6.39 4.79 5.72 5.47 

Weight loss (%) 20.74 20.94 20.94 20.94 

Ni Recovery (%) 80.46 73.69 76.00 76.54 

Fe Recovery (%) 15.18 14.11 16.72 17.99 

Ni/metal+sulphur (wt pct) 6.43% 6.82% 5.97% 5.82% 

Fe/(metal + sulphur) (wt pct) 57.70% 62.09% 62.51% 65.03% 
 

 

Sample ID L07P3 L03P2 L03P3 L03P4 L06P2 

Conditions           

Temperature (oC) 550 550 550 550 550 

Time (min) 60 60 60 60 60 

Mesh Size -100/+150 -400 -400 -400 -150/+200 

Sulphur addition (kg/tonne) 100 100 100 100 100 

Results           

wt % S in pellet 5.47 5.56 5.19 4.98 6.62 

Weight loss (%) 20.94 22.10 19.62 20.11 20.78 

Ni Recovery (%) 76.54 76.78 77.76 80.97 83.52 

Fe Recovery (%) 17.99 12.18 11.70 11.32 14.37 

Ni/metal+sulphur (wt pct) 5.82% 7.38% 7.83% 8.43% 6.78% 

Fe/(metal + sulphur) (wt pct) 65.03% 55.68% 54.95% 54.81% 55.47% 
 

 

 

 

 

 

 

 



219 

 

The following results involve the reaction of nickel oxide with sulphur  

Sample ID LNi1 LNi2 LNi3 

Conditions       

Temperature © 550.00 700.00 450.00 

Time (min) 60.00 60.00 60.00 

Sulphur addition (kg/tonne) 650.00 650.00 650.00 

Results       

wt % S in pellet 29.30 29.70 28.10 

Weight loss (%) 33.09 31.91 30.06 

Ni Recovery (%) 90.04 100.13 89.73 

Ni/metal+sulphur (wt pct) 0.68 0.69 0.68 
 

The following results involve the reaction of ore with sulphur and sodium sulphide  

Sample ID LNaS1 LNAs2 LNaS3 

Conditions       

Temperature © 450.00 800.00 900.00 

Time (min) 60.00 60.00 60.00 

Sulphur addition (kg/tonne) 100.00 100.00 100.00 

Na2S.9H2O addition (kg/tonne) 129.98 129.98 129.98 

Calculated Values/Results       

Weight loss of pellet used in 
calc 19.58 18.69 22.50 

Ni Rec 49.59 67.87 74.03 

Fe Rec 19.29 19.42 9.56 
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XRD of nickel sulphide produced from NiO and sulphur reacted at 450 
o
C 
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XRD of nickel sulphide produced from NiO and sulphur reacted at 550 
o
C 
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XRD of nickel sulphide produced from NiO and sulphur reacted at 700 
o
C 
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XRD pattern of ore mixed with 100 kg S/tonne of ore and reacted at 1100 
o
C for 6 hr.  
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FTO2 – Tails PSD 

 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) 

cum freq 
(%) 

<0.33 0 0  

0.35 0.001 0.001  12.619 0.068 0.757 

0.393 0.001 0.002  14.165 0.048 0.805 

0.441 0.001 0.003  15.902 0.041 0.846 

0.495 0.001 0.005  17.851 0.035 0.881 

0.556 0.001 0.006  20.039 0.029 0.911 

0.624 0.001 0.007  22.495 0.024 0.935 

0.701 0.002 0.009  25.252 0.020 0.955 

0.787 0.002 0.010  28.347 0.015 0.971 

0.883 0.002 0.013  31.822 0.012 0.982 

0.992 0.003 0.015  35.722 0.008 0.990 

1.113 0.003 0.018  40.101 0.005 0.995 

1.249 0.004 0.022  45.016 0.003 0.998 

1.403 0.005 0.027  50.534 0.001 1.000 

1.575 0.006 0.032  

1.768 0.007 0.040  

1.984 0.009 0.049  

2.227 0.011 0.060  

2.5 0.014 0.074  

2.807 0.017 0.091  

3.151 0.021 0.112  

3.537 0.026 0.138  

3.971 0.032 0.170  

4.457 0.038 0.208  

5.004 0.046 0.254  

5.617 0.053 0.306  

6.306 0.059 0.365  

7.079 0.064 0.429  

7.946 0.067 0.497  

8.92 0.067 0.564  

10.013 0.065 0.629  

11.241 0.061 0.689  
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FTO2 Conc 2 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.33 0.18 0.18  12.619 4.54 86.29 

0.35 0.17 0.35  14.165 3.71 90 

0.393 0.16 0.51  15.902 2.94 92.94 

0.441 0.16 0.67  17.851 2.26 95.2 

0.495 0.17 0.84  20.039 1.69 96.89 

0.556 0.18 1.02  22.495 1.22 98.11 

0.624 0.2 1.22  25.252 0.84 98.95 

0.701 0.24 1.46  28.347 0.54 99.49 

0.787 0.28 1.74  31.822 0.32 99.81 

0.883 0.34 2.08  35.722 0.16 99.97 

0.992 0.42 2.5  40.101 0.02 99.99 

1.113 0.51 3.01  45.016  99.99 

1.249 0.62 3.63  50.534  99.99 

1.403 0.76 4.39     

1.575 0.94 5.33  

1.768 1.16 6.49  

1.984 1.44 7.93  

2.227 1.76 9.69  

2.5 2.14 11.83  

2.807 2.59 14.42  

3.151 3.11 17.53  

3.537 3.69 21.22  

3.971 4.34 25.56  

4.457 5.04 30.6  

5.004 5.73 36.33  

5.617 6.35 42.68  

6.306 6.81 49.49  

7.079 7.06 56.55  

7.946 7.02 63.57  

8.92 6.69 70.26  

10.013 6.12 76.38  

11.241 5.37 81.75  
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FTO2 Conc 3 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.33 0.24 0.24  12.619 3.24 92.66 

0.35 0.23 0.47  14.165 2.44 95.1 

0.393 0.22 0.69  15.902 1.76 96.86 

0.441 0.23 0.92  17.851 1.22 98.08 

0.495 0.24 1.16  20.039 0.82 98.9 

0.556 0.26 1.42  22.495 0.53 99.43 

0.624 0.3 1.72  25.252 0.32 99.75 

0.701 0.35 2.07  28.347 0.18 99.93 

0.787 0.42 2.49  31.822 0.08 100.01 

0.883 0.52 3.01  35.722 0.01 100.02 

0.992 0.63 3.64  

1.113 0.76 4.4  

1.249 0.92 5.32  

1.403 1.12 6.44  

1.575 1.37 7.81  

1.768 1.66 9.47  

1.984 2.02 11.49  

2.227 2.43 13.92  

2.5 2.9 16.82  

2.807 3.43 20.25  

3.151 4.02 24.27  

3.537 4.66 28.93  

3.971 5.32 34.25  

4.457 5.96 40.21  

5.004 6.53 46.74  

5.617 6.93 53.67  

6.306 7.1 60.77  

7.079 6.98 67.75  

7.946 6.57 74.32  

8.92 5.9 80.22  

10.013 5.06 85.28  

11.241 4.14 89.42  
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FTO2 Conc 7 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.33 0.34 0.34  12.619 2.21 96.91 

0.35 0.3 0.64  14.165 1.44 98.35 

0.393 0.32 0.96  15.902 0.86 99.21 

0.441 0.32 1.28  17.851 0.47 99.68 

0.495 0.34 1.62  20.039 0.23 99.91 

0.556 0.38 2  22.495 0.07 99.98 

0.624 0.43 2.43  25.252  99.98 

0.701 0.51 2.94  28.347  99.98 

0.787 0.61 3.55  

0.883 0.74 4.29  

0.992 0.89 5.18  

1.113 1.07 6.25  

1.249 1.27 7.52  

1.403 1.51 9.03  

1.575 1.79 10.82  

1.768 2.13 12.95  

1.984 2.52 15.47  

2.227 2.97 18.44  

2.5 3.46 21.9  

2.807 4.01 25.91  

3.151 4.6 30.51  

3.537 5.22 35.73  

3.971 5.84 41.57  

4.457 6.41 47.98  

5.004 6.88 54.86  

5.617 7.15 62.01  

6.306 7.14 69.15  

7.079 6.8 75.95  

7.946 6.15 82.1  

8.92 5.24 87.34  

10.013 4.2 91.54  

11.241 3.16 94.7  
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FTO3 Conc 4 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.2014 0.09 0.09  10.295 5.24 86.62 

0.228 0.1 0.19  11.641 4.28 90.9 

0.258 0.1 0.29  13.163 3.31 94.21 

0.292 0.11 0.4  14.883 2.4 96.61 

0.33 0.13 0.53  16.829 1.63 98.24 

0.373 0.16 0.69  19.028 1.01 99.25 

0.422 0.2 0.89  21.516 0.55 99.8 

0.477 0.24 1.13  24.328 0.21 100.01 

0.54 0.3 1.43  

0.61 0.36 1.79  

0.69 0.43 2.22  

0.78 0.52 2.74  

0.882 0.62 3.36  

0.997 0.76 4.12  

1.128 0.93 5.05  

1.275 1.14 6.19  

1.442 1.39 7.58  

1.63 1.68 9.26  

1.844 2.03 11.29  

2.085 2.43 13.72  

2.357 2.92 16.64  

2.665 3.47 20.11  

3.014 4.09 24.2  

3.408 4.75 28.95  

3.853 5.43 34.38  

4.357 6.08 40.46  

4.926 6.64 47.1  

5.57 7.05 54.15  

6.298 7.24 61.39  

7.121 7.15 68.54  

8.052 6.75 75.29  

9.105 6.09 81.38  
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FTO4 Tails 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.2014 0.05% 0.05%  10.295 6.50% 58.68% 

0.228 0.05% 0.10%  11.641 6.31% 64.99% 

0.258 0.05% 0.16%  13.163 6.03% 71.02% 

0.292 0.07% 0.23%  14.883 5.65% 76.67% 

0.33 0.09% 0.31%  16.829 5.18% 81.85% 

0.373 0.10% 0.42%  19.028 4.61% 86.46% 

0.422 0.12% 0.54%  21.516 3.90% 90.36% 

0.477 0.16% 0.69%  24.328 3.12% 93.48% 

0.54 0.19% 0.88%  27.508 2.32% 95.81% 

0.61 0.23% 1.11%  31.104 1.61% 97.42% 

0.69 0.24% 1.35%  35.17 1.04% 98.46% 

0.78 0.26% 1.61%  39.767 0.66% 99.12% 

0.882 0.29% 1.91%  44.966 0.47% 99.58% 

0.997 0.33% 2.24%  50.844 0.00416 1 

1.128 0.38% 2.62%  

1.275 0.43% 3.05%  

1.442 0.50% 3.55%  

1.63 0.61% 4.16%  

1.844 0.73% 4.89%  

2.085 0.90% 5.79%  

2.357 1.13% 6.92%  

2.665 1.40% 8.32%  

3.014 1.79% 10.11%  

3.408 2.24% 12.34%  

3.853 2.79% 15.13%  

4.357 3.43% 18.56%  

4.926 4.14% 22.71%  

5.57 4.87% 27.58%  

6.298 5.55% 33.13%  

7.121 6.08% 39.21%  

8.052 6.41% 45.62%  

9.105 6.55% 52.18%  
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FTO4 Conc 1 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.2014 0.07 0.07  10.295 4.79 75.13 

0.228 0.07 0.14  11.641 4.3 79.43 

0.258 0.07 0.21  13.163 3.84 83.27 

0.292 0.08 0.29  14.883 3.41 86.68 

0.33 0.09 0.38  16.829 3.01 89.69 

0.373 0.11 0.49  19.028 2.6 92.29 

0.422 0.13 0.62  21.516 2.19 94.48 

0.477 0.16 0.78  24.328 1.76 96.24 

0.54 0.19 0.97  27.508 1.33 97.57 

0.61 0.23 1.2  31.104 0.93 98.5 

0.69 0.28 1.48  35.17 0.59 99.09 

0.78 0.34 1.82  39.767 0.34 99.43 

0.882 0.42 2.24  44.966 0.18 99.61 

0.997 0.52 2.76  50.844 0.08 99.69 

1.128 0.66 3.42  

1.275 0.85 4.27  

1.442 1.08 5.35  

1.63 1.37 6.72  

1.844 1.73 8.45  

2.085 2.16 10.61  

2.357 2.66 13.27  

2.665 3.22 16.49  

3.014 3.83 20.32  

3.408 4.44 24.76  

3.853 5.02 29.78  

4.357 5.52 35.3  

4.926 5.89 41.19  

5.57 6.1 47.29  

6.298 6.13 53.42  

7.121 5.98 59.4  

8.052 5.68 65.08  

9.105 5.26 70.34  

 
 

 

 



 

231 

 

FTO4 Conc 2 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.2014 0.07 0.07  10.295 5.01 84.58 

0.228 0.07 0.14  11.641 4.18 88.76 

0.258 0.07 0.21  13.163 3.38 92.14 

0.292 0.08 0.29  14.883 2.64 94.78 

0.33 0.09 0.38  16.829 1.98 96.76 

0.373 0.11 0.49  19.028 1.41 98.17 

0.422 0.13 0.62  21.516 0.94 99.11 

0.477 0.16 0.78  24.328 0.57 99.68 

0.54 0.2 0.98  27.508 0.3 99.98 

0.61 0.24 1.22  31.104 0.05 100.03 

0.69 0.29 1.51  

0.78 0.35 1.86  

0.882 0.43 2.29  

0.997 0.54 2.83  

1.128 0.69 3.52  

1.275 0.89 4.41  

1.442 1.15 5.56  

1.63 1.48 7.04  

1.844 1.88 8.92  

2.085 2.37 11.29  

2.357 2.94 14.23  

2.665 3.59 17.82  

3.014 4.3 22.12  

3.408 5.03 27.15  

3.853 5.73 32.88  

4.357 6.36 39.24  

4.926 6.84 46.08  

5.57 7.13 53.21  

6.298 7.17 60.38  

7.121 6.94 67.32  

8.052 6.46 73.78  

9.105 5.79 79.57  
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FTO4 Conc 7 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.2014 0.11 0.11  10.295 3.79 90.82 

0.228 0.12 0.23  11.641 2.88 93.7 

0.258 0.13 0.36  13.163 2.09 95.79 

0.292 0.15 0.51  14.883 1.45 97.24 

0.33 0.18 0.18  16.829 0.96 98.2 

0.373 0.23 0.41  19.028 0.61 98.81 

0.422 0.29 0.7  21.516 0.36 99.17 

0.477 0.36 1.06  24.328 0.2 99.37 

0.54 0.44 1.5  27.508 0.1 99.47 

0.61 0.54 2.04  31.104 0.04 99.51 

0.69 0.64 2.68  

0.78 0.76 3.44  

0.882 0.89 4.33  

0.997 1.06 5.39  

1.128 1.27 6.66  

1.275 1.52 8.18  

1.442 1.82 10  

1.63 2.17 12.17  

1.844 2.58 14.75  

2.085 3.07 17.82  

2.357 3.63 21.45  

2.665 4.26 25.71  

3.014 4.93 30.64  

3.408 5.6 36.24  

3.853 6.22 42.46  

4.357 6.72 49.18  

4.926 7.04 56.22  

5.57 7.11 63.33  

6.298 6.9 70.23  

7.121 6.4 76.63  

8.052 5.65 82.28  

9.105 4.75 87.03  
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FTO5 Tails 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.2014 0.08% 0.08%  10.295 5.91% 65.96% 

0.228 0.08% 0.15%  11.641 5.52% 71.48% 

0.258 0.08% 0.23%  13.163 5.08% 76.57% 

0.292 0.08% 0.31%  14.883 4.61% 81.17% 

0.33 0.10% 0.40%  16.829 4.11% 85.28% 

0.373 0.11% 0.52%  19.028 3.57% 88.86% 

0.422 0.15% 0.67%  21.516 3.02% 91.88% 

0.477 0.19% 0.86%  24.328 2.43% 94.30% 

0.54 0.23% 1.09%  27.508 1.83% 96.14% 

0.61 0.27% 1.36%  31.104 1.32% 97.46% 

0.69 0.31% 1.66%  35.17 0.92% 98.38% 

0.78 0.34% 2.01%  39.767 0.63% 99.01% 

0.882 0.38% 2.39%  44.966 0.50% 99.50% 

0.997 0.44% 2.83%  50.844 0.50% 100.00% 

1.128 0.52% 3.34%  

1.275 0.61% 3.96%  

1.442 0.73% 4.68%  

1.63 0.88% 5.56%  

1.844 1.07% 6.63%  

2.085 1.30% 7.93%  

2.357 1.61% 9.54%  

2.665 1.97% 11.51%  

3.014 2.43% 13.93%  

3.408 2.96% 16.90%  

3.853 3.57% 20.47%  

4.357 4.24% 24.71%  

4.926 4.93% 29.64%  

5.57 5.54% 35.19%  

6.298 6.02% 41.21%  

7.121 6.29% 47.50%  

8.052 6.35% 53.84%  

9.105 6.21% 60.05%  
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FTO5 Conc 4 

 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.2014 0.15 0.15  10.295 2.47 96.11 

0.228 0.15 0.3  11.641 1.69 97.8 

0.258 0.15 0.45  13.163 1.08 98.88 

0.292 0.17 0.62  14.883 0.63 99.51 

0.33 0.2 0.82  16.829 0.34 99.85 

0.373 0.24 1.06  19.028 0.15 100 

0.422 0.3 1.36  

0.477 0.37 1.73  

0.54 0.45 2.18  

0.61 0.55 2.73  

0.69 0.67 3.4  

0.78 0.81 4.21  

0.882 0.99 5.2  

0.997 1.22 6.42  

1.128 1.51 7.93  

1.275 1.88 9.81  

1.442 2.32 12.13  

1.63 2.83 14.96  

1.844 3.42 18.38  

2.085 4.08 22.46  

2.357 4.79 27.25  

2.665 5.51 32.76  

3.014 6.19 38.95  

3.408 6.76 45.71  

3.853 7.16 52.87  

4.357 7.32 60.19  

4.926 7.22 67.41  

5.57 6.85 74.26  

6.298 6.21 80.47  

7.121 5.37 85.84  

8.052 4.4 90.24  

9.105 3.4 93.64  
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FTO5 Conc 6 

size 
(um) freq(%) 

cum freq 
(%) 

 
size (um) freq(%) cum freq (%) 

<0.2014 0.17 0.17  10.295 2.46 96.35 

0.228 0.18 0.35  11.641 1.66 98.01 

0.258 0.18 0.53  13.163 1.03 99.04 

0.292 0.21 0.74  14.883 0.59 99.63 

0.33 0.25 0.99  16.829 0.3 99.93 

0.373 0.31 1.3  19.028 0.11 100.04 

0.422 0.38 1.68  

0.477 0.48 2.16  

0.54 0.58 2.74  

0.61 0.71 3.45  

0.69 0.84 4.29  

0.78 0.98 5.27  

0.882 1.15 6.42  

0.997 1.36 7.78  

1.128 1.62 9.4  

1.275 1.94 11.34  

1.442 2.32 13.66  

1.63 2.77 16.43  

1.844 3.29 19.72  

2.085 3.88 23.6  

2.357 4.55 28.15  

2.665 5.25 33.4  

3.014 5.93 39.33  

3.408 6.54 45.87  

3.853 6.99 52.86  

4.357 7.24 60.1  

4.926 7.22 67.32  

5.57 6.91 74.23  

6.298 6.31 80.54  

7.121 5.46 86  

8.052 4.46 90.46  

9.105 3.43 93.89  

 
 
 

 

 

 



 

236 

 

Appendix C : Mass Balance Calculations 

Mass Balance for Reaction 1 – Sulphidation and dehydroxylation  

There are several key reactions which were included in the weight loss during the 

initial sulphidation reactions. The major sulphidation reaction is iron oxide 

sulphidation according to: 

 

 AC 1.1 

 

The stoichiometric coefficients will depend upon the overall iron to sulphur 

composition  of the sulphide phase (represented by δ). The coefficients can be written 

in terms of the variable δ as follows 

 

 
AC 1.2 

 

 

 
AC 1.3 

 

 

 
AC 1.4 

 

 

 

A similar reaction can be written for the nickel oxide sulphidation according to: 

 

 AC 1.5 
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The coefficients can be written in terms of the variable δ as follows 

 

 
AC 1.6 

 

 

 
AC 1.7 

 

 

 
AC 1.8 

 

 

The total moles of SO2 released will be the total from Reaction AC 1.1 and AC 1.5 and 

can be written in terms of the overall initial moles of iron oxide, nickel oxide and the 

extent of sulphidation for each oxide species (denoted by ε) according to: 

 
AC 1.9 

 

The total moles of sulphur which are evaporated can be written in terms of the input 

number of moles and the sulphur evaporation extent : 

 
AC 1.9 

 



 

238 

 

The overall sulphur balance can be done based upon the total moles of sulphur 

which evaporate those that are released as SO2 and those that remain as metallic 

sulphides. This results to the overall balance according to: 

 

AC 

1.10 

 

The total weight loss during reaction 1 is the sum of the sulphur vapour, the sulphur 

dioxide and the water due to dehydroxylation according to : 

 AC 1.11 

 

This can be written in terms of reaction extents according to:  

 

 

 AC 1.12 

 

 

Reaction 2 Pyrite decomposition 

The second reaction  series which occurs involve several possible reactions. The 

decomposition of the iron sulphide to a more metallic rich sulphide allows for this 

sulphur to react with additional iron oxide to either further convert hematite to 

sulphide or magnetite. In general this reaction may be written as : 
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 AC 1.13 

 

The coefficients will depend on the stoichiometry of both the initial and final 

sulphide composition and also to what extent(if any) magnetite will form.  From a 

balance it is found that in general the coefficient for the amount of iron oxide that 

reacts per mole of iron sulphide can be written as follows: 

 

 
AC 1.14 

If is assumed that all of the iron oxide is converted directly to magnetite then the 

coefficients may be written: 

 

 
AC 1.15 

 

 
AC 1.16 

 

 
AC 1.17 

 

 
AC 1.18 
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For the case where no magnetite forms, the coefficients reduce to the following 

form: 

 

 
AC 1.19 

 

 
AC 1.20 

 

 AC 1.21 

 

 
AC 1.22 

 

Additional nickel oxide can also be sulphidized by iron sulphide: 

 

 AC 1.23 

 

The coefficients for this reaction can be written in terms of the initial and final 

sulphide composition according to: 

 

 
AC 1.24 
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AC 1.25 

 

 
AC 1.26 

 

 
AC 1.27 

 

 

Remaining nickel oxide may also react with hematite with identical stoichiometry as 

AC1.11 

Existing nickel sulphide can react with iron oxide to form magnetite with the same 

overall stoichiometry as previously outlined: 

 AC 1.28 

 

 

 
AC 1.29 

 

 
AC 1.30 

 

 
AC 1.31 
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AC 1.32 

 

Not all decomposition of the sulphide will result in reaction, some may evolve 

sulphur gas 

 AC 1.33 

 

From which the coefficients may be determined as follows; 

 

 
AC 1.34 

 

 
AC 1.35 

 

 

The overall mass loss is the combined mass loss from both the unreacted  labile 

sulphur and the sulphur  dioxide from  reaction  AC 1.11,  AC 1.21 AC 1.26 as 

follows: 
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AC 1.36 

 

 

Reaction 3- Pyrrhotite/hematite reactions and nickel oxide exchange reactions 

There are several reaction assumed to occur during the third reaction. It was 

assumed that the predominant method of continued nickel oxide conversion to 

sulphide was through the exchange reaction with existing iron sulphides according 

to the following equation: 

 AC 1.37 

 

  

 
AC 1.38 

 

 AC 1.39 

 

 
AC 1.40 
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There is no direct weight loss associated with this reaction. Indirectly this reaction 

influences the amount of iron sulphide and hematite which react in subsequent 

steps.  

The iron sulphide will react with any remaining hematite to from magnetite 

according to the following reaction: 

 AC 1.41 

 

The coefficients are  

 AC 1.42 

 

 AC 1.43 

 

 AC 1.44 

 

The total mass loss may be determined by considering the total evolution of sulphur 

dioxide from reaction AC 1.41 

 

AC 1.45 
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Reaction 4: Dead roast  

The dead roast of the material at 1100 oC will result in the conversion of the iron 

and nickel sulphides to oxides and the magnetite will be converted to hematite. 

The reaction of iron sulphide to magnetite will follow the following chemical reaction: 

 

 AC 1.46 

 

The coefficients for this reaction can be expressed in terms of the overall stoichiometry according 

to: 

  

 
AC 1.47 

 

 
AC 1.48 

 

 AC 1.49 

The dead roast of nickel sulphide to nickel oxide occurs in a similar manner: 

 AC 1.50 

 

The coefficients may be determined as follows: 

 
AC 1.51 

 

 
AC 1.52 

 

 AC 1.53 
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The oxidation of magnetite to hematite can be written as follows: 

 AC 1.54 

 

   

 


