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Abstract 

As the global demand for nickel continues to increase and the nickel sulphide ore deposits are 

depleted, there is considerable interest in the exploitation of the nickeliferous laterite ores. 

However, current processing methods suffer from an inability to effectively concentrate the nickel 

content of the ore prior to processing, resulting in high costs and significant waste streams. One of 

the most promising methods of addressing this challenge is the selective reduction of the laterite 

ore to form a ferronickel alloy, followed by magnetic separation to recover the alloy, forming a 

nickel concentrate. The current work investigates several phenomena in the selective reduction 

process with the aim of identifying the conditions which yield the largest ferronickel particles, 

while still maintaining a sufficiently high nickel grade in the ferronickel. In particular, the effects 

of varying coal, sulphur, pyrite, and sodium sulphate additions, and reduction temperatures in the 

range of 1000 to 1200°C, have been investigated. By maximizing the ferronickel particle size it is 

expected that the nickel grade in the magnetic concentrate can be improved. 

The best results were achieved for the reduction of a limonite containing 6% coal and 4% elemental 

sulphur additions at 1100°C for 1 hour. Under these conditions an average ferronickel particle size 

of 1.59 μm and nickel grade of 4.96% was achieved, compared to 1.01 μm and 8.18% for the same 

ore and reduction conditions without the addition of sulphur. In general, increased coal and sulphur 

additions, and increased temperature, correlated with increased ferronickel particle size and 

decreased nickel grade in the limonite. In the case of a saprolite, the addition of sulphur appeared 

to decrease the average ferronickel particle size.   
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Chapter 1 

Introduction 

1.1 General Overview 

The focus of this thesis is the thermal upgrading of nickeliferous laterite ores. The objective of this 

upgrading is the production of a ferronickel alloy which may be readily separated from the gangue 

to create a high nickel concentrate, prior to further processing of the ore. This work is motivated 

by the increasing global demand for nickel metal, the decreasing ability of nickel sulphide ore 

deposits to economically supply this demand, and the comparative difficultly of extracting the 

nickel contained in a nickeliferous laterite ore. While primary production of nickel metal has until 

recently been dominated by nickel sulphide ores, the nickeliferous laterite ores comprise the 

significant majority of known nickel resources. In 2004, laterite ores accounted for only 48% of 

primary nickel metal production, despite representing 72% of global nickel resources (Dalvi et al., 

2004). As a result of this relative abundance, and decreasing accessibility of nickel sulphide 

deposits, production of nickel metal from laterite ore sources is on the rise. 

The discrepancy between production and known ore resources is the result of the different 

mineralogies of the two ore types, and the challenges that each present for the extraction of nickel. 

The nickel sulphide ores have several characteristics which facilitate nickel extraction: the nickel 

content of the sulphide ores occurs as a discrete mineral, pentlandite [(Fe, Ni)9S8], which can be 

physically separated and concentrated using conventional flotation techniques; the sulphur 

oxidizes during smelting of the concentrate, offsetting heating costs; and sulphide ore deposits also 

typically contain precious metals which may be co-recovered, further offsetting operating costs. 

The oxidic nickel laterite ores, by contrast, share none of these advantages. The nickel content of 
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the laterite ores is in solid solution with the iron hydroxides in the limonite, or substituted into the 

magnesium silicate minerals which comprise the bulk of the saprolite, and can only be physically 

beneficiated to a limited degree; the ore does not contain sulphur to offset smelting costs; and 

laterite ores typically have significantly lower by-product credits. The inherent difficulty of the 

beneficiation of laterite ores leads to their higher relative processing costs. Physical concentration 

of the pentlandite in the sulphide ores significantly reduces the volume of ore for further transport 

and processing, lowering the overall processing costs. To date, success in concentrating 

nickeliferous laterite ores has been limited, instead requiring costly bulk processing of the entire 

ore body to achieve extraction of the contained nickel. It is therefore desirable to develop a method 

of concentrating the nickel content of a nickeliferous laterite ore for further processing, thereby 

enabling more economic exploitation of the laterite ores. 

One method which has been proposed for producing such a concentrate is the selective reduction 

of the ore to yield the maximum amount of metallic nickel, with the minimum amount of metallic 

iron. The resulting ferronickel alloy could then be separated from the gangue to yield a high nickel 

grade concentrate amenable for further processing. Most recent works have focused on applying a 

magnetic separation strategy, although recovery of the ferronickel could also be achieved by 

gravity separation, leaching, or other methods. In all cases, however, the size of the ferronickel 

particles presents a further challenge. As the nickel content is highly disseminated throughout the 

ore it is likely that the ferronickel will form as many small particles scattered throughout the 

reduced material. If the conditions of the selective reduction process could be adjusted to allow for 

the formation of larger ferronickel particles of a similar nickel grade, it could contribute to 

significant improvement in the selective recovery of the ferronickel. 
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1.2 Nickeliferous Laterite Ores  

Nickeliferous laterites are an oxidic ore which can be divided into two primary sub-types: limonite 

and saprolite. Although they occur as separate layers of the same deposits, limonite accounts for 

about 60% of nickel bearing laterite resources and the saprolite about 32%. The remaining 8% is 

accounted for by nickel rich clay silicates, occurring as a layer between the limonite and saprolite 

(Brand et al., 1998). These ore deposits are formed by the weathering of ultramafic rocks 

containing nickel, cobalt, iron, magnesium and other metals, and are typically found in tropical 

areas with historically high rainfall (Mudd, 2009). This weathering yields alluvial deposits with 

metal concentrations higher than that of the host rock (typically peridotites) from which the laterite 

has been formed (Boldt, 1967). Unlike the nickel sulphide ore deposits, which occur at depth, these 

laterite deposits occur near the surface and are accessible using open pit mining techniques. 

Limonite occurs as the upper layer of the laterite deposit and is primarily composed of goethite 

(FeO⋅OH). This layer typically has 0.5 to 1.7% nickel, 40 to 60% iron and low silica (<20%) and 

magnesia (<10%) contents (Foose, 1991). The lower saprolite ore layer is characterized by higher 

nickel grades (1.5 to 3%), lower iron content (<30%) and significantly higher magnesium silicate 

content (>30%). Further complicating the mineralogy of these ores, the limonitic and saprolitic 

layers each host nickel in a different manner. In the limonite, the nickel substitutes for iron in the 

iron hydroxide crystal lattice, while in the saprolite, both nickel and iron substitute for magnesium 

as part of the various magnesium silicate minerals present in the ore (Manceau and Calas, 1986). 

This substitution of nickel in the crystal structure of the host mineral is the main difficulty 

associated with the recovery of nickel from the laterite ores, limiting their amenability to physical 

beneficiation.  
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1.3 Current Processing Options 

Commercial processing of nickel laterite ores is currently achieved primarily by either High 

Pressure Acid Leaching (HPAL) or direct smelting to produce either a ferronickel or nickel pig 

iron (NPI). Some alternative methods of extracting nickel from lateritic ores, such as heap leaching 

or nitric acid leaching, have been proposed and are also becoming more common (Mitchell, 2015). 

While the current methods typically require that the laterite ore body be separated into limonite 

and saprolite for treatment, a number of these newly proposed processing techniques purport to be 

capable of processing the entire ore body (Mccarthy and Brock, 2015; Oxley et al., 2015).  

Limonitic laterite ores are commonly treated using hydrometallurgical processes such as HPAL or 

heap leaching. This is a result of their low, highly disseminated nickel content and high iron content 

which typically makes them unsuitable for smelting, and low magnesia content which reduces acid 

consumption during leaching (Norgate and Jahanshahi, 2011). HPAL requires leaching the nickel 

bearing ore with sulphuric acid in an autoclave, followed by recovery of the nickel metal from 

solution by electrowinning or hydrogen reduction. A high purity nickel metal can be produced by 

this method, and nickel recoveries are typically in the range of 90 to 92% (Kyle, 2010). While 

several of these processes have been implemented, operating costs have been high and production 

levels unsatisfactory (Kyle, 2010; Whittington and Muir, 2000). In addition, the high acid 

consumption and the resultant waste stream is a significant environmental concern (Mudd, 2009). 

In some cases, limonitic ores may be smelted in a blast furnace to produce nickel pig iron, although 

this is an energy intensive process with a high volume waste stream and generally yields low 

quality products (Youping et al., 2008). 

The saprolitic laterite ores, given their lower iron contents and higher nickel grades than the 

limonitic ores, are typically treated via pyrometallurgical methods. In the Rotary Kiln-Electric 
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Furnace (RKEF) process, the ore is first calcined in a rotary kiln and then smelted in an electric 

arc furnace to produce a ferronickel product suitable for the production of stainless steels (Kyle, 

2010). Nickel recoveries are generally very high, and the nickel grade ranges from 10 to 30% 

depending on the reduction conditions employed (Norgate and Jahanshahi, 2011). Despite the high 

grades and recoveries that are achievable in this process, it is energy intensive and produces a 

significant volume of waste (Rodd et al., 2010). As a result, only laterites with greater than 2% 

nickel content are suitable for this pyrometallurgical processing avenue.  

A hybrid pyro/hydro-process also exists for the extraction of nickel from laterite ores, and in 

particular from limonites. The Caron process first roasts the laterite ore to reduce the nickel oxide 

to a metallic state, and then subsequently leaches the metal from the reduced ore using an 

ammoniacal leach. The nickel metal can then be recovered by electrowinning to form a high purity 

nickel, although nickel recoveries are typically in the range of 80% (Caron, 1950). This limited 

nickel recovery and the high operating costs of the process have limited its implementation, and 

the process is generally not considered economic (Rhamdhani, 2009).  

Although employed in a number of operations worldwide, both hydrometallurgical and 

pyrometallurgical approaches to processing nickel laterites face several challenges as a direct 

result of the complex mineralogy of nickel laterite ores. In general, processing is costly, energy 

intensive, and produces a high volume waste stream. These issues all relate to the inability to 

concentrate the nickel content of the laterite ore prior to the costly extraction of the metal from the 

ore. In addition, current processing methods require the separation of limonite and saprolite, 

although they occur together in the same deposit. A low cost method of producing a nickel 

concentrate from nickeliferous laterite ore, which could be applied to range of ore compositions, 
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could significantly reduce the operating costs of current nickeliferous laterite processing methods 

as well as mitigating the environmental impact of such an operation. 

1.4 Research Scope and Objectives of the Current Work 

The current work focuses on the study of a proposed method for treating nickeliferous laterite ores 

to yield a nickel concentrate amenable for further processing, and in particular on the thermal 

upgrading of a limonitic laterite ore. Under the proposed methodology the ore would undergo 

selective carbothermic reduction, followed by magnetic separation, to yield a high nickel grade 

ferronickel concentrate. In doing so the total ore volume for further processing would be 

diminished, thereby leading to a net energy and cost savings in the production of nickel metal from 

a laterite ore source. To achieve this, it is desirable that this concentration process take place at a 

relatively low temperature (~1000°C), with minimal additional reagent additions (<10%) and 

achieve sufficiently high nickel grades (>10%) and recoveries (>90%).  

A number of previous researchers (Harris, 2012; Jiang et al., 2013; X. Li et al., 2014; Rodrigues, 

2013) have explored similar approaches to generating a high grade nickel concentrate from a 

lateritic ore, with promising results. In particular, it appears that the presence of sulphur during the 

selective reduction process has a positive impact on the nickel grades and recoveries, and it has 

been proposed that this is the result of an increase in the size of ferronickel particles formed during 

the selective reduction. The current work attempts to quantify this impact by investigating the 

effect of varying temperature and reagent additions on the size of ferronickel particles formed and 

correlating these results with the residual sulphur content of the reduced ore. Coal and elemental 

sulphur are used as the primary reagents, with pyrite and sodium sulphate considered as alternative 

sulphur-bearing additives. By analyzing the effects of each of the reagent additions, and reduction 

temperature, on the reduction of the nickel and iron oxides contained in the ore, optimum 
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conditions for magnetic separation may be predicted and tested. The primary focus is on the 

application of this thermal upgrading methodology to limonitic ores, although some comparative 

work is also performed using both a saprolite, and various blends of the two ores.  

The following chapter (Chapter 2) reviews the literature relevant to the current work and identifies 

trends in the prior studies employing a similar methodology. Chapter 3 details a thermodynamic 

model for the selective carbothermic reduction of a limonitic ore in the presence of sulphur. 

Chapter 4 outlines the experimental procedures followed, and also provides details on the ore and 

other materials used in this work. Chapter 5 summarizes the results of experimental work 

characterizing the selective reduction of a limonite through thermogravimetric analysis (TGA), 

analysis of reduction kinetics, residual carbon and sulphur content, and ferronickel particle size 

and composition, and bench-scale magnetic separation trials conducted on the reduced ore. Finally, 

Chapter 6 summarizes the conclusions which can be drawn from the current work and makes 

recommendations for further areas of investigation.  
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Chapter 2 

Literature Review 

2.1 General Overview 

There is a large body of work concerning the dehydroxylation and subsequent reduction of laterite 

ores, which reflects their growing importance as a source of nickel. A review of the literature finds 

several previous studies on the selective reduction and subsequent magnetic separation of a laterite 

ore, although in the majority of cases the available experimental work focuses on saprolite ores. 

There are also a number of prior thermodynamic studies which have been completed on similar 

systems, although there is a notable lack of such a study for the carbothermic reduction of a 

limonite in the presence of sulphur. The following provides an overview of the reduction behaviour 

of laterite ores, as well as a review of relevant thermodynamic and experimental studies. 

2.2 Reduction Behaviour of Laterite Ores 

The fundamental behaviour of nickeliferous laterites during reduction roasting has previously been 

thoroughly described in the literature (Harris et al., 2009). Once the ore has been dried and 

pulverized to the desired particle size, the first stage in the extraction of nickel is the 

dehydroxylation of the hydrated nickel bearing minerals. In the case of the limonitic ores, the 

nickel is substituted into the crystal structure of the goethite. The dehydroxylation of goethite 

occurs at approximately 300°C as follows: 

2(Fe, Ni)O⋅OH → (Fe, Ni)2O3 + H2O(g) (1)  

Upon dehydroxylation, trevorite (NiFe2O4) is formed within the new hematite structure (Landers 

et al., 2011; Valix and Cheung, 2002a). Under mildly reducing conditions, however, the nickel 

will be incorporated into the spinel phase, as follows: 
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6(Fe,Ni)O⋅OH → 2(Fe,Ni)3O4 + 3H2O(g) + 0.5O2(g) (2) 

In the case of the saprolitic ores, an analogous dehydroxylation of the serpentine takes place 

between 650 and 810°C, as follows:  

(Mg, Ni)3Si2O5(OH)4 → (Mg, Ni)SiO3 + (Mg, Ni)2SiO4 + 2H2O(g) (3) 

Both the iron and the nickel substitute for magnesium in the crystal structure of the minerals 

formed. This dehydroxylation process is significantly more complex than that of the limonitic ore, 

resulting in the formation of both olivine ((Ni,Mg)2SiO4)) and pyroxene ((Ni,Mg)SiO3) (Bunjaku 

et al., 2011; Valix and Cheung, 2002b). 

Once the crystalline water has been removed from the ore, extraction of the nickel may achieved 

by reduction with a variety of reducing agents, such as coal, carbon monoxide, hydrogen and 

methane. The reduction reaction for the nickel bearing spinel by carbon is as follows: 

NiFe2O4 + C → Ni + Fe2O3 + CO(g) (4) 

The iron oxides contained in the ore will also be reduced: 

3Fe2O3 + C → 2Fe3O4 + CO(g) (5) 

Fe3O4 + C → 3FeO + CO(g) (6) 

FeO + C → Fe + CO(g) (7) 

Fe3O4 + 4C → 3Fe + 4CO(g) (8) 

The hematite in the dehydroxylated ore will first be reduced to magnetite (Fe3O4), and then 

potentially further to wüstite (FeO) and finally metallic iron (Fe), given sufficient reduction 

potential and temperature. In the case of solid carbon, most of the reduction is actually performed 
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by carbon monoxide. The reactions for reduction by carbon monoxide would take the same form 

as for reduction by solid carbon, with the except that the product is carbon dioxide.  

It is also possible for the iron silicates, such as fayalite (Fe2SiO4), to be reduced as follows:  

Fe2SiO4 + 2C → 2Fe + SiO2 + 2CO(g) (9) 

However, this requires elevated temperatures and reduction potentials. Analogous versions of each 

of these reactions may be written for reduction by other reagents, such as carbon monoxide, 

hydrogen, or methane. In the case of carbon outlined here, it would be expected that further 

reduction may take place as the result of the formation of carbon monoxide. In a real system, 

reduction by carbon monoxide may actually dominate due to the kinetic limitations of solid-solid 

reactions, as compared to gas-solid reactions. It should also be noted that some reaction of carbon 

dioxide with solid carbon to form carbon monoxide by the Boudard reaction will also take place, 

as follows: 

C + CO2(g) → 2CO(g) (10) 

Hallet (1997) developed predominance area diagrams for both the Fe-Ni-O and Ni-Mg-SiO2 

systems, as shown in Figure 1 and Figure 2, respectively. These diagrams can serve as a reduction 

map for the extraction of nickel metal from limonite (Fe-Ni-O) and saprolite (Ni-Mg-SiO2) ores.  
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Figure 1:  The Fe-Ni-O stability diagram for goethite containing 1.2% Ni with Ni metallization curves of 

0%, 10%, 50%, 90% and 95% (Hallet, 1997). 

 

Figure 2:  Ni-Mg-Si-O stability diagram for olivine (0% Ni, 20% Ni and 50% Ni) and pyroxene (0% Ni, 

20% Ni and 50% Ni) from a decomposed garnierite containing 4% Ni (Hallet, 1997). 

While these predominance area diagrams suggest that it is possible to form a high nickel grade 

ferronickel alloy phase, it is also relevant to review the other species which will be formed at the 
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same conditions. Figure 1 shows that for a significant range of reduction conditions the stable iron 

species will be either magnetite or metallic iron. This presents a challenge for the proposed 

magnetic separation of metallic nickel from the reduced ore, as these iron species are ferromagnetic 

and may also be recovered. Excessive production of either magnetite or metallic iron will lead to 

a diluted magnetic concentrate, yielding a lower final nickel grade. This is of particular concern in 

ores with higher iron contents, in particular the limonitic ores.  

Under similar reduction conditions (equal temperature and CO:CO2 ratio), significantly lower 

nickel metallization is predicted for the saprolitic ore, despite higher nickel grade in the feed 

material (Figure 2), as the high silicate saprolitic ores require higher processing temperatures 

(Utigard and Bergman, 1992). For most compositions of garnierite, decomposition will result in 

the formation of either olivine and/or pyroxene. The Ni-Mg-Si-O diagram shown in Figure 2 has 

four phase fields: pyroxene, decomposed pyroxene plus silica plus nickel metal, olivine, and 

decomposed olivine plus silica plus nickel metal. The boundary in the lower right corner is for the 

reduction of nickel oxide to nickel. The boundary at the top of the diagram is for the reduction of 

wustite to pure iron. Pyroxene exists at low reducing potentials across the whole temperature 

range. As the reducing potential increases, the pyroxene is reduced and nickel metal begins to 

form. For the case of olivine, nickel metallization only occurs at both high temperatures and high 

CO/CO2 ratios. Hallet (1997) also reported that the reduction of nickel in silicate-bearing minerals 

was more complicated compared to that of the limonitic ore. If the garnierite decomposes to 

olivine, then stronger reducing conditions are required for nickel metallization as compared to 

pyroxene. Compared to the reduction of wüstite to iron, pyroxene is easier to reduce to nickel, 

while olivine is more difficult.  
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Shirane et al. (1987) developed a ternary phase diagram for the MgO-NiO-SiO2 system at 1400°C, 

shown in Figure 3. Depending upon the amount of nickel present in the garnierite, it is possible to 

use this diagram to determine the resulting phases once the garnierite has decomposed. For high 

nickel concentrations, the decomposition products are olivine and silica. For lower nickel contents, 

olivine plus silica form at higher silica contents, and pyroxene and olivine at lower silica contents.  

For orthosilicate-forming type garnierite ore, it was shown that the activity coefficient of NiO in 

Mg2SiO4 was found to be very small, making nickel extraction very difficult. In contrast, the 

activity coefficient was larger for the metasilicate-forming type garnierite ore, thus facilitating 

extraction of the nickel. It has been reported that iron oxide may react with free silica at high 

temperatures to form iron silicates (Watanabe et al., 1987). This would stabilize the pyroxene 

relative to the olivine and thus improve the nickel metallization under relatively mild reducing 

conditions. 

 

Figure 3:  Phase equilibria in the MgO-NiO-SiO2 system (Shirane et al., 1987). 
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2.3 Sulphidation Reactions in a Laterite Ore 

Harris (2012) describes several of the reactions which may take place as a result of the addition of 

sulphur to a laterite ore. Of particular concern are the possible sulphidation reactions involving 

nickel and iron metals and oxides. The nickel oxide contained in the ore may form a nickel 

sulphide, as shown in Equations 11 and 12. It is also possible that the nickel metal formed by 

reduction of the nickel oxide by carbon could also react with the sulphur, again forming a nickel 

sulphide, shown in Equations 13 and 14. 

4NiO + 3S2(g) → 4NiS + 2SO2(g) (11)  

2Ni + S2(g) → NiS (12) 

The iron oxides and metallic iron would be expected to behave in a similar manner, as shown:  

4Fe2O3 + 7S2(g) → 8FeS + 6SO2(g) (13)  

2Fe3O4 + 7S2(g) → 6FeS + 4SO2(g) (14) 

FeO + S2(g) → FeS + SO2(g) (15) 

2Fe + S2(g) → 2FeS (16) 

Nickel containing spinel would also be expected to form metal sulphides in a similar manner: 

2NiFe2O4 + 5S2(g) → 2NiS + 4FeS + 4SO2(g) (17)  

In the cases given in Equations 11 to 17, monosulphides are formed. It is also possible that other 

metal sulphides (e.g. NiS2 or FeS2) may form through analogous reactions with gaseous sulphur, 

depending on the concentration of sulphur, temperature, and reduction potential in the system. 
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Additionally, reaction between the metal sulphides and metal oxides is possible (Halferdahl, 1930). 

For example, hematite or magnetite may react with pyrrhotite (FeS), as shown in the following:  

2Fe2O3 + 3FeS → 7Fe + 3SO2(g) (18)  

3Fe2O3 + FeS → 7FeO + SO2(g) (19) 

Fe3O4 + 2FeS → 5Fe + 2SO2(g) (20) 

3Fe3O4 + FeS → 10FeO + SO2(g) (21) 

Again, analogous reactions may also occur involving other metal sulphides (e.g. FeS2), or other 

metal oxides, depending on the reaction conditions involved. The reactions outlined in Equations 

10 to 20 rely on reducing reaction conditions, with the metal oxides being reduced to metal or 

forming metal sulphides. Some oxidation of the metals and oxides may also occur as a result of 

reaction with the gaseous SO2 produced by the reduction reactions. For example, wustite may be 

oxidized to magnetite as shown in Equation 22: 

 12FeO + 2SO2 → 4Fe3O4 + S2(g) (22)  

Harris (2012) provides good experimental evidence for both S2 and SO2 in the off-gas of a laterite 

heated with elemental sulphur additions. This would support the conclusion that the added sulphur 

first vaporizes and then partially reacts with the metal oxides in the ore, producing SO2 gas, as 

shown in the above Equations.  

2.4 Thermodynamic Studies on the Selective Reduction of a Nickeliferous Laterite 

Only a small number of thermodynamic studies have been performed on the reduction of 

nickeliferous laterites by coal, carbon monoxide, hydrogen, methane, or some combination of 

these reductants, with water vapour, carbon dioxide and inert gases (Canterford and Turnbull, 



16 

1980; Hallet, 1997; Pickles and Elliott, 2015; Pickles et al., 2014; Rhamdhani et al., 2009; Utigard 

and Bergman, 1992; Valix et al., 1995) With the exception of Pickles et al. (2014), these have all 

focused on the gaseous reduction of a laterite ore, and in most cases on the reduction of a limonitic 

ore.  

Canterford and Turnbull (1980) compared the reduction of a limonitic laterite by both carbon 

monoxide and hydrogen gas in the ideal system: NiO-Fe2O3-H2(g)-CO(g)-H2O(g)-CO2(g). Also 

included were NiFe2O4 (spinel), Fe3O4, Fe0.947O, FeO, CH4(g), Fe and Ni. The activity coefficients 

for iron and nickel were obtained by extrapolation from the data for the liquid alloy (Conard et al., 

1978). Three variables were investigated: temperatures in the range of 350 to 850°C, the 

composition of the reducing atmosphere and the ratio of oxide to reductant. Both the nickel 

metallization and the nickel grade in the resulting ferronickel alloy were dependent upon the 

reducing potential. For reduction in hydrogen, the nickel grade increased with the water content of 

the initial reducing atmosphere. Also, as the water content increased, the nickel metallization 

decreased as more of the nickel reported to the spinel phase, while wustite predominated under 

more reducing conditions. If pure hydrogen or carbon monoxide were used, then the majority of 

the nickel reported to the alloy. Thus, operation near the stoichiometric requirement for the 

reduction of all of the nickel oxide would be most efficient. 

Canterford and Turnbull (1980) reported that at lower temperatures (<650°C), carbon monoxide 

provided better selectivity than hydrogen, producing a ferronickel with a significantly higher 

nickel grade. At temperatures above 650°C both reducing gases behaved similarly, likely due to 

the complete reduction of all iron and nickel oxides in the ore. An equimolar blend of the two 

reducing gases showed intermediate behaviour below 650°C and identical behaviour to the pure 

gases above this temperature. At all temperatures studied a stoichiometric excess of hydrogen was 
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sufficient to achieve very high (>90%) conversion of nickel oxide to nickel metal, but a higher 

temperature or increased reduction potential was required for a carbon monoxide atmosphere to 

achieve a similar conversion. It was concluded that all three variables have a significant impact on 

the grade of the ferronickel and the nickel metallization. Although high metallization of the nickel 

could be achieved below 600°C, it was proposed that higher temperatures would be necessary to 

achieve sufficiently high reaction rates.  

Utigard and Bergman (1992) considered the reduction of a saprolitic ore by a mixture of H2 and 

CO2. According to their model, at a H2:CO2 ratio of 1.6 and temperature of 600°C no metallic iron 

should be formed and the nickel metallization should reach about 50%, while at the same gas ratio 

and a temperature of 1000°C, the nickel metallization should reach about 90%. The authors also 

noted that no metallic iron should be formed at a gas ratio below 1.6, and that a higher ratio resulted 

in an increased rate and extent of metallization. These findings are in general agreement with those 

of Canterford and Turnbull (1980) that lower temperatures and reductant gas ratios should promote 

greater selectivity of the nickel oxide over the iron oxide, and therefore generate a higher grade 

ferronickel. However, the conclusion that a pure nickel metal product may be formed under 

specific conditions directly contradicts the findings of Canterford and Turnbull (1980). 

Valix et al. (1995) performed a similar comparison of the reduction of a limonitic laterite ore by 

carbon monoxide and hydrogen, this time also including cobalt and its oxides, and reported similar 

findings. The authors studied the reduction process at temperatures in the range 350 to 850°C in 

gas atmospheres containing various amounts of CO, H2, CO2 and H2O. As the CO2 to CO or H2O 

to H2 ratios increased, the selectivity of nickel and cobalt reduction increased but their extent of 

metallization decreased. The results showed that if only pure CO or pure H2 were to be used, they 

should not exceed the stoichiometric values for nickel in order to achieve high metal grades. At 
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temperatures below 700°C, carbon monoxide provided greater selectivity than hydrogen but 

required a greater amount of reductant or higher temperatures to achieve similar conversions of 

nickel oxide to metallic nickel. Above 700°C the two gases were again observed to yield similar 

nickel grades and conversions. Creating a blended gas atmosphere with either CO2 or H2O also 

showed improved selectivity and high nickel grades in the ferronickel, but reduced the conversion 

to metallic nickel, as compared to the pure gases. However, a reduction temperature of 600°C was 

sufficient to achieve >95% conversion to metallic nickel. Both Canterford and Turnbull (1980) 

and Valix et al. (1995) have noted this temperature as the optimum reduction temperature based 

on the conversion of nickel oxide to metallic nickel, the nickel grade in the ferronickel, and the 

rate at which the reaction should proceed. Finally, Valix et al. (1995) noted that for temperatures 

below 800°C, solid carbon was deposited from reduction atmospheres containing carbon 

monoxide and carbon dioxide gas, potentially complicating downstream processing. 

Hallet (1997) derived stability diagrams for both a limonitic laterite ore (Fe-Ni-O) and a saprolitic 

laterite ore (Ni-Mg-Si-O) for carbon monoxide, as previously shown in Figure 1 and Figure 2. The 

Fe-Ni-O diagram was calculated using the data for Fe-O from Darken and Gurry (1953), plus 

additional equilibrium data from the literature (Dalvi and Sridhar, 1976). Isopleths, or 

isometallization curves, were calculated and superimposed on the diagrams. Along these curves 

the nickel metallization remained constant with increasing temperature and CO/CO2 ratio. The 

diagrams can be utilized as reduction maps to determine the maximum nickel metallization degree 

as a function of temperature and the CO/CO2 ratio. Therefore, it is necessary to choose the 

appropriate CO/CO2 ratio that is required to yield the maximum nickel extraction percentage 

depending on the reduction temperature and vice versa. 
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Rhamdhani et al. (2009) performed a thermodynamic study of the phase transformations that 

occurred during the reduction roasting of a blended (70% limonitic plus 30% saprolitic) 

nickeliferous laterite ore. The calculations were performed using FactSage, the composition of the 

ore was inputted in terms of NiO, Fe2O3, MgO, Al2O3, Cr2O3 and SiO2 and the Fe-Ni system was 

considered to be ideal (Davies and Smeltzer, 1972). The composition of the different phases 

present and the distribution of nickel throughout were calculated at a temperature of 740°C, the 

maximum operating temperature for the commercial process which utilized the laterite ore (Yabulu 

Operation), as well as 800°C. Comparing the composition of the different phases at these two 

temperatures, the authors report that the metallization of nickel increased from 58% to 92%. This 

is consistent with the observations of Utigard and Bergman (1992) that a temperature significantly 

higher than 600°C is required to achieve extraction of nickel from the olivine phase. It was also 

suggested by the Rhamdhani et al. (2009) that separate processing of the limonite and the saprolite 

is required to achieve high nickel metallization, as the optimal temperatures for the distribution of 

nickel to the alloy is different in the case of each ore. 

Pickles et al. (2014) studied the carbothermic reduction of a limonitic ore and reported the nickel 

grades in the ferronickel alloy, nickel metallization, and the distribution of iron containing species, 

as a function of temperature and coal additions. Results are reported for the system for 

temperatures from 200 to 1200°C and a range of carbon additions. An optimum temperature for 

the selective reduction of the ore is noted at about 600°C. At this temperature, and with a 

stoichiometric addition of coal to the ore, a nickel grade of 70% and nickel metallization of 93% 

are reported. Nickel grade is reported to decrease with increasing temperature; nickel metallization 

increases as the temperature approaches 600°C, and subsequently decreases. The authors attribute 

this decrease in nickel metallization to the reformation of nickel oxides as the oxidation potential 
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in the system is increased, thereby limiting the nickel reporting to the ferronickel alloy. Improved 

results were also reported for a calcined ore, with a nickel metallization of 99% reported at the 

optimum reduction temperature for the same conditions. This improvement is attributed to the 

decrease in the oxidation potential in the case of the calcined ore, as there was no water vapour 

present in the system. (Pickles et al., 2014) 

Pickles and Elliott (2015) performed a study similar to Pickles et al. (2014), in this case employing 

carbon monoxide as the reductant. Best results were reported for temperatures in the range of 550 

to 650°C and a stoichiometric amount of reductant. Under these conditions, nickel metallization 

up to 98% and a nickel grade of 64% were predicted. Increasing temperature lead to a decrease in 

nickel grade, while the nickel metallization increased up to about 650°C, and then subsequently 

decreased. Increased oxidation potential was also shown to improve selectivity, yielding improved 

nickel grades at the cost of reduced nickel metallization. These authors another similar study on 

the reduction of this system, in this case using hydrogen gas as the reductant (Elliott and Pickles, 

2015). Again, increasing temperature lead to a decrease in nickel grade, with nickel metallization 

increasing until the optimum reduction temperature was reached, and then subsequently declining. 

In the case of a stoichiometric addition of hydrogen, best results are reported at 460°C. For these 

conditions, the nickel metallization was 95% and the nickel grade was about 78%.  

The results of these previous thermodynamic studies are in general agreement. In all cases it has 

been predicted that it is thermodynamically possible to achieve at least partially selective reduction 

of a nickeliferous laterite ore. That is, under the correct reduction conditions it is possible to 

maximize the amount of nickel metal formed while minimizing the amount of metallic iron also 

formed, resulting in a high grade ferronickel alloy phase. However, all but one of these prior works 
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are also in agreement that it is not thermodynamically possible to form a pure nickel metal, as the 

iron oxides contained in the ore will be co-reduced under all reduction conditions.  

These prior studies are also in agreement regarding the effect of the reducing conditions on the 

selectivity of the process. A less reducing (i.e. lower reductant to oxide ratio) atmosphere and 

lower temperatures provide the highest degree of selectivity. An excess of reductant and higher 

temperatures both promote the increased formation of metallic iron, which dilutes the nickel 

content of the ferronickel alloy. In the case of a limonitic ore, several studies identify 600 to 650°C 

as the optimal temperature range for the selective reduction of nickel. While lower temperatures 

would improve selectivity, the rate of reaction at temperatures below this range is prohibitive (Yu 

et al., 2013). In the case of the saprolite ores, a higher optimum temperature of about 800°C is 

identified.  

The majority of these studies have also noticeably neglected to discuss the composition of the non-

nickel containing components of the ore at these ‘optimal temperatures’. For example, in high iron 

containing ores it is of great interest to consider the fraction of the iron present as magnetite, in 

addition to metallic iron, if a magnetic separation methodology is to be used. If another extraction 

technique, for example leaching, is to be employed, it is relevant to consider what other materials 

may be co-extracted along with the ferronickel alloy. Further, these studies do not account for the 

kinetic limitations of this process (beyond requiring a minimum reaction temperature) and as result 

the actual time to reach the calculated equilibrium may be prohibitively long even at the proposed 

temperatures. They also do not account for any morphological changes which may occur in the 

ore as it is reduced, for example the size and distribution of the ferronickel particles, the 

disintegration of particles as gaseous reaction products are released, or the sintering of particles at 

elevated temperatures.  
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2.5 Experimental Studies on the Selective Reduction of a Nickeliferous Laterite 

A number of researchers have also performed experimental studies on the selective reduction of a 

nickeliferous laterite, and have reported the effects of various reduction conditions on nickel 

grades and metallization (Antola et al., 1995; Cores et al., 1989; De Graaf, 1979; Kawahara et al., 

1988; Utigard and Bergman, 1992; Utigard et al., 2005; Valix and Cheung, 2002a; Zevgolis et al., 

2009). De Graaf (1979) performed reduction tests on a limonitic ore using both a CO2:CO and a 

H2O:H2 reducing atmosphere. In particular, De Graaf examined the effects of reduction 

temperature and reducing atmosphere on nickel metallization. For a CO2/CO atmosphere, 

increased reduction temperature was found to increase nickel metallization, with an optimum 

temperature for selective nickel recovery at about 650°C, and minimal improvement in grade 

beyond this point. It was found that increasing the CO2/CO ratio from 0.5 lead to a slight increase 

in nickel metallization, with a maximum of about 95% observed at a CO2/CO ratio of 3. Beyond 

this point, nickel recovery decreased significantly. It is also of interest to note that the maximum 

nickel metallization was observed for CO2/CO ratios in the range of 0.5 to 3, which should in 

addition favour the formation of wustite (FeO) over magnetite (Fe3O4) or metallic iron (Fe). 

Similar behaviour was noted for reduction in a H2O:H2 atmosphere, with a slightly lower optimum 

point for selective reduction at 550°C. Mixtures of these two gas combinations showed no 

improvement over either individually. 

Kawahara et al. (1987) studied the reducibility of several lateritic ores using hydrogen as a 

reductant. As in the work of De Graaf (1979), Kawahara et al. report that nickel reduction reached 

a maximum between ten and twenty minutes. The researchers also report that nickel metallization 

remained relatively constant at about 18% for temperatures below 800°C; at temperatures above 

800°C, nickel metallization increased significantly, reaching about 75% at 1000°C. The increase 
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in nickel metallization was accompanied by an approximately equal increase in the percent iron 

reduced to the metallic state, suggesting a relatively constant nickel grade throughout the process. 

This contradicts the findings of De Graaf (1979), who observed a maximum nickel metallization 

at about 550°C, followed by slightly decreasing nickel metallization with increasing temperature. 

Although Kawahara et al. do not make a direct comparison to the work of De Graaf, they attribute 

the low nickel reduction extent to the presence of magnesium silicates in the ore and the 

incorporation of the nickel into the silicate lattice. In the work of De Graaf (1979), the Manuran 

ore tested had a significantly lower silica content than the ore used by Kawahara et al. (1987), 

which could account for this discrepancy.  

Cores et al. (1989) performed reduction studies on synthetic mixtures of nickel oxide and 

magnetite using hydrogen gas as a reductant and reported that for all compositions, complete 

reduction of the oxides was achieved at temperatures below 675°C, with increased NiO content 

lowering the required temperature for complete reduction. This is consistent with the 

thermodynamic predictions outlined in the previous section, which show that nickel oxide requires 

a lower temperature to be reduced to a metallic state than iron oxide. While the nickel oxide content 

used in their study is significantly greater than that found in naturally occurring laterite ores, it 

appears that the findings of Cores et al. (1989) are in general agreement with the work of De Graaf 

(1979) regarding the temperature required to achieve complete nickel reduction, and therefore high 

nickel metallization. Cores et al. (1989) also make a further comparison to reduction by hydrogen 

performed by other authors on similar materials, and observed that it appears the rate of reaction 

for hydrogen is greater than for carbon monoxide.  

Antola et al. (1995) investigated the reduction of a limonitic laterite ore, both calcined and 

uncalcined, in both a tube furnace and a fluidized bed roaster, at temperatures in the range of 700 
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to 1000°C and for various mixtures of carbon monoxide, carbon dioxide, hydrogen and water 

vapour. For CO2/CO atmospheres, they reported that the greatest degree of selectivity was 

achieved with higher CO2:CO ratios, although these conditions required longer reduction times to 

reach suitable nickel metallization. They also reported that the calcined ore was reduced more 

quickly, requiring shorter reduction times to reach the same metallization extent as the uncalcined 

ore for the equivalent conditions. This is likely the result of increased water vapour in the gas 

atmosphere as the result of the dehydroxylation of the ore, lowering the reduction potential of the 

gas atmosphere. It was found that a reduction time of 60 minutes at 800°C in pure carbon monoxide 

was sufficient to completely reduce all of the nickel and iron oxides in the ore. Carbon deposition 

was also noted after 30 minutes. Antola et al. concluded that reduction with a CO2: CO ratio of 4:1 

at 800°C for 120 minutes provided the greatest degree of selectivity, yielding a nickel grade of 

78% in the ferronickel phase. No indication of the nickel metallization was provided. Similar 

behaviour was reported for hydrogen containing atmospheres, although the authors note that the 

rate of reduction was lower than compared to an equivalent carbon monoxide atmosphere.  

Valix and Cheung (2002) performed reduction studies on both limonitic and saprolitic ores at a 

CO2: CO ratio of 1:1 and reported nickel metallization as a function of temperature. They noted 

an optimum temperature for nickel metallization of 600°C for the limonitic ore and 800°C for the 

saprolitic ore. They attributed the variation in the behaviours to the differences in the mineralogy 

of the ores and emphasized the importance of reduction history for achieving high nickel grades 

and metallization of nickel. In the limonitic ore, the nickel is primarily found in goethite, and the 

metallization of the nickel benefits from dehydroxylation of the ore by calcination prior to 

reduction. Conversely, for the saprolitic ore, dehydroxylation prior to reduction leads to the 

incorporation of the nickel into the magnesium silicate phase, rendering it essentially inert. 
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Maintaining reducing conditions during the dehydroxylation step was found to prevent this, and 

mineral transformations above 800°C were irreversible during cooling. 

Utigard et al. (2005) performed a thermogravimetric study of the reduction of nickel oxides by 

hydrogen and carbon monoxide gas. These nickel oxides were the product of an industrial leaching 

process, rather than naturally occurring nickel laterite ore, and as such had greater than 75% nickel 

content and only trace amounts of other metals. The reduction rate was seen to increase with 

increasing temperature up to 600°C and increasing H2 content, with 600°C being sufficient to 

achieve greater than 90% nickel reduction at 32% H2 in 20 to 30 minutes. Temperatures below 

550°C and H2 contents less than 32% were insufficient to achieve high nickel reduction extent 

within the duration of the experiment. The authors reported that reduction of the nickel oxide by 

CO began at 650°C and was complete by 800°C, compared to 450°C and 650°C for reduction by 

an equimolar amount of hydrogen. A significant deposition of solid carbon was also noted at lower 

temperatures. As with the work of Cores et al. (1989), the nickel oxide content of these materials 

was significantly higher than that of naturally occurring laterite ores and thus consequently are not 

completely representative of the behaviour of the nickeliferous laterite ores examined in the current 

work, but are still of interest in predicting the behaviour of the nickel oxides in the ore. 

Zevgolis et al. (2009) examined the reduction of three laterites (two limonites and one saprolite) 

with a CO: N2 mixture at temperatures in the range of 800 to 900°C and reported the total reduction 

of oxides as a function of time. They noted that in all cases a reduction temperature higher than 

800°C showed negligible improvement in the rate of reduction. No specific values for the reduction 

of nickel or its metallization were reported. They also noted the decomposition of goethite to 

hematite at 300°C, the decomposition of serpentine in the saprolitic ore at 850°C, and the presence 

of magnetite in the reduced ore. 
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The results of these experimental research papers are in general agreement with the previously 

discussed thermodynamic studies. In all cases some enrichment of nickel was achieved through 

the formation of a ferronickel alloy, and in no case was a pure nickel metal produced. An optimum 

temperature of about 600°C for selective nickel metallization in a limonite is consistently 

identified, with adequate (>80%) metallization achieved in less than 30 minutes in most cases, and 

with minimal improvement at higher temperatures. A higher reduction temperature of at least 

800°C for the saprolitic ores has also been noted in several cases. As well, higher oxide to reductant 

(i.e. CO2:CO) ratios were shown to improve nickel metallization and promote greater selectivity 

in the reduction process, limiting the reduction of iron oxides to a metallic state and yielding a 

higher nickel grade in the resulting ferronickel. This improvement appears to coincide with a 

reduction in the rate of reaction, requiring longer reaction times to reach satisfactory nickel 

metallization. Deposition of solid carbon has also been repeatedly observed at temperatures below 

800°C, which may present a challenge for further processing as the optimal temperatures noted for 

selective reduction are in this range. Similar behaviour has been noted for hydrogen based reducing 

gas atmospheres, with lower temperatures required to achieve high nickel metallization noted in 

many cases, presenting an interesting alternative to carbon monoxide or carbon.  

Based on these results, there is strong evidence in the literature that selective reduction of the 

nickel oxide contained in a laterite ore is possible at moderate temperatures. However, as with the 

thermodynamic studies, these experimental works do not address the issue of subsequent recovery 

of the formed ferronickel alloy. In most of these experimental studies the ferronickel has been 

separated and assayed using an ammoniacal leach which, while useful at the bench scale, is not an 

attractive option for commercial processing. Therefore, while it is possible to form this high grade 

ferronickel, it is unclear from these studies how difficult the subsequent recovery of the ferronickel 
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may be. It is also worth noting that all of these studies employed a gaseous reducing atmosphere, 

as opposed to the solid coal to be used in the current work. While it is expected that the coal will 

exhibit similar behaviour as carbon monoxide, it is possible higher temperatures may be required 

to overcome the kinetic limitations of solid-solid reactions by forming carbon monoxide gas from 

the coal additions. 

2.6 Experimental Studies on the Magnetic Upgrading of Nickeliferous Laterites 

In addition to the previously discussed works, a total of 13 studies have been identified in the 

literature which have investigated a selective reduction-magnetic separation methodology, and 

which report their test conditions and results in sufficient detail to provide a meaningful 

comparison. The ore compositions, reduction conditions, and results of these studies are 

summarized in Table 1. The studies summarized in Table 1 have been reviewed with the objectives 

of identifying the operating conditions required to achieve a high grade ferronickel product with 

satisfactory recovery, based on a known starting ore composition. It should be noted, however, 

that the significant variation in ore mineralogy between each study, and even between studies using 

the same type of ore (i.e. limonite or saprolite), makes it impossible to make a definitive 

comparison. Of the 13 studies reviewed, only 3 used a limonitic ore or a limonite/saprolite blend, 

while the remainder considered saprolitic ores. This is in contrast with the available 

thermodynamic studies, which focus primarily on modelling the limonites, but is likely a result of 

the lower iron content and higher nickel content of the saprolites which make them a more 

attractive candidate for magnetic separation. 
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Table 1:  Summary of experimental results from the literature for studies utilizing reduction roasting followed by magnetic separation to produce 

a ferronickel concentrate from a nickeliferous laterite ore (Elliott et al., 2015a). 

Ore Type 

Ore Feed Composition Experimental Reduction Conditions 

Author Ni 

(%) 

Fe 

(%) 

MgO 

(%) 

SiO2 

(%) 

Ni Grade  

(%) 

Ni  

Recovery 

(%) 

C:Ore 

Ratio 

Temp.  

(°C) 

Time  

(min) 

Lim. 1.38 56.0 0.4 5.0 4.0 93.2 0.067 1000 120 (Elliott et al., 2015c) 

Lim. 0.97 40.1 4.7 12.6 5.1 98.8 0.021 1250 60 (Li et al., 2010) 

Lim./Sap. 1.15 33.8 9.9 18.6 6.0 92.1 0.035 1100 60 (Zhu et al., 2012) 

Sap. 1.81 17.9 13.5 35.0 11.5 98.6 0.57 1400 30 (Liu et al., 2014) 

Sap. 1.58 18.6 2.5 22.8 5.5 80.3 0.044 1200 120 (X. Li et al., 2014) 

Sap. 1.91 22.5 26.5 19.5 5.4 84.4 NR 1000 120 (Tang et al., 2014) 

Sap. 1.01 15.7 15.8 41.3 4.3 84.4 2.7 1200 80 (Zhu et al., 2014) 

Sap. 1.49 34.7 12.3 20.1 9.9 90.9 0.023 1200 50 (Jiang et al., 2013) 

Sap. 1.06 10.4 30.0 37.5 5.3 86.7 NR 1150 150 (Xiong and Yang, 2013) 

Sap. 1.91 22.1 13.4 26.5 9.5 83.0 >1 1100 60 (Li et al., 2012) 

Sap. 1.70 12.5 16.7 43.4 5.2 72.0 0.15 NR 45 (Yi et al., 2011)* 

Sap. 2.26 14.2 17.2 41.4 5.0 96.1 2 1300 60 (Li et al., 2011) 

Sap. 2.44 19.7 16.3 31.6 12.0 91.0 0.064 1400 NR (Pickles, 2005)* 

Lim.=Limonite, Sap.=Saprolite, NR=Not Reported 

*Microwave reduction 
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From the experimental methodologies outlined in the works listed in Table 1 a general flow sheet 

for the reduction roasting and magnetic separation of a nickeliferous laterite ore to produce a 

ferronickel concentrate has been derived, presented in Figure 4. Several similar flow sheets have 

previously been presented in the literature (G. Li et al., 2014; Li et al., 2010; Liu et al., 2014; Xiong 

and Yang, 2013). The current flow sheet summarizes the typical operating conditions from the 

thirteen studies considered in Table 1. The steps listed represent those typically employed in the 

reduction roasting and magnetic separation of a nickeliferous laterite ore. Some additional stages, 

such as a thermal growth stage following the reduction roast to improve ferronickel particle 

growth, have been employed in a minority of the studies considered here.  

Particle sizes varied from study to study, but in most cases the dried ore was crushed and ground 

to less than 0.149 mm prior to reduction roasting, and then to an even finer size prior to magnetic 

separation. Likewise the magnetic field strength and type of equipment employed in the magnetic 

separation step varied from study to study, although typically a field strength of 0.1 to 0.2 Tesla 

was used. Limited information has been reported on the effects of particle size and magnetic field 

strength on the nickel grades and recoveries which are achieved. Further investigation in this area 

may allow for improved magnetic separation results. In general, it would be expected that smaller 

particle sizes would lead to improved liberation of the ferronickel particles and therefore a higher 

nickel grade concentrate. Similarly, adjustments to the magnetic field strength may allow for more 

selective recovery of the ferronickel and improved rejection of the gangue, although no evidence 

is available for this in the literature. It is also possible that multiple magnetic separation stages and 

recycling of the tails stream may lead to improved nickel grades and recoveries.  
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Figure 4:  General flow sheet for the reduction roasting of a nickeliferous laterite to produce a 

ferronickel alloy, followed by magnetic separation to produce a ferronickel concentrate 

(Elliott et al., 2015a). 

2.6.1 Trends in Nickel Grade 

Figure 5 shows the nickel concentrate grade reported in each study as a function of the nickel head 

grade. Two distinct groupings can be seen – four studies have nickel concentrate grades well above 

the average of 6.8%, while the remainder are clustered around a local average of 5.1% across a 
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range of nickel head grades. Based on this observation it appears that the nickel concentrate grade 

achieved in these studies was not limited by the nickel head grade, with similar results being 

achieved for a variety of initial ore compositions. A similar trend is also present in Figure 6 and 

Figure 7, which show the nickel concentrate grade as a function of reduction temperature and 

MgO:SiO2 ratio, respectively. The amount of reductant used in these studies varied significantly 

and there is no clear correlation between the amount of reductant used and the nickel grades 

achieved. While it would be expected that lower ratios of carbon to ore would yield a higher grade 

ferronickel, this is not seen in all cases; several of the studies employed an excess of reductant and 

achieved high grades, while others used carbon additions close to the stoichiometric amount and 

achieved below average grades.  

 

Figure 5:  Nickel concentrate grade as a function of nickel grade in the ore feed. All data is taken from 

the studies listed in Table 1 (Elliott et al., 2015a). 



 

32 

 

Figure 6:  Nickel grade as a function of reduction temperature. All data is taken from the studies listed 

in Table 1 (Elliott et al., 2015a). 

 

Figure 7:  Nickel grade as a function of the MgO:SiO2 ratio of the ore. All data is taken from the studies 

listed in Table 1 (Elliott et al., 2015a). 
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Based on these results, it appears that provided the nickel head grade is above about 1%, the ore 

composition will not be the primary factor dictating the nickel grade in the magnetic concentrate. 

The significant variation in the amount of reductant employed in each study also suggests that 

tailoring the coal addition alone is insufficient to generate a high grade concentrate. Instead, 

variations in the nickel concentrate grades achieved should be attributed to the operating conditions 

employed. The nine studies which achieved similar nickel concentrate grades also shared generally 

similar operating conditions: reduction temperatures were in the range of 1000 to 1200°C and tests 

were carried out for durations of 60 to 120 minutes.  

The four studies which achieved higher than average nickel grades, by contrast, operated at either 

a higher reduction temperature of 1400°C (Pickles, 2005; Liu et al., 2014), or with the addition of 

sodium sulphate to promote ferronickel particle growth (Li et al., 2012; Jiang et al., 2013). These 

elevated operating temperatures are significantly higher than those predicted as the optimal 

temperature for selectivity by the available thermodynamic models, and prior experimental work 

has demonstrated that a reduction time of 30 to 60 minutes is sufficient to reduce the majority of 

the nickel contained in a limonitic or saprolitic ore, yielding high metallization of nickel at 

temperatures of about 600°C (De Graff, 1979; Valix and Cheung, 2002a). As satisfactory 

partitioning of the nickel to the ferronickel alloy is achievable at lower reduction temperatures, 

shorter retention times, and without the addition of sodium sulphate, it is likely that the increased 

temperature and addition of sodium sulphate serve another purpose.  

Temperatures above 1200°C and the addition of sodium sulphate share a common effect: they 

encourage the formation of larger ferronickel particles. Increasing the temperature achieves this 

simply by softening the magnesium silicate minerals as their melting point is approached, resulting 
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in a more mobile metallic phase which may more readily agglomerate into larger ferronickel 

particles, which in turn may be more amenable to selective recovery by magnetic separation. 

Sodium sulphate achieves a similar result by dissociating to form sodium silicate minerals with 

lower melting points, and by lowering the liquidus point of the ferronickel through the addition of 

sulphur (Jiang et al., 2013). Other studies have also shown increased ferronickel particle size as a 

result of sulphur additions in various forms (Rodrigues, 2013; Valix and Cheung, 2002a). In 

general, it is reported that the addition of sulphur to the system allows for the formation of a Ni-

Fe-S matte phase which will be semi-liquid at the reduction temperatures employed in these 

studies, allowing for the agglomeration of ferronickel particles.  

Figure 8 gives the nickel concentrate grade as a function of the total magnesium silicate content of 

the ore. In this case, there appears to be a linear correlation between the total magnesium silicate 

content of the ore and the nickel concentrate grade. In the low silica (limonitic) ores, nickel grade 

increases linearly with increasing magnesium silicate content, up to a maximum nickel grade at 

about 30 wt. % magnesium silicates. Beyond this point, the high silica (saprolite) ores exhibit a 

slight decrease in nickel grade as the magnesium silicate content increases. While the variation in 

other parameters is too large for the analysis of this small data set to be definitive, this trend 

suggests that the concentrate grade may be affected by the relative iron and silica content of the 

ore. Diminishing iron content appears to be beneficial for forming a higher grade concentrate, 

which is consistent with the available thermodynamic predictions regarding selective reduction.  



 

35 

 

Figure 8:  Nickel grade as a function of the total MgO and SiO2 in the ore feed All data is taken from the 

studies listed in Table 1 (Elliott et al., 2015a). 

2.6.2 Trends in Nickel Recovery 

Figure 9 shows the nickel recovery as a function of the nickel head grade. Both the experimental 

data and model results predict nickel recoveries in the range of 80 to 100%. As with the nickel 

concentrate grade shown in Figure 5, it appears that the head grade is not the primary factor 

dictating final nickel recovery, as nickel recovery does not vary with increasing nickel head grade. 

Figure 10 gives nickel recovery as a function of temperature, and Figure 11, gives nickel recovery 

as a function of total magnesium silicates. In general, there appears to be limited variation in nickel 

recovery as a function of the four variables considered here. It is also worth noting that all but one 

of the studies considered here achieved recoveries in excess of 80%, indicating that the primary 

challenge in this processing methodology is not the metallization of nickel in the ore, but rather 

the selective recovery of nickel to the ferronickel and rejection of the gangue material in the 

magnetic separation step.  
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Figure 9:  Nickel recovery as a function of nickel grade in the ore feed. All experimental data is taken 

from the studies listed in Table 1 (Elliott et al., 2015a). 

 

Figure 10:  Nickel recovery as a function of reduction temperature. All experimental data is taken from 

the studies listed in Table 1 (Elliott et al., 2015a). 
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Figure 11:  Nickel recovery as a function of the MgO:SiO2 ratio of the ore. All experimental data is taken 

from the studies listed in Table 1 (Elliott et al., 2015a). 

 

Figure 12:  Nickel recovery as a function of the total MgO and SiO2 in the ore feed. All experimental data 

is taken from the studies listed in Table 1 (Elliott et al., 2015a). 
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Although there is still a significant amount of variation in nickel recovery based on the reduction 

conditions employed, it appears that lower MgO:SiO2 ratios (i.e. less MgO in the ore) may 

correlate with slightly higher recoveries, as seen in Figure 12. It would be expected that ores with 

lower MgO contents would form more pyroxene, rather than olivine, upon thermal decomposition 

of the serpentine. As pyroxene is less stable than olivine and more amenable to reduction, this 

should make the nickel more readily reduced and more easily recovered, yielding higher nickel 

recoveries to the ferronickel alloy phase. Lower magnesia to iron oxide ratios should also yield 

lower liquidus temperatures of the slag phase, increasing the mobility of the ferronickel and 

allowing for greater agglomeration of the ferronickel particles, following a mechanism similar to 

the addition of sodium sulphate to the ore (Jiang et al., 2013). In this way larger ferronickel 

particles should be formed, allowing for improved recovery of the particles by magnetic 

separation. Given the high recoveries reported at high MgO to SiO2 ratios, it appears that this effect 

has only a minor impact on overall nickel recovery.  

From the experimental results summarized in Table 1 and the results of selective reduction studies 

reported in Section 2.5 it appears that the primary challenge in the processing of nickeliferous 

laterite ores by reduction roasting and magnetic separation is not recovering the nickel to the 

ferronickel alloy phase, but rather achieving good separation of the ferronickel from the gangue 

material. The ore composition appears to have limited impact on the nickel grade and recovery 

achieved experimentally. Instead, high nickel grades were the result of conditions which should 

yield larger ferronickel particles (increased temperature and the addition of sodium sulphate), 

enabling better separation of the ferronickel from the gangue. G. Li et al. (2014) also reported a 

comparatively high nickel grade with an extended reduction time, which should also improve 
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ferronickel particle size. High nickel recoveries were reported in virtually all cases. Based on this, 

a recommendation may be made that the reduction roasting conditions be tailored to yield the 

largest possible ferronickel particles, with sufficiently high nickel grade in the ferronickel. Higher 

nickel content in the ferronickel is still desirable, but an optimization must be made between 

selective metallization of the nickel to form a high grade alloy phase and allowing for the 

subsequent selective recovery of this alloy.  

2.7 INCO Patent Regarding the Thermal Upgrading of Laterite Ores 

A process for producing high grade ferronickel via a methodology similar to that outlined in the 

previous section is outlined in US Patent 5,178,666, filed by INCO. This patent outlines a process 

for the selective reduction of nickel, cobalt and iron to form a ferronickel alloy, while retaining the 

bulk of the iron content as non-magnetic iron oxides (i.e. wustite). This is achieved by charging a 

limonitic ore to a rotary kiln with coal (4 to 6 wt %) and sulphur (2 to 4 wt %) at low temperatures 

(~600°C) to allow for selective reduction of the nickel and cobalt over the iron. When sufficient 

reduction of the nickel has been achieved, the ore is then passed into a higher temperature particle 

growth zone (1000 to 1100°C) and held under a gas atmosphere with a controlled CO:CO2 ratio. 

This allows for the formation of larger ferronickel particles, while limiting the further reduction of 

the iron oxides and formation of magnetite, particularly during the cooling of the reduced ore 

following the thermal growth step. Nickel grades up to 9.5% and recoveries up to 94% have been 

reported for a limonitic ore with 1.14% nickel head grade (Diaz et al., 1993). The process described 

in this patent forms the basis of the work contained in this thesis.  
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2.8 Nippon Yakin Oheyama Process 

Although significant evidence exists in the literature to suggest a thermal upgrading and magnetic 

separation processing methodology may be a viable option for processing nickeliferous laterite 

ores, only a single plant using this approach is currently in operation. The Nippon Yakin Oheyama 

Process, employed at the Oheyama Works in Japan, produces ferronickel fit for steel production 

from saprolitic ore. In this process, the saprolite is fed into a coal fired rotary kiln at temperatures 

of 700 to 1300°C, where it is subsequently dried, dehydrated, reduced and then smelted, yielding 

ferronickel particles 2 to 3 mm in size and up to 22% nickel in grade. These ferronickel particles 

are then recovered grinding, screening, jigging and magnetic separation. However, this process 

requires a fed stock with high nickel content (>2%) and low iron content (<15%), making it 

unsuitable for the treatment of limonites (Watanabe et al., 1987). 

2.9 Summary 

A significant body of work is available in the literature regarding the reduction behaviour of 

nickeliferous laterites. Several thermodynamic studies have been conducted and all agree that it is 

theoretically possible to form a high nickel grade ferronickel alloy by carefully controlling the 

reduction conditions, although the formation of a pure nickel metal phase is not possible. These 

theoretical predictions are in general agreement with available experimental studies, although the 

majority of the experimental data has been generated for saprolitic ores, as compared to the 

limonitic ores focused on by the thermodynamic models. The general recommendations of these 

studies for maximum selectivity in reduction roasting are less reducing conditions (i.e. less 

reductant) and lower temperatures. For the limonite, an optimal reduction temperature is 

consistently noted around 600 to 650°C; for the saprolite, higher temperatures (>800°C) are 
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recommended. However, these studies account only for the formation of a high grade nickel alloy, 

and do not comment on how this alloy may be economically recovered.  

Several additional works have sought to address this issue of recovery. Again, saprolitic ores have 

been the focus of most experimental works. In general it appears that it is possible to form a nickel 

concentrate from a variety of starting ores through selective reduction followed by magnetic 

separation. Best results appear to correlate with conditions which would favour the formation of 

larger ferronickel particles. Unfortunately, few of these studies report on both the efficacy of their 

magnetic separation, and on the state of the reduced ore following their selective reduction 

roasting. It is therefore of interest to investigate the effect of reduction roasting conditions on 

ferronickel particle size as well as ferronickel grade, and to examine the effect of these changes on 

the magnetic concentrate which may then be produced.  
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Chapter 3 

Thermodynamic Modelling 

3.1 Model Description 

Thermodynamic models of the carbothermic reduction roasting of a nickeliferous limonite ore and 

for the selective sulphidation of a limonite have been reported in the literature (Pickles et al., 2014, 

2013). In the present work the models were modified to account for the presence of sulphur in the 

system at the desired reduction temperatures. The equilibrium module of HSC Chemistry® 6.1 

was utilized to calculate the multi-component equilibrium composition using the Gibbs free energy 

minimization method (Roine, 2006). The reduction behaviour assumed in this model has been 

described in Section 2.2. The activity coefficients for the spinel phase ((Ni,Fe)O·Fe2O3) were those 

proposed by Pelton et al. (1979), as described by the equations: 

𝑙𝑛𝛾𝐹𝑒3𝑂4 = (−6.0 + 85.7(𝑋𝐹𝑒3𝑂4) − 288.6(𝑋𝐹𝑒3𝑂4
2 ))/𝑇 (23) 

𝑙𝑛𝛾𝑁𝑖𝐹𝑒2𝑂4 = (−153.0 + 249.0(𝑋𝑁𝑖𝐹𝑒2𝑂4) − 91.9(𝑋𝑁𝑖𝐹𝑒2𝑂4
2 ))/𝑇 (24) 

𝑙𝑛𝛾𝐶𝑜𝐹𝑒2𝑂4 = (−153.0 + 249.0(𝑋𝐶𝑜𝐹𝑒2𝑂4) − 91.9(𝑋𝐶𝑜𝐹𝑒2𝑂4
2 ))/𝑇 (25) 

Those for the monoxide ((Ni,Fe)O) were from the work of Hsieh and Chang (1986), as follows: 

𝑙𝑛𝛾𝐹𝑒𝑂 = 0.5(𝑋𝑁𝑖𝑂
2 )(−3650.0/𝑇) − (655.0/𝑇)(1 − 4𝑋𝐹𝑒𝑂) (26) 

𝑙𝑛𝛾𝑁𝑖𝑂 = 0.5(𝑋𝐹𝑒𝑂
2 )(−3650.0/𝑇) − (655.0/𝑇)(4𝑋𝑁𝑖𝑂 − 1) (27) 

𝑙𝑛𝛾𝐶𝑜𝑂 = 0.5(𝑋𝐹𝑒𝑂
2 )(−3650.0/𝑇) − (655.0/𝑇)(4𝑋𝐶𝑜𝑂 − 1) (28) 

And those for the ferronickel alloy (Ni-Fe-Co) were adapted from a review by Swartzendruber et 

al. (1991). (Hsieh and Chang, 1986; Pelton et al., 1979; Swartzendruber et al., 1991). 
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𝑙𝑛𝛾𝐹𝑒 = (−0.55 + 2.0𝑋𝑁𝑖 − 14.9𝑋𝑁𝑖
2 + 37.2𝑋𝑁𝑖

3 − 34.8𝑋𝑁𝑖
4 + 11.2𝑋𝑁𝑖

5 )(1273/𝑇 (29) 

𝑙𝑛𝛾𝑁𝑖 = (−0.037 + 1.2𝑋𝑁𝑖 + 6.9𝑋𝑁𝑖
2 − 120𝑋𝑁𝑖

3 + 4.4𝑋𝑁𝑖
4 )(1273/𝑇) (30) 

𝑙𝑛𝛾𝐶𝑜 = (0.037 − 1.2𝑋𝑁𝑖 + 6.9𝑋𝑁𝑖
2 − 120𝑋𝑁𝑖

3 − 4.4𝑋𝑁𝑖
4 )(1273/𝑇) (31) 

Activity coefficient equations for the sulphide species have also been adapted from previous 

research (Fleet, 1989), as follows:  

𝑙𝑛𝛾𝐹𝑒𝑆 = (0.11𝑋𝑁𝑖𝑆
2 − 0.14𝑋𝑁𝑖𝑆)(1395/𝑇) (32) 

𝑙𝑛𝛾𝑁𝑖𝑆 = (0.53𝑋𝑁𝑖𝑆
2 − 0.85𝑋𝑁𝑖𝑆 + 0.35)(1395/𝑇) (33) 

𝑙𝑛𝛾𝐶𝑜𝑆 = (0.53𝑋𝑁𝑖𝑆
2 − 0.85𝑋𝑁𝑖𝑆 + 0.35)(1395/𝑇) (34) 

The species were grouped into five phases: gas, oxide, sulphide, Fe-Ni-Co-S alloy, and carbon. A 

list of the 42 species considered and their respective phases are given in Table 2. It was assumed 

that all of the monosulphides will report to the Fe-Ni-Co-S phase. In the calculations, 100 kg of 

ore was utilized and this was equivalent to 1.46 kmoles. The carbon and sulphur additions were 

represented in terms of kg of carbon or sulphur per 100 kg of ore. 

Table 2:  Summary of phases (in bold) and species considered in the thermodynamic calculations.  

GAS OXIDE SULPHIDE   ALLOY 

O2 S CoO 2FeO∙SiO2 Mg2SiO4 NiS2 Fe 

H2 S2 Co3O4 Fe2SiO3 SiO2 Ni3S2 Ni 

H2O SO MgFe2O4 Fe2SiO4 NiFe2O4 FeS2 Co 

CO SO2 Fe3O4 FeSiO3 CoFe2O4 CARBON FeS 

CO2 H2S FeO MgO 2CoO∙SiO2 C NiS 

CH4 H2SO4 Fe2O3 MgSiO3 2NiO∙SiO2  CoS 

  FeO•OH NiO    
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The input of the model was based on the estimated mineralogy given in Table 3. Coal was added 

to the model as methane and carbon, as well as trace water and sulphur, based on the analysis given 

in Table 4. Nickel grades and metallization for various coal and sulphur additions were determined 

as a function of temperature. Reported nickel grades refer to the nickel within the ferronickel 

phase, representing a theoretical maximum achievable grade. Likewise, reported metallization 

refers to the amount of nickel reporting to the ferronickel phase.  

3.2 Model Results 

Figure 13 shows the effect of varying coal additions on the nickel grade with no sulphur addition. 

The nickel grade is initially high and rises to a maximum of approximately 95% at 400°C, then 

decreases significantly as the temperature increases, especially for higher coal levels. As has 

previously been reported in the literature (Hallet, 1997; Pickles et al., 2014; Valix et al., 1995), 

low amounts of coal allow for a greater degree of selectivity during reduction, creating a higher 

grade ferronickel alloy. Figure 14 shows the variation in nickel metallization for the same 

conditions as in Figure 13. It can be seen that the nickel metallization is initially low and then 

quickly rises to a maximum at 500°C. Nickel metallization remains relatively constant at 96% 

beyond 500°C for all coal levels at or above 4%. For a 2% coal addition, the metallization drops 

significantly at temperatures higher than 400°C. The higher grade ferronickel predicted at low coal 

levels is therefore associated with a low metallization, as lower coal additions are insufficient to 

reduce a significant fraction of the nickel. A 2% coal addition yields a grade of 80% but a 

metallization of only 47% at 1000°C, while a 4% coal addition yields a grade of 50% and 

metallization of 95% at the same temperature.  
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Figure 13:  Predicted nickel grades as a function of temperature for coal additions in the range of 2% to 

8% (Elliott et al., 2015c). 

 

Figure 14:  Predicted nickel metallization as a function of temperature for coal additions in the range of 

2% to 8% (Elliott et al., 2015c). 
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Figure 15 shows the effect of a 0.5% sulphur addition on the nickel grade for the same range of 

coal additions as in Figure 13. A significant overall decrease in grade is observed as compared to 

the sulphurless system. The nickel grade decreases from an initial maximum of 35% to 40% as the 

temperature increases, with a significant decrease in grade at about 600°C, especially for higher 

coal additions. This is a result of the formation of iron monosulphides, which are expected to report 

to the ferronickel alloy phase, diluting the nickel content.  

The addition of 0.5% sulphur suppresses the formation of nickel oxide at higher temperatures, 

improving metallization significantly, especially at lower carbon additions, as seen in Figure 16. 

The nickel metallization remains relatively constant at 96% to 98% for all coal additions higher 

than 2% as the temperature increases, with a maximum reached at 600°C. In a manner similar to 

the sulphurless case, as shown in Figure 14, the nickel metallization is seen to decrease 

significantly beyond 500°C for a coal addition of 2%.  

These predictions also do not account for the effect of the sulphur addition on the size of the 

ferronickel particles. While only moderate increases in the metallization of nickel were observed 

for increases in sulphur content beyond 0.5%, it is expected that higher sulphur contents will result 

in larger ferronickel particles. The increased ferronickel particle size resulting from this sulphur 

addition should aid in the magnetic separation process, improving the recovery of the ferronickel 

alloy. The model is also a closed system, and does not account for loss of gases from the briquette; 

it is expected that higher sulphur additions may be required to achieve the desired residual sulphur 

in the reduced ore. 
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Figure 15:  Predicted nickel grade as a function of temperature for coal additions in the range of 2% to 

8% and a sulphur addition of 0.5% (Elliott et al., 2015c). 

 

Figure 16:  Predicted nickel metallization as a function of temperature for coal additions in the range of 

2% to 8% and a sulphur addition of 0.5% (Elliott et al., 2015c). 
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Figure 17:  Predicted nickel grade as a function of temperature for a 4% coal addition and sulphur 

additions in the range of 0.5% to 4% (Elliott et al., 2015c). 

 

Figure 18:  Predicted nickel metallization as a function of temperature for a 4% coal addition and sulphur 

additions in the range of 0.5% to 4% (Elliott et al., 2015c). 
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It is also of interest to examine the iron containing species, in particular magnetite. Figure 19 shows 

the fraction of total iron present as magnetite in the absence of sulphur and with coal additions in 

the range of 2% to 8%. The fraction of iron present as magnetite decreases with increasing 

temperature, with a greater decrease for higher coal additions. A significant decrease in magnetite 

is also observed at 600°C for an 8% coal addition. Despite this trend, a significant amount of 

magnetite is expected to be present in the thermally treated ore. For a 6% coal addition at 1000°C, 

73% of the iron would be present in the form of magnetite. 

Figure 20 shows the fraction of the total iron present as magnetite for a fixed 4% coal addition and 

sulphur additions in the range of 0 to 4%, as a function of temperature. In a manner similar to the 

sulphurless system shown in Figure 19, as the temperature increases the amount of iron present as 

magnetite decreases in all cases. Increased sulphur additions reduce the amount of iron present as 

magnetite by forming iron sulphides. At 1000°C, 57% of the iron is present as magnetite for ore 

with 6% coal and 4% sulphur additions, as compared to 73% in the sulphurless case. Despite this 

further decrease, it is expected that magnetite will comprise a significant fraction of the processed 

ore. The solubility of the nickel in the iron silicate phase may hinder nickel recovery, but given 

the low silicate content of the ore, this should have a limited impact. The dissolution of nickel in 

the wustite phase could also reduce recovery, although based on the thermodynamic model 

presented here, this is also expected to have a limited effect. 
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Figure 19:  Predicted fraction of the total iron present as magnetite as a function of temperature, for the 

sulphurless ore with coal additions in the range of 2% to 8% (Elliott et al., 2015c). 

 

Figure 20:  Predicted fraction of the total iron present as magnetite as a function of temperature, for a 

6% coal addition and various sulphur additions in the range of 0% to 4% (Elliott et al., 2015c). 
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Chapter 4 

Materials and Methods 

4.1 Raw Materials 

The ore used in this study was provided by the Ivory Coast operations of Xstrata. Table 3 gives 

the ore composition as determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

analysis and X-Ray Diffraction (XRD) analysis, which shows goethite as the only identifiable 

mineral present. The ore composition is given on a dry, calcined basis as all chemically bound 

water will have been removed prior to reaction temperatures being reached (Elliott et al., 2015c). 

Given the low silica and high iron contents, the ore is considered to be limonitic. 

Table 3:   Estimated mineralogical composition of the limonitic and saprolitic ores (dry basis) used in 

the current work. All values given in weight percent. 

Ore NiO CoO Fe2O3 SiO2 MgO Al2O3 

Limonite 1.33 0.07 92.47 2.98 0.83 2.33 

Saprolite 1.66 0.10 36.78 45.74 7.85 4.72 

Bituminous coal from Ward’s Science was used as the reductant; the composition of the coal used 

is given in Table 4. Reagent grade elemental sulphur was from Fischer Scientific. Pyrite was 

ground from a mineral sample obtained from Ward’s Science. XRD analysis of this material shows 

pyrite as the only identifiable mineral present, and sulphur analysis of the material is in good 

agreement with the theoretical sulphur content of the mineral.   

Table 4:  Composition of the bituminous coal used as a reductant. 

Component 
Total 

Carbon 

Fixed 

Carbon 
Volatiles Moisture Ash 

wt.% 67.7 44.11 35.54 10.8 9.69 
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4.2 Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) was performed on a range of sample compositions using a 

Netzsch STA 449 F3 Jupiter. The ground ore was blended with the desired coal and sulphur 

additions, placed in an alumina crucible and analyzed under a nitrogen atmosphere. The sample 

masses of 25 to 35 mg were heated from 30°C to 1200°C at a rate of 10 K/min. 

4.3 Reduction Tests 

The as-received ore was dried in an oven at 100°C for 24 hours to remove the free water, then 

ground to -100 mesh and stored in an air tight container at ambient room temperature. The 

limonitic or saprolitic ore, bituminous coal and elemental sulphur, pyrite, or sodium sulphate were 

mechanically mixed in varying proportions to give a total sample mass of 2.5 g. The coal additions 

were varied in the range of 0% to 6% sulphur additions in the range of 0% to 4%, and pyrite in the 

range of 0 to 11.25%, and sodium sulphate in the range of 0 to 26.5%. The pyrite and sodium 

sulphate additions were selected so as to contain an equimolar amount of sulphur, when compared 

to an equivalent elemental sulphur addition. For example, a 7.5% addition of pyrite contains 

approximately the same amount of sulphur as a 4% elemental sulphur addition. The ore mixtures 

were subsequently compacted at approximately 55 000 kPa into briquettes with a diameter of 1.3 

cm and a height of 1 cm. The briquette was then placed in a quartz boat and inserted into a tube 

furnace. A schematic diagram of the experimental apparatus is shown in Figure 21. 



 

53 

 

Figure 21:  Schematic diagram of experimental apparatus (Elliott et al., 2015c). 

Prepared briquettes were placed in the ‘cool zone’ at the end of the quartz tube and held at about 

300°C under an nitrogen atmosphere for one hour while the ‘hot zone’ in the center of the furnace 

reached a stable operating temperature. The quartz boat carrying the briquette was then moved into 

the hot zone and held at the reduction temperature for one hour under a nitrogen atmosphere, then 

subsequently removed to the cool zone and cooled to room temperature. This heating profile, using 

1000°C as the reduction temperature with a 6% coal addition was used as the control condition. 

Various ore compositions were tested at 1000°C, 1100°C and 1200°C. In the case of reduction 

tests used to prepare material for magnetic separation, up to 6 briquettes were reduced at the same 

time, in order to generate a sufficient mass of reduced ore for further testing. 

4.4 Carbon and Sulphur Analysis 

 In the case of the initial carbon-sulphur analyses reported in Section 5.2, the reduced ore was 

produced in the TGA using the method described in Section 4.2, with the mass increased to about 

150 mg in order to provide enough residual material for further analysis. The subsequent analysis 

of varying amounts of sulphur, pyrite and sodium sulphate were conducted on reduced ore samples 

produced using the methodology from Section 4.3. To determine their carbon and sulphur contents, 
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powdered samples were blended with tungsten and iron chips in an alumina crucible and fired at 

1600°C under an oxygen atmosphere in an Eltra CS-2000 Carbon-Sulfur Determinator. 

4.5 Product Analysis 

The mineralogical composition of the reduced samples was determined by X-Ray Diffraction 

(XRD) using an Xpert Pro Philips powder diffractometer and Cu kα radiation. A secondary scan 

with a cobalt radiation tube was used to counteract background noise caused by the high iron 

content. The nickel, iron and cobalt contents of reduced samples were determined by Inductively 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES). 

A portion of each reduced briquette was mounted in epoxy, polished, and then analyzed using 

optical microscopy to determine particle sizes and morphologies. Particle size analysis was 

performed using the software package ImageJ to size the metallic particles from 10 regions per 

sample. Particles detected by the software with a maximum dimension equivalent to two or less 

pixels were discounted as being below the resolution limit of the method. The average and 

maximum particle sizes reported are calculated from the remaining population of particles. 

Elemental composition of the phases present was determined by Electron Microprobe Analysis 

(EMPA) and Scanning Electron Microscopy (SEM). Magnetic separation tests were performed 

using a CARPCO WHIMS (Wet High Intensity Magnetic Separator) Model 3x4L at field strengths 

of 0.1 to 0.2 Tesla. Prior to magnetic separation, reduce ore samples were ground by hand in a 

mortar and pestle. 

 



 

55 

4.6 Error Analysis 

Duplicate TGA studies show a maximum variance of ±0.4 weight percent between tests conducted 

on identical ore compositions prepared separately and run under the same conditions. This 

difference is attributed to variation in the mineralogy of the ore samples, as well as error in the 

measurement of the reagent additions, and is similar to variance reported for similar prior TGA 

studies (Harris, 2012).  

Replicate carbon and sulphur analysis conducted for both a known standard and a prepared ore 

composition shown a standard error of ±0.3 percent carbon or sulphur for sample masses greater 

than 200 mg. Analysis of sample sizes smaller than this appears to generate greater variance in the 

carbon and sulphur concentrations detected.  

Duplicate reduction tests were run for 5 sets of conditions to assess variance in average ferronickel 

particle size. A maximum variance of ±12.8% was observed, with samples containing the lowest 

number of ferronickel particles (in particular those containing sulphur) having the highest variance 

in average particle size. Conditions yielding larger populations of ferronickel particles had 

significantly lower variance in the calculated average ferronickel particle size; in the case of a 

sulphurless limonitic ore the variance in average particle size was determined to be less than 

±0.5%.  
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Chapter 5 

Results and Discussion 

5.1 TGA Studies 

The results of the TGA studies without and with sulphur additions are shown in Figure 22 and 

Figure 23, respectively. The initial mass loss up to 200°C was attributed to the removal of free 

water. At about 250°C a significant mass loss was observed for all compositions, which is 

consistent with the dehydroxylation of goethite to hematite and magnetite (Gialanella et al., 2010; 

Landers et al., 2009). In the samples containing coal and no sulphur, no further significant mass 

loss was observed until about 700°C, at which point the reduction of the metal oxides was 

observed. Although the nickel oxide contained in the ore should be preferentially reduced before 

the iron oxide, no observable mass loss was detected before 700°C, likely due to the low nickel 

oxide concentration (1.38% Ni). 

For samples with sulphur additions, increased mass loss was observed between 200°C to 400°C 

relative to the sulphurless samples with similar coal additions. This is a result of both the formation 

of gaseous sulphur species and the initial sulphidation of the metal oxides (Harris et al., 2013). 

Increasing mass loss was observed as sulphidation continued until about 800°C, where reduction 

by the coal addition began to take place, following a similar trend to the sulphurless samples. The 

higher temperatures required for the reduction of the metal oxides in the presence of sulphur could 

be attributed to the sulphidation of metal oxides, which reduces the oxide availability at higher 

temperatures. The ongoing minor mass loss observed at higher temperatures is likely due to the 

loss of residual crystalline water (Harris et al., 2009). A similar TGA study was also conducted by 

Harris (2012), in which both S2 and SO2 gas were detected in the off-gas of the reduced material. 
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Figure 22:  TGA results for the sulphurless ore with coal additions in the range of 3 to 9%. Also included 

is the as-received ore without a coal addition (Elliott et al., 2015c). 

 

Figure 23:  TGA results for the ore with a 6% coal addition and sulphur additions in the range of 0 to 

6%. Also included is the as-received ore without coal or sulphur additions (Elliott et al., 2015c). 
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5.2 Carbon and Sulphur Analysis  

The results of this TGA study suggest that the addition of sulphur results in the formation of metal 

sulphides allowing for the retention of sulphur in the system at higher temperatures, while having 

limited impact on the reduction behaviour. This is supported by the carbon and sulphur assays of 

samples from the TGA, as given in Table 5 and Table 6, respectively.  

Table 5:  Carbon content of various ore samples at temperatures from 30-1200°C, given milligrams 

carbon per 100 mg initial sample mass, corrected for the changing mass of the ore as given by 

the TGA analysis in Figure 23 (Elliott et al., 2015c). 

Composition (wt. %) 30°C 400°C 600°C 800°C 1000°C 1200°C 

Ore 0.08 0.0 0.0 0.0 0.0 0.0 

6% Coal 4.73 3.51 3.22 2.16 0.78 0.0 

6% Coal, 4% S 4.50 3.34 3.42 2.88 0.72 0.0 

Table 6:  Sulphur content of various ore samples at temperatures from 30-1200°C, given as milligrams 

sulphur per 100 mg initial sample mass, corrected for changing mass of the ore as given by 

the TGA analysis in Figure 23 (Elliott et al., 2015c). 

Composition (wt. %) 30°C 400°C 600°C 800°C 1000°C 1200°C 

Ore 0.0 0.0 0.0 0.0 0.0 0.0 

6% Coal 0.01 0.0 0.0 0.0 0.0 0.0 

6% Coal, 4% Sulphur 3.16 2.32 1.85 0.22 0.32 0.52 

The decreases in the carbon and sulphur contents of each sample correspond to the onset of the 

sulphidation and the reduction of the metal oxides as observed in the TGA studies. The initial loss 

of carbon between 30°C to 400°C can be attributed to the volatiles in the bituminous coal. By 

800°C a significant drop in the weight percent carbon is observed, corresponding to the reduction 

of the metal oxides. As previously noted, the addition of sulphur appears to delay the onset of 

reduction, supported here by the higher levels of carbon present at 600°C to 800°C in the sulphur 

bearing sample. The decrease in sulphur content in the range 30°C to 600°C corresponds to the 

loss of sulphur from the system as a gas before it can form a stable metal sulphide. The dramatic 

change in the sulphur content between 600°C and 800°C can be attributed to the decomposition of 
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the metal sulphides, in particular pyrite, and the subsequent loss of sulphur from the system 

(Boyabat et al., 2004; Hu et al., 2006; Stewart et al., 1986). 

The apparent increase in sulphur content between 800°C to 1200°C is likely the result of oxygen 

and carbon being lost from the system while some sulphur is retained as metal sulphides. Some 

variation is also expected due to various sources of error, including the weighing of each sample, 

non-homogeneous distribution of the coal and sulphur additions within the limonite ore, and the 

small sample size used for the analysis. These results suggest that about 10% of the initial sulphur 

addition is retained at 1000°C. To achieve the desired 0.5% retained sulphur, an initial addition of 

5% would then be required. Further test work was then conducted to confirm this, and to compare 

the feasibility of other sulphur-bearing additives. These results are presented in Figure 24 and 

Figure 25.  

From these results, it is apparent that elemental sulphur additions actually retain about 25% of the 

initial sulphur addition. This discrepancy is likely due to the smaller mass used in the preliminary 

tests, resulting in a greater variance in the measurement. When compared to pyrite and sodium 

sulphate in terms of the percent initial sulphur addition retained in the ore, pyrite and sodium 

sulphate are both superior; pyrite retains about 50% of its original sulphur, and sodium sulphate 

about 80%. However, when assessed based on the actual mass of sulphur left in the reduced ore as 

a function of the mass of reagent added, the trend is reversed. Despite the higher thermal stability 

of pyrite and sodium sulphate, elemental sulphur is still the most efficient mode of increasing the 

residual sulphur content of the ore. Pyrite showed intermediate behaviour in both assessments, and 

so was also selected for further study.  
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Figure 24:  Retention of various sulphur additions as a function of the nominal sulphur content for 

elemental sulphur, pyrite and sodium sulphate added to limonitic ore with a 6% coal addition 

and reduced under the control conditions (Elliott et al., 2015b).  

 

Figure 25:  Residual mass of sulphur in limonitic ore reduced with 6% coal under the control conditions 

as a function of the mass of reagent added for elemental sulphur, pyrite, and sodium sulphate 

(Elliott et al., 2015b).  
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5.3 Kinetic Analysis 

A kinetic analysis has been performed on the TGA data described in Figure 22 and Figure 23, as 

well as additional test work for varying concentrations of coal, sulphur and pyrite, using a 

methodology outlined in the literature (Coats and Redfern, 1964). The rate of change in the mass 

of each sample was used to determine the activation energy for each of three reactions or processes: 

1) dehydroxylation, 2) sulphidation, and 3) reduction. Table 7 gives the results of this analysis. 

Table 7:  Activation energies for processes occurring during the thermal upgrading of a limonitic 

laterite.  

Carbon 

(wt. %) 

Sulphur 

(wt. %) 

Pyrite 

(wt. %) 
Dehydroxylation Sulphidation Reduction 

0 0 0 84.05 - - 

3 0 0 83.93 - 222.40 

6 0 0 83.85 - 211.96 

9 0 0 84.67 - 183.23 

6 2 0 86.24 132.98 236.92 

6 4 0 83.63 135.80 202.50 

6 6 0 84.70 137.20 190.07 

3 4 0 84.70 134.98 214.28 

6 4 0 83.63 135.82 202.50 

9 4 0 85.06 135.70 171.68 

6 0 3.75 84.78 138.21 175.27 

6 0 7.5 84.20 130.77 188.73 

6 0 11.25 85.58 131.50 191.59 

3 0 7.5 85.65 132.08 176.22 

6 0 7.5 84.20 130.77 188.73 

9 0 7.5 85.08 144.23 234.16 

This method is most reliable for simple reactions, such as the dehydroxylation of goethite to 

hematite, occurring in the limonite between 250 to 350°C. The activation energy for this process 

was similar in all conditions studied, with an average value of 84.66±0.76 kJ/mol. This is in good 

agreement with values reported in the literature for various forms of goethite, including 82.8 

kJ/mol for a crushed single crystal and 88 kJ/mol for a fibrous goethite from a limonite (Goss, 
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1987). The sulphidation process occurring between about 350 to 700°C is more complex, involving 

the conversion of metal oxides to form metal sulphides, and the evolution of sulphur and sulphur 

oxide gases. While assigning a single activation energy to this entire process is misleading, it is of 

interest in comparing how this process proceeds when the amount or form of sulphur varies. An 

average value of 135.36±3.78 kJ/mol has been calculated for the conditions summarized in Table 

7, suggesting a high degree of uniformity across a wide variety of reduction conditions. It is of 

particular interest to note that the sulphidation process appears to proceed similarly when the 

sulphur is added as pyrite, rather than elemental sulphur. The calculated activation energies for the 

sulphidation in each case are similar, despite the fact that the thermal decomposition of pyrite 

differs significantly from the behaviour of elemental sulphur as it is heated over the same 

temperature range.  

Unlike the dehydroxylation and sulphidation steps, the reduction occurring at temperatures above 

about 700°C show significantly more variation. In general, increasing coal addition appears to 

reduce the activation energy required for the reduction to proceed, which is consistent with 

observations from the literature that higher concentrations of coal cause the reaction to proceed 

more quickly (Seaton et al., 1983; Srinivasan and Lahiri, 1977). The addition of sulphur appears 

to have a similar effect, while the increased presence of pyrite has the opposite effect. This 

inhibitory effect of pyrite is consistent with results in the literature (Rao, 1971). Rao (1971) 

suggests that this may be the result of iron sulphides reacting with iron oxides to form SOx gases, 

which compete with CO2 for “active sites” on the carbon surface, thereby limiting the C-CO2 

reaction, and slowing the overall reduction process. A similar mechanism is plausible for elemental 

sulphur additions, although the current data does not support this. Instead, it is likely that the 
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formation of metal sulphides proceeds through a different pathway which does not evolve SOx 

gases. For example, elemental sulphur may only be able to form a stable iron sulphide with metallic 

iron, rather than reacting directly with the metal oxides.  

5.4 Ferronickel Particle Formation in a Limonitic Ore 

It is expected that increased residual sulphur content will correlate with larger ferronickel particles 

as a result of the formation of an iron-nickel-sulphur phase, lowering the liquidus temperature of 

the alloy and allowing for increased agglomeration of the ferronickel particles. Based on this 

hypothesis, a variety of ore compositions were reduced and subsequently analyzed to determine 

their residual sulphur content and the size of the ferronickel particles formed. These findings are 

summarized in Table 8, which gives the reduction conditions, the initial sulphur content of the ore, 

the residual sulphur content measured in the reduced ore, and the percent of the initial sulphur 

retained in the reduced ore. Table 8 also lists the average ferronickel particle size and maximum 

observed ferronickel particle size for each sample.  
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Table 8:  Summary of experimental results for test work performed with limonite. The conditions used 

in each test, as well as the initial and residual sulphur content of the sample, fraction of initial 

sulphur retained, and average and maximum ferronickel particle size are provided.  

Temp. 

(°C) 

Coal 

(%) 

Sulphur 

(%) 

Pyrite 

(%) 

Residual 

Sulphur 

(wt. %) 

Initial 

Sulphur 

Retained 

(%) 

Average 

Particle 

Size 

(μm) 

Max 

Particle 

Size 

(μm) 

1000 0 0 0 - - 0 0 

1000 2 0 0 - - 0.44 0.93 

1000 4 0 0 - - 0.46 1.51 

1000 6 0 0 - - 0.59 3.14 

1000 8 0 0 - - 0.85 3.05 

1000 0 4 0 0.07 1.63 0 0 

1000 2 4 0 0.66 13.83 0.43 1.74 

1000 3 4 0 0.86 16.33 0.46 1.74 

1000 4 4 0 1.55 30.33 1.62 14.88 

1000 5 4 0 1.44 27.12 1.99 12.09 

1000 6 4 0 1.78 30.40 2.11 12.91 

1000 7 4 0 1.75 29.24 2.78 27.33 

1000 8 4 0 2.04 29.33 2.53 27.91 

1000 6 0.5 0 0.20 30.47 0.92 7.13 

1000 6 1 0 0.32 24.88 0.87 4.37 

1000 6 2 0 0.64 25.38 1.22 9.08 

1000 6 6 0 3.41 36.27 1.72 24.14 

1000 6 0 0.9 0.32 59.93 0.92 3.45 

1000 6 0 1.9 0.45 44.91 1.29 7.82 

1000 6 0 3.6 1.21 70.39 1.63 8.85 

1000 6 0 7.5 2.31 65.12 2.17 28.16 

1000 6 0 11.3 4.69 84.60 1.63 23.91 

1100 6 0 0 - - 1.01 5.06 

1100 6 4 0 1.99 36.01 1.59 23.56 

1100 6 0 7.5 2.44 50.95 1.26 26.09 

1200 6 0 0 - - 1.12 7.01 

1200 6 4 0 2.32 41.80 2.78 38.05 
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5.4.1 Residual Sulphur Content 

In general, the higher the initial sulphur addition, the higher the residual sulphur content of the 

reduced ore. Increasing coal additions up to 4% correlated with improved sulphur retention. This 

is likely the result of lower coal additions producing insufficient metallic iron from which stable 

iron sulphides could be formed, limiting the amount of sulphur which could be retained. At coal 

additions of 4% and above, the amount of sulphur is relatively constant at about one third of the 

initial elemental sulphur addition retained. It is also clear that the residual sulphur content of the 

ore is directly related to the initial addition of sulphur, as shown in Figure 26. As shown in Section 

4.4, pyrite exhibits better retention of the initial sulphur content and an equivalent nominal sulphur 

addition to the ore results in a higher residual sulphur content.  

 

Figure 26:  Correlation between nominal sulphur addition and residual sulphur content of the reduced 

ore.  
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5.4.2 Ferronickel Particle Size 

The effect of the various coal, sulphur, and pyrite additions on the size of FeNi particles formed is 

demonstrated in the micrographs in Figure 27, Figure 28 and Figure 29. These micrographs depict 

representative areas from samples reduced under the listed conditions and clearly show the effect 

of these varying additions on both the number and size of the FeNi particles. Figure 27 shows 

samples with coal additions in the range of 2 to 8% and no additional sulphur. As the amount of 

coal added to the ore is increased, there is a clear increase in both the size and the number of 

metallic particles formed. This can be attributed to increasingly reducing conditions in the ore, 

leading to increased formation of metallic iron as the iron oxides are reduced, and therefore more 

and larger FeNi particles.    



 

67 

  

  

Figure 27:  Micrographs of limonite ore samples reduced under the control conditions with A 2% coal, B 

4% coal, C 6% coal, and D 8% coal. All images taken at 500x magnification. 

Figure 28 shows the effect of elemental sulphur additions in the range of 0.5 to 6%, for limonitic 

ore samples reduced under the control conditions with a 6% coal addition. As with micrographs in 

Figure 27, there is a clear increase in FeNi particle size as the reagent addition is increased. 

However, in this case this increase in particle growth appears to be significantly greater than for a 

simple increase in the amount of coal added to the ore. This increase in particle size cannot be 

entirely attributed to increased reduction of iron oxides to metallic iron, and provides good 

evidence that the presence of sulphur facilitates the agglomeration of FeNi particles at 

temperatures of at least 1000°C.  

A B 

C D 
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Figure 28:  Micrographs of limonite ore samples reduced under the control conditions with a 6% coal 

addition and A 0.5% sulphur, B 2% sulphur, C 4% sulphur, and D 6% sulphur. All images 

taken at 500x magnification. 

Figure 29 shows the effect of pyrite additions containing equimolar amounts of sulphur as in the 

micrographs shown in Figure 28. A similar trend of increasing FeNi particle size is clearly evident 

as in Figure 28, with the particles appearing to be of a similar size. This provides further evidence 

that elemental sulphur and pyrite behave similarly as a mechanism for increasing FeNi particle 

size.  

A B 

C D 
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Figure 29:  Micrographs of limonite ore samples reduced under the control conditions with a 6% coal 

addition and A 0.94% pyrite, B 3.75% pyrite, C 7.5% pyrite, and D 11.25% pyrite. All images 

taken at 500x magnification. 

The micrographs given in Figure 27 to Figure 29, as well as others for samples produced under the 

conditions listed in Table 8, have been analyzed to determine both the average and the maximum 

ferronickel particle sizes for each set of reduction conditions. These values are reported in Table 8 

and relevant trends from this data set are shown in Figure 30, Figure 31 and Figure 32. Figure 30 

shows the effect of varying coal additions in the range of 2 to 8% for both a sulphurless sample, 

and a sample with a 4% elemental sulphur addition. In both cases increased coal content leads to 

a slight increase in average FeNi particle size, and for coal additions below 4% both cases exhibit 

D 

A B 
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similar behaviour. However, for coal additions of 4% and above, the samples containing elemental 

sulphur demonstrate significantly greater particle growth; at a 6% coal addition, the average 

particle size in the sulphur containing sample is 258% larger than that in the sulphurless sample. 

This increase in FeNi particle size is significantly greater than that resulting from a simple increase 

in the amount of coal; a 2% increase in the amount of coal, from 6% to 8%, results in a 44% 

increase in average FeNi particle size, while a 2% increase in the amount of sulphur for that same 

ore, from 0% to 2%, increases the average FeNi particle size by 107%. Increasing the reduction 

temperature also had a beneficial effect of particle size; an increase in temperature from 1000 to 

1200°C for a limonitic ore with 6% coal sulphur led to a 90% increase in average FeNi particle 

size. A similar temperature increase for the same ore composition with a 4% elemental sulphur 

addition led to only a 32% increase in average particle size.  

The effect of residual sulphur in the reduced ore on the average FeNi particle size is shown in 

Figure 31 for samples containing either elemental sulphur or pyrite. In both cases the average 

particle size increases with increasing residual sulphur content, up to about 3% residual sulphur. 

Beyond this point, further increase in the residual sulphur content appears to provide no further 

increase in particle size and may actually lower the average size, although further data points at 

higher sulphur concentrations are needed to confirm this trend. Again, equivalent amounts of 

elemental sulphur and pyrite appear to behave similarly.  
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Figure 30:  Effect of varying coal additions on the average FeNi particle size with either a 0% or 4% 

elemental sulphur addition at a reduction temperature of 1000°C.  

 

Figure 31:  Effect of residual sulphur content on the average FeNi particle size for samples with varying 

additions of elemental sulphur or pyrite and a fixed 6% coal addition, at a reduction 

temperature of 1000°C.  
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The FeNi particle size distributions for three samples containing 6% coal and either no additional 

sulphur, 4% elemental sulphur or 7.5% pyrite are given in Figure 32. In all cases a significant 

fraction of the FeNi particles are below 1 μm, and in the case of the sulphurless sample no particles 

above 4 μm were observed. The presence of sulphur in the ore results in a shift towards larger 

particles and a reduction in the total number of particles observed. This trend is typical of sulphur 

containing samples, with the distribution of particle sizes varying with the residual sulphur content 

of the ore. When considering this distribution of particle sizes, it is also of interest to consider what 

fraction of the total ferronickel is contained in each size fraction. Using the area of each particle 

as a representative estimate of the total volume of the particle, and assuming both a uniform density 

and nickel grade in each particle, it is possible to make a rough estimate of the distribution of the 

mass of ferronickel across the size categories given in Figure 32. From this, it has been calculated 

that for the sulphurless sample presented here, the largest 21% of FeNi particles contain 50% of 

the ferronickel, while the upper 70% of particles contains 90% of the ferronickel. By contrast, in 

the sample containing a 4% elemental sulphur addition, 50% of the ferronickel is contained in only 

the upper 12% of particles, and 90% in the upper 48% of FeNi particles. Therefore, while there is 

still a significant population of ferronickel particles below 1 μm in the presence of sulphur, it 

should be possible to achieve high nickel recoveries while only recovering the upper half of the 

FeNi particles, with the smallest particles to be recovered being about 1.5 μm.  
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Figure 32:  Distribution of FeNi particle sizes from samples with a fixed 6% coal addition and either 0% 

additional sulphur, 4% elemental sulphur or 7.5% pyrite, at a reduction temperature of 

1000°C.  

From these results it is clear that small additions of sulphur to limonitic ore samples prior to 

selective reduction of the ore will yield significantly larger ferronickel particles, which should 

allow for improved recovery of these particles. While most studies currently available in literature 

focus on magnetic separation of the ferronickel, this increased particle size could also be 

advantageous in a gravity separation or leaching approach.  

5.5 Ferronickel Particle Formation in Saprolitic Ore 

It is also of interest to consider the effect of sulphur additions on the formation of ferronickel 

particles in a saprolitic ore. While limonitic ores represent a significant resource, saprolites 

typically have a higher nickel grade and are currently the primary focus of commercial laterite 

operations. Test work has been performed under the conditions which produced the best results in 

a limonite for the saprolite ore listed in Table 3, and the results are summarized in Table 9.  
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Table 9:  Summary of experimental results for test work done with saprolite. The conditions used in 

each test, as well as initial and residual sulphur content of the sample, fraction of initial 

sulphur retained, and average and maximum ferronickel particle size are provided. 

Temp. 

(°C) 

Coal 

(%) 

Sulphur 

(%) 

Pyrite 

(%) 

Residual 

Sulphur 

(wt. %) 

Initial 

Sulphur 

Retained 

(%) 

Average 

Particle 

Size 

(μm) 

Max 

Particle 

Size 

(μm) 

1000 6 0 0 - - 0.85 13.79 

1000 6 4 0 1.39 27.16 0.56 4.71 

1000 6 0 7.5 3.83 ~100 0.58 5.86 

1100 6 0 0 0.13 - 0.76 28.85 

1100 6 4 0 1.76 38.85 0.59 10.46 

1100 6 0 7.5 3.33 85.98 0.62 16.21 

In the case of the saprolite, it appears that the addition of sulphur as either elemental sulphur or 

pyrite has a detrimental effect on the size of FeNi particles formed. This may partially be a result 

of the higher temperatures required for the decomposition of the magnesium silicate minerals in 

the saprolite and the liberation of nickel and iron. Increased reduction temperature did yield larger 

ferronickel particles as in the limonite, but the presence of sulphur still led to a significant decrease 

in FeNi particle size. The coal addition used in these tests is also in excess of the stoichiometric 

amount required to reduce all of the iron and nickel oxides contained in the ore to a metallic state, 

which may have mitigated any benefit derived from the addition of sulphur. Finally, given the 

lower iron content of the iron and the relatively high retention of sulphur in the reduced saprolite, 

it is likely that a significant amount of iron sulphides was formed. This would reduce the amount 

of available iron to form ferronickel particles, resulting in a reduced average particle size. Smaller 

coal and sulphur additions may allow for some benefit to be gained from this approach for the 

saprolite ore, but the current results show that the sulphur addition has a detrimental effect on the 

formation of ferronickel particles in a saprolite. 
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5.6 Ferronickel Particle Formation in a Blended Laterite Ore 

As limonite and saprolite occur as different layers in the same deposit, it is also of interest to 

consider the effect of sulphur on ferronickel particle growth in a blended ore. Most current methods 

of processing nickel laterites require separate processing of the limonite and the saprolite, and the 

ability to form a ferronickel concentrate from a blended ore is therefore quite attractive. Table 10 

summarizes the results of further test work using fixed additions of 6% coal and 4% sulphur with 

varying blends of the limonitic and saprolitic ores listed in Table 3. Plotted together with data from 

Table 8 and Table 9, as shown in Figure 33, there is a clear trend towards increased FeNi particle 

size with increasing limonite content in the ore mixture. This is likely the result of the higher iron 

content of the ore as the limonite content increases, resulting in more metallic iron being present 

from which these particles may form. It is also consistent with the trend towards smaller particles 

seen in the test work conducted on the saprolite ore. It is possible that the formation of high grade 

FeNi particles from a blended ore, and their subsequent recovery, may be possible, but further test 

work is needed. In particular, it is unclear whether the presence of sulphur has a beneficial impact 

on FeNi particle size in the blended ore, and whether better results may be achieved with different 

coal and sulphur additions or higher reduction temperatures.  

Table 10:  Summary of experimental results for test work done with various blends of limonitic and 

saprolitic ore. The conditions used in each test, as well as  initial and residual sulphur content 

of the sample, fraction of initial sulphur retained, and average and maximum ferronickel 

particle size are provided. 

Temp. 

(°C) 

Coal 

(%) 

Sulphur 

(%) 

Residual 

Sulphur 

(wt. %) 

Initial 

Sulphur 

Retained 

(%) 

Average 

Particle 

Size 

(μm) 

Max 

Particle 

Size 

(μm) 

Limonite / 

Saprolite 

Ratio 

1000 6 4 1.89 41.95 1.60 8.97 75/25 

1000 6 4 1.72 31.16 1.05 12.30 50/50 

1000 6 4 2.08 38.82 0.68 5.29 25/75 
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Figure 33:  Effect of ore composition on the average FeNi particle size in samples with 6% coal and 4% 

elemental sulphur additions, at a reduction temperature of 1000°C. The ore composition is 

given as percent limonite, with the balance being saprolite. The limonite and saprolite ore 

compositions used are given in Table 3.  

5.7 Nickel Grade in the Ferronickel Particles 

While it is expected that FeNi particle size will be the controlling factor in allowing for effective 

separation of the ferronickel from the gangue, it is also important to consider the nickel grade of 

the FeNi particles formed. The end goal of this research is the formation of a high nickel grade 

concentrate which can then be sent for further processing, requiring that the amount of metallic 

iron formed be minimized. To assess the impact of FeNi particle size, and in particular the effect 

of sulphur, on the nickel grade of the FeNi particles, EMPA was used to assess the composition of 

FeNi particles from three samples. The results of this analysis are given in Figure 34.  
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Figure 34:  EMPA of 20 randomly selected FeNi particles from samples with a 6% coal addition and either 

0% additional sulphur, 4% elemental sulphur or 7.5% pyrite, at a reduction temperature of 

1100°C 

These results show the nickel content in 20 typical particles from each sample. The balance of 

each particle was comprised of primarily iron, with some low (<0.1%) concentrations of cobalt 

and sulphur. In general, it appears that the sulphurless ore produced higher nickel grade particles, 

although there is significant variation within each population. The sulphurless composition 

produced an average nickel grade of 8.18±0.77%, compared to 4.96±0.97% for the sample with 

4% elemental sulphur and 4.83±0.75% for the sample containing 7.5% pyrite. Based on this it 

would appear that increased FeNi particle size correlates with a decrease in the nickel grade, likely 

as the result of increased formation of metallic iron. However, analysis of the largest FeNi particles 

(>20 μm) observed in the sulphur containing compositions showed higher than average nickel 

content (13.27% Ni). This result is encouraging, but too few particles of this size were present in 

the sample for any meaningful relationship to be described. It is also of interest to note that in all 
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cases the sulphur concentration in the ferronickel was less than 0.1%, suggesting that the sulphur 

content of the ore is primarily present as discrete iron sulphides. Analysis of the sulphur content 

of the sulphide particles observed in the ore is consistent with that expected for pyrrhotite.  

Comparing the nickel grades from Figure 34 to those predicted by the thermodynamic modelling 

of this system (Elliott et al., 2015c), it is clear that the experimentally determined values are 

significantly lower. For a sulphurless sample with a 6% coal addition, the model predicts a nickel 

grade of ~18%; the value given by the current experimental work is less than half of this. For the 

same ore containing a 4% initial sulphur addition, the model predicts a nickel grade of ~10%, 

which again is roughly twice that observed experimentally. These results suggest that the model 

significantly over predicts the selectivity of the reduction roasting, likely as a result of several 

limitations of the model. These limitations are primarily that the HSC Chemistry software treats 

the reduction as a closed system, not allowing for the removal of gaseous products, and also does 

not account for kinetic limitations of the reactions, or the mass transfer limitations of solid state 

reductions. The combination of these and other factors causes the model to under predict the 

reduction of iron oxides to metallic iron, and consequently also over predict the presence of 

magnetite in the reduced ore. 

A comparison can also be made between these nickel grades and the results of magnetic separation 

tests previously performed on this ore, following reduction roasting under the same conditions 

(Rodrigues, 2013). In these magnetic separation tests, a nickel grade of 4% and a nickel recovery 

of 93% were reported for a magnetic concentrate produced from a limonitic ore reduced with 6% 

coal and 4% sulphur additions. Comparing these results to the average nickel grades in the FeNi 

particles reported in Figure 34, it would appear that highly selective magnetic separation was 
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achieved, with some co-recovery of iron oxides. This prior experimental work also reported an 

average nickel grade in the ferronickel of 4.76%, based on digestion of the ferronickel in a 

bromine/methanol solution and subsequent Atomic Absorption analysis, which is in good 

agreement with the values reported in Figure 34 for the same ore and reduction conditions.  

5.8 Magnetic Separation Tests 

Magnetic separation tests were conducted for several ore compositions with 6% coal additions and 

various sulphur or pyrite additions, under the control conditions, to assess the impact of the 

changes in FeNi particle size previously noted on the effectiveness of magnetic separation. In each 

test the ore was passed through two magnetic separation stages. First the reduced ore was processed 

at a field strength of 0.1 Tesla, with the magnetic fraction forming Concentrate 1. Second, the tails 

from this separation were reprocessed at 0.2 Tesla, forming Concentrate 2. The remaining non-

magnetic fraction comprised the tails. The results of these tests are given in Table 11.  

In general, these magnetic separations were unsatisfactory. Poor recovery of nickel to the 

concentrates was achieved in all cases, with only very limited upgrading of the nickel grade. The 

addition of sulphur or pyrite does appear to have a beneficial effect on both nickel grade and 

recovery in the concentrate, suggesting the increased particle size does have a beneficial impact 

on the magnetic separation process. These sulphur additions also lead to an increase in the amount 

of material recovered in the magnetic concentrate. In the case of the sulphurless limonite, 13% of 

the material reported to the magnetic concentrate; in the case of the limonite with a 4% addition 

of sulphur, 44% of the reduced ore was recovered. However, none of the conditions listed in Table 

11 produced a significant upgrading of the nickel grade in the concentrate following magnetic 

separation, as compared to the head grade of the reduced ore.  
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Table 11:  Magnetic separation test results for various ore compositions. The nickel and iron grades of 

each ore fraction are given, as well as the portion of each metal reporting to that fraction.  

Experimental  

Conditions 

Ore 

Fraction 

Metal Grade (%) Total Metal Content (%) 

Ni Fe Ni Fe 

Limonite 

6% coal 

Head 1.20 64.10 - - 

Conc. 1 1.29 65.10 6.35 6.00 

Conc. 2 1.21 64.90 6.45 6.48 

Tails 1.19 63.00 83.60 82.85 

Limonite 

6% coal 

4% sulphur 

Head 1.18 65.00 - - 

Conc. 1 1.32 64.60 12.65 11.24 

Conc. 2 1.25 63.40 34.70 31.95 

Tails 0.87 63.90 40.69 54.26 

Limonite 

6% coal 

7.5% pyrite 

Head 1.12 67.40 - - 

Conc. 1 1.35 65.50 14.71 11.86 

Conc. 2 1.28 66.00 35.58 30.49 

Tails 0.91 63.80 45.28 52.75 

Saprolite 

6% coal 

4% sulphur 

Head 1.43 23.8 - - 

Conc. 1 1.48 24.20 7.59 7.46 

Conc. 2 1.47 25.20 6.99 7.20 

Tails 1.40 23.30 82.95 82.94 

Blended Ore 

6% coal 

4% sulphur 

Head 1.32 45.3 - - 

Conc. 1 1.35 46.30 33.46 33.44 

Conc. 2 1.31 42.60 13.93 13.20 

Tails 0.89 37.00 34.65 41.97 

There are several possible explanations for this. It is likely that the reduced ore was insufficiently 

pulverized prior to magnetic separation, resulting in poor liberation of the fine ferronickel particles 

from the gangue and increased co-recovery of the non-magnetic iron oxides. The coarsest non-

magnetic particles would also have been entrained during the magnetic separation, further diluting 

the concentrate. It is possible that the sample size used in these tests was too small to achieve 

representative separation with the available equipment.  

It is also possible that a significant fraction of the iron oxides were present as magnetite, which 

would be co-recovered during the attempted separation. While this is predicted by the 
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thermodynamic model, it is not supported by XRD analysis of reduced ore samples which show 

wustite as the primary iron oxide. Figure 35 shows semi-quantitative XRD analysis of the reduced 

ore in concentrate 1 for a limonite reduced with a 6% coal addition and 4% sulphur addition at 

1100 °C. In addition to the non-magnetic iron oxide (wustite), the magnetic concentrate contains 

significant amounts of fayalite, pyrrhotite, magnesioferrite, and kamacite (the ferronickel alloy). 

These results support the theory that non-magnetic materials were entrained with the magnetic 

ferronickel as a result of poor liberation of the FeNi particles. They also suggest that while some 

of the iron is contained in a magnetic form (magensioferrite), the majority is present as non-

magnetic iron oxides or iron silicates, in contrast with the prediction of the thermodynamic model. 

The presence of pyrrhotite suggests that the sulphur content of the ore is primarily present as iron 

sulphides, and not contained in the ferronickel alloy. This observation is consistent with the 

Electron Microprobe Analysis previously discussed.  

 

Figure 35: XRD analysis of Concentrate 1 from a magnetic separation test of a limonitic ore reduced 

with 6% coal and 4% sulphur at 1100°C for 1 hour.   
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Chapter 6 

Conclusions and Future Work 

6.1 Thermodynamic Modelling 

A thermodynamic model for the carbothermic reduction of a limonitic ore in the presence of 

sulphur has been developed and compared to experimental results. The model predicts that 

increased carbon and sulphur additions and higher reduction temperatures will lead to the 

formation of ferronickel alloys of decreasing nickel grade. These trends are all consistent with 

prior thermodynamic models in the literature. Optimal conditions for the selective reduction of 

nickel over iron were identified as 4% coal, 0.5% sulphur and 600°C.  

Comparing to experimental results obtained at 6% coal, 4% sulphur (approximately 1% residual 

sulphur content) and 1000°C, the nickel grades predicted by the model are roughly double those 

actually observed. This discrepancy is attributed to several limitations of the model, including its 

closed system nature and the fact that no kinetic factors are accounted for. The model also predicts 

that the majority of the iron oxide in the ore will be present as magnetite following the selective 

reduction. Based on experimental observations, most iron oxide is present as wustite, with very 

little magnetite observed.   

6.2 Ferronickel Particle Size 

A clear correlation has been shown between increased residual sulphur content and increased 

ferronickel particle size in the reduction roasting of a limonitic ore. Limonite reduced in the 

presence of a 4% elemental sulphur addition showed an increase of up to 258% in average 

ferronickel particle size, as compared to a similar ore composition without any additional sulphur. 
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Increasing coal additions and increasing reduction temperature were also shown to increase 

ferronickel particle size; an increase from 6 to 8% coal yielded a 44% increase in average FeNi 

particle size, while an increase in reduction temperature from 1000 to 1200°C yielded a 90% 

increase in average particle size for a sulphurless system. The same temperature increase yielded 

only a 32% increase in particle size for a limonite containing a 4% elemental sulphur addition. 

Interestingly, a 2% elemental sulphur addition produced a 107% increase in average particle size, 

an increase similar to that resulting from an increase in reduction temperature of 200°C. This 

suggests that the addition of small amounts of sulphur may be a significantly lower cost option for 

increasing the size of FeNi particles formed, and thereby improving their ease of recovery. 

Additionally, in all cases considered pyrite was observed to behave similarly to an elemental 

sulphur addition containing an equimolar amount of sulphur. Sulphur additions to saprolite and 

blends of limonite and saprolite ore does not appear to increase average ferronickel particle size, 

and may actually have the opposite effect. 

6.3 Ferronickel Particle Grade 

Increasing ferronickel particle size appears to correlate with decreasing nickel grade in the 

ferronickel. EMPA of ferronickel particles formed with a 4% elemental sulphur addition to a 

limonite reduced under the control conditions had an average nickel grade of 4.96%, compared to 

8.18% for the same ore without additional sulphur. This suggests that the increase in ferronickel 

particle growth is the result of increased metallization of iron in the presence of sulphur, and is 

consistent with both the predictions of the thermodynamic model, and the metallization studies 

conducted by Rodrigues (2013). While increased particle size is desirable from the perspective of 

recovering the ferronickel alloy, there is a trade off with the amount of iron incorporated into the 
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alloy. An optimum sulphur addition must therefore be identified which maximizes the benefits of 

increased particle size, while minimizing the amount of additional iron co-recovered in the alloy.  

6.4 Magnetic Separation 

The results of magnetic separation tests conducted on limonitic, saprolitic, and blended ore 

compositions have been unsatisfactory as only very limited upgrading of the nickel grade was 

achieved in all cases. The sulphur containing limonitic ore samples did exhibit a higher recovery 

of nickel to the magnetic concentrate, but this also coincided with an overall increase in the amount 

of material (including iron) recovered in the concentrate. As magnetic separation of these and other 

laterite ores has been achieved by other researchers, these unsatisfactory results are likely the result 

of flaws in the experimental method followed. In particular, insufficient grinding of the reduced 

ore to liberate the ferronickel and a sample size too small for the equipment being used likely 

contributed to the limited upgrading observed.   

6.5 Future Work 

Based on the results of this thesis, several recommendations may be made for future research. 

These recommendations relate to three main themes: further characterization of particle growth, 

recovery of the ferronickel alloy, and application of this methodology to blended ore compositions. 

Firstly, metallization studies should be completed for the conditions studied in the present work to 

confirm the hypothesis that the increase in ferronickel particle size observed in the presence of 

sulphur is indeed the result of increased iron metallization. It would also be of interest to further 

explore the relationship behaviour of sulphur as a function of temperature. At present, only the 

initial and final sulphur concentrations are known, with general assumptions made about when and 

how sulphur is lost from the system. Observing the concentration of sulphur at various 
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temperatures and reduction durations for various sample compositions, and correlating this with 

the observed ferronickel particle sizes, could offer greater insight into the mechanism by which 

sulphur facilitates this particle growth. It could also improve understanding of how sulphur is 

retained in the system at high temperatures, how the behaviour of pyrite and elemental sulphur 

differ, and what the upper limits are for particle growth driven by the addition of sulphur. Finally, 

the effect of ore and reagent particle size on the formation of ferronickel particles could be 

assessed. The present work largely ignored any effect this may have had, instead using a consistent 

particle size in all tests. However, smaller particles could improve contact between the metal 

oxides and the reductant, affecting how the reduction process proceeds. 

Further work is also needed to validate the hypothesis that larger ferronickel particles will improve 

magnetic separation results. It is recommended that a larger sale experimental apparatus be utilized 

to provide a total briquette mass of at least 100 g. This would allow for pulverization of the reduced 

ore prior to magnetic separation (in place of grinding of the ore by hand as done in the current 

work), analysis of the particle size distribution of the pulverized ore, and a larger sample feed to 

the equipment. Varying the particle size of the feed and the intensity of the magnetic field could 

allow for further optimization of the magnetic separation step. It would also be of interest to 

consider other gravity separation or leaching methods either as an alternative to, or in addition to, 

magnetic separation. For example, heavy media separation combined with magnetic separation 

could allow for an improved nickel grade in the final concentrate. Alternatively, leaching of the 

reduced ore to selectively recover the ferronickel alloy could also achieve good extraction of the 

nickel. Control of the ferronickel particle size and grade through adjustments to the reduction 



 

86 

roasting process could allow for improvements over the nickel recoveries typically reported for 

the Caron process.  

Better control over the reduction atmosphere should also be explored. In the INCO patent on which 

the present work is based, a constant CO/CO2 ratio in the reducing atmosphere is employed to limit 

the formation of magnetite. While only limited magnetite formation was observed in the present 

study, control of this reducing atmosphere could allow for better selectivity in the reduction step, 

improving the nickel grade observed in the ferronickel. This approach may also prove more 

scalable, as non-homogenous mixing of the coal additions to the ore would result in pockets of 

over and under reduced ore, negatively affecting the nickel grade and recovery in the final 

concentrate.  

Finally, further comparative work should be undertaken for saprolitic ores, as well as blended 

compositions of limonite and saprolite. Nickeliferous laterite ore deposits occur as a layered 

mixture of limonite, saprolite, and other materials. The ability to treat the whole ore body via a 

single process would be highly advantageous. Saprolitic ores also typically have a higher nickel 

content than the limonite and lower iron content, which should make the process of forming a high 

grade ferronickel easier, although it may require higher temperatures.  
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Appendix A: Experimental Results 

Table 12:  Experimental conditions used for all test work. In the case of blended compositions, ore type 

is given as percent saprolite with the balance comprised of limonite.  

Experiment  

Number 

Ore 

Type 

Temp. 

(°C) 

Coal 

(%) 

S 

(%) 

FeS2 

(%) 

Na2SO4 

(%) 

200 Lim. 1000 0 0 0 0 

201 Lim. 1000 2 0 0 0 

202 Lim. 1000 4 0 0 0 

203 Lim. 1000 6 0 0 0 

204 Lim. 1000 8 0 0 0 

300 Lim. 1000 0 4 0 0 

301 Lim. 1000 2 4 0 0 

302 Lim. 1000 3 4 0 0 

303 Lim. 1000 4 4 0 0 

304 Lim. 1000 5 4 0 0 

305 Lim. 1000 6 4 0 0 

306 Lim. 1000 7 4 0 0 

307 Lim. 1000 8 4 0 0 

401 Lim. 1000 6 0.5 0 0 

402 Lim. 1000 6 1 0 0 

403 Lim. 1000 6 2 0 0 

404 Lim. 1000 6 6 0 0 

501 Lim. 1000 6 0 0.938 0 

502 Lim. 1000 6 0 1.875 0 

503 Lim. 1000 6 0 3.75 0 

504 Lim. 1000 6 0 7.5 0 

505 Lim. 1000 6 0 11.25 0 

601 Lim. 1000 6 0 0 2.215 

602 Lim. 1000 6 0 0 4.43 

603 Lim. 1000 6 0 0 8.86 

604 Lim. 1000 6 0 0 17.72 

605 Lim. 1000 6 0 0 26.58 

701 Sap. 1000 6 0 0 0 

702 Sap. 1000 6 4 0 0 

703 Sap. 1000 6 0 7.5 0 

801 Lim. 1200 6 0 0 0 

802 Lim. 1200 6 4 0 0 
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Experiment  

Number 

Ore 

Type 

Temp. 

(°C) 

Coal 

(%) 

S 

(%) 

FeS2 

(%) 

Na2SO4 

(%) 

803 Lim. 1100 6 4 0 0 

804 Lim. 1100 6 0 0 0 

805 Lim. 1100 6 0 7.5 0 

806 Sap. 1100 6 0 0 0 

807 Sap. 1100 6 4 0 0 

808 Sap. 1100 6 0 7.5 0 

901 25% Sap. 1000 6 4 0 0 

902 50% Sap. 1000 6 4 0 0 

903 75% Sap. 1000 6 4 0 0 

1001 Lim. 1000 0 0 0 0 

1002 Sap. 1000 0 0 0 0 

1003 Lim. 1100 6 0 0 0 

1004 Lim. 1100 6 4 0 0 

1005 Lim. 1100 6 0 7.5 0 

1006 Lim. 1100 6 4 0 0 

1007 50% Sap. 1100 6 4 0 0 

Table 13:  Summary of experimental data from all test work conducted. The experimental conditions 

used in each test are given in Table 12.  

Exp. 

No. 

Initial 

Mass 

(g) 

Final 

Mass 

(g) 

Mass 

Loss 

(%) 

Initial 

C (%) 

Initial 

S (%) 

Resid. 

C (%) 

Resid. 

S (%) 

% S 

Left 

Max 

Size 

(um) 

Ave. 

Size 

(um) 

200 2.524 2.182 14 0.09 0.06 0.00 0.08 - 0.00 0.00 

201 2.482 1.991 20 1.69 0.03 0.00 0.06 - 0.93 0.44 

202 2.280 1.675 27 3.33 0.03 0.04 0.04 - 1.51 0.46 

203 2.549 1.760 31 4.89 0.03 0.28 0.00 - 3.14 0.59 

204 2.430 1.442 41 6.47 0.01 0.46 0.00 - 6.05 0.85 

300 2.545 2.046 20 0.09 3.47 0.00 0.07 1.63   

301 2.470 1.897 23 1.57 3.64 0.00 0.66 13.83 1.74 0.43 

302 2.470 1.847 25 2.30 3.93 0.02 0.86 16.33 1.74 0.46 

303 2.470 1.783 28 3.57 3.70 0.07 1.55 30.33 14.88 1.62 

304 2.164 1.547 29 3.90 3.80 0.07 1.44 27.12 12.09 1.99 

305 2.392 1.666 30 4.68 4.06 0.17 1.78 30.46 12.91 2.11 

306 2.100 1.360 35 5.41 3.88 0.22 1.75 29.24 27.33 2.78 

307 2.934 1.670 43 6.18 3.96 0.10 2.04 29.33 27.91 2.53 

401 2.579 1.783 31 4.82 0.45 0.18 0.20 30.47 7.13 0.92 

402 2.410 1.544 36 4.81 0.83 0.24 0.32 24.88 4.37 0.87 

403 2.429 1.540 37 4.81 1.59 0.07 0.64 25.38 9.08 1.22 
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Exp. 

No. 

Initial 

Mass 

(g) 

Final 

Mass 

(g) 

Mass 

Loss 

(%) 

Initial 

C (%) 

Initial 

S (%) 

Resid. 

C (%) 

Resid. 

S (%) 

% S 

Left 

Max 

Size 

(um) 

Ave. 

Size 

(um) 

404 2.673 1.642 39 4.93 5.78 0.04 3.41 36.27 24.14 1.72 

501 2.153 1.563 27 4.63 0.39 0.15 0.32 59.93 3.45 0.92 

502 2.220 1.656 25 4.61 0.75 0.12 0.45 44.91 7.82 1.29 

503 2.294 1.697 26 4.63 1.28 0.09 1.21 70.39 8.85 1.63 

504 2.059 1.549 25 4.61 2.67 0.05 2.31 65.12 28.16 2.17 

505 2.065 1.611 22 4.71 4.32 0.03 4.69 84.60 23.91 1.63 

601 2.337 1.617 31 4.74 0.47 0.02 0.71 103.9 - - 

602 1.984 1.387 30 4.64 0.74 0.00 0.65 61.05 - - 

603 2.628 1.826 31 4.73 1.25 0.06 2.05 114.1 - - 

604 2.561 1.765 31 4.88 3.04 0.12 4.30 97.50 - - 

605 2.194 1.535 30 4.63 5.67 0.07 6.29 77.63 - - 

701 2.232 1.696 24 4.17 0.08 2.66 0.03 29.42 13.79 0.85 

702 2.180 1.596 27 4.54 3.73 2.80 1.39 27.16 4.71 0.56 

703 2.328 1.731 26 4.38 2.83 2.25 3.83 100.5 5.86 0.58 

801 1.976 1.461 26 4.70 0.03 0.00 0.11 - 7.01 1.12 

802 2.379 1.618 32 4.69 3.77 0.00 2.32 41.80 38.05 2.78 

803 2.462 1.680 32 4.69 3.77 0.00 1.99 36.01 23.56 1.59 

804 2.475 1.783 28% 4.70 0.03 0.00 0.08 - 5.06 1.01 

805 1.986 1.424 28 4.49 3.43 0.02 2.44 50.95 26.09 1.26 

806 2.304 1.671 27 4.28 0.03 0.90 0.13 289.3 28.85 0.76 

807 2.261 1.621 28 4.35 3.25 1.59 1.76 38.85 10.46 0.59 

808 2.134 1.555 27 4.49 2.82 0.81 3.33 85.98 16.21 0.62 

901 2.438 1.639 33 4.64 3.03 0.08 1.89 41.95 8.97 1.60 

902 2.406 1.696 30 4.74 3.90 0.58 1.72 31.16 12.30 1.05 

903 2.374 1.669 30 4.52 3.76 1.28 2.08 38.82 5.29 0.68 

1001 2.438 1.694 31 0.09 0.06 0.02 0.00 - - - 

1002 2.406 1.696 30 0.23 0.03 0.00 0.07 - - - 

1003 - - - 4.49 0.04 0.00 0.01 - - - 

1004 - - - 4.44 3.65 0.00 2.38 - - - 

1005 - - - 4.29 4.24 0.00 2.51 - - - 

1006 - - - 3.97 3.17 0.62 2.59 - - - 

1007 2.5 1.7 - 4.55 3.17 0.00 2.56 54.99 - - 

 


