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ABSTRACT 

Cobalt is a transition metal whose unique properties make it indispensable in the manufacture 

of the rechargeable batteries needed for the energy transition. Currently, most of this metal is 

obtained as a by-product of the extraction of nickel and copper, which is why it is deemed as a 

critical and strategic metal by the US. However, there are some primary deposits previously 

considered marginal that have become of great economic interest, such as those found in the Iron 

Creek area. In this type of occurrence, cobalt is found to be encapsulated within the pyrite lattice, 

so none of the traditional beneficiation methods could effectively liberate and separate the low 

cobalt contents from the pyritic matrix.  

Given the criticality of cobalt and how this metal is embedded in the pyrite (FeS2) structure, it 

has been proposed that the thermal decomposition of this iron sulfide to pyrrhotite (Fe1-xS) and 

troilite (FeS) could be an alternative chemical pretreatment that would (i) increase the cobalt 

content of flotation concentrates by volatilizing part of its sulfur and (ii) transform the initial 

concentrates into a ferromagnetic product that could be processed in a magnetic circuit to further 

increase the cobalt contents. Therefore, the following work presents a comprehensive review of 

the technical and economic feasibility of applying this thermal treatment. To this end, three 

cycles of experiments were performed on concentrates from the bulk flotation of sulfides and the 

differential flotation of cobalt. Two cover gases - N2 and CO2 - were used to evaluate the 

individual effect of temperature, time, gas flow rate, initial pyrite content, and their possible 

interactions.  

The results showed the possibility of increasing the initial cobalt grades by 15-17% with the 

joint production of high-purity sulfur as a valuable by-product. Likewise, results showed the 

possibility of obtaining a highly porous ferromagnetic material suitable for its treatment in a 

magnetic separation circuit or for its leaching in a high-pressure vessel. A concentration 

flowsheet introducing a thermal decomposition circuit was designed and studied to estimate the 

capital (CAPEX) and operating (OPEX) expenses related to its potential implementation on an 

industrial scale. A preliminary economic evaluation of the proposed flowsheet yielded positive 

results, which suggests that the thermal treatment is a highly attractive process for the 

concentration of the Iron Creek minerals. 
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CHAPTER 1        

INTRODUCTION 

The following chapter aims to provide a comprehensive overview of the theoretical background 

related to the present study, as well as the motivations, objectives, and general scope of the 

experimental work. 

1.1. Background 

Cobalt is a silvery-gray transition metal whose unique physical and chemical properties make 

it indispensable in the manufacture of a wide variety of technological materials such as high-

strength alloys, special magnets, catalysts, pigments, wear-resistant coatings, and most 

importantly at least in recent years, rechargeable batteries (72% of global demand in 2022) [1]ï

[6]. 

At present, most of the cobalt is obtained as a by-product of the extractive metallurgy of other 

metals ï mainly nickel (~35%) and copper (~55%) ï and from a wide variety of deposits [5], [7], 

[8]. However, the majority of cobalt is recovered from the weathered Cu-Co stratiform sediments 

of the Democratic Republic of Congo (DRC), which accounted for about 73% of the world's 

mine production in 2022 [5], [6]. The situation is quite similar regarding the production of 

refined cobalt, with China controlling 76% of the market by processing almost all of the semi-

refined material from Congolese mines [6], [9]. 

This context exhibits a clear risk in the global supply of cobalt, which is the main reason 

behind its declaration as a "critical material" by several countries and organizations (e.g., the 

European Union, Australia, and Canada) [8], [10], [11]. In the United States (US), where it is 

considered as a "strategic and critical metal", the situation is equally worrying since the average 

net dependence on cobalt imports during the past four (4) years was slightly over 75% [8], [10]. 

Given the growing demand for cobalt to manufacture the rechargeable batteries necessary for 

the energy transition, special attention has been paid to those primary deposits previously 

considered marginal as possible sources of metal. Notable examples of this new type of deposit 

are those found at the Broken Hill-Thackaringa in Australia, and the Iron Creek located in the 

southeastern region of the historic Idaho Cobalt Belt (ICB) in the US [5], [12]ï[14]. In both 
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mineral occurrences, it has been reported that cobalt is encapsulated within the pyrite lattice 

forming a cobaltiferous pyrite generated by the direct substitution of cobalt for iron in the 

crystalline structure [2], [5], [12]ï[17]. In addition, in the Iron Creek system, recent 

mineralogical and petrographic studies have shown that cobalt is also found in the form of 

cattierite-vaesite, two different mineral species but similar in structure to pyrite, as they belong to 

the same group of sulfides [12], [18]. 

The mineralogical form in which cobalt is found in the Iron Creek deposit poses certain 

challenges in its potential processing since no physical beneficiation technique could liberate and 

separate the low cobalt contents (0.07-0.60%) from the pyritic matrix [17], [19]ï[22]. For 

instance, Electra Battery Materials - owners of the deposit - reported difficulties in the 

processing of several samples from the deposit, achieving cleaner concentrates with maximum 

cobalt grades of 1.2 and 1.8% [17]. 

Given the limitations of traditional circuits to enrich cobalt grades, there is a growing trend 

towards direct extraction of the metal by hydro and pyrometallurgical oxidation of the pyrite 

without further concentration of materials [11], [20], [22]. Among the methods evaluated stand 

out i) the oxidative and sulfating roasting, as well as ii) the atmospheric leaching, bioleaching, 

and pressure leaching of flotation concentrates [11], [20], [22]. While all of these approaches 

have proven to be successful in the extraction of cobalt, each of them has its own set of 

limitations. For example, roasting operations face environmental concerns regarding the 

production of SO2 and the lack of market for the potential generation and sale of sulfuric acid 

[11], [22], [23]. Hydrometallurgical techniques (in the aforementioned sequence) also suffer 

from shortcomings such as the use of strong and potentially hazardous oxidizing agents 

(NaNO3), long retention times (>6 days), and high capital and operating expenses 

(CAPEX/OPEX) [20], [22]. 

As of the date of this work, the only operation focused on the beneficiation of cobaltiferous 

pyrites prior to the extraction stage is the one under development by Cobalt Blue Holdings Ltd. 

in Australia. This process, incorporate two well-known unit operations (gravimetry-flotation) and 

proposes further enrichment of cobalt through pyrolysis or thermal decomposition of pyrites 

[11], [16]. Public information about the process reports the possibility of increasing the initial 
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grade of cobalt concentrates by slightly over 11% without the joint production of H2SO4 [11], 

[16]. However, beyond the innovative nature of the proposed treatment, there is no information 

on the characteristics, advantages, and disadvantages of the process. Additionally, no mention is 

made of the magnetic properties of the decomposed calcine that could be used in a later 

concentration stage to further increase the cobalt contents. 

Under this background, the main objective of this work is restricted to evaluating the 

technical and economic feasibility of implementing the thermal decomposition of pyrites in the 

beneficiation of the cobaltiferous minerals from the Iron Creek deposit. 

1.2. Research Aims 

Given the criticality of cobalt for the energy transition and how this metal is embedded in the 

pyrite lattice of the Iron Creek deposit, it has been proposed that the thermal decomposition of 

pyrite (FeS2) to pyrrhotite (Fe1-xS) and troilite (FeS) could be an alternative chemical 

pretreatment that would: 

× Increase the cobalt content of flotation concentrates without the joint production of sulfur 

dioxide (SO2). 

× Transform the initial material into a ferromagnetic product that could be processed in a 

magnetic separation circuit to further increase the cobalt grade. 

× Produce high-purity elemental sulfur as a valuable by-product suitable for the manufacture of 

sulfuric acid by electrodialysis (EDU). 

× Reduce the mass of the concentrates to be stored and transported. 
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CHAPTER 2        

LITERATURE SURVEY 

This chapter aims to provide a comprehensive overview of the theoretical and experimental 

background related to the research objectives and the thermal decomposition of pyrite. 

2.1. Cobalt and its Properties 

Cobalt is a silvery-gray transition metal similar in physical and chemical properties to iron 

and nickel. It has one stable isotope (Co59) and twelve radioactive isotopes, with Co60 being the 

most commonly used [2], [5]. Cobalt has a common oxidation state of 2+, but 3+ and 1+ states 

can also occur [5], [24]. The ionic radii of Co2+ and Co3+ are similar to those of other common 

elements like Cu2+, Mg2+, Mn2+, Fe2+, Fe3+, and Ni2+, enabling cobalt to substitute for these 

elements within minerals and other phases under suitable conditions [5].  

Cobalt is a relatively rare element in Earth's crust, with an average concentration of 

approximately 25-30 ppm [2], [4], [24], [25]. It is the 33rd most abundant element in terms of 

crustal abundance and is less prevalent than all other transition metals except for scandium. 

Cobalt is a frequent element in mafic and ultramafic igneous rocks, where the proportion of 

nickel to cobalt decreases from ultramafic to acidic rocks [5], [25]. In sedimentary rock 

formations, cobalt primarily resides in the argillaceous portion and tends to coexist with iron and 

manganese, according to rock classification [5]. 

Cobalt can be found in nature in small, distributed amounts in a broad variety of media, such 

as rocks, soils, plants, sea-waters, and manganese-rich marine nodules [26]. While cobalt does 

not occur naturally in its pure state, it can be identified as a crucial constituent of 66 minerals and 

as a trace constituent in several hundred more, particularly those containing nickel, iron, and 

manganese [5], [26]. The limited occurrence of minerals solely composed of cobalt can be 

attributed to its chalcophile and siderophile characteristics, which result from cobalt sharing a 

similar charge and ionic radius with prevalent mineral-forming elements. As a result, cobalt is 

more likely to be incorporated as a minor component in abundant rock-forming minerals rather 

than existing in isolation as its own distinct species [5], [27]. 
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2.2. Cobalt Applications 

Cobalt is a versatile metal with a wide range of applications in various fields. It is used in the 

manufacture of lithium-ion batteries, catalysts, magnets, superalloys, pigments, and wear-

resistant coatings, as well as in the production of high-energy gamma rays and as a radioactive 

tracer (Fig. 2.1) [1], [3], [4]. Cobalt also plays a vital role in the functioning of various animals 

and plants due to its presence in coenzymes called cobalamins, including vitamin B12 [1], [24]. 

 
Figure 2.1. Cobalt demand by end-use sector in 2022 [6]. 

Note: others include hard facing tools, tires, soaps, and paint driers. 

Source: Adapted from ñCobalt Market Reportò, Cobalt Institute, 2022. 

In the field of magnetic materials, cobalt is one of the few metals that remains magnetic after 

a single magnetization, making it useful in the fabrication of soft and permanent magnets [2], 

[28]. Additionally, cobalt is the most satisfactory matrix for cemented carbides (tungsten-cobalt 

carbides), which are used in cutting tools and wear-resistant components in machining 

applications and mining, oil, and gas drilling [2]. 

Cobalt is also used in the aerospace and marine industries in the form of superalloys due to its 

capacity to improve the mechanical strength, stability and form, wear, and corrosion resistance of 

certain alloys even at high temperatures [28].  
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Furthermore, among its most recent uses are cobalt-based nanoparticles that are employed in 

technological applications such as data storage, catalysis, nanomedicine, and magnetic fluids 

[24]. Nevertheless, as can be seen in Figure 2.1, the main use of cobalt and its compounds is in 

the manufacture of cathodes for rechargeable batteries that power portable electronic devices, 

hybrid and electric vehicles, and energy storage units, as they accounted for 72% of the total 

global demand in 2022. [2], [6]. 

2.3. Cobalt in Batteries 

Cobalt is a fundamental component of the cathode materials used in rechargeable lithium-ion 

batteries [2], [24]. In those applications, cobalt is transformed into lithiated cobalt oxides 

(LiCoO2 or NMC or NCA), where its primary role is to improve battery performance and energy 

density by stabilizing the cathode lattice structure during charge and discharge cycles [29], [30]. 

Additionally, cobalt plays a fundamental part in the durability and thermal stability of batteries 

allowing them to handle higher current demands without compromising safety [29], [31]. To a 

lesser extent, cobalt and its compounds are also used in the manufacture of anodes for nickel-

based batteries (nickel-cadmium, and nickel-metal hydride), where it is mainly employed as a 

chemical precursor for the production of cobalt dihydroxide [30], [32]. 

Currently, most commercial lithium-ion batteries contain cobalt, with about 10% of the metal 

being required to achieve the properties described in the previous paragraph [30]. Lithium cobalt 

oxide (LiCoO2 or LCO), lithium nickel-cobalt-manganese (NCM), and lithium nickel-cobalt-

aluminum (NCA) oxides are by far the most commonly used cathode chemistries in this type of 

batteries that power electric cars (EVs) and portable devices such as cell phones, tablets, and 

computers [6]. 

In 2021, the electric vehicle (EV) and portable device industries were nearly tied in terms of 

cobalt consumption for their batteries. However, as seen in Figure 2.2, the EV sector has taken 

the lead over the past year and has become the dominant consumer, accounting for a significant 

40% of total demand [6]. This represents a significant change in trend as for the first time, the 

use of cobalt in EV batteries surpasses its use in portable electronics, with the forecast that this 

proportion will continue to increase as the energy transition gains strength [6]. 
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Figure 2.2. Breakdown of cobalt use in batteries in relation to total demand [6]. 

Source: Adapted from ñCobalt Market Reportò, Cobalt Institute, 2022. 

2.4. Cobalt Supply Chain 

The cost of the rechargeable batteries necessary for the electrification of transport and the 

energy transition is widely influenced by the cost of raw materials (lithium, cobalt, nickel, and 

manganese) used in the manufacture of the cathodes. Among all these materials, cobalt is the 

most challenging due to the instability of its cost that is a direct consequence of its weak supply 

chain (Figure 2.3) [7].  

For example, the cobalt mine production in 2022 was close to 198 kt, which was 21% higher 

(34 kt) than the registered in the previous year [6]. Comparatively, this amount is quite far from 

the 3.3 million tons of nickel that were produced during the same period [9]. As can be seen in 

Figure 2.4, the Democratic Republic of the Congo (DRC) was the main producer of mined 

cobalt, accounting for 73% of the total production, followed distantly by Indonesia with 5%. [6]. 

The situation is quite similar with respect to the amount of refined cobalt as China (Figure 

2.5) dominates the market by processing almost all of the semi-refined material from the Congo 

mines [6], [9]. In that sense, it is quite clear that the cobalt industry and supply is largely 



8 

dependent on the DRC and China. This explains why cobalt is considered as a ñcritical raw 

materialò by the European Union (EU) and as a ñstrategic and critical metalò by the United 

States (US) [8], [10] . 

 
Figure 2.3. Co, Ni, and Cu price trends during the during the last decade [7], [33]ï[35]. 

Source: Adapted from ñCobalt, Nickel, and Copper Futuresò, Investing.com, 2023 & ñCan Cobalt Be 

Eliminated from Lithium-Ion Batteries?ò, Lee, S. and Manthiram, A., ACS Publications, 2022. 

 
Figure 2.4. Share of mined cobalt supply in 2022 [6]. 

Source: Adapted from ñCobalt Market Reportò, Cobalt Institute, 2022. 

2022 Avg. Prices: 

Cobalt: 37.25 USD/kg 

Nickel: 24.82 USD/kg 

Copper: 8.75 USD/kg 
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Figure 2.5. Share of global refined production by country in 2022 [6]. 

Source: Adapted from ñCobalt Market Reportò, Cobalt Institute, 2022. 

While increasing supply could help stabilize the cobalt price and lower its criticality, 

expanding cobalt mines is quite difficult as cobalt is mainly recovered as a by-product of nickel 

(~35%) and copper (~55%) metallurgy [5], [7], [8]. Therefore, the uneven concentration of 

cobalt sources not only makes supply growth difficult but also raises geopolitical concerns that 

may further erode the global supply chain [7], [36]. Likewise, the exploitation of workers and the 

use of child labor to extract poisonous cobalt from major mines in DRC coupled with the 

indiscriminate pollution of the ecosystem, has posed significant health and ethical concerns in 

the international community [6], [7]. Given the scarcity of cobalt mines and processing facilities 

around the world, special focus has been put on recycling methods, which while may alleviate 

some of the shortfall (current and projected) in cobalt supply, will not eliminate the need to 

extract it from its ores [6], [7], [36]. 

2.5. Cobalt Minerology 

Cobalt deposits exhibit a varied mineralogy that, in general terms, comprises primary 

(hypogenous) and secondary (supergenic) crystalline phases [2]. While mineralization patterns 

vary between deposits, as mentioned above, only a small proportion of them have been 

economically mined and processed for their cobalt contents [5]. In fact, at present, cobalt can 

only be feasibly recovered from three (3) types of deposits (Figure 2.6): Cu-Co stratiform 
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sediment deposits (~63%), Ni-Co laterite deposits (~20%), and Ni-Co magmatic sulfide deposits 

(~14%), that represent 97% of total production. [2], [5], [8]. 

 

Figure 2.6. World cobalt production by deposit type [8]. 

Source: Adapted from ñEnvironmental Sustainability and Supply Resilience of Cobaltò, Earl, C. et al., 

Sustainability 2022. 

Table 2.1 provides a list of the most commonly exploited cobalt-bearing minerals, including 

their mineral group, chemical formulas, cobalt content, and associated metals [5]. In primary 

deposits, cobalt is primarily found in the form of sulfides, such as carrollite [Cu(Co,Ni)2S4], 

cattierite [CoS2], and linnaeite [Co3S4], which are the main sources of cobalt in the DRC [2], [5], 

[14]. Other primary cobalt minerals in some primary deposits include sulpharsenides like 

cobaltite [CoAsS], and arsenides such as skutterudite [(Co,Ni)As3-x] and smaltite [(Co,Fe,Ni)As3-

x] that are normally distributed in Zambia, Canada, and the US [2], [5], [14]. Likewise, primary 

deposits of cobaltiferous pyrite and pyrrhotite [(Fe,Co)S2 and (Fe,Co)1-xS] have gained great 

importance in recent years due to the discovery of massive amounts of this material in the 

Broken Hill (Thackaringa) area located in Australia, and the Idaho Cobalt Belt (Iron Creek) in 

the US [2], [5]. 

Secondary cobalt minerals are produced by the alteration of primary cobalt-bearing phases 

through weathering or other forms of hydration [2]. Among these, in addition to the historical 

erythrite [Co3(AsO4)2*8(H2O)], is heterogenite [CoO(OH)], which represents the most common 

oxidized mineral accounting for the bulk of the cobalt in eroded SSH Cu-Co deposits [5].  
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Table 2.1. Common cobalt-bearing minerals with average metals content, along with the most relevant physical and chemical properties 

(hardness, density, and magnetic susceptibility) [5]. 

Mineral name Group Formula 
Avg. grade (wt.%) 

Hardness 
Avg. Density Avg. Magnetic 

Co Ni Cu (g/cm3) Susceptibility (10-6) 

Primary Minerals 

Skutterudite Arsenide (Co,Ni)As3-x 17.95 5.96 -- 5.5-6.0 6.50 151.8 

Smaltite Arsenide (Co,Fe,Ni)As3-x,0.5<x<1 28.20 -- -- 5.5-6.0 6.50 38.0 

Safflorite Arsenide (Co,Fe)As2 21.25 -- -- 4-5 7.10 73.8 

Cobaltite Sulpharsenide CoAsS 35.52 -- -- 5.5 6.33 66.6 

Alloclasite Sulpharsenide (Co,Fe)AsS 26.76 -- -- 5.0 6.17 n/a 

Glaucodot Sulpharsenide (Co,Fe)AsS 26.76 -- -- 5.0 5.95 354.4 

Carrollite Sulphide Cu(Co,Ni)2S4 28.56 9.48 20.53 4.5-5.5 4.65 108.6 

Linnaeite Sulphide Co2+Co2
3+S 57.95 -- -- 4.5-5.5 4.80 532.0 

Siegenite Sulphide (Ni,Co)3S4 14.51 43.36 -- 5.0-5.5 4.65 162.7 

Cattierite Sulphide CoS2 47.89 -- -- 4.5 4.80 1012.4 

Co-Pyrite Sulphide (Fe,Co,Ni)S2 13.90 0.19 -- 6.0-6.5 5.02 n/a 

Bravoite Sulphide (Fe,Ni,Co)S2 4.88 9.71 -- 6.5 5.01 n/a 

Willyamite Sulphide (Co,Ni)SbS 20.78 6.9 -- 5.5 6.76 n/a 

Co-pendandite Sulphide (Co,Ni,Fe)9S8 54.18 15.69 -- 4.5 5.22 <1000 

Secondary Minerals 

Erythrite Arsenate Co3(AsO4)2*8(H2O) 29.53 -- -- 1.5-2.0 3.12 1660.2 

Roselite Arsenate Ca2(Co,Mg)(AsO4)2*2(H2O) 9.95 -- -- 3.5 3.69 n/a 

Wendwilsonite Arsenate Ca2(Mg,Co)(AsO4)2*2(H2O) 3.45 -- -- 3.0-4.0 3.52 n/a 

Smolyaninovite Arsenate (Co,Ni,Mg,Ca)3(Fe3+,Al)2(AsO4)4*11(H2O) 11.70 0.33 -- 2.0 2.20 1060.2 

Heterogenite Oxide CoO(OH) 64.10 -- -- 3.0-5.0 4.30 255.6 

Asbolane Oxide (Ni,Co)2-xMn4+(O,OH)4*n(H2O) 3.30 9.85 -- 6.0 3.26 n/a 

Co-Lithiophorite Oxide (Al,Li,Ni,Co)(Mn,Fe,Mg)O2(OH)2 1.90 1.90 -- 2.5-3.0 3.30 n/a 

Kolwezite Carbonate (Cu,Co)2(CO3)(OH)2 17.84 -- 39.05 4.0 3.97 n/a 

Sphaerocobaltite Carbonate CoCO3 49.55 -- -- 3.0-4.0 4.10 n/a 

Moorhouseite Sulphate CoSO4*6(H2O) 13.46 6.70 -- 2.5 1.97 n/a 

Bieberite Sulphate CoSO4*7(H2O) 20.96 -- -- 2.0 1.90 n/a 

Aplowite Sulphate (Co,Mn,Ni)SO4*4(H2O) 15.66 2.60 -- 3.0 2.33 n/a 

Freboldite Selenide CoSe 42.74 -- -- 2.5-3.0 7.70 n/a 

Trogtalite Selenide CoSe2 27.18 -- -- 7.0 7.09 n/a 

Tyrrellite Selenide (Cu,Co,Ni)3Se4 10.59 3.52 22.84 3.5 6.60 n/a 
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Other secondary cobalt minerals include asbolane (the main source of cobalt in New 

Caledonian laterite deposits) and cobalt-rich lithiophorite that is hosted in New Caledonian and 

Western Australian laterites [5], [14]. Cobalt can also be found in secondary carbonate minerals 

such as sphaerocobaltite and kolwezite which are located in the supergene zones of Cu-Co 

sulfide ore deposits [5]. 

In addition to the minerals mentioned and shown in Table 2.1, cobalt may also be recovered 

from other mineral phases where cobalt has replaced other metals in the crystalline structure or 

has been adsorbed on the surface [5], [14]. Some of this minerals include arsenopyrite, 

pentlandite in magmatic Ni sulphides, oxides (limonite, goethite), clays (nontronite) in Ni 

laterites, and carbonates (malachite, dolomite) in SSH Cu-Co deposits [2], [5]. 

2.6. Cobalt in the US 

According to the latest ñMineral Commodity Reportò published by the US Geological Survey 

(USGS), the estimated cobalt resources in the US are close to one (1) million tons, with the 

majority of them located in the state of Minnesota. Alaska, California, Idaho, Michigan, 

Missouri, Montana, Oregon, and Pennsylvania, in alphabetical order, are other states where 

significant cobalt occurrences have also been reported [9]. However, aside from the resources in 

Idaho and Missouri, any future cobalt production would almost certainly be as a by-product of 

the extractive metallurgy of other base metals (mostly nickel and copper and potentially gold) 

[9], [14]. 

Regarding domestic production, in 2022 the amount of cobalt mined in the United States was 

close to 800 tons (Table 2.2) [9], [14]. Most of this production came from the "Eagle Mine" in 

Michigan, which produced cobalt-bearing nickel concentrates, and from the "Missouri Cobalt" 

company, which obtained nickel-copper-cobalt concentrates from tailings of the historic 

"Madison Mine" [9]. 

As can be seen from Table 2.2, most of the US cobalt supply relies on imports and recycling. 

For example, during the previous year, the amount of cobalt recovered from battery scrap 

represented just over 24% of the estimated cobalt consumption (7,800 tons) [9]. Likewise, the 

dependence on imports with regard to apparent consumption was close to 76%, with Norway 
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(22%), Canada (16%), Finland (12%), and Japan (12%) as the main suppliers [9], [14]. This 

marked dependence on the import of cobalt products ( in the form of metal, oxide, or salts), 

exhibits a clear problem on the local supply chain as it is totally exposed to foreign disruptions 

[9], [10]. 

Table 2.2. Salient statistics of the US cobalt market [9]. 

Data 2018 2019 2020 2021 2022 

Production: 

Mine, metric tons 480 500 600 650 800 

Secondary, metric tons 2,750 2,750 2,010 1,800 1,900 

Imports for consumption, metric tons 11,900 13,900 9,740 9,800 11,000 

Exports, metric tons 6,980 4,080 3,430 4,930 5,100 

Consumption (includes secondary): 

Estimated, metric tons 9,290 9,050 7,260 7,200 7,800 

Apparent, metric tons 7,680 12,500 8,470 6,600 7,800 

Price, average, dollars per pound: 

U.S. spot, cathode 37.43 16.95 15.7 24.2 31 

London Metal Exchange (LME), cash 32.94 14.88 14.2 23.2 29 

Stocks, yearend: 

Industry, metric tons 1,060 1,090 952 1,010 1,000 

LME, U.S. warehouse, metric tons 130 102 82 50 30 

 

Net import reliance as % of apparent consumption 64 78 76 73 76 

2.7. Cobalt in the I ron Creek Deposit 

The Iron Creek deposit, situated in the southeastern region of the renowned Idaho Cobalt Belt 

(ICB), stands as one of the few primary cobalt mineral systems in both the United States and the 

rest of the world (Figure 2.6) [17], [37]. 

In this deposit, cobalt mineralization is found within fine-grained interbedded siliciclastic 

(metasedimentary) rocks, which are classified as lower greenschist facies based on their 

metamorphic grade [17]. Although there is still no official information on the exact petrography 

and mineralogy of the deposit, multiple studies suggest that cobalt is primarily present in pyrite 
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rather than distinct cobalt minerals like cobaltite, which has been widely reported in other 

regions of the ICB [17], [37]ï[39]. 

 

Figure 2.7. Geographical location of the Iron Creek deposit [15]. 

Source: ñThe Iron Creek Cobalt-Copper Projectò, Electra Battery Materials, 2023. 

Initial microprobe analyses from previous and ongoing explorations propose that cobalt in the 

Iron Creek deposit predominantly occurs as cobaltiferous pyrite, formed through the direct 

substitution of cobalt atoms for iron atoms within the pyrite lattice structure [17], [38]. While 

this is the most widely accepted theory, it is important to note that further investigations are 

being conducted to ascertain the exact mineralogy and geochemistry of the deposit and detect the 

presence of other cobalt-bearing phases [17]. Preliminary identification of other significant 

minerals includes chalcopyrite, which may also host cobalt to some extent through the 

aforementioned substitution mechanism, along with pyrrhotite and silica [17], [37]ï[39]. Table 

2.3 provides a summary of the estimated cobalt and copper resources at Iron Creek that were 

reported by Electra Battery Materials (owners of the deposit) in March of 2023. 

Table 2.3. Mineral resource estimate of the Iron Creek deposit [17]. 

Mineral Resources 
Tonnes 

[t]  

Co 

[%]  

Cu 

[%]  
Lbs. of Co Lbs. of Cu 

Indicated 4,451,000 0.19 0.73 18,364,000 71,535,000 

Inferred 1,231,000 0.08 1.34 2,068,000 36,485,000 
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2.8. Separation of Cobalt in Pyrite 

Pyrite, as highlighted by De Cuyper (1981) and Dehaine et al (2021), is one of the most 

prevalent minerals in cobalt-copper sulfide deposits [5], [19]. When present as sterile material, it 

can become quite problematic since its separation from cobalt-bearing minerals by traditional 

methods (primarily flotation) is not always effective and may require of complex treatment 

circuits depending on the amount of other valuable metals in the ore (Cu, Ni, Au) [19], [21], 

[40]. 

The challenge becomes prominent when cobalt is disseminated and trapped within the 

crystalline structure of pyrite (cobaltiferous pyrite) since no physical beneficiation technique 

could liberate and separate its low contents (0.07-0.6%) from the gangue matrix  [17], [19]ï[22]. 

For instance, Electra Battery Materials reported difficulties in achieving high cobalt grades when 

processing this type of occurrence, with cleaner concentrates obtained after regrinding the 

rougher material from a bulk-differential flotation circuit yielding grades between 1.2 and 1.8% 

[17]. 

Given the limitations of traditional circuits in enriching cobalt grades by conventional 

methods, there is a growing trend towards direct extraction of the metal through hydro and/or 

pyrometallurgical oxidation of the pyrite without further concentration of the materials [11], 

[20], [22]. Among the methods normally evaluated, i) oxidative and sulfate roasting of flotation 

concentrates followed by leaching of the calcine, as well as ii) atmospheric leaching, bioleaching 

and pressure leaching of flotation concentrates stand out [11], [20], [22]. However, although all 

these approaches have proven to be successful in the extraction of cobalt, each of them has its 

own set of constraints. For example, roasting operations face environmental concerns regarding 

the production of SO2 and the limited market for potential sulfuric acid generation and sale [11], 

[22], [23]. Hydrometallurgical methods (in the aforementioned sequence) also suffer from 

shortcomings such as the use of strong and potentially hazardous oxidizing agents (NaNO3), long 

retention times (>6 days), and high capital and operating expenses (CAPEX/OPEX) [20], [22]. 

As of the date of this work, the only operation focused on the beneficiation of cobaltiferous 

pyrites prior to the extraction stage is the one under development by Cobalt Blue Holdings Ltd. 

in Australia. The proposed process (Figure 2.8), incorporate two well-known unit operations 
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(gravimetry-flotation), and suggests enriching cobalt grades from preliminary concentrates 

through pyrolysis or thermal decomposition of the pyrites [11], [16]. Public information about 

the process reports on the possibility of increasing the initial grade of concentrates by slightly 

over 11%. The resulting calcine, mainly composed of pyrrhotite, is subsequently leached in an 

autoclave at lower temperature and pressure compared to the direct leaching of the original 

concentrates [11], [16]. Later, the leachate undergoes a hydrometallurgical separation-

enrichment circuit (precipitation, ion exchange and solvent extraction) to remove impurities (Fe) 

and metallic by-products (Cu, Mn, Zn) from the liquor. Finally, cobalt and nickel are precipitated 

as a Mixed Hydroxide Product (MHP), which is further refined to obtain high-purity cobalt 

sulfate (CoSO4·7H2O) [11], [16]. 

 
Figure 2.8. Conceptual flowchart under study by Cobalt Blue Holdings Ltd. for the treatment of 

cobaltiferous pyrites [11]. 

Source: ñReview on metal extraction technologies suitable for critical metal recovery from mining and 

processing wastesò, Whitworth, A., et al, Minerals Engineering, 2022. 
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CHAPTER 3        

THERMODYNAMIC CONSIDERATIONS 

The following chapter attempts to provide a thorough review of the thermodynamic 

foundations behind the pyrolysis or thermal decomposition of pyrite. Also included in this 

chapter is a brief discussion of the potential behavior of cattierite (CoS2), a cobalt-containing 

mineral phase in the Iron Creek deposit. 

3.1. General Background 

Pyrite is one of the most prevalent minerals on the earth's crust. As such, it is normally found 

in nature in concentrated form or in association with a wide number of metallic sulfide and oxide 

minerals [41], [42]. It is weakly paramagnetic with a very small positive susceptibility that 

exhibits a dense and stable cubic crystal structure compared to its marcasite polyform [41]ï[43]. 

Chemically, it is composed of Fe2+ cations and S2
2- anions connected by covalent bonds, in an 

ideal stoichiometric ratio of 2:1, which is quite unusual to find due to the replacement of iron by 

other similar atoms such as cobalt, nickel, and copper in the crystal lattice [13], [43]. 

Depending on the atmosphere in which the heating occurs, pyrite can undergo a range of solid 

transformations, including partial desulfurization to pyrrhotite (Fe1-xS) and troilite (FeS), 

oxidation to hematite (Fe2O3), and magnetite (Fe3O4), and sulfation to ferric (Fe2(SO4)3), and 

ferrous (FeSO4) sulfate [44]. According to Zhang et al. (2019), all these possible transformations 

can be exemplified by at least forty-one (41) reactions, which, based on their chemical nature, 

are grouped into the three categories shown in Table 3.1. 

Table 3.1. Possible chemical transformations during heating of pyrite [44]. 

REACTION N° 

Thermal Decomposition 

FeS2 = 1/7 Fe7S8 + 3/7 S2 (g) (3.1) 

FeS2 = FeS + 1/2 S2 (g) (3.2) 

Oxidation by O2 

S2 (g) + 2 O2 (g) = 2 SO2 (g) (3.3) 

FeS2 + O2 (g) = FeS + SO2 (g) (3.4) 

FeS2 + 6/7 O2 (g) = 1/7 Fe7S8 + 6/7 SO2 (g) (3.5) 

Fe7S8 + O2 (g) = 7 FeS + SO2 (g) (3.6) 
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Table 3.1. Continued. 

FeS2 + 11/4 O2 (g) = 1/2 Fe2O3 + 2 SO2 (g) (3.7) 

FeS2 + 8/3 O2 (g) = 1/3 Fe3O4 + 2 SO2 (g) (3.8) 

FeS + 5/3 O2 (g) = 1/3 Fe3O4 + SO2 (g) (3.9) 

FeS + 7/4 O2 (g) = 1/2 Fe2O3 + SO2 (g) (3.10) 

Fe7S8 + 38/3 O2 (g) = 7/3 Fe3O4 + 8 SO2 (g) (3.11) 

Fe7S8 + 53/4 O2 (g) = 7/2 Fe2O3 + 8 SO2 (g) (3.12) 

Fe3O4 + 1/4 O2 (g) = 3/2 Fe2O3 (3.13) 

FeS2 + 3 O2 (g) = FeSO4 + SO2 (g) (3.14) 

FeS2 + 7/2 O2 (g) = 1/2 Fe2(SO4)3 + 1/2 SO2 (g) (3.15) 

FeS + 2 O2 (g) = FeSO4 (3.16) 

FeS + 5/2 O2 (g) + 1/2 SO2 (g) = 1/2 Fe2(SO4)3 (3.17) 

Fe7S8 + 15 O2 (g) = 7 FeSO4 + SO2 (g) (3.18) 

Fe3O4 + O2 (g) + 3 SO2 (g) = 3 FeSO4 (3.19) 

Fe3O4 + 5/2 O2 (g) + 9/2 SO2 (g) = 3/2 Fe2(SO4)3 (3.20) 

Fe2O3 + 1/2 O2 (g) + 2 SO2 (g) = 2 FeSO4 (3.21) 

Fe2O3 + 3/2 O2 (g) + 3 SO2 (g) = Fe2(SO4)3 (3.22) 

FeSO4 + 1/2 O2 (g) + 1/2 SO2 (g) = 1/2 Fe2(SO4)3 (3.23) 

C + O2 (g) = CO2 (g) (3.24) 

C + 1/2 O2 (g) = CO(g) (3.25) 

CO (g)+ 1/2 O2 (g) = CO2 (g) (3.26) 

Reduction by C or CO 

C + CO2 (g) = 2 CO (g) (3.27) 

FeS2 + CO (g) = FeS + COS (g) (3.28) 

FeS2 + 6/7 CO (g) = 1/7 Fe7S8 + 6/7 COS (g) (3.29) 

S2 (g) + 2 CO (g) = 2 COS (g) (3.30) 

Fe2O3 + 1/3 C = 2/3 Fe3O4 + 1/3 CO (g) (3.31) 

Fe2O3 + 1/3 CO (g) = 2/3 Fe3O4 + 1/3 CO2 (g) (3.32) 

FeSO4 + 1/4 C = 1/2 Fe2O3 + 1/4 CO2 (g) + SO2 (g) (3.33) 

FeSO4 + 1/2 CO (g) = 1/2 Fe2O3 + 1/2 CO2 (g) + SO2 (g) (3.34) 

FeSO4 + 1/3 C = 1/3 Fe3O4 + 1/3 CO2 (g) + SO2 (g) (3.35) 

FeSO4 + 2/3 CO (g) = 1/3 Fe3O4 + 2/3 CO2 (g) + SO2 (g) (3.36) 

Fe2(SO4)3 + 3/2 C = Fe2O3 + 3/2 CO2 (g) + 3 SO2 (g) (3.37) 

Fe2(SO4)3 + 3 CO (g) = Fe2O3 + 3 CO2 (g) + 3 SO2 (g) (3.38) 

Fe2(SO4)3 + 5/3 C = 2/3 Fe3O4 + 5/3 CO2 (g) + 3 SO2 (g) (3.39) 

Fe2(SO4)3 + 10/3 CO (g) = 2/3 Fe3O4 + 10/3 CO2 (g) + 3 SO2 (g) (3.40) 

Fe2(SO4)3 + 2 CO (g) = 2 FeSO4 + 2 CO2 (g) + SO2 (g) (3.41) 
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Figure 3.1 shows the standard Gibbs free energy change (ȹGÁ) for the potential reactions 

shown in the table above. The thermodynamic data used to build the graph (300 Ò T Ò 1200ÁC) 

was obtained from the chemical reaction and equilibrium software HSC Chemistry 6.0. 

 
Figure 3.1. Standard Gibbs energy change (ȹGÁ) for the potential reactions during heating of Py. 

Source: Data collected from HSC Chemistry 6.0. 
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As illustrated in Figure 3.1, the thermal decomposition reactions of pyrite (FeS2) are 

thermodynamically difficult to occur since they only become spontaneous (ȹGÁ<0) when the 

temperature is above 745-785°C. In contrast, oxidation and reduction reactions are more 

favorable from a thermodynamic point of view by exhibiting highly negative energy Gibbs 

values. 

In addition to the challenges associated with the pyrolysis of pyrites, Figure 3.1 also shows 

the thermodynamic feasibility of obtaining the two products of thermal decomposition ï 

pyrrhotite and troilite ï in either oxidizing or reducing atmospheres. Equations 3.4-3.6 illustrate 

that in the presence of oxygen, pyrite can undergo partial oxidation to Fe1-xS and FeS with great 

spontaneity due to the intermediate exothermic reaction between sulfur and oxygen shown in 

Equation 3.3. Similarly, Equations 3.28 and 3.29 demonstrate that pyrite can also be reduced to 

Fe1-xS and FeS by the interaction of the sulfur released during thermal decomposition with the 

reducing gas (CO). Nonetheless, this set of reactions is less spontaneous than those that occur in 

an oxidizing environment due to the thermodynamic instability of reaction 3.30, which tends to 

shift its equilibrium to the left with increasing temperature. 

Several investigations reported in the literature agree with the two-stage oxidation/reduction 

mechanism described in the previous paragraph [45]ï[48]. However, there is another group of 

studies that report on the direct oxidation/reduction of pyrite (i.e., without the formation of 

intermediate sulfides) [49]ï[52]. In any way, since both sets of reactions involve the production 

of SO2, the thermodynamic discussion presented in the following section will focus only on 

those conditions that prevent its formation (e.g., an inert environment).  

3.2. Mechanism of the Thermal Decomposition of Pyrite  

The thermal decomposition of pyrite in an inert environment has been the subject of a large 

number of investigations. Most of them focused on evaluating the kinetics and transformation 

mechanism of pyrite in an attempt to understand its behavior during the combustion and 

gasification of coal. Another group of more recent studies has explored the role of thermal 

decomposition during the production of elemental sulfur (S) and sulfuric acid (H2SO4) and its 

possible application as an alternative method for treating refractory and complex concentrates of 

gold, cobalt, and other base metals. 
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While the specific goals of the investigations found in the literature may vary, there is a 

general consensus among researchers that the thermal decomposition of pyrite occurs according 

to a successive and simultaneous sequence, which can be summarized as follows [47]ï[49], 

[53]ï[56]: 

 FeS2 

(Pyrite) 
 

Fe1-xS 

(Pyrrhotite) 
 

FeS 

(Troilite) 

 
(3.42) 

The first stage of the decomposition sequence involves the partial desulfurization of pyrite to 

pyrrhotite - a non-stoichiometric iron sulfide with a monoclinic or hexagonal structure depending 

on the level of iron deficiency [49], [57] - and volatile sulfur. Equation 3.43 displays the general 

representation of this stage, where the value of x varies between 0 and 0.125 to consider all the 

possible varieties of pyrrhotite (e.g., Fe7S8, Fe9S10, Fe10S11, and Fe11S12) [44], [57]. 

ρ ØϽ&Å3 &Å 3 πȢυ ØϽ3  (3.43) 

As stated by Hu et al. (2006), the value of x in the pyrrhotite formed during the thermal 

decomposition of pyrite depends, under thermodynamic equilibrium conditions, on the 

temperature and gaseous atmosphere of the system. This dependency can be explained through 

the isothermal predominance area diagrams in Figure 3.2, which show how pyrrhotites are stable 

only in oxygen- and sulfur dioxide-free atmospheres. Moreover, the equilibrium diagrams 

demonstrate that the stability zones of the pyrrhotites increase with rising temperature and that 

above 500°C, only Fe7S8 remains stable. In contrast, at low temperatures (<500°C), three types 

of pyrrhotite (Fe2S3, Fe7S8, Fe9S8) could be obtained depending on the composition of the gas 

phase in equilibrium with the decomposed solid. In any case, it is widely accepted among 

researchers that the predominant and most stable form of pyrrhotite during thermal breakdown is 

Fe7S8 or Fe0.875S. 

The second stage of decomposition involves the continuous desulfurization of the pyrrhotite 

formed during the first stage to troilite - a stoichiometric iron sulfide with a hexagonal structure 

also called pyrrhotite by some authors [49], [57] - with the joint production of sulfur gas as 

represented by equation 3.44. 

&Å 3 ρ Ø &Å3 πȢυØϽ3  (3.44) 
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While the two equations described above suggest that the thermal breakdown of pyrite results 

in the release of volatile S2, it is essential to clarify that those representations are not entirely 

accurate. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.2. Isothermal phase stability diagrams for the Fe-S-O system at (a) 300°C, (b) 500°C 

and (c) 700°C. 

Source: Data collected from HSC Chemistry 6.0. 

Observations synthesized by Gurvich et al. (1989), Hong et al. (1997), and Hu et al. (2006) 

establish that the pyrolysis process actually leads to the formation of a gaseous mixture 

composed of allotropes of sulfur instead of a single pure species. Those allotropic varieties can 

be represented in several ways, although the most common is to denote it by Sm, where m varies 
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between 1 and 8 or higher. The proportion of each species in the gas mixture depends on the 

conditions of temperature and pressure under which chemical equilibrium is established. At low 

temperatures and high total sulfur gas pressures, larger allotropic species are favored. 

Conversely, higher temperatures combined with lower sulfur gas pressures promote the 

formation of smaller allotropic species, such as S2. Nevertheless, as in the case of pyrrhotite, it is 

widely accepted among researchers that S2 is the predominant species in the sulfur gas phase 

when the temperature is below 900°K. Figure 3.3, which illustrates the mole fractions of the 

most significant sulfur allotropes volatilized during the thermal decomposition of pyrite, 

provides thermodynamic support for the previous assertion. 

 
Figure 3.3. Mole fraction of the most significant volatile sulfur allotropes during the thermal 

decomposition of pyrite [49]. 

Source: ñDecomposition and oxidation of pyriteò, Hu et al., Progress in energy and combustion science, 

2006. 

Based on the above, the thermal decomposition of pyrite can be synthesized through the 

reactions presented in equations 3.45 and 3.46. To gain further insight into the feasibility and 

magnitude of these reactions, their thermodynamic foundations are discussed below. 

 
Stage 1: &Å3  

ρ

χ
 &Å3  

σ

χ
 3  

 
(3.45) 

 
Stage 2: &Å3 χ &Å3  

ρ

ς
 3  

 
(3.46) 
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Figure 3.4 illustrates the changes in standard Gibbs free energy and equilibrium constants for 

the pair of decomposition reactions over the temperature range of 0 to 1000°C. From the graphic, 

it can be seen that the reactions do not take place at low temperatures since their Gibbs free 

energies are positive. This changes for reaction 3.45 when the temperature reaches 785°C, 

implying that this reaction could only occur spontaneously from that point. In contrast, reaction 

3.46 becomes favorable when the temperature is above 575°C, indicating that the decomposition 

of pyrrhotite to troilite is more favored than the initial decomposition of pyrite to pyrrhotite. The 

diagram also emphasizes the highly endothermic nature of the reactions, as evidenced by the 

increase of the equilibrium constants with rising temperature. Nevertheless, the keq are small and 

barely positive even at high temperatures, implying that the reactions are thermodynamically 

difficult to occur. 

 
Figure 3.4. Change of the Gibbs free energies and equilibrium constants with temperature. 

Source: Data collected from HSC Chemistry 6.0. 

The evolution of elemental sulfur during the thermal decomposition of pyrite can be tracked 

through the equilibrium diagram provided in Figure 3.5. The graph shows an exponential 

increase in the partial pressure of S2 with increasing temperature. This suggests once again that 
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the pyrolysis of pyrite in an inert environment is a highly temperature-dependent process. 

Additionally, the diagram exposes that at a given temperature, the transformation of Fe7S8 to FeS 

is more intensive than the initial desulfurization of FeS2 to Fe7S8, which agrees with the 

information presented above and with the observations made by several researchers. 

 
Figure 3.5. Variation of the partial pressure of S2 with the temperature in the pyrolysis of FeS2. 

Source: Data collected from HSC Chemistry 6.0. 

The equilibrium composition diagram depicted in Figure 3.6 illustrates that pyrite begins its 

decomposition around 200°C. At these low temperatures, the products of the thermal breakdown 

are Fe2S3 and Fe7S8, with no elemental sulfur evolution due to the limited degree of 

transformation. As the temperature increases, pyrolysis becomes more favorable as an evident 

increase in the amount of S2 is noted from 500°C. Beyond this temperature, Fe2S3 becomes 

unstable and gradually decomposes into Fe7S8. Simultaneously, FeS begins to appear in the 

diagram due to the concurrent desulfurization of the pyrrhotite. This trend intensifies as the 

temperature reaches 800°C, where practically all the initial pyrite has undergone decomposition. 

However, the quantities of S2 and FeS continue to increase from this point onwards due to the 

further decomposition of Fe7S8, as described in equation 3.46.  
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Figure 3.6. Effect of temperature on the equilibrium composition of 1 kmol of pyrite (FeS2) in an 

atmosphere of pure nitrogen (N2). 

Source: Data collected from HSC Chemistry 6.0. 

3.3. Mechanism of the Thermal Decomposition of Cattierite  

In a gaseous atmosphere deficient in oxygen and sulfur dioxide such as the one needed to 

provoke the pyrolysis of pyrite, cattierite (CoS2) would also decompose according to the path 

marked in the isothermal diagrams of predominance of areas shown in Figure 3.7. 

The diagrams show that an increase in the temperature (from 600°C to 1000°C) expands the 

stability zones of the cobalt sulfides but decreases the ones of the oxides and sulfates. Likewise, 

it can be observed that the desulfurization of cattierite occurs in a stepwise manner via the 

formation of two non-stoichiometric cobalt sulfides known as linnaeite (Co3S4) and cobalt-

pentlandite (Co9S8), along with a stoichiometric sulfide called jaipurite (CoS), as indicated by the 

following sequence: 

#Ï3 #Ï3 #Ï3 #Ï3 (3.47) 

Analogous to the thermodynamic analysis performed for the decomposition of pyrite, Figure 

3.8 displays the temperatures at which each of the transformations indicated in the preceding 
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sequence would occur. From the information, it can be seen that the desulfurization of CoS2 to its 

lower sulfides occurs at temperatures much higher than those needed to decompose the pyrite. 

 
(a) 

 
(b) 

Figure 3.7. Phase stability diagrams for the Co-S-O system at (a) 600°C and (b) 1000°C. 

Source: Data collected from HSC Chemistry 6.0. 

 
Figure 3.8. Variation of the partial pressure of S2 with the temperature in the pyrolysis of CoS2 . 

Source: Data collected from HSC Chemistry 6.0. 
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Figure 3.9. Effect of temperature on the equilibrium composition of 1 kmol of cattierite (CoS2) in 

an atmosphere of pure nitrogen (N2). 

Source: Data collected from HSC Chemistry 6.0. 

Table 3.2. Equilibrium composition for the pyrolysis of CoS2 at 900°C. 

Sulfide Composition [%] 

CoS2 16.16 

Co3S4 36.36 

CoS 28.28 

Co9S8 19.19 

Total 100.00 
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CHAPTER 4        

PROCESS DEVELOPMENT AND EXPERIMENTAL METHODS 

The following chapter presents a general overview of the equipment and operations used 

throughout this project. In that context, the first section highlights all the aspects related to 

sampling and physical characterization of the materials. The second section details the analytical 

devices and procedures used in chemical characterization. The third section emphasizes the 

identification of the mineral phases present in raw materials and products, while the fourth 

section delves into the apparatus and experimental methods used in the execution of thermal 

decomposition tests. 

4.1.Sampling and Physical Characterization 

This section describes the equipment and procedures used in the sampling and physical 

characterization of the materials tested in the thermal decomposition experiments. Among the 

operations described below are automatic sieving, size distribution analysis by mechanical 

shaker and laser diffraction, and density determination by the pycnometer method. 

4.1.1. Auto Sieving Riffler  

To ensure that the information collected during the characterization of the materials was an 

exact and precise representation of its original lot, one of the first operations carried out during 

this work was the generation of representative samples. For that, the rotary sample separator 

(Quantachrome) shown in figure 4.1 was used. The apparatus used a continuously moving 

mechanical device to extract the increments that made up the samples. In that way, representative 

samples with a low degree of deviation and bias were obtained. 

Procedure 

For the collection of samples using the automatic sampler, the total mass of the lot to be 

sampled was initially recorded. Subsequently, the minimum sample mass to be collected was 

estimated according to the simplified Gy equation (see calculation example in the appendix). 

Since most of the materials to be sampled came from a previous stage of separation by froth 

flotation, it was assumed that the shape, size distribution, and liberation factor were the same for 
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all cases. The composition factor was estimated using the semiquantitative results of the XRF. 

Regarding the size of the largest particle in the lot, a diameter of 100 µm was preliminarily 

considered. This value was quite close to the real dimension determined during size analysis, 

while the value of the standard deviation considered to give the desired level of assurance was 

95%. 

Next, the entire lot to be sampled was placed in the feeding container with the gate closed and 

the collection and feeding rate were adjusted to the intermediate values observed on the control 

panel. The apparatus was then turned on and the gate of the feed chute was raised until a uniform 

mass flow was achieved. Thus, the initial lot was divided and collected into eight containers, 

which were removed and subjected to the same operation until the calculated mass was achieved. 

All samples obtained were stored in vacuum bags (using a portable mini-sealing pump) which 

were then placed in a refrigerated container at -5°C to prevent or reduce oxidation. 

 

Figure 4.1. Quantachrome sieving riffler for sampling. 

4.1.2. Size Distribution Analysis 

Given the importance of particle size in heat transfer and the extent of pyrite transformation, 

depending on the amount of coarse and fine material, the following two methods were used to 

estimate the size distribution. 
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4.1.2.1. Dry Sieving in Ro-Tap 

Tyler series sieves (mesh numbers 28, 35, 48, 65, 100) were used for size distribution analysis 

of those dry samples with a large fraction of coarse material. For the purposes of this work and to 

enhance the passage of the particles through the openings of the meshes, the Ro-Tap sieve shaker 

shown in figure 3.2 was used.   

 

Figure 4.2. Ro-Tap mechanical sieve shaker. 

Procedure 

Depending on the overall size of the lot to be tested, a representative sample of 50-100 grams 

was collected using an automated rifle sampler. Since all the samples evaluated by this method 

underwent a previous stage of size reduction in a rod mill, a drying operation was conducted to 

eliminate moisture and prevent particle agglomeration during the sieving process. 

To initiate the analysis, a particle size range was defined, and a sequence of Tyler sieves with 

appropriate mesh sizes was selected. The sieves were arranged in a stack with the coarsest mesh 

at the top and the finest mesh at the bottom, as illustrated in Figure 4.3. A receiving tray was 

positioned beneath the finest mesh before introducing the dry sample to be analyzed on the upper 

mesh of the stack. Subsequently, the entire column was secured in a Ro-Tap shaker and 

subjected to mechanical sieving for a period of 10 minutes. Upon completion of the sieving 

process, the stack was removed from the apparatus, and the mass of material retained on each 

mesh was recorded to build the size distribution curves. 
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Figure 4.3. Order of the Tyler sieves in the sizing stack. 

4.1.2.2. Laser Diffraction in Microtrac Analyzer 

Particle size analysis by laser diffraction was performed in those dry samples with a greater 

amount of fine material (mainly concentrates). This method was used with the main purpose of 

overcoming the limitations of conventional sieving in fine-size fractions and thereby enhancing 

the precision and reliability of the results. Figure 4.4 depicts an image of the instrument 

(Microtrac S3500) located at the Colorado Center for Advanced Ceramics (CCAC) that was used 

throughout this project. 

 

Figure 4.4. Microtrac S3500 Analyzer. 
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Procedure 

To perform the size analysis, the Sample Delivery Controller (SDC) chamber of the device 

was turned on and the analyzer software was opened on the control PC. A checkout scan was run 

to confirm the proper operation of the system and detector. All known information about the 

sample (shape factor, refractive index, and average composition) and the appropriate parameters 

for the analysis (water flow, sonication, etc.) were entered in the ñSET UPò window of the 

software. The water flow in the SDC was stabilized for at least 10 seconds by clicking on the 

ñFLOWò icon. Then, a calculation base was established by running the ñSET ZEROò sequence. 

0.02 grams of the material to be analyzed were weighed and placed in a beaker with a small 

amount of water. Once the ñSET ZEROò sequence was finished, the ñFLOWò and ñLOADò 

icons were clicked to adjust the parameters of the load stage. The prepared pulp (sample + 

deionized water) was mixed and agitated until a good dispersion was achieved and was slowly 

introduced into the SDC chamber. The sample was sonicated to achieve maximum dispersion 

making sure the green vertical bar was between the two red horizontal lines seen in the loading 

window. Once the sonication was finished, the loading window was closed, and the analysis 

started by clicking on the ñRUNò icon. Once the analysis was finished, the data were saved and 

exported to generate the reports and size distribution curves. 

4.1.3. Particle Density 

The density of the samples was estimated as an initial and approximate indicator of the 

amount of pyrite and gangue minerals in the raw materials. To ensure precise and accurate 

measurements of this property, the pycnometer method was used according to the protocol 

described in the following lines. 

Procedure 

Calibration of the pycnometer used in the experiments was performed to verify its total 

volume and minimize measurement errors. To do that, the mass of the empty pycnometer (m0) 

and the temperature of the calibration liquid (distilled water) were initially recorded. 

Subsequently, the pycnometer was filled with liquid and the total mass was recorded (m1). The 

amount of water in the container was calculated by subtracting the recorded values and the 
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density was estimated by dividing the calculated value by the volume indicated on the 

pycnometer. The obtained value was compared with the density reported in standardized tables 

(at the temperature at which the measurements were made). The deviation of the calculated 

values was found to be approximately 0.02 gr/ml, indicating that the total volume of the 

pycnometer was slightly higher than that indicated by the manufacturer. The corrected value was 

used for subsequent measurements to ensure accurate results. 

To determine the density of solid samples, approximately 5 grams of the material to be 

characterized was introduced into the pycnometer, and the total mass was recorded (m2). 

Considering the mass of the empty pycnometer (m0), the exact amount of sample in the 

instrument could be determined. Subsequently, the pycnometer was filled with distilled water, 

and the total mass was recorded again (m3). By simple subtraction, the mass of water inside the 

pycnometer was estimated, which with the density reported in tables, allowed to determine its 

volume. Finally, the volume of the solid sample was determined by subtracting the volume of 

water from the total volume of the pycnometer (calculated during calibration) for the final 

estimation of the density. 

4.2. Chemical Characterization 

The following section presents a general description of the equipment and procedures used in the 

chemical characterization of the raw materials tested in the thermal decomposition experiments 

and the products obtained after treatment. 

4.2.1. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was employed to determine the 

elemental composition of the materials prior to their use in thermal decomposition experiments. 

The samples were analyzed at an external laboratory (Hazen Research) using a PerkinElmer 

NexION 2000 ICP-MS instrument. The analytical procedure involved dissolving the samples in a 

mixture of nitric and hydrochloric acid, followed by dilution with deionized water. The resulting 

solutions were then introduced into the ICP-MS instrument, where they were vaporized, ionized, 

and separated based on their mass-to-charge ratios. The detection limits for the elements of interest 

were in the low parts per billion (ppb) range. While the specific operational details of the 
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instrument and laboratory procedures are not available, the ICP-MS method is widely recognized 

as a reliable and accurate technique for elemental analysis. 

4.2.2. Atomic Absorption Spectrometry (AAS) 

Atomic absorption spectrometry (AAS) was another analytical technique that was primarily 

used to track changes in the concentrations of cobalt, copper, and iron in the two products 

(residue and gas condensate) obtained after thermal decomposition. The analytical instrument 

used for this purpose was a PerkinElmer PinAAcle 900F spectrometer, which had a minimum 

detection range of 1 mg/L (ppm). 

Procedure 

In general, the procedure used in the analytical determination of cobalt, copper, and iron 

grades was developed in three sequential stages that included: digestion, dilution, and 

atomization. 

i) Digestion 

Given the high content of silica-based minerals in most of the raw materials tested during the 

project, the samples were dissolved using the three-acid method (HCl, HNO3, HF). The process 

involved the weighing of 0.5 grams of dry sample that was placed in a Teflon beaker due to the 

highly corrosive nature of HF. To ensure the complete dissolution of the samples, two digestion 

cycles were used. For the first cycle, 10 ml of HNO3 (69% w/v), 10 ml of HCl (37% w/v), and 10 

ml of HF (48% w/v) were added to the beaker with the sample. The resulting mixture was heated 

at 100°C for 30 minutes on a hot plate. The open surface of the beaker was covered during the 

entire heating step to minimize evaporation and reduce the release of toxic gases. After heating, 

the solution was partially cooled, and the second digestion cycle began. In this cycle, 5 ml of 

HNO3 (69% w/v), 10 ml of HCl (37% w/v), and 5 ml of deionized water were added. The 

mixture was covered and heated again at 100°C for 30 minutes. At the end of the second cycle, 

the solution was cooled to room temperature, and a filtration step was performed to remove any 

undissolved particles. Finally, the filtered solution was collected in a 50 ml vial after recording 

its mass for the subsequent dilution stage. 
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ii)  Dilution 

Dilution of the solutions up to the detection ranges of the apparatus was performed using 

HNO3 (2% w/r) as solvent. All dilution factors were calculated using the general equation shown 

in 4.1. However, given the operational difficulty of making accurate and precise volume 

measurements, all dilutions were performed by mass using a four-decimal analytical scale. For 

this, the density of the digested solutions was estimated according to the pycnometer method 

described above. Initial estimation of the concentration of the elements to be analyzed was also 

needed to perform dilution calculations. Concentrations reported by the ICP-MS of the untreated 

raw materials were used as the basis for these calculations. 

 #6 #6 (4.1) 

iii)  Spectrometry 

Atomization and absorbance measurements of the diluted solutions were performed with the 

PerkinElmer spectrometer according to the protocol described in its user manual. Detection 

ranges for each element analyzed were established at 1-10 ppm for cobalt and copper and 1-20 

ppm for iron. To ensure the reproducibility and reliability of the results, the equipment was 

calibrated before each measurement cycle. All diluted solutions were run twice (six 

measurements in total), rejecting any value with a relative standard deviation (%RSD) greater 

than 2%. Furthermore, some diluted samples were sent to an independent laboratory to verify the 

results. 

4.3. Mineralogical Characterization 

In attention to the limitations reported by previous researchers on the use of conventional 

methods to identify and quantify the iron sulfides formed during the decomposition of pyrite, a 

novel analysis technique known as AMICS was used throughout this project. This section 

provides a brief description of the method which was found to be particularly effective in 

determining the proportion of magnetic (pyrrhotite) and non-magnetic (troilite) iron sulfides in 

the solid residues of the thermal treatment. All AMICS analyses were conducted by Eagle 

Engineering, an analytical testing firm based in Butte, Montana, USA. 



 

37 

4.3.1. Advanced Mineral Identification and Characterization System (AMICS)  

AMICS analysis was performed using a Scanning Electron Microscope (SEM) to determine 

minerals based on backscatter and Energy Dispersive X-Ray (EDX) analysis. For scatter images, 

greyscale was used, and the brightness was based on the Z (average atomic value) number. From 

the grey scale backscatter observation, x-rays (EDX) were taken and compared to a known file to 

identify minerals and phases. 

   

   

(a) (b) (c) 

Figure 4.5. EDAX Pattern Spectra with Quantification Results for the Identification of (a) Pyrite, 

(b) Pyrrhotite, and (c) Troilite. 

For every grey level, sometimes multiple levels within one particle, energy dispersive x-rays 

(EDX) were collected. From backscatter images and grey levels, x-rays were taken based on the 

different grey levels within the particles. For the false-color image, the colors merely reflect how 
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many x-rays were taken for each particle. They were not identified until the next step of 

verification with a known mineral library standard (Figure 4.5). After collecting standards and 

processing, minerals were identified, and colors could be replaced to determine overall 

mineralogy (Figure 4.6). 

 Pyrite 

 
(a) 

 
(b) 

 Pyrrhotite 

 Troilite 

 Albite 

 Allanite 

 Arsenopyrite 

 Biotite 

 Cattierite 

 Chalcopyrite 

 Orthoclase 

 Quartz 

  

Figure 4.6. BSE image from (a) SEM and (b) AMICS segmented image of a thermal 

decomposition sample. 

4.4. Thermal Decomposition Experiments 

This section provides an overview of the experimental apparatus and methods used in the 

thermal decomposition tests. While specific details regarding the experimental design for each 

test cycle would be discussed in subsequent chapters, it is worth noting that the experiments were 

classified based on the following criteria:  

a. Exploratory tests that evaluated the initial behavior of raw materials during their heating in an 

inert atmosphere. 

b. Preliminary tests that corroborated the observations obtained in the exploratory tests and tested 

the validity of the designed experimental apparatus. 

c. Evaluation tests that estimated the effect of the possible variables of the thermal treatment. 

d. Bench-scale tests that generated the samples used in the magnetic characterization of the 

product. 
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4.4.1. Exploratory Tests 

Exploratory tests were performed using Thermogravimetric (TGA) and Differential Thermal 

Analysis (DTA) to identify thermal and mass loss events that took place during the heating of the 

samples in an oxygen-free atmosphere. Both scans were performed simultaneously using a 

Netzch STA 449 F3 Jupiter thermal analyzer. All tests were conducted under a dynamic 

atmosphere of ultra-high purity (UHP) argon (50 ml/min), and the sample size was kept constant 

at 100 mg to minimize the influence of this variable on the DTA peaks. Analyzes were 

performed from 25 to 1000°C at a constant heating rate of 30°K/min. Before each test, samples 

were dried and manually pulverized to ensure consistency in the particle size (-75 µm). Alumina 

crucibles of 85 mL capacity were used as sample containers and normal atmospheric pressure 

conditions were maintained in all cases. 

4.4.2. Preliminary and Evaluation Tests 

Thermal decomposition experiments in preliminary and evaluation tests were carried out in a 

controlled inert environment that was created under constant conditions of temperature and 

pressure. To this end, an experimental apparatus that would not only remove oxygen from the 

system but also capture the synthetic sulfur generated during the desulfurization process was 

designed and built. Figure 4.7 shows a schematic of the experimental setup, and its key features 

are described below: 

Table 4.1. Characteristics of the experimental apparatus used in thermal decomposition tests. 

Part Description Part Description 

A Ultra-High Purity (UHP) gas cylinders. G High-purity alumina boat. 

B Volumetric flow meter (rotameter). H Copper refrigeration pipes. 

C Temperature controller. I Cooling water recirculation system. 

D Continuous temperature recorder. J Cold trap and condensation bath. 

E Clear fused quartz glass tube. K Alkaline scrubber system. 

F Stationary horizontal tube furnace. L Fume hood. 

Raw materials were thermally treated in an electrically heated horizontal tube furnace 

(Thermolyne F1100). All tests were performed in batches inside a stationary quartz cylinder of 
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50 mm diameter and 760 mm length. Samples were introduced into the hot zone of the furnace 

using high-purity alumina combustion crucibles whose dimensions are illustrated in Figure 4.8. 

 
Figure 4.7. Diagram of the experimental setup used in thermal decomposition tests. 

 

(a) 

 

(b) 

Figure 4.8. Dimensions of the (a) clear fused quartz tube and the (b) alumina boat used in 

thermal decomposition tests. 

To generate an inert atmosphere inside the tube, ultra-high purity nitrogen (99.999%), and 

carbon dioxide (99.995%) were used as cover gases. The flow rate of each gas was continuously 

regulated using a variable area rotameter positioned at the inlet of the tube. Two K-type 
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thermocouples were carefully installed in the hot zone of the furnace and inside the samples to 

record any temperature lag. The gaseous elemental sulfur generated during the thermal 

decomposition reaction was removed from the hot reaction zone via the cover gas. Due to the 

condensation (444.6°C) and solidification (112-119°C) temperature of the polymorphic sulfur 

produced, most of the elemental gas condensed and crystallized on the inner walls of the glass 

tube located at the outlet of the system. However, to maximize sulfur capture and recovery, an 

additional cooling system was installed using a classic reflux system with an Allhin condenser. 

In that way, it was possible to recover about 85% of the sulfur produced in each experiment. 

Likewise, to neutralize any sulfurous product produced during the reactions, the exhaust gases 

from the condensation system were directed to an alkaline scrubber bath before their final 

disposal in the fume hood. 

Procedure 

Excluding the variations foreseen by the experimental design of each cycle of experiments, 

the methodology used consisted of placing 2.5 grams of the material to be decomposed in the 

alumina boat, forming a uniformly distributed bed 5-6 mm thick. The crucible was then weighed 

and placed in the hot zone of the furnace and the entire system was hermetically sealed. The air 

was purged from the tube using the cover gas at a flow rate of 142 ml/min for 45 minutes. This 

time was determined using an oxygen meter (Bacharach Oxor III) connected to the gas outlet 

line, which indicated that 45 minutes of purging at the indicated flow was enough to reduce the 

oxygen concentration to less than 2% (v/v). Later, the sample was heated to the test temperature 

at an average rate of 5°C/min. Once the temperature was reached, the decomposition reaction 

took place for the time pre-established in the experimental design. The furnace was then turned 

off, and the sample was cooled down to room temperature. 

The entire heating, reaction, and cooling cycle was carried out at the same volumetric flow of 

gas used during purging, except for those tests that evaluated the possible effect of this variable. 

Once the sample had cooled, the crucible with the sample was removed from the furnace to 

record its weight and calculate the mass loss achieved during the experiment. To minimize 

oxidation, all decomposition products were stored at -5°C in vacuum-sealed bags. AAS and 

AMICS analysis were used in the elemental and mineral characterization of the samples to 
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determine decomposition degrees and enrichment ratios. Finally, to avoid possible contamination 

of the samples and to recover the elemental sulfur produced during the thermal treatment, the 

complete system was cleaned after each test. Characterization of sulfur powders, mainly to 

determine their purity, was carried out using EDX, AAS, and ICP-MS analysis.  

 

(a) 

 

(b) 

Figure 4.9. Images of raw materials (a) before and (b) after the thermal treatment. 

 

Figure 4.10. Images of elemental sulfur captured under nitrogen (left) and carbon dioxide (right) 

as cover gas. 

4.4.3. Bench-Scale Tests 

To evaluate if the synthetic pyrrhotite obtained after the thermal decomposition experiments 

exhibited ferromagnetic properties, bench-scale tests were performed to generate samples that 
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could be treated in a Wet High-Intensity Magnetic Separation (WHIMS) circuit. For this, a new 

experimental apparatus capable of treating 10 times the amount of material used in the previous 

test cycle (approx. 25 grams) was assembled. The apparatus was similar to the one shown in 

Figure 4.7, with the particularity that a cold finger was installed inside the quartz tube to 

maximize the capture of elemental sulfur. About 95% of the elemental sulfur generated during 

the experiments was recovered using this new design and the results were consistent with those 

obtained in the smaller-scale setup. Figure 4.11 shows a general schematic of the apparatus while 

Figure 4.12 displays the dimensions and characteristics of the cold finger. The methodology used 

in the execution of these experiments was similar to the one described in the previous section, so 

in order not to be repetitive, no more information on this aspect will be provided. 

 

Figure 4.11. Experimental setup used in bench-scale tests. 

 

Figure 4.12. Cold finger installed in the glass tube showing crystallized sulfur. 
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4.5. Calculations Used in the Evaluation of Results 

The extent of the decomposition reactions was evaluated as a function of the percentage of the 

disappearance of the pyrite (degree of decomposition). To calculate this parameter, the 

proportion of pyrite (FeS2), pyrrhotite (Fe7S8), and troilite (FeS) in the decomposition products 

had to be determined. AMICS analysis was the main mineral phase identification technique used 

for that purpose. Verification of the precision and accuracy of the method was carried out by 

comparing the AMICS results with the analytical readings in iron, cobalt, and copper provided 

by AAS, reaching an average correlation of 93%. In addition, elemental mass balances 

performed on each test allowed to identify that the mass losses corresponded to the proportion of 

pyrite transformed into pyrrhotite and troilite reported by the AMICS at an average value of 

94%. Equation 4.2 presents the general expression used in the calculation of the degree of 

decomposition. 

$ÅÃÏÍÐÏÓÉÔÉÏÎ $ÅÇÒÅÅ
Î&Å Î&Å  ÉÎ ÔÈÅ ÄÅÃÏÍÐÏÓÅÄ ÐÒÏÄÕÃÔ

Î&Å  ÉÎ ÔÈÅ ÉÎÉÔÉÁÌ ÒÁ× ÍÁÔÅÒÉÁÌ
ρzππϷ (4.2) 

To assess the effectiveness of the thermal treatment as a concentration stage, the cobalt 

enrichment ratios were calculated. AAS analysis readings were used to determine this parameter 

with a relative standard deviation of less than 2%. Equation 4.3 presents the general relationship 

used for the calculations of the ratios. 

%ÎÒÉÃÈÍÅÎÔ 2ÁÔÉÏ .
#ÏÂÁÌÔ ÏÒ #ÏÐÐÅÒ ÇÒÁÄÅ ÉÎ ÔÈÅ ÄÅÃÏÍÐÏÓÅÄ ÐÒÏÄÕÃÔ

#ÏÂÁÌÔ ÏÒ #ÏÐÐÅÒ ÇÒÁÄÅ ÉÎ ÔÈÅ ÉÎÉÔÉÁÌ ÒÁ× ÍÁÔÅÒÉÁÌ
 (4.3) 
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CHAPTER 5        

MATERIALS CHARACTERIZATION AND CHEMICAL ANALYSIS 

The following chapter presents a comprehensive review of the results obtained after the 

physical, chemical, and mineralogical characterization of the raw materials used in the thermal 

decomposition experiments. All the characterizations were carried out using a range of methods 

that included (for most cases) the determination of the particle size distribution by mechanical 

sieving and laser diffraction, elemental analysis by ICP-MS, AAS and XRF, and mineral 

identification by AMICS evaluation. 

5.1. Preparation and Sampling of Materials 

Samples used in this study were sourced from the primary cobalt deposit of Iron Creek, Idaho 

(owned by Electra Battery Materials), and were free of moisture at the time of receipt. However, 

to eliminate any interference from water during the evaluations, all samples were subjected to a 

second drying stage that was carried out at 65°C for 12 hours in an electric furnace. The 

collection of subsamples for characterization assays and thermal decomposition tests was 

performed using an auto sieving riffler sampler to minimize potential human error and avoid any 

bias. Likewise, to ensure that the subsamples obtained were a faithful representation of the 

original samples, their size was estimated using the Gy equation as described in section 4.1.1. 

5.2. Exploratory Tests 

5.2.1. Unconcentrated Mineral 

Three (3) unconcentrated mineral samples were received and prepared for the execution of 

exploratory tests that evaluated the initial behavior of the raw materials during their heating in an 

inert atmosphere. These samples were obtained after the crushing, grinding, and pulverization of 

three HQ drill cores with identification codes IC-18-07, IC-18-09, and IC-18-27. Figure 5.1 

shows a general outline of the operations carried out to collect the subsamples. 

5.2.2. Physical Characterization 

Subsamples obtained for exploratory tests were manually pulverized to generate the particle 

size required for thermogravimetric (TGA) and thermodifferential (DTA) analyses. Since 100% 
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of the particles had a particle size less than 75 µm, the only physical characterization operation 

performed on the subsamples was the determination of their density. Table 5.1 presents the 

results obtained using the pycnometer method. 

 

Figure 5.1. Block diagram summarizing the operations carried out for the collection of the 

subsamples used in exploratory tests. 

Based on the results, it was determined that the subsample obtained from the IC-18-27 drill 

core had the highest density compared to the other samples. This suggested the presence of a 

relatively minor amount of light gangue minerals and a higher concentration of heavy metal 

sulfides, as confirmed by the subsequent identification of elements and mineral phases. 
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Table 5.1. Calculated densities for the three drill cores used in exploratory experiments. 

Density [g/mL] 

IC-18-07 IC-18-09 IC-18-27 

2.33 ± 0.08 2.16 ± 0.04 2.73 ± 0.07 

5.2.3. Mineral Characterization 

In order to identify, quantify, and determine the distribution of crystalline phases in the 

unconcentrated drill cores, three (3) subsamples were submitted to Eagle Engineering for 

AMICS analysis as described in Section 4.3. Table 5.2 displays the results of the modal 

mineralogy reported for the samples. 

Table 5.2. Modal mineralogy reported by AMICS analysis on the three HQ drill cores. 

Mineral Chemistry 
[wt%]  

IC-18-07 IC-18-09 IC-18-27 

Albite NaAlSi3O8 4.80 12.96 1.46 

Allanite Ce2(Al,Fe)3Si3O12(OH) 0.51 0.19 0.18 

Arsenopyrite FeAsS 0.18 0.00 0.00 

Biotite K(Mg,Fe)3AlSi3O10(OH) 13.65 13.11 12.06 

Calcite CaCO3 0.01 0.00 0.00 

Cattierite CoS 0.48 0.43 0.61 

Chalcopyrite CuFeS2 0.75 0.42 4.20 

Iron Oxides FexOy 0.73 1.21 0.99 

Orthoclase KAlSi 3O8 30.7 24.88 21.65 

Pyrite FeS2 10.89 8.82 17.36 

Quartz SiO2 37.30 37.98 41.59 

According to the data, 95% of the drill cores were made up of five minerals (albite, biotite, 

pyrite, orthoclase, and quartz). Four of them were gangue oxides which was to be expected since 

samples were not subjected to any separation or enrichment step. Pyrite was the main metal 

sulfide detected in all samples, with the IC-18-27 core containing the highest amount. All 

subsamples also reported the presence of copper in the form of chalcopyrite, with the IC-18-27 

drill having up to 10 times more copper than the other cores. 
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Another important piece of information provided by the AMICS scan was the detection of a 

cobalt-containing mineral (cattierite, CoS2). The analysis reported that this cobalt sulfide was 

mostly associated with iron oxides and pyrite in core samples IC18-07 and IC-18-09. On the 

contrary, in the case of the core sample IC-18-27, cattierite was mainly associated with pyrite, 

chalcopyrite, and orthoclase.  

The next set of figures shows backscattered and identified images for the three drill cores. 

Table 5.3 presents the color scheme used in the identification. 

Table 5.3. AMICS color identification scheme. 

Mineral Color 

Albite  

Allanite  

Arsenopyrite  

Biotite  

Cattierite  

Chalcopyrite  

Iron Oxides  

Orthoclase  

Pyrite  

Quartz  

 

 
(a) 

 
(b) 

Figure 5.2. BSE image from (a) SEM and (b) AMICS segmented image for IC-18-07 sample. 
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(a) 

 
(b) 

Figure 5.3. BSE image from (a) SEM and (b) AMICS segmented image for IC-18-09 sample. 

 
(a) 

 
(b) 

Figure 5.4. BSE image from (a) SEM and (b) AMICS segmented image for IC-18-27 sample. 

5.2.4. Chemical Characterization 

Subsamples of the three unconcentrated drill cores were sent to an independent laboratory for 

ICP-MS scanning to identify the elements and quantify their relative concentration. Table 5.4 

presents the analytical results reported by Huffman Hazen Laboratories. 
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Table 5.4. Elemental abundance reported by ICP-MS analysis on the three HQ drill cores. 

N° 

Sample ID: IC-18-07 IC-18-09 IC-18-27 

Element Name Element Symbol 
Conc. Conc. Conc. 

[µg/g]  [µg/g]  [µg/g]  

1 Lithium Li  21 15 18 

2 Beryllium Be 1 1 < 1 

3 Sodium Na 3,500 10,300 1,270 

4 Magnesium Mg 8,720 9,310 8,630 

5 Aluminum Al 57,500 59,100 50,200 

6 Phosphorus P 400 400 700 

7 Sulfur S 61,600 52,100 93,400 

8 Potassium K 37,000 23,200 30,500 

9 Calcium Ca 1,260 1,420 956 

10 Scandium Sc 10 14 15 

11 Titanium Ti 2,730 2,820 2,400 

12 Vanadium V 39 41 15 

13 Chromium Cr 312 336 384 

14 Manganese Mn 388 433 433 

15 Iron Fe 100,000 94,600 123,000 

16 Cobalt Co 2,685 2,083 3,404 

17 Nickel Ni < 1 < 1 < 1 

18 Copper Cu 2,476 1,248 13,987 

19 Zinc Zn 53 36 112 

20 Gallium Ga 29 28 29 

21 Germanium Ge < 1 < 1 < 1 

22 Arsenic As 323 292 499 

23 Selenium Se 24 20 40 

24 Rubidium Rb 116 94 80 

25 Strontium Sr 29 48 16 

26 Yttrium Y 12 17 10 

27 Zirconium Zr 117 94 86 

28 Niobium Nb 11 11 8 

29 Molybdenum Mo 24 15 23 

30 Palladium Pd < 1 < 1 < 1 

31 Silver Ag < 1 < 1 6 
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Table 5.4. Continued. 

N° 

Sample ID: IC-18-07 IC-18-09 IC-18-27 

Element Name Element Symbol 
Conc. Conc. Conc. 

[µg/g]  [µg/g]  [µg/g]  

32 Cadmium Cd 1 < 1 < 1 

33 Indium In < 1 < 1 1 

34 Tin Sn < 1 < 1 < 1 

35 Antimony Sb < 1 < 1 < 1 

36 Barium Ba 1,506 605 1,394 

37 Lanthanum La 35 46 48 

38 Cerium Ce 123 126 154 

39 Praseodymium Pr 9 11 13 

40 Neodymium Nd 33 40 42 

41 Samarium Sm 7 8 9 

42 Europium Eu 1 1 2 

43 Gadolinium Gd 6 7 7 

44 Dysprosium Dy 3 4 3 

45 Erbium Er 1 2 < 1 

46 Ytterbium Yb 2 2 1 

47 Lead Pb 27 13 40 

48 Bismuth Bi 12 10 17 

49 Thorium Th 3 2 < 1 

50 Uranium U 7 5 5 

Aside from oxygen and silicon, the results shown in the previous table helped to identify the 

predominant chemical elements in the samples from the three drilling cores. Highlighted in blue 

are the heavy elements which, according to the AMICS analysis, are primarily associated with 

sulfur. Highlighted in red are the light elements that make up the gangue oxides. 

Correlation of the ICP-MS results with the information provided by AMICS analysis was 

performed to validate the precision and accuracy of the methods. According to the information, 

there was an excellent correlation for aluminum, potassium, sulfur, copper, and cobalt in all the 

samples. 
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Figure 5.5. Block diagram summarizing the operations carried out for the collection of the 

subsamples used in preliminary tests. 

5.3. Preliminary Tests 

5.3.1. Rougher Concentrate 

Half a kilo of a dry concentrate from the rougher flotation of the IC-18-27 core sample was 

received and prepared for the execution of preliminary tests that sought to: i) confirm the 

behavior observed in the exploratory tests, and ii) identify potential variables of the thermal 
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treatment. Figure 5.5 shows a block diagram of the operations used in the collection of 

subsamples. 

5.3.2. Physical Characterization 

Knowing the importance that the size of the particles could have on the reaction rate, the heat 

transfer, and the mass transfer during thermal decomposition experiments, the size distribution of 

the rougher concentrate was estimated using the laser diffraction technique. Figure 5.6 presents 

the particle size distribution (PSD) curve and the channeled percentage obtained during the 

measurements. 

 

Figure 5.6. Particle size distribution (PSD) of the rougher concentrate sample. 

From the PSD, it could be seen that 80% of the particles had a grain size smaller than 80 

microns. With 20% of the particles smaller than 10 microns (very fine), it could be concluded 

that the sample had a uniform size characteristic of the feed of a rougher flotation circuit. 

The density of the sample, calculated by the pycnometer method, was 3.28 gr/mL (±0.07). 

This value was 1.41 times greater than that of the unconcentrated base drill core (IC-18-27). The 
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increase undoubtedly indicated the presence of a greater amount of heavy metal sulfides (mainly 

pyrite), which was the main objective of the flotation stage. 

5.3.3. Mineral Characterization 

To identify and determine the relative concentration and distribution of crystalline phases in 

the rougher concentrate, a subsample was sent to Eagle Engineering for AMICS analysis. Table 

5.5 presents the modal mineralogy results reported for the sample. 

Table 5.5. Modal mineralogy reported by AMICS analysis for the rougher concentrate. 

Mineral Chemistry [wt.%] 

Albite NaAlSi3O8 1.07 

Apatite Ca5(PO4)3OH 0.08 

Biotite K(Mg,Fe)3AlSi3O10(OH) 4.52 

Chalcocite Cu2S 0.10 

Chalcopyrite CuFeS2 1.77 

Chlorite (Mg,Fe)3AlSi4O10(OH)6 0.36 

Epidote Ca2Al 2FeSi3O11(OH) 0.10 

Hematite Fe2O3 0.38 

Orthoclase KAlSi 3O8 14.27 

Pyrite FeS2 57.72 

Pyrrhotite Fe7S8 1.82 

Quartz SiO2 15.59 

From the data, it could be observed that pyrite was the predominant phase in the concentrate 

constituting about 58% of the total mass. Small amounts of pyrrhotite and chalcopyrite were also 

identified, along with minor phases of quartz, biotite, and orthoclase, which accounted for almost 

all of the gangue material of the concentrate. Additional trace minerals (<1%) detected during 

analysis included albite, chalcocite, chlorite, and epidote. Once more, the data indicates a clear 

increase in the amount of metal sulfides (mainly pyrite) compared to the base drill core IC-18-27, 

which is consistent with the rise in density reported in the previous section. 

No cobalt-containing phase was identified in the concentrate so according to the report, all the 

cobalt in the sample should have been found substituting for iron in the pyrite structure 

(cobaltiferous pyrite). Conversations with the person in charge of the analysis indicated that the 
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scan has problems identifying this cobalt phase when the equipment is calibrated to find the iron 

sulfides pyrite, pyrrhotite and troilite. In that sense, the presence of cobalt in the samples had to 

be confirmed by other means like XRF and AAS. 

Table 5.6. AMICS color scheme used in phase identification of the rougher concentrate. 

Mineral Color Mineral Color 

Albite  Hematite  

Apatite  Orthoclase  

Biotite  Pyrite  

Chalcocite  Pyrrhotite  

Chalcopyrite  Troilite  

Chlorite  Quartz  

Epidote    

 

 
(a) 

 
(b) 

Figure 5.7. BSE image from (a) SEM and (b) AMICS segmented image for the rougher 

concentrate sample. 

5.3.4. Chemical Characterization 

Identification of the elements and their concentration levels in the rougher concentrate was 

carried out in the first instance, through the semiquantitative method of X-ray fluorescence 

(XRF). Table 5.7 shows the results of this analysis, indicating that the concentrate had a higher 
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content of cobalt, copper, and iron due to the enrichment process. Besides silicon, calcium, and 

magnesium, XRF was unable to detect other elements associated with gangue minerals. 

However, it is important to note that the identified elements (in their respective mineralogical 

structures) constituted the bulk of the concentrate. 

Table 5.7. Elemental abundance reported by the XRF analysis on the rougher concentrate. 

N° Element [wt.%]  N° Element [wt.%] 

1 As 0.5382  13 Mg 0.0099 

2 Bi 0.5277  14 Mn 0.0293 

3 Ca 0.0155  15 Mo 2.6994 

4 Cd 0.0325  16 Nb 0.0018 

5 Ce 0.0441  17 Nd 0.0249 

6 Co 1.0812  18 Pr 0.0167 

7 Cu 0.9517  19 Si 6.7517 

8 Dy 0.0400  20 Sm 0.0184 

9 Er 0.0619  21 Ti 0.1192 

10 Fe 24.2173  22 Y 0.0202 

11 K 1.4059  23 Zn 0.0059 

12 Lu 0.2608  24 Zr 0.1101 

To verify the correlation between the data provided by AMICS and XRF, Atomic Absorption 

Spectrometry (AAS) was performed on a subsample of the concentrate. Due to lamp and time 

constraints, only cobalt, copper, and iron measurements were made. As shown in Table 5.8, good 

correlation was observed for iron between the AAS and AMICS data. On the contrary, a poor 

correlation was found between the three methods for the case of copper. This inconsistency was 

further investigated by sending a sample to an independent laboratory, whose results were found 

to be in good agreement with the data provided by the AAS in Table 5.8. 

Table 5.8. Elemental abundance reported by the AAS analysis on the rougher concentrate. 

[wt.%] 

Cobalt Copper Iron 

1.58 1.14 27.30 
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5.4. Evaluation Tests 

5.4.1. Cobalt-Enriched Products 

Two cobalt products from a differential flotation stage of the rougher concentrate described in 

the previous section were received and prepared for the execution of evaluation tests that sought 

to estimate the possible effect of the variables identified during preliminary tests.  

 

Figure 5.8. Block diagram of the operations performed on the collection of subsamples used in 

the evaluation tests. 
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The only difference reported between the two cobalt products was the introduction or not of a 

sortation material in the circuit prior to rougher flotation. Figure 5.8, which shows the block 

diagram of the operations executed to obtain the products, provides further insight into this 

difference. 

In order to simplify the distinction between the two products, the concentrate obtained 

without considering the sortation material was designated as product ñAò, while the concentrate 

obtained considering the sortation material was denoted as product ñBò. 

5.4.2. Physical Characterization 

Perceptive of the importance that particle size could have on the reaction rate, heat transfer, 

and mass transfer during thermal decomposition experiments, the size distribution of the cobalt 

products was estimated using the laser diffraction technique. Figures 5.9 and 5.10 display the 

particle size distribution (PSD) curves and the channeled percentages obtained during the 

measurements. 

 

Figure 5.9. Particle size distribution (PSD) of the cobalt product ñAò obtained without the 

sortation material. 
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From the information provided by the PDSs, it was determined that 80% of the particles of 

product "A" had a grain size of less than 32 microns, whereas product "B" had 80% of its 

particles with a grain size of less than 86 microns. In that sense, there was a clear difference in 

the particle size of the two products, which can be seen more clearly when comparing the shape 

of the distribution bells. 

 

Figure 5.10. Particle size distribution (PSD) of the cobalt product ñBò obtained with the sortation 

material. 

The density of the two products was calculated through the pycnometer method. The results 

of these measurements are presented in Table 5.9. The data indicated that product "B" was 

denser than product "A", which suggested a higher concentration of heavy metal sulfides (mainly 

pyrite) in product B. This was further confirmed during subsequent mineral and chemical 

characterization. 

Table 5.9. Calculated densities for the two cobalt products of the differential flotation. 

Density [g/mL] 

A B 

2.83 ± 0.03 3.21 ± 0.05 
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5.4.3. Mineral Characterization 

To identify and determine the relative concentration and distribution of crystalline phases in 

the differential products, subsamples were sent to Eagle Engineering for AMICS analysis. Table 

5.10 presents the modal mineralogy results reported for the samples. 

Table 5.10. Modal mineralogy reported by AMICS analysis for the two cobalt products from 

differential flotation. 

Mineral Chemistry 
[wt%]  

A B 

Albite NaAlSi3O8 0.89 0.96 

Apatite Ca5(PO4)3OH 0.13 0.03 

Biotite K(Mg,Fe)3AlSi3O10(OH) 8.87 3.43 

Chalcopyrite CuFeS2 0.02 0.00 

Chlorite (Mg,Fe)3AlSi4O10 (OH)6 0.35 0.05 

Epidote Ca2Al 2FeSi3O11(OH) 0.07 0.11 

Hematite Fe2O3 0.30 0.04 

Orthoclase KAlSi 3O8 27.15 0.27 

Plagioclase (Na,Ca)AlSi3O8 0.00 9.21 

Pyrite FeS2 23.10 70.14 

Pyrrhotite Fe7S8 0.82 1.61 

Quartz SiO2 36.69 10.89 

Troilite FeS 1.61 3.25 

Table 5.11. AMICS color scheme used in phase identification of the products of differential 

flotation. 

Mineral Color Mineral Color 

Albite   Hematite  

Apatite   Orthoclase  

Biotite   Plagioclase  

Cattierite   Pyrite  

Chalcopyrite   Pyrrhotite  

Chlorite   Quartz  

Epidote   Troilite  
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(a) 

 
(b) 

Figure 5.11. BSE image from (a) SEM and (b) AMICS segmented image for the cobalt product 

of differential flotation ñAò. 

 
(a) 

 
(b) 

Figure 5.12. BSE image from (a) SEM and (b) AMICS segmented image for the cobalt product 

of differential flotation ñBò. 

From the data, it could be observed that the predominant phase in the differential product without 

the sortation material (B) was pyrite (70% of the total). In contrast, the main phases identified in 

product A were two gangue minerals, orthoclase, and quartz, which constituted approximately 

64% of the material. Small amounts of pyrrhotite and troilite were also detected in both products. 

No copper-bearing phases were found during the scans, while trace minerals (<1%) included 

albite, apatite, chlorite, hematite, and epidote. Similar to the rougher concentrate, no cobalt-

containing phase was identified in the samples during the AMICS analysis. However, its 
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presence was identified through XFR and AAS analyses, so all the cobalt in the samples should 

have been found in form of cobaltiferous pyrite. 

5.4.4. Chemical Characterization 

Identification of the elements and their concentration levels on the differential products was 

performed in the first instance through the semiquantitative method of X-ray Fluorescence 

(XRF). From the results shown in Table 5.12, it was evident that product B had between 2.0 and 

2.6 times the iron and cobalt concentration of product A. This observation was consistent with 

the density and AMICS measurements, which indicated a greater concentration of heavy metal 

sulfides (mainly pyrite) in the product without the sortation material.  

Table 5.12. XRF results for the two cobalt-enriched products. 

Cobalt Product "A"  Cobalt Product "B" 

N° Element [wt.%]  N° Element [wt.%] 

1 As 0.4643  1 As 0.5588 

2 Bi 0.4922  2 Bi 0.4252 

3 Ca 0.1526  3 Ca 0.0287 

4 Cd 0.1342  4 Cd 0.0545 

5 Co 0.4859  5 Co 1.2803 

6 Cu 0.1832  6 Cu 0.1547 

7 Dy 0.0493  7 Dy 0.0817 

8 Er 0.0141  8 Er 0.0159 

9 Fe 13.0017  9 Fe 26.4472 

10 K 2.0732  10 K 1.1931 

11 Lu 0.0799  11 Lu 0.1616 

12 Mg 0.3038  12 Mg 0.0000 

13 Mn 0.0453  13 Mn 0.0183 

14 Mo 2.3300  14 Mo 2.5632 

15 Na 0.6479  15 Na 0.0000 

16 Nd 0.0197  16 Nd 0.0211 

17 Si 12.9794  17 Si 6.2153 

18 Ti 0.1496  18 Ti 0.1013 

19 Zn 0.0323  19 Zn 0.0000 

20 Zr 0.1236  20 Zr 0.1317 
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Similar to the case of the previous rougher concentrate, the method was unable to detect 

elements associated with gangue minerals other than silicon, calcium, and magnesium. However, 

it is important to note that this was not critical for the development of the experiments since, 

according to the results of the preliminary tests, the gangue phases did not undergo any 

transformation during the thermal treatment. 

To verify the correlation between the information provided by the AMICS and XRF analyses, 

AAS tests were performed on subsamples of the products. As can be seen in Table 5.13, a fairly 

strong correlation was observed between the information from AMICS and the AAS for the case 

of iron. By contrast, the correlations for cobalt and copper were moderate at best. Given the 

semi-quantitative nature of XRF and the difficulty of the AMICS analysis to properly detect 

cobalt in cobaltiferous pyrite, all calculations involving the use of cobalt and copper grades were 

performed using the information provided by the AAS. 

Table 5.13. AAS results for the two cobalt-enriched products. 

Element Product ñAò Product ñBò 

Cobalt 0.57 1.80 

Copper 0.21 0.12 

Iron 11.57 32.44 
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CHAPTER 6        

EXPLORATORY TESTS: DESIGN, RESULTS AND DISCUSSION 

The following chapter provides a comprehensive overview of the experimental design used in 

the execution of the exploratory tests and the results obtained after said operation. Furthermore, 

this chapter encompasses a detailed discussion of the experimental findings, aiming to provide a 

thorough evaluation of the thermal process. 

6.1. Experimental Design 

Exploratory experiments were performed with the main objective of: 

a) Evaluate the initial behavior of the pyrite contained in the raw materials during its heating in 

an inert atmosphere. 

b) Identify the range of temperatures where the thermal decomposition of pyrite could occur. 

Four exploratory tests were performed for those purposes using thermogravimetric (TGA) and 

differential thermal analysis (DTA) in an argon atmosphere. Three of the four tests were done on 

the unconcentrated drill cores (IC-18-07, IC-18-09, and IC-18-27) described in Chapter 3. The 

remaining experiment was performed on a concentrate obtained after the rougher flotation of 

sulfides for core IC-18-27. 

Table 6.1 presents a compilation of experimental conditions used in the execution of the tests 

that, for all cases, were kept constant. 

Table 6.1. Experimental conditions of the TGA/DTA analyses. 

Parameters Units IC-18-07 IC-18-09 IC-18-27 Rougher 

Cover Gas  Argon 

Sample Mass [mg] 100 

Range [°C] 25-1000 

Heat Rate [°K/min]  30 

Flow Rate [ml/min] 50 
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6.2. Results and Discussion 

6.2.1. Unconcentrated Drill Cores 

Figure 6.1 presents the results of the thermal analysis performed on the unconcentrated 

samples. From the trends of the TGA and DTA profiles, it could be seen that the samples went 

through three stages of mass loss, whose approximate results are summarized in Table 6.2. 

 
Figure 6.1. TGA/DTA results of the thermal analysis performed on the drill cores. 

Table 6.2. Staged mass losses experienced by the unconcentrated drill cores. 

Stage 
[%]  

IC-18-07 IC-18-09 IC-18-27 

I 0.40 0.50 0.50 

II  2.30 3.00 2.40 

III  2.13 1.28 3.00 

Total 4.83 4.78 5.90 
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From the results, it is evident that the first stage (I) of mass loss, developed between room 

temperature and 300°C, was relatively small (between 0.4 and 0.5%) and could have been a 

consequence of the dehydration of the materials [42], [58], [59]. 

The second stage (II) of mass loss, between 300 and 650°C, was the largest for cores IC-18-

07 and IC-18-09, with 2.3 and 3.0%, respectively. The mass loss for sample IC-18-27 at this 

stage reached 2.4%, which, although it was not the highest, represented a little more than 40% of 

the total. All these mass losses are associated with a clear endothermic peak that, in consonance 

with previous research, could be attributed to the initiation of the thermal decomposition 

mechanism described in Chapter 3 [42], [48], [55], [60]. That is the partial desulfurization of the 

pyrite to non-stoichiometric pyrrhotite according to equation 3.45, which, to facilitate reading, is 

repeated below. 

 
Stage 1: &Å3  

ρ

χ
 &Å3  

σ

χ
 3  

 
(6.1) 

The third stage (III) took place between 650 and 1000°C and involved the mass loss of 2.1 

and 3.0% for samples IC-18-07 and IC-18-27. Both mass losses are linked to a second 

endothermic peak that could be attributed to the further decomposition of pyrrhotite to troilite, as 

shown in equation 3.47 (now equation 6.2) [42], [48], [55], [60]. 

 
Stage 2: &Å3 χ &Å3  

ρ

ς
 3  

 
(6.2) 

For drill core IC-18-09, the TG profile exhibited that there was a mass loss of 1.28% in the 

third stage. However, the DTA profile does not show any endothermic reaction that could be 

associated with this loss. In the absence of more information, it could be argued that since this 

sample had the least amount of pyrite (<8.82%), the endothermic peak corresponding to the 

transformation of Fe7S8 to FeS was too small to be detected on the diagram. This would also 

explain why the endothermic peak for sample IC-18-07 was barely visible compared to that of 

sample IC-18-27. 

Upon completion of heating the samples in an inert atmosphere, the total mass losses for each 

of the samples reached 4.83 %, 4.78 %, and 5.9 %, respectively. These results align with the 
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theoretical and expected losses for the complete decomposition of the materials, as the 

characterization of materials chapter indicated that core IC-18-27 had the highest amount of iron 

sulfide. 

6.2.2. Rougher Concentrate 

Considering that the IC-18-27 core contained the highest amount of pyrite, cobalt, and 

copper, a sample of the concentrate obtained in a bulk sulfide flotation stage - rougher step - was 

sent for TGA and DTA analysis to evaluate its behavior and gain further insight into the thermal 

decomposition process. Figure 6.2 presents the results of these analyses. 

 
Figure 6.2. TGA/DTA results of the thermal analysis performed on the rougher concentrate. 

Similar to the drill cores, the figure shows that this sample experienced three stages of mass 

loss. The first one (I), from room temperature to 615°C, resulted in a mass loss of 1%. The 

second (II), which took place between 615 and 830°C, represented the highest stage of mass loss 

for the sample, accounting for around 17.5% of the original mass. The third one (III), evidenced 
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from 830°C onwards, involved a final loss of 1.5% for a total mass loss of 20% during the entire 

thermal treatment. 

Since the objective of these tests did not involve the characterization of the products obtained 

after the thermal decomposition experiments, it could be argued that the first endothermic peak 

would correspond to the decomposition of hydrated iron sulfates that may have formed during 

the flotation stage [61]. The second endothermic peak with the corresponding mass loss could be 

attributed to the two stages of pyrite pyrolysis [42], [48], [55], [60]. As for the third endothermic 

peak, it could be linked to the desulfurization of cattierite (CoS2), which, being a mineral from 

the same group as pyrite, would also undergoes thermal decomposition at high temperatures, as 

discussed in the thermodynamic chapter. 

A notable difference when comparing the two thermal analysis plots (Figures 6.1 and 6.2) is 

the absence of the endothermic peak associated with the decomposition of pyrrhotite to troilite, 

which was evident in the DTA profiles of the drill cores. According to Ruan et al. (2022), this 

could be due to the higher pyrite content in the rougher concentrate and the immediate 

decomposition of pyrrhotite that caused the overlapping of the peaks. This finding is consistent 

with the thermodynamic analysis performed in Chapter 3, which indicated that pyrrhotite 

decomposes more easily than pyrite. 
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CHAPTER 7        

PRELIMINARY TESTS: DESIGN, RESULTS AND DISCUSSION 

The following chapter provides a comprehensive overview of the experimental design used in 

the execution of the preliminary tests and the results obtained after said operation. Furthermore, 

this chapter includes a detailed discussion of the experimental findings, aiming to provide a 

thorough evaluation of the thermal process. 

7.1. Experimental Design 

Based on the results and conclusions of the previous section, a subsequent set of experiments 

was conducted on the rougher flotation concentrate of the IC-18-27 core with the aim of: 

× Expand the analysis of the behavior observed in the exploratory tests. 

× Evaluate the decomposition of pyrite under an atmosphere of nitrogen and carbon dioxide. 

× Identify the potential variables of the thermal decomposition process. 

× Characterize the calcine obtained after the thermal treatment to identify potential phase 

changes. 

× Evaluate the use of the thermal decomposition process as a potential enrichment and/or 

concentration stage. 

To achieve these objectives, isothermal batch tests were conducted following the classical or 

traditional method of One-Factor-At-A-Time (OFAT). All the thermal decomposition tests were 

evaluated based on the mass loss, which along with phase identification by AMICS analysis, 

enabled the estimation of the decomposition degrees reached in the samples. Each experiment 

had its counterpart executed under the same conditions to assess the potential effect of the cover 

gas (N2 and CO2) on the thermal treatment. The variability of the results was estimated by means 

of confidence intervals, so each experiment was replicated at least two times. To evaluate the 

effectiveness of the thermal decomposition process as a beneficiation stage, concentration ñKò 

and enrichment ratios ñNò were calculated, as discussed in section 4.5. Table 7.1 summarizes the 

variables considered in the experiments, which were classified as dependent, independent, and 

controlled depending on their behavior and impact on the results. 
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Table 7.1. Identification of the variables considered in the decomposition tests. 

Dependent Variables Independent Variables Controlled Variables 

Mass Loss 

Concentration Ratio ñKò 

Cobalt Enrichment Ratio ñNò 

Decomposition Degree 

Temperature 

Time 

Cover Gas 

Gas Flow Rate 

Particle Size 

Heating rate 

Cooling Rate 

Sample Mass 

7.1.1. Furnace Temperature 

To investigate the influence of the furnace temperature on the thermal decomposition process, 

14 tests were conducted within the 400-800°C range. Half (7) of the experiments were performed 

in an inert nitrogen atmosphere, while the remaining half (7) were carried out using carbon 

dioxide. All tests were conducted keeping tests times constant as well as the flow rate of the 

cover gases. Table 7.2 provides a complete overview of the experimental conditions used in each 

test. 

Table 7.2. Experimental design of the tests carried out for the study of temperature. 

N° 
Temperature 

[°C]  

Time 

[min]  

Flow Rate 

[ml/min] 
Cover Gas 

1 400 90 33 N2 

2 500 90 33 N2 

3 550 90 33 N2 

4 600 90 33 N2 

5 650 90 33 N2 

6 700 90 33 N2 

7 800 90 33 N2 

8 400 90 33 CO2 

9 500 90 33 CO2 

10 550 90 33 CO2 

11 600 90 33 CO2 

12 650 90 33 CO2 

13 700 90 33 CO2 

14 800 90 33 CO2 
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7.1.2. Retention Time 

The influence of retention time was evaluated in 18 tests that took place between 15 and 240 

minutes. As in the case of the study of the temperature, half of the experiments used N2 as cover 

gas, while the remaining half employed CO2. The gas flow rates were kept constant in all the 

cases, as well as the temperature that was set at 600°C in attention to the results obtained in the 

previous round of experiments. The following table presents a summary of the conditions used in 

each of the tests. 

Table 7.3. Experimental design of the tests carried out for the study of time. 

N° 
Temperature 

[°C]  

Time 

[min]  

Flow Rate 

[ml/min] 
Cover Gas 

1 600 15 33 N2 

2 600 30 33 N2 

3 600 45 33 N2 

4 600 60 33 N2 

5 600 75 33 N2 

6 600 90 33 N2 

7 600 120 33 N2 

8 600 180 33 N2 

9 600 240 33 N2 

10 600 15 33 CO2 

11 600 30 33 CO2 

12 600 45 33 CO2 

13 600 60 33 CO2 

14 600 75 33 CO2 

15 600 90 33 CO2 

16 600 120 33 CO2 

17 600 180 33 CO2 

18 600 240 33 CO2 

7.1.3. Gas Flow Rate 

To assess the influence of the cover gas flow rate on the thermal decomposition results, 16 

tests were conducted in two separate series of 30 and 90 minutes. As shown in Table 7.4, the 
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experiments were divided according to the use of nitrogen or carbon dioxide as cover gas, and 

the temperature was kept constant at 600°C for consistency purposes. 

Table 7.4. Experimental design of the tests carried out for the study of the gas flow rate. 

N° 
Temperature 

[°C]  

Time 

[min]  

Flow Rate 

[ml/min] 
Cover Gas 

1 600 30 5 N2 

2 600 30 33 N2 

3 600 30 100 N2 

4 600 30 150 N2 

5 600 90 5 N2 

6 600 90 33 N2 

7 600 90 100 N2 

8 600 90 150 N2 

9 600 30 5 CO2 

10 600 30 33 CO2 

11 600 30 100 CO2 

12 600 30 150 CO2 

13 600 90 5 CO2 

14 600 90 33 CO2 

15 600 90 100 CO2 

16 600 90 150 CO2 

7.1.4. Furnace Temperature on Retention Time 

The influence of temperature on the retention time was evaluated through 16 tests. The 

studied temperatures were set at 600 and 650°C, while the times ranged between 15 and 90 

minutes. The flow rates were kept constant in all the experiments that were divided between the 

use of N2 and CO2 according to the experimental design of Table 7.5. 

Table 7.5. Experimental design of the tests carried out for the temperature on time. 

N° 
Temperature 

[°C]  

Time 

[min]  

Flow Rate 

[ml/min] 
Cover Gas 

1 600 15 33 N2 
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Table 7.5. Continued. 

N° 
Temperature 

[°C]  

Time 

[min]  

Flow Rate 

[ml/min] 
Cover Gas 

2 600 30 33 N2 

3 600 60 33 N2 

4 600 90 33 N2 

5 650 15 33 N2 

6 650 30 33 N2 

7 650 60 33 N2 

8 650 90 33 N2 

9 600 15 33 CO2 

10 600 30 33 CO2 

11 600 60 33 CO2 

12 600 90 33 CO2 

13 650 15 33 CO2 

14 650 30 33 CO2 

15 650 60 33 CO2 

16 650 90 33 CO2 

7.2. Results and Discussions 

The following section provides a comprehensive summary of the results obtained after the 

execution of the tests. This section also includes the analysis and interpretation of the 

experimental data. All the information used to build the graphs can be found in section A of the 

appendix, which also contains some calculation examples. 

7.2.1. Temperature of the Furnace 

Figure 7.1 illustrates the mass loss results obtained in the experiments that evaluated the 

influence of the furnace temperature on the thermal decomposition process under an inert 

atmosphere of N2 and CO2. The graph shows that for the interval studied, the results presented a 

characteristic behavior of sigmoidal function. That is, a slight increase in the mass loss with 

rising temperature in the lower range (400-550°C), followed by a significant increase in the 

intermediate region (550-600°C), to remain relatively constant in the upper range (600-800°C). 
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This behavior was the same for both cover gases, which suggests that the gas phase used to 

generate the inert atmosphere had no notable impact on the results.  

 

Figure 7.1. Influence of temperature on the mass loss of rougher concentrates. 

Experimental conditions: 2.5 g of sample, 90 min of retention time and 33 ml/min of gas flow. 

The described behavior is partially consistent with the observations from the exploratory tests 

and other studies that also indicated that the mass loss due to thermal decomposition of pyrites 

initiates above 550°C. Interestingly, the null effect of CO2 on mass losses contrasts with the 

findings by Lv et al. (2015)[62] and Machado de Oliveira et al. (2018) [63], who suggested that 

this gas should enhance the pyrolysis process by its reaction with pyrite according to the general 

equation shown in 7.1. Potential reasons for this discrepancy will be further discussed in section 

7.2.3, which explores the effect of gas flow rate. 

&Å3 ς #/  &Å 3 ς #/ 3/  (7.1) 

To determine if the recorded mass losses were only attributed to the evolution of sulfur from 

the thermal breakdown of pyrites, solid samples of the produced calcine underwent phase 
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identification by AMICS analysis. The results of these identifications reported that the only 

phase change in the samples was the transformation of pyrite to pyrrhotite and troilite according 

to the mechanism described and analyzed in Chapter 3. Figures 7.2 and 7.3 display images of the 

identification, providing a visual appreciation of the pyrite conversion as well as the formation of 

a highly porous structure by the generation of elemental sulfur. 

 Pyrite 

  

 Pyrrhotite 

 Troilite 

 Quartz 

 Orthoclase 

 Plagioclase 

 Chalcopyrite 

 Biotite 

  Chlorite 

  Epidote 

  (a) (b) 

Figure 7.2. Backscatter image from (a) SEM and (b) AMICS segmented image for the 

decomposed samples at 500°C. 
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Figure 7.3. Backscatter image from (a) SEM and (b) AMICS segmented image for the 

decomposed samples at 700°C. 
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Based on the results of the AMICS identification, the decomposition degrees reached in the 

samples were estimated. Figure 7.4 summarizes the results that did not include the samples at 

400 and 800°C for similarity to those obtained at 500 and 700°C, respectively.  

 
Figure 7.4. Influence of temperature on the degree of decomposition of pyrite. 

Experimental conditions: 2.5 g of sample, 90 min of retention time and 33 ml/min of gas flow. 

The graph depicts a similar behavior to that described in the case of mass losses. That is, an 

increase in the thermal breakdown of pyrite with the temperature reaching decomposition 

degrees above 80% when the furnace temperature was higher than 600°C. The lower 

decomposition degrees in the lower temperature interval (500-550°C) may be explained by the 

lack of spontaneity of reactions 3.47 and 3.48, as they exhibit positive Gibbs free energy values 

and very small equilibrium constants within this range. The increase in the decomposition 

degrees with temperature is consistent with the thermodynamic analysis - described in section 

3.7 - which indicates that temperature significantly promotes the decomposition process due to 

its highly endothermic nature. 
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Figures 7.5 and 7.6 illustrate the variation of the concentration ñKò and cobalt enrichment 

ñNò ratios achieved in the decomposed calcines as a function of temperature for both cover 

gases. 

 
Figure 7.5. Effect of temperature on the concentration ratio. 

Experimental conditions: 2.5 g of sample, 90 min of retention time and 33 ml/min of gas flow. 

The graphs demonstrate that thermal decomposition of pyrites can be utilized as a 

concentration stage when the temperature is above 600°C, irrespective of the gas used to 

generate the inert atmosphere. Analytical determination of the cobalt contents in the calcines was 

performed not only to calculate the enrichment ratios, but also to estimate the potential recovery 

of the process. The results of these tests revealed that the metal losses during the heat treatment 

were minimal (<0.08%), which enabled the achievement of ratios higher than 13% in the upper-

temperature range (600-800°C). The small losses of cobalt during the experiments could be 

attributed to the use of low flow rates (only 33 ml/min) that reduced the mechanical entrainment 

of the material. To confirm this point, several samples of the synthetic sulfur formed during the 

experiments were analyzed for Fe, Cu, and Co. The AAS results did not detect the presence of 

any of these metals, so it could be argued that there were no material losses during the tests and 
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that the condensed sulfur was free of metallic impurities. The characteristics of the sulfur 

produced in the tests as well as its potential applications, will be discussed in more detail in 

further Chapters. 

 
Figure 7.6. Effect of temperature on the cobalt enrichment ratio. 

Experimental conditions: 2.5 g of sample, 90 min of retention time and 33 ml/min of gas flow. 

7.2.2. Retention Time 

As mentioned in a previous section, the influence of retention time was studied between 15 

and 240 minutes. The first 90 minutes were evaluated in 15-minute intervals, while the 

remaining fraction was evaluated in 1-hour increments. The temperature was set at 600°C in 

attention to the clear takeoff in mass losses and decomposition degrees evidenced between 550-

600°C during the previous set of tests. Another reason for selecting this temperature was to 

reduce the residence time error, which for the purposes of this work, is defined as the additional 

time that the samples spend at high temperatures before reaching the test temperature. 

Based on the influence of temperature results, significant decomposition of the samples 

started above 500°C. Considering the average heating rate used in the tests (5°C/min), the 



 

79 

 

samples could begin to decompose 20 minutes before reaching 600°C. Due to the stationary 

nature of the experimental system, it was not feasible to minimize this error. Therefore, it is 

important to consider this factor when reproducing, interpreting, and discussing the following 

results. 

Figure 7.7 presents the results of the discontinuous mass losses versus residence time for an 

inert N2 and CO2 atmosphere, while Figure 7.8 displays the decomposition degrees. 

 
Figure 7.7. Effect of time on the mass loss of rougher concentrate. 

Experimental conditions: 2.5 g of sample, 600°C of temperature and 33 ml/min of gas flow. 

The graphs demonstrate not only that the cover gas had no influence on the pyrolysis process 

but also that an increase in the retention time led to a rise in the mass loss of the samples, 

resulting in a higher decomposition degree. The dependence of the results with time exhibits a 

linear and staggered behavior during the first 90 minutes, to remain relatively constant after 

reaching 120 minutes. 

According to Hu et al. (2005), heat transport could play a very important role in endothermic 

processes since heat must be efficiently transported through the system to supply the energy 
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required by the reactions. In that sense, the linear and staggered behavior observed in the graphs 

may indicate a slow but uniform heat transfer through the material bed, the gas film around the 

particles, and the product layer once the reaction progresses. 

 
Figure 7.8. Effect of time on the degree of decomposition of pyrite. 

Experimental conditions: 2.5 g of sample, 600°C of temperature and 33 ml/min of gas flow. 

Figures 7.9 and 7.10 provide images of the AMICS identification at 15 and 45 minutes of 

testing. These images show not only the lack of decomposition of the pyrites in short test periods 

but also that the reaction seems to progress according to the model of the unreacted core. This 

observation is in broad agreement with the findings of other researchers, who indicate that the 

thermal decomposition of the pyrite occurs by forming a clear limit between the unreacted pyrite 

and the product layer. However, further research is needed to fully confirm this aspect. 

The smaller effect of time on the results above 120 minutes could indicate the completion of 

the decomposition mechanism. Figures 7.11 and 7.12 present the identification images for the 

decomposed particles at 90 and 120 minutes, respectively. 
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Figure 7.9. Backscatter image from (a) SEM and (b) AMICS segmented image for the 

decomposed samples at 600°C and 15 minutes. 
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Figure 7.10. Backscatter image from (a) SEM and (b) AMICS segmented image for the 

decomposed samples at 600°C and 45 minutes. 

In these images, it is possible to observe the progress of the reaction until the almost complete 

transformation of the pyrite at 120 minutes. The small mass losses recorded above this time 

could be a consequence of the further decomposition of pyrrhotite to troilite. Since one of the 

objectives of this work is to provide ferromagnetic properties to the calcine, further 

desulfurization of pyrrhotite is undesirable as troilite is known to be non-magnetic sulfide. Thus, 

it was important to estimate a time that would allow the complete decomposition of the pyrite 
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without causing the total transformation of the pyrrhotite, which, as discussed in the 

thermodynamics chapter, tends to decompose more easily than the original pyrite. 

 Pyrite 

  

 Pyrrhotite 

 Troilite 

 Quartz 

 Orthoclase 

 Plagioclase 

 Chalcopyrite 

 Biotite 

  Chlorite 

  Epidote 

  (a) (b) 

Figure 7.11. Backscatter image from (a) SEM and (b) AMICS segmented image for the 

decomposed samples at 600°C and 90 minutes. 
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Figure 7.12. Backscatter image from (a) SEM and (b) AMICS segmented image for the 

decomposed samples at 600°C and 120 minutes. 

Figure 7.13 presents the variation in the relative concentration of these three iron sulfides with 

time (x-axis), which were calculated by taking the averages of the AMICS results reported in N2 

and CO2. From the graph, it can be seen that there is a continuous conversion of pyrite with time 
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until its complete disappearance, and the formation of Fe7S8 and FeS in almost equal proportions 

up to 120 minutes. Above this time, the proportion of FeS increases considerably due to the 

greater desulfurization of Fe7S8. 

 
Figure 7.13. Effect of time on the relative concentration of pyrite, pyrrhotite and troilite. 

Figures 7.14 and 7.15 present the concentration and cobalt enrichment ratios calculated in the 

decomposed calcines. The results reaffirm that the covering gas had no effect on the pyrolysis 

process. The chemical analysis for cobalt, copper, and iron in the calcines, as well as the 

synthetic sulfur, did not indicate material losses due to dust entrainment. 

7.2.3. Gas Flow Rate 

Having evaluated the influence of temperature and time on thermal decomposition, the 

potential effect of the cover gas flow rate was investigated. Two different retention times were 

selected for this purpose (30 and 90 min) in an attempt to assess whether flow could also reduce 

the times needed to achieve decomposition. 
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Figure 7.14. Effect of time on the concentration ratio. 

Experimental conditions: 2.5 g of sample, 600°C of temperature and 33 ml/min of gas flow. 

 
Figure 7.15. Effect of time on the cobalt enrichment ratio. 

Experimental conditions: 2.5 g of sample, 600°C of temperature and 33 ml/min of gas flow. 
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Figures 7.16 to 7.19 present the mass loss results and the degrees of decomposition, 

concentration, and enrichment associated with them. 

 
Figure 7.16. Effect of flow rate on the mass loss of rougher concentrate. 

Experimental conditions: 2.5 g of sample and 600°C of temperature. 

The graphs obtained show - for both cover gases - that an increase in the flow rates did not 

produce significant changes in the overall results as they remained almost constant and 

independent of this parameter. The degrees of decomposition calculated based on the AMICS 

analysis were the only results that reported an increase of up to 14% with raising flow rates 

(from 5 to 150 STD ml/min). However, since the mass losses did not register this change, the 

increase could be associated with a slight error in the identification. 

The null effect of gas flow rates on the results does not agree with the trend reported by 

different authors. For example, Boyabat et al. (2003) and McDougall et al. (2023) reported in 

their experiments with nitrogen that high flow rates favor the pyrolysis of pyrite by removing 

sulfur gas from the decomposition zone, shifting the equilibria of reactions 3.47 and 3.48 

towards the formation of pyrrhotite and troilite. In the case of carbon dioxide, Hong et al. (1997), 
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Bhargava et al. (2009) [64], Lv et al. (2014), and Machado de Oliveira et al. (2018), reported that 

this gas not only removes elemental sulfur from the reaction zone as in the case of nitrogen but 

also participates chemically in the decomposition mechanism by reacting with pyrite according 

to reaction 7.1. In that sense, the deviation observed in our tests could be attributed to the 

experimental setup. As indicated in section 4.1, the decomposition experiments were performed 

using an alumina boat filled to no more than 70% of its capacity. Therefore, it could be argued 

that beyond the surface exposed by the boat, the contact of the samples with the gas was 

minimal. Furthermore, most of the experiments conducted by other authors involved kinetic 

studies with high flow rates and small masses suspended vertically or horizontally to maximize 

the contact. 

 

Figure 7.17. Effect of flow rate on the degree of decomposition of pyrite. 

Experimental conditions: 2.5 g of sample and 600°C of temperature. 

Consequently, in attention to the behavior of the results with the flow rate, it could be 

concluded that in our experiments, the cover gases were only responsible for i) displacing the 

oxygen to generate the inert atmosphere and ii) transporting the sulfur gas to the condensation 

system connected to the outlet of the quartz tube. 
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Figure 7.18. Effect of flow rate on the concentration ratio. 

Experimental conditions: 2.5 g of sample and 600°C of temperature. 

 
Figure 7.19. Effect of flow rate on the cobalt enrichment ratio. 

Experimental conditions: 2.5 g of sample and 600°C of temperature. 
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7.2.4. Temperature on Retention Time 

To assess the potential influence of higher temperatures on the retention time, a final round of 

preliminary experiments was conducted at 650°C and an intermediate flow rate of 33 STD 

mL/min. Figures 7.20-7.23 summarize the achieved results, plotted against the outcomes at 

600°C to demonstrate the differences in mass losses, decomposition degrees, and concentration 

ratios.  

 
Figure 7.20. Effect of temperature and time on mass loss. 

Experimental conditions: 2.5 g of sample, and 33 ml/min of gas flow. 

The results indicate that temperature significantly impacted all the dependent variables 

evaluated in this work. For example, as shown in Figure 7.20, the mass loss at 650°C and 15 min 

of testing was 3.2 times greater than those achieved at 600°C. Furthermore, the AMICS analyses 

on the calcines during these short test periods revealed the almost complete transformation of 

pyrite to pyrrhotite and troilite, with decomposition degrees exceeding 95%. Figure 7.24 displays 

an image of the AMICS identification at 15 minutes under nitrogen as the cover gas, where not 

only the disappearance of the pyrite can be appreciated but also the highly porous microstructure 

characteristic of the decomposition process. 
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Figure 7.21. Effect of temperature and time on the degree of decomposition of pyrite. 

Experimental conditions: 2.5 g of sample, and 33 ml/min of gas flow. 

 
Figure 7.22. Effect of temperature and time on the concentration ratio. 

Experimental conditions: 2.5 g of sample, and 33 ml/min of gas flow. 
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Figure 7.23. Effect of temperature and time on the cobalt enrichment ratio. 

Experimental conditions: 2.5 g of sample, and 33 ml/min of gas flow. 
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Figure 7.24. Backscatter image from (a) SEM and (b) AMICS segmented image for the 

decomposed samples at 650°C and 15 minutes. 

The metallurgical indices ï calculated to evaluate the potential use of thermal decomposition 

as a concentration stage ï exhibited the same behavior as the mass losses and decomposition 

degrees, reaching their maximum values after 15 minutes of treatment. 
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Consequently, the results show the possibility of reaching high degrees of transformation and, 

therefore, higher ratios of concentration and enrichment in short periods of time. However, 

having worked at higher temperatures (+50°C), the error in the residence time was also more 

significant, so this cannot be left aside when interpreting and replicating these results (see section 

7.2.2).  

The substantial increase in the parameters aligns with previous findings in the literature that 

indicate that an increase in temperature accelerates the conversion of pyrite because the rate of 

decomposition is controlled by the chemical reaction. However, this is only a conjecture that 

should be investigated through a kinetic study that will provide further insights into the actual 

effect of temperature over time. 
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CHAPTER 8        

EVALUATION TESTS: DESIGN, RESULTS, AND DISCUSSION 

The following chapter provides a comprehensive overview of the experimental design used in 

the execution of evaluation tests and the results obtained after said operation. Furthermore, this 

chapter encompasses a detailed discussion of the experimental findings, aiming to provide a 

thorough evaluation of the thermal process. 

8.1. Experimental Design 

To further identify the effect of thermal decomposition variables and their possible 

interactions, a new round of experiments was prepared using a Full Factorial Design (FFD). The 

samples used for this purpose were two cobalt-enriched products obtained after the differential 

flotation stage of the rougher concentrate tested in the preliminary experiments. 

As described in section 5.4, the main difference between the two products was the 

introduction or not of a sortation material that caused a considerable difference in the initial 

pyrite content. In view of this, material "A" - with sortation ï hereinafter referred to as poor, 

while material "B" - without sortation - was referred to as rich (see the designation used in the 

Characterization Chapter). 

The factors (variables) considered in the design were: temperature, time, cover gas, and pyrite 

content in the product. Each factor was studied at two levels (2k) for a total of 32 experiments. 

Table 8.1 presents the levels of the factors considered in the test, which were defined based on 

the insights acquired in the preliminary round of experiments. 

Table 8.1. Experimental parameters and their levels. 

Factors Label Units 
Low Level 

(-1) 

High Level 

(+1) 

Temperature A °C 600 650 

Time B min 30 90 

Cover Gas C --- N2 CO2 

Pyrite Content D --- Poor Rich 
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The responses of interest (results) were the same as those defined in Table 7.1. Each trial was 

replicated twice to estimate error variance. The following table presents the experimental matrix 

used in the design that does not include the replicates for ease of visualization.  

Table 8.2. Uncoded experimental matrix. 

 (A) (B) (C) (D) 

Trial 
Temp. 

[°C]  

Time 

[min]  

Cover 

Gas 

Pyrite 

Content 

1 600 30 N2 Poor 

2 650 30 N2 Poor 

3 600 90 N2 Poor 

4 650 90 N2 Poor 

5 600 30 CO2 Poor 

6 650 30 CO2 Poor 

7 600 90 CO2 Poor 

8 650 90 CO2 Poor 

9 600 30 N2 Rich 

10 650 30 N2 Rich 

11 600 90 N2 Rich 

12 650 90 N2 Rich 

13 600 30 CO2 Rich 

14 650 30 CO2 Rich 

15 600 90 CO2 Rich 

16 650 90 CO2 Rich 

8.2. Results and Discussion 

Table 8.3 presents a comprehensive overview of the responses obtained after the execution of 

the experimental design. The produced data was later subjected to a statistical analysis using the 

Stat-Ease Design-Expert software (v13) with a confidence level of 95% in all the intervals. 
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Table 8.3. Experimental matrix with responses. 

 (A) (B) (C) (D) (R1) (R2) (R3) (R4) 

Trial 
Temp. 

[°C]  

Time 

[min]  

Cover 

Gas 

Pyrite 

Content 

Mass 

Loss 

[%]  

Conc. 

Ratio 

ñKò 

Enrich. 

Ratio 

ñNò 

Decomp. 

Degree 

[%]  

1 600 30 N2 Poor 5.392 1.0573 1.0570 
67.92 

2 600 30 N2 Poor 5.209 1.0510 1.0550 

3 650 30 N2 Poor 7.092 1.0719 1.0763 
98.61 

4 650 30 N2 Poor 7.024 1.0665 1.0755 

5 600 90 N2 Poor 6.826 1.0681 1.0733 
98.59 

6 600 90 N2 Poor 6.848 1.0662 1.0735 

7 650 90 N2 Poor 7.174 1.0743 1.0773 
98.77 

8 650 90 N2 Poor 7.216 1.0714 1.0778 

9 600 30 CO2 Poor 5.615 1.0577 1.0595 
72.34 

10 600 30 CO2 Poor 5.53 1.0542 1.0585 

11 650 30 CO2 Poor 7.114 1.0705 1.0766 
97.39 

12 650 30 CO2 Poor 7.23 1.0714 1.0779 

13 600 90 CO2 Poor 6.742 1.0671 1.0723 
97.94 

14 600 90 CO2 Poor 6.84 1.0672 1.0734 

15 650 90 CO2 Poor 7.324 1.0741 1.0790 
98.79 

16 650 90 CO2 Poor 7.47 1.0757 1.0807 

17 600 30 N2 Rich 5.825 1.0765 1.0619 
35.74 

18 600 30 N2 Rich 5.653 1.0526 1.0599 

19 650 30 N2 Rich 14.195 1.1597 1.1654 
99.64 

20 650 30 N2 Rich 13.667 1.1517 1.1583 

21 600 90 N2 Rich 11.530 1.1362 1.1303 
78.34 

22 600 90 N2 Rich 11.306 1.1188 1.1275 

23 650 90 N2 Rich 14.663 1.1769 1.1718 
99.53 

24 650 90 N2 Rich 14.369 1.1642 1.1678 



 

95 

 

Table 8.3. Continued. 

 (A) (B) (C) (D) (R1) (R2) (R3) (R4) 

Trial 
Temp. 

[°C]  

Time 

[min]  

Cover 

Gas 

Pyrite 

Content 

Mass 

Loss 

[%]  

Conc. 

Ratio 

ñKò 

Enrich. 

Ratio 

ñNò 

Decomp. 

Degree 

[%]  

25 600 30 CO2 Rich 6.561 1.0504 1.0702 
38.02 

26 600 30 CO2 Rich 6.292 1.0776 1.0671 

27 650 30 CO2 Rich 14.057 1.1586 1.1636 
99.64 

28 650 30 CO2 Rich 13.431 1.1432 1.1551 

29 600 90 CO2 Rich 11.858 1.1194 1.1345 
80.38 

30 600 90 CO2 Rich 11.632 1.1392 1.1316 

31 650 90 CO2 Rich 14.162 1.1530 1.1650 
99.79 

32 650 90 CO2 Rich 13.910 1.1656 1.1616 

In general, the main effects of the factors and their interactions were identified by half-normal 

plots where insignificant effects were distributed with mean zero and tended to fall along a 

straight line on the probability graph. In contrast, statistically significant effects appeared as clear 

outliers. These results were subsequently verified through Pareto diagrams, which used the 

Bonferroni limit as the threshold above which the effects that emerged were considered highly 

significant. Effect terms below this threshold but above the t-value limit were considered 

moderately important, while effects below the t-value threshold were deemed insignificant. All 

additional information collected during the analysis and interpretation of the data (such as 

ANOVA tables, contour plots, etc.) can be found in section B of the appendix. 

8.2.1. Mass Loss (R1) 

The standardized effect of the factors on the mass loss of the samples can be observed in the 

half-normal and Pareto probability diagrams shown in Figures 8.1 and 8.2, respectively. Both 

Figures show that the initial pyrite content (D) in the differential samples was by far the factor 

with the most significant effect on the mass loss, followed closely by temperature (A). The time 

(B) and the interactions between these three variables (AD, AB, and BD) also had a significant 

effect on the loss of mass, as their t-values were well above the Bonferroni limit. 
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Figure 8.1. Half-normal plot of the effects on mass loss. 

 
Figure 8.2. Pareto chart of the effects on mass loss. 
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The greater effect of the initial pyrite content in the experiments was expected since it was 

intuitive that the higher the initial pyrite content in the material, the greater the mass loss due to 

its thermal decomposition. The significant effect of temperature on mass loss also agrees with 

the observations discussed in previous Chapters that exposed how this variable substantially 

promotes the desulfurization process.  

Equation 8.1 presents the theoretical model to predict the mass loss by thermal decomposition 

as a function of the significant factors. This equation was derived from the ANOVA analysis that 

estimated a coefficient of determination (R2) of 0.98. 

-ÁÓÓ ,ÏÓÓ 
ωȢπυρȢυψϽ! πȢωσχπϽ" ςȢσωϽ$ πȢχψςρϽ!"

ρȢπτϽ!$ πȢυτυϽ"$ πȢτψσπϽ!"$ 
(8.1) 

From the previous equation, it is possible to separate the effect of the initial pyrite content (D) 

to create two new mathematical models that allow estimating the mass losses in the two cobalt-

enriched products tested in this cycle of experiments. 

Pyrite-Poor: -ÁÓÓ ,ÏÓÓςςȢυχ πȢπτφϽ! πȢςφςϽ" πȢπππσωωϽ!" (8.2) 

Pyrite-Rich: -ÁÓÓ ,ÏÓÓρςπȢπωπȢςπφϽ! ρȢρπτϽ" πȢππρφωϽ!" (8.3) 

Figure 8.3 presents the response surfaces for mass loss with respect to temperature and time. 

From the figures, it is clearly noticeable that - as in the case of the rougher concentrate - the type 

of cover gas had no effect on the mass loss of the samples. Interestingly, it can also be seen that 

although temperature and time are significant factors in the decomposition process, their effect 

on the pyrite-poor samples (a-b) was less than that compared to the pyrite-rich samples (c-b). 

Likewise, the graphs demonstrate the great individual effect of temperature, with maximum mass 

losses achieved after only 30 minutes of testing at 650°C. 

8.2.2. Decomposition Degree (R4) 

Figures 8.4 and 8.5 present the half-normal probability plot and the Pareto diagram for the 

degrees of decomposition reached in the calcines after the thermal treatment.
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Figure 8.3. 3-D response surface plots of the effects on mass loss. 

(a) Nitrogen, Poor. (b) Carbon dioxide, Poor. (c) Nitrogen, Rich. (d) Carbon dioxide, Rich.

(a) (b) 

(c) (d) 






































































































































































































