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Abstract 

Potential new ore deposits containing significant levels of enargite, a copper arsenic 

sulphide mineral, are being considered for development. The processing of high arsenic 

copper concentrates directly in copper smelters is difficult due to environmental 

concerns. This thesis investigates a process using sulphation roasting as an alternative 

method for processing enargite concentrates; copper is recovered from the calcine by acid 

leaching, gold is extracted from the leach residue by conventional cyanidation and 

arsenic is either fixed in the calcine or precipitated from process emissions. In this 

research, sulphation roasting between the temperatures of 300-800
o
C, with varying 

oxygen and sulphur dioxide partial pressures, was investigated.  

Experiments indicated that high levels of copper extraction, as well as arsenic fixation, 

could be achieved from the produced calcines through hydrometallurgical processes. At 

operating temperatures between 400-550
o
C copper sulphate, copper arsenate, iron 

sulphate, hematite and iron arsenate form in the calcine, as well as some arsenic being 

volatilized as arsenic trioxide. At processing temperatures between 475-575
o
C, greater 

than 80% of the arsenic was retained in the calcine as copper and iron arsenates. Copper 

arsenate would be weak-acid soluble and fixed in an effluent treatment plant along with 

arsenic captured in the wet-gas scrubber bleed solution. As operating temperatures 

increase above 650
o
C copper sulphates were converted into oxysulphates, oxides and 

ferrites, hematite production was favoured, and arsenic was primarily volatilized. 

Increasing the sulphur dioxide addition in the reaction atmosphere resulted in additional 

sulphate formation and increased sulphate stability at higher temperatures. 

Sulphation roaster heat balances were developed for calcines produced at two 

temperatures, 500 and 750
o
C. They indicated that while high copper extraction and 
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arsenic fixation rates could be achieved, the sulphation roasting reactions are highly 

exothermic and significant cooling water would need to be added. Due to these issues, it 

is likely that partial roasting operations would be economically favourable in greenfield 

operations. However, niche applications of this process in operations with existing 

copper SX/EW facilities in good acid markets, have the potential to be economically 

favourable. 
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Chapter 1: Introduction 

1.1 General Overview 

This thesis investigates the sulphation roasting of enargite concentrates. This work is motivated 

by industrial pressure to assess the extraction of value from complex copper ores due to the 

increasing demand for copper and gold. Enargite (Cu3AsS4) is a copper sulphosalt mineral which 

is typically associated with high gold, silver and pyrite contents. However, due to enargite’s high 

arsenic content, the processing of copper concentrates containing significant levels of enargite 

(>1%) by copper smelting poses a variety of environmental concerns, limiting its treatment 

capacity at the world’s copper smelters. The following sections will overview the arsenic 

problem, demand drivers, current production methods, as well as outline the proposed sulphation 

roast, weak-acid leach, and electrowinning process. 

1.2 The Arsenic Problem 

Significant enargite deposits are found in Chile, as well as throughout the world, and are often 

located in the vicinity of many large scale copper porphyry orebodies, such as Chuquicamata and 

Collohuasi in Chile and Tampakan in the Phillipines. Selective flotation of enargite from other 

copper minerals has not been achieved on a commercial scale. Therefore, a single copper 

concentrate containing enargite and other copper minerals is typically produced. Processing 

enargite concentrates in copper smelters results in most of the arsenic reporting to the weak acid 

effluent from the wet-gas cleaning section. This arsenic must be fixed and disposed of in an 

environmentally acceptable manner, which is challenging and expensive. Therefore arsenic is 

considered a major penalty element by custom copper smelters. 
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1.3 Arsenic Demand 

There are no longer any significant uses for arsenic since the use of chromate copper arsenate was 

banned in the Western World. Since arsenic is a deleterious by-product, production is not 

determined by demand for arsenic but rather due to demand drivers in the copper industry. Due to 

the decreasing quality of available mining projects and the increasing demand for copper, arsenic 

production is expected to increase in the future. 

Currently, copper production is dominated by world class copper deposits. Unfortunately, arsenic 

is present both within and in the vicinity of these large deposits; for example Chuquicamata, the 

second largest copper mine in the world, has an average grade of 0.8% arsenic in their produced 

concentrate, therefore they are producing around 25,000 tonnes of arsenic material yearly, as 

noted by the ICSG (2010). Meanwhile, some of the major copper projects in the pipeline such as 

Tampakan also contain significant amounts of arsenic.  

Copper Industry average ore grade trends are shown in Figure 1 as investigated by Codelco 

(2010). 
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Figure 1: Industry average copper grade trends (Codelco, 2010) 

It can be seen that the average grade is declining in both open pit and underground operations in 

both oxide and sulphide ores. Future supply is also moving to more remote and politically riskier 

regions, deeper deposits and increased international trade or legislative restrictions relating to 

environmental consequences. Future demand is governed by Chinese urbanization and is inelastic 

due to low material substitution and minor innovation. Arsenic-rich deposits which have been 

historically unattractive are beginning to be assessed due to their known existance in major 

projects and the declining quality in the existing copper pipeline. 

1.4 Current Processing Options for Enargite Concentrates 

Arsenic concentrates can be smelted directly, however most smelters will limit their arsenic input 

for environmental reasons and only process clean copper concentrates. Peacey et al (2010) 

suggested that most smelters will charge approximately $3 per 0.1% over 0.1% arsenic and likely 

will not treat a concentrate with greater than 0.3% arsenic content. Xstrata’s Horne smelter and 
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Codelco’s Chuquicamata smelter are the only known copper smelters which currently process 

large quantities of high arsenic concentrates. This severely limits the potential market for high 

arsenic complex copper concentrates as any significant tonnage of enargite concentrates cannot 

be sold directly and must be treated.  

Currently only three solutions exist in order to treat high arsenic complex copper concentrates, as 

outlined in Table 1. 

Table 1: Preliminary assessment of three enargite concentrate process options 

Process Assessment 

Partial Roasting 

Partial roasting at 650 – 700 
0
C produces a low arsenic calcine and an 

arsenic trioxide offgas. This is proven technology with high availability, 

low maintenance, high metal recovery and economically advantageous 

operating conditions. The low arsenic calcine is then sold to copper 

smelters 

High Temperature 

Pressure Oxidation 

High temperature pressure oxidation in a leaching autoclave has yet to 

undergo commercial application. The process is a high maintenance 

operation with high capital costs and recoveries, where the arsenic is fixed 

in a stable form as scorodite. 

Bioleaching 

Bioleaching occurs at atmospheric pressures however the operation has not 

been applied to enargite concentrates. This process option is simple to 

operate and maintain however there is little flexibility, the behaviour of 

arsenic is unknown and there have been many historical bioleaching 

failures. 

These process options have been further described, discussed and evaluated in section 2.4. 

1.5 Proposed Alternative Method for the Processing of Enargite Concentrates 

A sulphation roast, weak-acid leach, electrowinning process flowsheet has been proposed to 

address the treatment of complex copper concentrates containing significant amounts of enargite. 

The proposed process flowsheet has been summarized below in Figure 2. 
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Sulphation Roast

Enargite 

Concentrate

Weak-Acid Leach

Calcine

Cyanidation -  CIP

Leach 

Residue

Tailings

Pregnant Leach 

Solution

Pregnant Leach 

Solution

Solvent 

Extraction / 

Electrowinning

Carbon Stripping, 

Refining

Gold/ 

Silver

Copper 

Cathode

 

Figure 2: Simplified process flowsheet for treating enargite or high arsenic containing 

concentrates using a sulphation roast 

In the proposed process, the enargite concentrate undergoes a sulphation roast under optimized 

conditions in order to produce a soluble copper sulphate and insoluble iron oxide. The roast 

calcine undergoes a weak acid leach where the pregnant leach solution will pass through a solvent 

extraction and electrowinning process to produce copper cathode. The leach residue will ideally 

be amenable to cyanidation for gold recovery due to the enargite decomposition and low 

operating temperature during the sulphation roast. The remaining material will be stored in 

tailings ponds.  

The distribution of the arsenic in the roaster as well as the form of arsenic in the calcine 

represents the most significant unknown in this research. Arsenic would ideally be fixed as a 

ferric arsenate during sulphation roasting, which is disposed of as a stable product after 

cyanidation. Alternatively, cupric arsenate may be formed during the sulphation roast; this 

arsenate would be leached to recover copper and arsenic would be precipitated in the presence of 
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ferric ions to form a precipitate suitable for disposal. In the case that arsenic is volatilized, ferric 

sulphate can be created during sulphation roasting which is utilized to fix this arsenic in a form 

with high long-term stability. Multiple process options and streams are available in order to 

maximize the recovery of copper and gold values while effectively managing any arsenic sources.  

Roasting’s relative simplicity and efficiency, when combined with hydrometallurgical 

technologies, has the potential to be economically advantageous, easily scaled for on-site 

processing, and positioned for future environmental, power & logistical variables. This proposed 

operation is economically advantageous due to reduced operating costs, avoidance of high arsenic 

smelter tolls, decreased shipping costs, higher profit participation, and a reduction in payment 

delays in comparison to smelting. Electrowinning allows for onsite-processing of copper cathode 

and the proposed operations are easily scaled down without compromising efficiency. The best-

practice arsenic disposal techniques utilized in the process would effectively manage any 

sustainability concerns with regards to arsenic mining.  

The primary goal of this work is to optimize the extraction of all copper and gold values while 

retaining all arsenic material in a form with high-long term stability. The focus of this study is on 

the physical and chemical reactions occurring during the sulphation roasting of enargite; 

preliminary work involving the industrial implementation of economics of the process operations 

will be performed. In order to achieve this objective, the current research consists of the 

following topics: 

 Provide a theoretical and thermodynamic assessment of the sulphation roasting of 

enargite concentrates. 

 Understand the reaction mechanism of the sulphation roasting of enargite concentrates. 



 

7 

 

 Examine the effect of temperature and partial pressure variables on the sulphation 

roasting of enargite concentrates. 

 Evaluate the methods for recovering arsenic in a form with high long-term stability while 

minimizing all downstream impacts 

 Assess the future potential of the proposed system and develop a preliminary flowsheet 

based on experimental results. 
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Chapter 2: Literature Review 

A paucity of information exists in literature regarding the sulphation roasting of enargite or other 

similar arsenic containing concentrates. In order to investigate this process, enargite deposits and 

arsenic separability and stability are discussed. The available process options for treating arsenic 

concentrates are reviewed and the sulphation roast, weak acid leach and electrowinning flowsheet 

has been studied. 

2.1 Enargite Deposits 

Filippou et al (2007) in an extensive review paper investigated the locations of enargite deposits. 

The El Indio mine in Chile was mined for 20 years; the Lepanto mine in the Philippines as well as 

the Chelopech mine in Bulgaria have been similarly mined in the past. Deposits exist globally 

such as: Tampakan, Philippines; Frieda River, New Guinea; the Colquijirca mining district, Peru; 

Sardinia, Italy; and Lhoca, Hungary. Enargite is also located in the vicinity of major copper 

porphyry orebodies such as Chuquicamata, Collahuasi and Escondida, in Chile. Ossandon et al 

(2001) and Padilla et al (2001) suggested that enargite is not generally associated with 

chalcopyrite and bornite, but rather is present with pyrite and other copper sulphides in 

epithermal massive sulphide bodies. Gold values are typically associated with enargite as native 

gold, while quartz, alunite and kaolinite are common gangue minerals.  

2.2 Physical Separation of Enargite 

In general, the separation of enargite from non-copper sulphide species is easy, but the separation 

of enargite from other copper sulphides is difficult. Senior et al (2006) showed that a concentrate 

rich in arsenic and a concentrate rich in other valuable metals could be produced through pulp-

potential and pH control. Filippou et al (2007) and Long et al (2012) similarly discussed the 
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physical separation of arsenic species from other minerals. The composition of the resulting 

arsenic rich concentrate would vary depending on the deposit.  

2.3 Arsenic Stability 

Historically, arsenic trioxide was sold for the manufacture of chromated copper arsenate (CCA) 

compounds used in wood preservation; however this market has been significantly reduced in 

most countries. It is therefore necessary to contain arsenic over a long period of time as a stable 

compound due to the lack of a contemporary end-use for arsenic. Increasing awareness of arsenic 

toxicity, combined with expected increases in future arsenic production, is leading to more 

stringent methods for both mitigating and arsenic disposal measures. Currently there is no definite 

test in place to test hazardous materials over long periods of time. The United States 

Environmental Protection Agency (EPA) (2008) describes the Toxicity Characteristic Leaching 

Procedure (TCLP) used to determine the long-term stability of arsenic and other compounds. The 

solids are mixed with acetic acid at pH 5 and leached for 20 hours; the arsenic in the leach 

solution needs to remain below 5mg/L. Riveros et al (2001) claims that this TCLP is not a 

comprehensive measure of hazardous waste; however it can be a valuable screening study. 

Arsenic stability is largely dependent on external factors such as site characteristics, particle 

crystallinity & size distribution, as well as the presence of oxygen, sulphides and complexing 

agents; therefore the development of long term tests which take these into account is essential.  

In copper smelting and roasting, arsenic is typically volatilized as arsenic trioxide and collected in 

either a baghouse as a dust product or in a wet gas scrubbing system to recover the arsenic in 

solution. In order to remove soluble arsenic from effluents, a variety of methods are available. 

The majority of proposed methods can effectively remove arsenic from solution; however only a 
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select few can generate arsenic bearing material that is considered stable enough for 

impoundment. A summary of removal processes and products for dissolved arsenic has been 

displayed below in Table 2, as outlined by Twidwell et al (1999). 

Table 2: A summary of arsenic removal processes for dissolved arsenic (Twidwell et al, 

1999) 

Technique Products 

Precipitation Calcium arsenate 

 

Mineral-like arsenates 

  Ferrous arsenates 

Adsorption Ferrihydrite 

 

Aluminum hydroxide 

 

Alumina 

 

Activated carbon 

  Other sorbents 

Ion Exchange/Reverse Osmosis Ion exchange 

 

Liquid ion exchange 

  Reverse osmosis 

Cementation Process Iron cementation 

 

Long-term disposal of arsenic materials has been considered as follows in Table 3, as described 

by Swash et al (2000). 

  



 

11 

 

Table 3: Long-term considerations for various arsenic disposal options (Swash et al, 2000) 

Arsenic 

Compound Long-term Disposal Considerations 

Arsenical 

ferrihydrite  

(Fe:As > 3:1) 

Dehydration can lead to instability 

Recrystallization to goethite is possible 

Possibility of biochemical reduction of As(V) to As(III) and Fe(III) to Fe(II) 

Voluminous material containing only low concentrations of arsenic 

Crystalline ferric 

arsenates 

(scorodite) 

Compact, high grade arsenic materials of low solubility 

Scorodite is a widespread natural mineral; thus, the synthetic analogue is 

unlikely 

Calcium 

arsenates 

High intrinsic solubilities 

Ca-arsenates can convert to CaCO3 and soluble arsenic species 

With time, the buffering effect of the excess lime is reduced by dissolution 

and carbonation, this leads to a lower pH and increased solubility of arsenic 

Arsenical slags 

Long term stability unknown; quenched slags have low solubilities 

Require highly specific conditions for incorporation of arsenic into slag 

Arsenical 

cements 

Carbonation of lime in the cements may reduce the buffering action and 

lead to reduced pH and arsenic mobilization 

Long term physical integrity of arsenical cements is unknown 

 

Fe(III) and As(V) precipitation is currently the most suitable method for arsenic disposal in the 

mining industry. Co-precipitation of arsenic is most effective as As(V) and mixtures of SO2/O2 

are typically used to oxidize As(III) in solution. The formation of arsenical ferrihydrite at low 

temperatures and ferric arsenate at high temperatures, and subsequent sedimentation in tailings or 

residue ponds, is the industry best practice for long-term arsenic stability. Swash et al (2000) 

indicated that there is no experimental evidence clearly favouring low or high temperature 

precipitates. Many other forms of arsenic compounds are currently under investigation in order to 

determine their long-term stability characteristics; however the three most common compounds 

are discussed in the following sections. 
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2.3.1 Arsenical Ferrihydrite 

Riveros et al (2001) suggests that at a pH of 2-3, arsenical ferrihydrite forms from solution in the 

presence of sufficient iron, typically at a Fe/As ratio greater than 3:1, without heating, under 

atmospheric conditions. Over a pH range of 4-7, arsenical ferrihydrite is stable in tailings ponds, 

however if the Fe/As ratio drops below 3:1, calcium arsenate forms which has a low long-term 

stability. Uncertainty exists surrounding the long-term stability of arsenical ferrihydrate due to 

discrepancies between theoretical considerations and practical observations. Thermodynamically 

arsenical ferrihydrite decomposes over a long period, yet long-term stability tests indicate high 

stability. The formation of arsenical ferrihydrite is also disadvantageous due to heavy iron and 

lime consumption as well as the formation of a poorly crystalline sludge that is hard to filter. 

Many operations use this commercially proven technique, such as the Horne smelter and the 

Copper Cliff smelter. 

Gobdehere et al (1995) and Riveros et al (2001) have extensively reviewed the production of 

arsenical ferrihydrite at the Horne Smelter. The electrostatic bleed solution and the weak acid 

from the wet gas scrubbers are sent to the weak acid treatment plant where they are combined 

with acid mine drainage which is used as a cheap source of iron. The Fe/As ratio is controlled 

above 4:1 and the pH is increased to approximately 4-5 to precipitate arsenic at atmospheric and 

low temperature conditions. The arsenical ferrihydrite product is mixed with slag tailings and 

deposited in the tailings pond where regular monitoring indicates that the residue is stable. Xue et 

al (2006) outlined the precipitation of arsenical ferrihydrite at the Copper Cliff smelter. The 

arsenic solution from the weak-acid treatment process undergoes oxidation to As(V) and Fe(III). 

The neutralization of this solution at a Fe/As ratio of 15:1, results in the precipitation of arsenical 

ferrihydrite.  
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2.3.2 Ferric Arsenate 

The formation of ferric arsenate (FeAsO4), or its hydrated form scorodite (FeAsO4·2H2O), can 

occur through a variety of processes, either at atmospheric or high pressures, as an insoluble and 

stable arsenic product. Riveros et al (2001) suggested that the formation of scorodite is favoured 

over arsenical ferrihydrite due to its lower iron demand, higher density and greater 

thermodynamic stability. Concerns over its long-term stability exist, as microbial reactions likely 

release arsenic-containing minerals over the long term. However, practical experimentation 

demonstrates that in the proper environment of slightly acidic pH and oxidizing conditions, ferric 

arsenate is stable for many years.  

Riveros et al (2001) and Roman et al (2005) outlined testwork where scorodite was produced in 

an autoclave at temperatures between 150 to 225
o
C, at an oxygen pressure from 150 to 300 psi, 

utilizing pyrite as an iron source. This process is commercially acceptable and established 

however it is expensive due to the utilization of autoclaves. The use of autoclave technology to 

form scorodite is likely to be only economically attractive if it is formed during the extraction of 

metal values in processes such as high temperature pressure oxidation (HTPOX). 

Demopoulos has developed a method for the atmospheric formation of scorodite which has been 

outlined by Filippou et al (1997) and Demopoulos et al (2003). Arsenic is oxidized to As(V) at 

90
o
C and stoichiometric amounts of ferric sulphate and a scorodite seed are added to the solution. 

Using supersaturation control, a stepwise neutralization path is followed to produce scorodite at 

95
o
C to remove 95% of the arsenic over 4-6 hours. A final polishing step precipitates arsenical 

ferrihydrite at a high Fe/As ratio of approximately 4:1 which is recycled into the oxidation step. 

Droppert et al (1996) demonstrated that this can be performed in sulphate media recovering 93% 

of the arsenic over 2 hours. The costs of ferric sulphate and hydrogen peroxide used to oxidize 
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arsenic are the primary operating costs. Overall, the preliminary cost estimates are very 

favourable, especially if the operating costs can be mitigated through the utilization of other 

available process streams. 

2.3.3 Calcium Arsenate 

Arsenic is precipitated from solution through the formation of calcium arsenate products 

(typically CaHAsO4) during neutralization through lime addition. Lime precipitation is common; 

however the end product is not as stable as arsenical ferrihydrite or ferric arsenate. However, this 

process is currently being utilized in Chile without apparent problems, due to the dry climate 

where excess lime dissolution by rainwater is negligible.  

2.3.4 Current Arsenic Treatment and Disposal Practices 

A summary of current arsenic treatment and disposal practices has been presented below in Table 

4, as described by Opio et al (2011). 
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Table 4: Arsenic treatment and disposal practices (Opio et al, 2011) 

 

Some processes are processing arsenic containing ores with mitigating practices in place to 

reduce environmental hazards, however many other processes produce what is considered to be 

an unstable arsenic product during TCLP tests. Specifically the process of neutralization with 

lime has been shown to produce a product that is approximately 2 orders of magnitude less stable 

than competing products, despite continuing success in Chile. Regardless, a variety of 

commercially proven options exist for the fixation of arsenic in solution and the process selection 

becomes largely dependent upon the project location, feed and infrastructure. Harris (2003) noted 

that the disposal method is critical in assessing the best suited process for long term stability. 

Since arsenic is very mobile, sub-aqueous disposal is not recommended, but rather dry-stacking 

or dedicated lined ponds with run-off monitoring techniques should be utilized. 

2.4 Current Processing Methods for Arsenic-Rich Complex Copper Concentrates 

As previously discussed, copper smelters impose large penalties on arsenic-rich concentrates and 

therefore the separation and fixation of arsenic from enargite is interesting from an industrial 

Process

Arsenic 

Species Precipitate Disposal Smelter

Relative 

Cost

Precipitate 

Stability (EPA 

TCLP)

As(III)

Calcium arsenite & 

gypsum (10-15% As) Filter cake in lined ponds

Cuquicamata, 

Chile Low

As(V) Calcium arsenate

Calcine cake in rotary kiln & 

calcine deposited in hazardous 

waste landfill

Caletones 

Chile Medium

As(III)

Arsenical ferrihydrite 

(<5% As) Fe:As>3 Tailings pond Horne Canada

As(V)

Arsenical ferrihydrite 

Fe:As>10 Tailings pond

Copper Cliff 

Canada

Precipitation 

with ferric 

iron at high 

temperature As(V)

Ferric arsenate 

and/or scorodite 

Fe:As = 1.5 T=90 - 

200oC Tailings pond

HTPOX in Au 

industry Low High

Precipitation 

with NaSH As(III)

Arsenic sulphide 

(>30%S)

Precipitate autoclaved with 

sulphur additions to As-S 

polymer block stored in 

concrete

Sagenoseki, 

Japan

High with 

purchased 

ferric iron Moderate

Neutralization 

with lime

Precipitation 

with ferric 

iron

Low

High (US EPA Best 

Developed 

Technology

High with 

purchased 

ferric iron
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point of view. The following sections outline the application of partial roasting, high temperature 

pressure oxidation (HTPOX), bioleaching, as well as less common processes for the management 

of arsenic in enargite concentrates. 

2.4.1 Partial Roasting 

Partial roasting is utilized commercially to produce a low-arsenic calcine which can be sold to 

copper smelters from enargite concentrates. Both multiple-hearth and fluidized bed roasters have 

been utilized in the past to process enargite concentrates. Multiple-hearth roasters (MHR) have a 

higher control of temperature and gas composition which enables the process to maximize 

impurity removal. Fluidized bed reactors (FBR) can increase throughput and arsenic removal due 

to the increased gas-solid interaction; however some researchers have had difficulty removing 

arsenic due to decreased residence times.  

Padilla et al (1997, 1998) suggested that enargite decomposition starts at approximately 525
o
C 

and is complete at 750
o
C according to the following reaction: 

            
 

 
        

 

 
              2-1 

A thermogravimetric study of this reaction indicates that up to 98% arsenic can be removed as a 

sulphide at 650
o
C, in nitrogen after 60 minutes. In a low oxygen environment, the processing time 

is reduced to 30 minutes to achieve 98% arsenic removal, while the calcine contains a mixture of 

oxides and sulphides. The arsenic remaining in the calcine primarily exists as non-equilibrium 

products. The calcine produced by this process contains enough sulphur, at least 20-22%, to be 

treated in conventional copper smelters.  Holmstrom (1989) showed that calcines containing 0.15-

0.3% arsenic from a concentrate containing up to 26% arsenic could be produced in MHR and 
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FBR experiments at approximately 700
o
C. Chakraborti & Lynch (1983) suggested that reducing 

and slightly oxidizing atmospheres are more effective than inert atmospheres for arsenic removal. 

It was shown that the maximum arsenic removal occurred at oxygen concentrations less than 

0.3%. As oxygen concentrations increase it has been observed by Lindqvist & Holmstrom (1983), 

Holmstrom (1989) and Larouche (2001) that arsenates and arsenic pentoxide begin to form in the 

calcine. This roasting pre-treatment for the removal of arsenic has been studied extensively by 

other authors such as Yoshimura (1962), Weisenberg et al (1979), Lindqvist & Holmstrom 

(1983), Luganov et al (1995) and Nakazawa et al (1999). Despite all of these studies the behavior 

of arsenic and the optimal removal conditions have still not been determined. This is due to the 

complex species involved and the variety of process conditions, specifically the variations in 

sample feed.  

After fluidized bed partial roasting, most of the calcine is recovered in the hot cyclones and bed 

overflow. The off-gas treatment plant, particularly sulphur dioxide fixation, represents a 

significant cost in the partial roasting process for both MHR and FBR roasters. Peacey et al 

(2010) outlined the typical arsenic rich off-gas treatment process. Arsenic is further oxidized with 

air to ensure complex oxidation of arsenic sulphides to arsenic trioxide and sulphur dioxide. The 

off-gas is cooled to approximately 350
o
C and then cleaned in a hot electrostatic precipitator 

(ESP). ESP’s are typically operated in series in order to maximize dust removal with the dust 

being blended back into the rest of the calcine. The ESP off-gas is quenched with water to 

approximately 70
o
C and scrubbed in a high-pressure drop venturi scrubber, where arsenic 

dissolves into the scrubber solution. The scrubber solution bleed is sent to the effluent plant in 

order to stabilize the arsenic content. The arsenic in the weak acid scrubber solution would be 

precipitated in the effluent plant utilizing one of the techniques described in Section 2.3. Ensuring 
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that arsenic is fixed while minimizing costs is critical in determining the optimum process 

flowsheet. The remaining off-gas is cooled and cleaned in a wet ESP and subsequently processed 

in the sulphuric acid plant. Dalewski (1995) noted that a variety of factors such as the arsenic to 

sulphur ratio in the feed, process operating parameters, desired arsenic product and local 

regulations can significantly impact this process. Overall, this method is commercially proven 

and successful at a variety of copper smelters.  

The application of partial roasting operations in industry has been summarized below in Table 5. 

Table 5: Commercial data on dearsenizing roasters as tabulated by Nakazawa (1999) 

(Yoshimura, 1962) (Weisenberg, 1979) (Holmstrom, 1989) (Smith et al, 1985) 

Smelter Roaster* Temperature (oC) % As in Feed As Removal % S Removal 

Us. A MH 482 3.8 25 - 

US. B MH 540 0.2 27 - 

US. E FB 540 - 620 0.02 15 - 

US. G FB 593 - 760 0.99 60 - 65 - 

El Indio MH max. 720 6.4 >90 56 

Saganoseki FB 685 - 705 5 - 6 85 - 90 60 - 70 

Lepanto FB 700 1.3 82 60 

Oroya MH 700 2.6 76 53 

Tacoma MH 480 3.8 26 33 

Boliden FB 700 - 720 2 92 56 

* MH: multihearth, and FB: fluidized bed 
    

The application of partial roasting at St. Joe’s Minerals El Indio mine studied by Cauwe et al 

(1983), Smith et al (1985,1986) and Piret (1999), is the most applicable and commercially 

successful process. The El Indio feed assaying 22.4% Cu, 6.4% As and 37.4% S was roasted in a 

multiple hearth furnace at temperatures increasing down the bed from 650 to 720
o
C. The calcine 

contains approximately 32% Cu, 0.3% As and 23% S, which is a marketable copper concentrate 

for conventional and flash copper smelters. Most of the arsenic and the labile sulphur are 
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volatilized, and subsequently oxidized in the gas chamber to form arsenic trioxide and sulphur 

dioxide. 

2.4.2 High Temperature Pressure Oxidation 

Hydrometallurgical processes have a variety of advantages such as reduced emissions, reduced 

capital costs and the ability to handle lower grades & higher impurities. Pressure oxidation (POx) 

is sensitive to changes in the feed composition but the application of high-temperature pressure 

oxidation (HTPOX) can circumvent this problem as all sulphides are oxidized to sulphates. 

Ramachandran et al (2007) outlined the development of the HTPOX process. Developed in 1993 

by Placer Dome, the HTPOX process involves a leaching autoclave operated at approximately 

220
o
C with an oxygen pressure of 10 atm and a retention time between 1 to 3 hours. The 

sulphides are oxidized to sulphates through the consumption of oxygen, generating sulphuric 

acid. Arsenic is precipitated out of solution as scorodite in the autoclave. The sulphuric acid 

produced is either utilized in heap leaching operations or neutralized. The pregnant leach solution 

undergoes neutralization in preparation for solvent extraction and electrowinning for the recovery 

of copper. The leach residue is washed and subsequently undergoes cyanidation to recover 

precious metals; gold recovery is generally high at around 95% however silver recovery is low 

due to the formation of argento-jarosite. The economics behind the HTPOX of copper sulphides 

compared to smelting is unfavourable, however a variety of niche applications exist. The 

application of HTPOX on enargite concentrates would mitigate high penalty charges due to 

arsenic content as arsenic would be produced in an environmentally acceptable form for disposal, 

while providing acid for other nearby heap leaching assets. However, this process has not been 

utilized commercially to leach enargite concentrates.  
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Dreisinger & Saito (1999) and Ferron & Wang (2003) noted that in 1993 the utilization of 

HTPOX was recommended to process the El Indio enargite concentrate. Bench scale and pilot 

plant investigations operated autoclaves at temperatures from 200 to 220
o
C for 60 to 180 minutes, 

resulting in nearly complete oxidation of sulphur. Copper extractions of 95 to 99% were achieved 

due to the re-precipitation of a mixed Fe-Cu-As-S-O compound in high-grade concentrates and 

cyanidation led to gold and silver recoveries of 95% and 10%, respectively. Arsenic was 

precipitated in the autoclave as scorodite; TCLP tests indicated that the arsenic was stable in the 

leach residue. Nadkarni & Kusik (1988) showed that for the Lepanto Mine concentrate, when 

pyrite was blended with the enargite, 98% copper recovery was achieved and arsenic was 

precipitated as scorodite; without the addition of pyrite, copper recovery was below 70%. The 

Chelopech mine was considering using HTPOX as described by Beer et al (2005), however this 

process did not receive approval.  

In order to recover silver values either a lime boil of the leach residue or utilization of the 

PLATSOL™ process could be implemented. A lime boil can increase silver extractions to 

between 75 to 95% however it has not been used commercially and the scorodite will likely 

decompose in the leach residue. The PLATSOL™ process described by Ferron & Wang (2003) 

and Simmons & Gathje (2004) is likely a more applicable process. PLATSOL™ is essentially 

HTPOX with the addition of 5-20g/L of NaCl in solution to solubilize copper, gold and PGM 

values. The autoclave operates at a temperature of 220
o
C and a 10 atm oxygen overpressure. The 

copper and gold values are removed, silver is recovered as a silver chloride, and arsenic is 

precipitated as scorodite. 
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2.4.3 Bioleaching 

A variety of bioleaching processes have been developed for chalcopyrite leaching such as BHP 

Billiton’s BioCOP™ process and GeoBiotics GEOCOAT® process, and can similarly be applied 

to enargite. Bioleaching is typically performed in heap leaching operations; once the targeted 

sulphide oxidation and copper extraction values are achieved, the heap is reclaimed and washed. 

The leach residue then undergoes cyanidation for the recovery of gold and silver values. 

Bioleaching is favourable primarily because of its lower operating cost. Bioleaching also allows 

for the potential of reduced emissions, monitoring and permitting times in comparison to roasting 

and HTPOX. However the processes have yet to find commercial application for enargite 

concentrates. 

The GEOCOAT® process is most applicable to the processing of enargite concentrates. In this 

process the enargite concentrate is coated onto sized support rock and stacked on a re-usable pad. 

The ore is heap leached with dilute sulphuric acid aided by bacteria between 33 to 65
o
C for 120 

days. The pregnant leach solution undergoes neutralization to precipitate the arsenic components 

for removal by solid/liquid separation. Copper is recovered from the low-arsenic pregnant leach 

solution by solvent extraction and electrowinning (SX/EW); the leach residue undergoes 

cyanidation for gold and silver recovery. The support rock is subsequently washed, recycled and 

reused in the heap pad. Brierley (2003) and Ford et al (2009) have investigated the process and 

suggest that GEOCOAT® recoveries for copper, gold and silver were 82.6%, 94.2% and 64.3%, 

respectively at a temperature range of 63-65
o
C, when using thermophile bacteria.  

However, many notable exceptions to this bioleaching success exist. Experiments performed by 

Escobar et al (2000) indicate that copper dissolution was low at only 52% after 550 hours of 

leaching; arsenic was recovered as ferric arsenate from the leaching solution. Welham (2001) had 
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little success with bioleaching of enargite with only 11% of copper dissolved after 700 hours. 

Filippou et al (2007) suggested that the bacterial leaching rate may be too low for more practical 

consideration and substantial development work needs to be performed.  

2.4.4 Other Process Options for Treating Enargite Concentrates 

A variety of other less common processes for the treatment of enargite concentrates have been 

developed and tested. 

Chakraborti & Lynch (1983) noted that the addition of CO and CO2 during inert roasting would 

volatilize arsenic sulphides, while forming wustite and magnetite in the calcine. This could 

potentially lower capital and operating costs through the elimination of the acid plant. Peacey et 

al (2010) suggested that further testing of this process is required, particularly the environmental 

stability of the arsenic sulphide product. Similarly, Filippou et al (2007) claimed that the arsenic 

sulphide product will not be a safe alternative for disposal. Filippou et al (2007) outlined 

carbothermic reduction in the presence of lime where copper arsenide and metallic copper would 

be produced. This process is beneficial as no harmful gases are produced; however, arsenic 

separation is difficult to achieve in subsequent operations. 

The alkaline leaching of enargite can be described by the following equation proposed by Balaz 

(1999). 

                                        2-2 

This process was operated by Equity Silver for several years; arsenic was recovered as calcium 

arsenate and the chalcocite was suitable for sale however it was not commercially successful. 
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Nadkarni & Kusik (1988) claimed that the bench scale testwork performed using this process on 

the Lepanto Mine ore was not a success. 

Research by Welham (2001) and Gupta (2010) has indicated that atmospheric oxidation of 

enargite is a fairly slow reaction and will not be an economical process compared to other 

technologies. Two notable exceptions are the Albion process and the Galvanox® process. Hourn 

et al (1999) using an IsaMill in the Albion process, leached 92% of the copper from an enargite 

concentrate at 90
o
C with oxygen sparging. Dixon et al (2008) utilized ferric sulphate as a primary 

oxidant in the Galvanox® process to extract almost 100% of the copper from enargite in 24 

hours, at 80
o
C and a pyrite/enargite ratio of 5:1. However, neither of these processes has had 

recent success and are not currently being applied commercially. 

Various other niche processes have been proposed and developed however they have not been 

applied commercially. The Outokumpu Hydrocopper chloride-leaching process has been 

considered for enargite concentrates. An acid bake-leach process has been developed where 

water-soluble copper sulphate is produced and arsenic is released in the gas phase upon baking at 

400
o
C. Catalytic leaching processes using activated carbon during atmospheric leaching have also 

been proposed.  

2.4.5 Process Comparison of Current Methods for Treating Enargite Concentrates 

Based on the overview of the processing options for enargite concentrates, the partial roasting, 

PLATSOL™, and GEOCOAT® options were considered to be the most applicable. These 

process options and their corresponding advantages, disadvantages and risks are displayed in 

Table 6, as assessed by Ford et al (2009). 
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Table 6: Qualitative assessment of the selected process options for treating enargite 

concentrates (Ford et al, 2009) 

 

Criteria PLATSOL™ GEOCOAT® Roasting

Process Risk

High - never operated 

commerically. Materials of 

construction are an issue

High - never operated 

commercially on copper 

concentrates

Low - proven commercial 

operation

Operability

Integrated process with 

several unit operations. 

More complex flowsheet 

than gold Pox. Sensitive to 

feed mineralogy

Heap leach pads are simple 

to operate but can give 

lower recoveries than 

testwork. Relatively 

insensitive to feed 

mineralogy.

Fluid-bed roasters (FBR) 

have high on-stream time 

(95%). Need good gas 

scrubber design & operation 

to avoid blockages. Less 

insensitive to feed 

mineralogy than hydro 

options.

Maintainability

Autoclaves are usually high 

maintenance. Exotic 

materials of construction 

costly to maintain.

Should be high based on 

other heap leach operations

Fluid-bed roasters have low 

maintenance requirements

Availability of 

Technology

Patented license terms to 

be negotiated

Patented license terms to 

be negotiated

Available from several 

providers

Recoveries/ 

Payables

Cu

High but usually lower than 

pilots tests

High but usually lower than 

pilots tests

High minus smelter 

deduction

Au

High but usually lower than 

pilots tests

High but usually lower than 

pilots tests

High minus smelter 

deduction

Ag

Moderate & variable 

depending on feed & Pox 

conditions

Low & variable depending 

on feed & heap leach 

conditions

High minus smelter 

deduction

Arsenic Fixation

As mostly fixed as scorodite 

in Pox residue. Stability in 

alkaline disposal conditions 

after cyanidation may be an 

issue (Sao Bento, Campbell 

Red Lake experience)

Amount and stability of As 

precipitated in heap not 

established

As in scrubbed solution fixed 

as scorodite in HTPOX 

residue, similar to Platsol 

but disposal at lower pH as 

not cyanided

Environmnetal 

Permitting

Best Available Technology - 

should meet requirements

Less certain - testwork 

required

Best Available Technology - 

should meet requirements

Economics

Time to reach design 

capacity is uncertain & 

represents a major project 

risk. Preliminary capex 

higher than roaster with 

similar operating margin

Time to reach design 

capacity is uncertain & 

represents a major project 

risk. Preliminary capex is 

highest with similar 

operating margin to other 

options

FBR's generally ramp up to 

design capacity quickly. 

Proven process & potential 

for operator training at 

existing operations. 

Preliminary capex is lowest 

with similar operating 

margin to other options

Other

Autoclave materials on 

construction. Pox campaign 

life. LME cathode 

dertification

GEOCOAT® process long 

leach time. LME cathode 

certification

Arsenic level in calcine 

(<0.5%). Long-term smelter 

TC/RC's
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McMullen (2002) compared roasting and HTPOX for refractory gold ores and concluded that the 

capital costs were similar, while roasting had lower operating costs and HTPOX had higher 

recoveries. Peacey et al (2010) performed an economic evaluation which indicated that the roaster 

option was economically favourable in comparison to the hydrometallurgical options. The roaster 

option has the lowest project risk as it is the only commercially proven option; the PLATSOL™ 

and GEOCOAT® options have only been piloted at a small scale. However, the selection of one 

process over another is largely dependent on the specific ore mineralogy, location and availability 

of assets.  

2.5 Sulphation Roasting 

The sulphation roast, weak-acid leach, electrowinning process has been briefly outlined and 

discussed in section 1.5. Sulphation roasting involves the transformation of target metal sulphides 

to sulphates in order to produce a calcine which would be amenable to downstream leaching 

activities. Studies by Griffith et al (1974), Sohn & Goel (1979), Matthews & Simpson (1981), 

Ferron & De Cuyper (1992) and McElroy (2008) indicated that this process is established and 

would be competitive with other alternative processes. However, a paucity of information exists 

as the sulphation roasting of enargite is a seemingly novel process, the majority of literature 

reviewed entails the sulphation roasting of chalcopyrite or arsenopyrite concentrates. In this 

section the fundamental theory, reaction kinetics and industrial application of this process will be 

discussed.  

2.5.1 Fundamental Theory 

Ferron & De Cuyper (1992) noted that for sulphation roasting, multiple hearth furnaces could be 

utilized, however all industrial applications utilize fluidized bed roasters. Fluidized bed roasters 

increase the reaction rate due to the increased level of gas-solid contact. The temperature and the 
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superficial velocity, a parameter which determines the bed thickness, retention time, gas 

composition, air-to-sulphur ratio and dust carry-over, are the two critical control parameters.  

Fluidized bed roasters allow for ideal gas-solid contact, reduced hot spots even in exothermic 

reactions, excellent heat transfer, and ease of solids handling. However, disadvantages such as 

difficulty maintaining a consistent residence time, erosion of bed components and attrition of 

catalyst particles occur during sulphation roasting. 

Enargite concentrates are either dry or slurry fed into the fluidized bed sulphation roaster under 

temperature and superficial velocity control. The roaster gases are collected and processed 

conventionally in a commercially proven method as described in section 2.4.1. Hot cyclones 

remove the coarse product and electrostatic precipitators are utilized to remove the dust 

component from the off-gas stream. A wet-gas scrubber quenches the gas by water evaporation in 

a venturi scrubber to remove arsenic and other impurities. The wet-gas scrubber acidic bleed 

solution is processed by the effluent plant as described in section 2.6.3. The sulphur dioxide off-

gas is cooled and converted into sulphuric acid in a conventional acid plant utilizing catalyst beds 

of vanadium pentoxide. 

The produced calcine is hot quenched and vat leached in solution which is further described in 

section 2.6. The ideal calcine would allow for the separation of copper and iron through the 

production of water soluble copper sulphate and insoluble hematite.  

2.5.1.1 Reaction Mechanism 

Yoshimura (1962), Luganov et al (1982), Smith (1986), and Secco et al (1987) have described the 

decomposition of both enargite and the associated pyrite as outlined in the following reactions: 
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                                    2-3 

                        2-4 

Padilla et al (1997) suggested that enargite first converts to tennantite (Cu12As4S13) and 

subsequently to digenite (Cu9S5) and then to chalcocite (Cu2S). At low oxygen partial pressures, 

Smith (1986) reports that in the presence of pyrite, enargite converts to chalcopyrite (CuFeS2) and 

chalcopyrite–like compounds according to the following reaction:  

                                                      2-5 

Peretti (1948), McCabe & Morgan (1956), and Ferron & De Cuyper (1992) have described the 

oxidation of the iron and copper metal sulphides produced in reactions 2-3 to 2-5. It is also 

probable that the species undergo oxidation reactions instead of decomposition reactions. Metal 

sulphides undergoing oxidation are designated by MS in the following reaction: 

                            2-6 

During the conversion of copper sulphide to oxide, chalcocite converts to copper (I) oxide (Cu2O) 

before forming copper (II) oxide (CuO). In the presence of oxygen, the gases oxidize based on the 

following equations according to Padilla et al
 
(1997) and Smith (1986): 

                        
2-7 

                         
2-8 

                                     2-9 
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The production of sulphur trioxide (SO3) gas as outlined in reaction 2-8 is critical in the formation 

of sulphates. The sulphation of metal oxides by sulphur trioxide has been described by Ferron & 

De Cuyper (1992) according to the following reactions: 

                        2-10 

                            2-11 

                              2-12 

The sulphation reaction can proceed directly as outlined in reaction 2-10, based on the prior 

oxidation of the sulphides as given by reaction 2-6 and the formation of the sulphating sulphur 

trioxide gas in reaction 2-8.  Alternatively, the formation of an intermediate oxy-sulphate as 

presented in reaction 2-11 followed by the sulphation of the oxy-sulphate as shown in reaction 

2-12, can occur. As the roasting temperature increases beyond 550
o
C, these reactions begin to 

reverse and the sulphates decompose. At temperatures above 650
o
C, the formation of ferrites is 

expected as outlined by Shirts et al (1975) according to the following reaction: 

                              2-13 

Holmstrom (1989) and Downey et al
 
(1999) suggested that arsenic trioxide gas (As4O6(g)) will 

oxidize to arsenic pentoxide (As2O5) in the calcine, under highly sulphating conditions between 

500 and 650
o
C, according to the reaction: 

                             2-14 
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Chakraborti & Lynch (1983) noted that above approximately 700
o
C, arsenic pentoxide will 

decompose, forming arsenic trioxide vapour and oxygen. Alternatively, assuming fast reaction 

kinetics, it is suggested that arsenates will form in lieu of arsenic pentoxide, as follows: 

                                         2-15 

                                             2-16 

Based on reactions 2-3 to 2-16, the following overall reaction for the roasting of enargite is 

proposed: 

 

 

                            

                   
                         

2-17 

The production of water-soluble copper sulphate, insoluble iron oxide, and arsenic fixed in the 

calcine, represents the ideal sulphation reaction products. The formation of ferric arsenate 

(FeAsO4) is more beneficial than the formation of cupric arsenate (Cu3(AsO4)2) as copper 

recovery would be unaffected and ferric arsenate has high-long term stability. 

Thermodynamically, the overall reaction is highly favourable and it would be expected that the 

reaction rate would increase with temperature and be proportional to the surface area of the 

sulphide. Ferron & De Cuyper (1992) suggested that the diffusion of sulphur trioxide through the 

product layer of increasing thickness is the rate-determining step in the sulphation reactions. 

Predominance area diagrams prepared by Ferron & De Cuyper (1992) for the Cu-S-O and Fe-S-O 

system are displayed below in Figure 3. 
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Figure 3: Predominance area diagrams of the Cu-S-O and Fe-S-O systems at 527
o
C and 

727
o
C (Ferron & De Cuyper, 1992) 
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The solid box corresponds to pO2 and pSO2 values of 1-10% which are probable roasting 

conditions. Therefore it is noted that copper and iron could be readily separated at about 723
o
C 

through the production of soluble copper sulphate and insoluble hematite. 

Habashi (1978) demonstrated that copper sulphate forms from chalcopyrite in air at 

approximately 350
o
C. Maximum copper sulphate production occurs at 550

o
C and with increasing 

temperatures oxysulphate begins to form until all copper sulphate is decomposed at 700
o
C. 

Comparatively, Razouk et al (1965) indicated that maximum copper sulphate production occurs 

at 400
o
C before forming oxysulphate and subsequently copper oxide at higher temperatures. 

Turkdogan & Rice (1976) produced maximum amounts of copper sulphate at temperatures 

between 580 - 625
o
C utilizing an atmosphere of 18 - 20% oxygen and 5 - 15% sulphur dioxide. 

Similarly, Krishnaswamy & Venkatachalam (1978) indicated that maximum copper sulphate 

production occurred at 600
o
C in excess oxygen. Gray et al (1974) noted that roasting 

temperatures between 690 – 720
o
C yielded calcines with satisfactory leaching properties while at 

temperatures above 720
o
C there was significant copper oxide formation, subsequently increasing 

copper ferrite production. This non-ideal conversion of all sulphates to oxides corresponds to 

dead roasting conditions which are discussed in section 2.5.2.5. One notable exception was Cocic 

et al (2011) where chalcopyrite was roasted in a fluidized bed at 670
o
C in air. Minor amounts of 

oxides formed and chalcopyrite was transformed to bornite. It is the author’s opinion that 

insufficient roasting time and large grain size limited the expected reaction mechanism in this 

experiment. A large range of ideal operating conditions have been presented for the behavior of 

copper sulphate, further indicating the necessity of studying this system.  
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Arriagada & Osseo-Asare (1982) studied the oxidation roasting of pyrite containing concentrates 

in a static bed. At temperatures below 500
o
C, thermodynamic calculations indicate that the 

formation of ferric sulphate would be favourable; however a high percentage of oxide forms. As 

roasting temperatures increased above 500
o
C the calcine was largely hematite. Above 

temperatures of 550
o
C the surface area of the hematite particle rapidly decreased indicating a 

more dense and crystalline hematite.  

The decomposition temperature of the expected calcine products are outlined by Stephens (1953) 

in Table 7. 

Table 7: Decomposition of anhydrous metallic sulphates in a moving current of air 

(Stephens, 1953) 

Metal 
Sulphate 

Temperature of  
Decomposition (oC) 

Temperature of Complete 
Decomposition (oC) 

Productions of 
Decomposition 

FeSO4 167 480 Fe2O3·2SO3 

Fe2O3·2SO3 492 560 Fe2O3 

CuSO4 653 670 CuO·CuSO4 

CuO·CuSO4 702 736 CuO 

 

The behavior of the arsenic in partial roasting conditions has been studied thermodynamically for 

enargite concentrates and also experimentally utilizing arsenopyrite concentrates. It is expected 

that arsenic will volatilize under oxidizing conditions due to the high vapour pressure of arsenic 

trioxide and will be removed from the reaction area as described by Holmstrom (1989) and 

Nakazawa et al (1999). The production of arsenic pentoxide (As2O5) through the oxidation of 

arsenic trioxide is thermodynamically favourable as displayed in equation 2-14. It is possible that 

under highly oxidizing conditions and at high temperatures, some arsenic pentoxide forms in the 

off-gas. However, arsenic trioxide is the primary product collected industrially in smelting and 
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partial roasting operations as described by Riveros (2001) and Filippou (2007). These studies 

only investigate the oxidizing conditions in the off-gas afterburners, and not the oxidizing 

conditions in the roaster where the formation of arsenic pentoxide could occur. 

Lindkvist & Holmstrom (1983) and Nakazawa et al (1999) noted that at high oxygen partial 

pressures, hematite in the presence of arsenic gas will form ferric arsenate as displayed in 

equation 2-15. Similarly, Padilla et al (1998) noted that roasting of an enargite concentrate in 5% 

oxygen at 650
o
C in a static bed produced arsenic trioxide off-gas and ferric arsenate in the 

calcine. Comparatively, Downey et al (1999) proposed that arsenic pentoxide will form in the 

calcine, under highly sulphating conditions between 500 and 650
o
C. Chakroborti & Lynch (1983) 

noted that in a static bed furnace when roasting arsenopyrite at temperatures from 525 to 700
o
C, 

high oxygen additions result in the formation of arsenic pentoxide or ferric arsenate. However, if 

the kinetic processes are fast, the formation of arsenates should be more favourable in comparison 

to arsenic pentoxide. One notable exception is Runkel & Sturm (2009) who based on 

experimental results of the dead roasting of a pyrite concentrate, found that arsenic oxidized to 

arsenic pentoxide before reacting with hematite to form ferric arsenate. Chakroborti & Lynch 

(1983) suggested that arsenic pentoxide becomes unstable at approximately 700
o
C and ferric 

arsenate decomposes at temperatures above 900
o
C. It should be noted that all of these studies 

have failed to investigate the formation of copper arsenate in the calcine as described in equation 

2-16. 

Experimentally, Chakroborti & Lynch (1983) found that arsenic was removed as arsenic trioxide 

in the gas stream due to its high vapour pressure. As roasting temperatures increased, the rate of 

arsenic removal similarly increased. It was concluded that the system must be pressurized in 
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order to retain arsenic in the calcine at high temperatures. If the bed thickness is increased, the 

formation of arsenic in the calcine is more favourable, particularly in the upper bed where oxygen 

pressures are increased and arsenic partial pressures are reduced. Similarly, Brown et al (1990) 

concluded during the fluidized bed roasting of arsenopyrite in air at 650
o
C, that arsenic trioxide 

was produced in the off-gas handling circuit. There was no indication of arsenic retention in the 

calcine. Since the results of these studies vary and do not correspond specifically to the sulphation 

roasting of an enargite concentrate, the arsenic behavior in this proposed process remains unclear.  

Esdaile (1968), Gray et al (1974) and Dugdale & Habashi (1975) suggested that the presence of 

sulphur dioxide and the subsequent formation of sulphur trioxide counteracts the effect of 

increasing temperature. High levels of sulphur dioxide favours the formation of sulphates and 

subsequently minimizes ferrite formation. Gray et al (1974) found that the maximum sulphation 

formation occurred when the pSO2/pO2 ratio was 2. Arriagada & Osseo-Assare (1982) suggested 

that at temperatures above 700
o
C the calcine begins to sinter. The reduction in porosity and 

surface area will strongly reduce the amenability of the calcine. McElroy et al (2008) suggested 

that the thermal energy generated by sulphide roasting can be recovered, and has significant value 

in cold-climates. Water will most likely be used to control the FBR temperature and it is indicated 

by Prasad & Pandey (1998) that the oxidation of wetted ores will be faster due to mechano-

chemical reactions. Gray et al (1974) indicated that either gaseous diffusion through the product 

layer or the transfer process across the boundary and product layers will be the rate-limiting 

factor during sulphation roasting.  

2.5.2 Previous Examples of Sulphation Roasting 

The sulphation roasting of enargite concentrates has not been investigated theoretically or 

experimentally. Commercial installations for the sulphation roasting of secondary copper 
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concentrates, containing cobalt values, have operated successfully in Zambia and Zaire since the 

1950’s, however limited information exists with regards to the operating parameters or current 

status. The sulphation roasting of chalcopyrite has not been used successfully at the commercial 

scale in North America; however numerous pilot scale experiments have been performed which 

will be investigated in the following sections. 

2.5.2.1 Lakeshore Mine 

Matthews & Simpson (1981) reviewed the implementation of the roast - leach - electrowinning 

(RLE) process at the Lakeshore mine in Casa Grande, Arizona. Approximately 11,000 tpd of 

chalcopyrite sulphide ore was mined daily and roasted in air in a fluidizing bed. The roaster feed 

composition was approximately 26% copper, 26% iron, 30% sulphur and 15% insoluble material 

mostly consisting of silica. Cooling water is mixed with the concentrate slurry in order to 

maintain the FBR temperature. The calcine undergoes a weak acid leach utilizing spent 

electrolyte where the pregnant leach solution undergoes SX/EW to recover copper value. The 

leach residue contains approximately 50% iron and is processed to produce a sponge iron. 

Approximately 97% of the sulphur in the concentrate is captured in the off-gas or soluble 

sulphates in the pregnant leach solution.  

Griffith et al (1975) outlined the process development and experimentation that occurred to 

determine the optimum sulphation roasting conditions. Initially, a six-inch diameter FBR was 

operated at temperatures between 650 – 700
o
C with feed sulphur to air ratios in the range of 0.09- 

0.115, as these two variables were determined to be most important from the literature. The 

calcine product contained approximately 97% acid soluble copper and 98% insoluble iron with 

the offgas consisting of over 5% sulphur oxide gas. Most of the copper was in the form of water 

soluble copper sulphate; the insoluble copper largely remained as copper sulphides. A larger two 
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foot diameter FBR was used with slurry feed to control the temperature at similar operating 

conditions. This test indicated that slurry feeding was feasible and acid soluble copper recoveries 

of 95% could be achieved in the calcine. A variety of other variables were considered and 

metallurgical results have been presented below in Table 8. 
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Table 8: The metallurgical results of the Lakeshore roast-leach-electrowin process (Griffith 

et al, 1975) 

 

At temperatures greater than 700
o
C, the copper and iron solubilities decreased as the formation of 

copper ferrites and magnetite were observed. With minor increases to the sulphur to air ratio, 

copper solubility was increased due to the formation of copper sulphates. At higher ratios and 

temperatures, bed agglomeration and a subsequent loss of fluidization became difficult to control. 

The quenching of the calcine resulted in pregnant leach solution (PLS) temperatures of 65
o
C 

Process Conditions Projected Average Range

Roaster temperature 
o
C 685 - 685-700

Sulfur/air ratio 0.103 - 0.11-0.12

Space rate ft./sec 1.75 - 1.50-2.00

Leach acidity, g/l H 2SO4 20 - 10-20

Leach time, hours 3 3 -

Current density, asf 15 16.1 14.4-19.8

Spent electrolyte strength, gpl Cu 15 15.1 13.7-16.3

Feed Composition, %

Cu 27.3 26.5 25.1-27.2

Fe 27.2 26.5 23.8-28.0

S 31 30.4 28.7-31.2

Process Results

Percentage of feed Cu electrowon 78.2 80.2 77.5-83.3

Insoluble loss of feed Cu lost in leach residue 5 3.8 2.9-4.9

Soluble loss of feed Cu in leach residue 0.1 <0.05 0-0.2

Percentage of feed Cu to bleed 16.7 16 13.0-19.2

Percentage of feed Cu dissolved 95 96.2 95.1-97.3

Percentage of feed Fe dissolved 3.75 4.6 2.8-6.0

% SO2 in roaster gas (dry basis) 5 4.1-6.5

% SO2 + SO3 in roaster gas 5.9 5.2 4.3-6.8

Pregnant solution composition

Cu, gpl 55 56.7 51.2-64.8

Fe, gpl 3.5 3.7 3.4-4.2

Current efficiency, % 85.5 76.2 71.5-85.2

Observed
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which caused corrosion of cathode hanger straps and the stainless starter sheet; heat exchanges 

were utilized to hold the electrolyte below 45
o
C. Larger scale test work would be necessary to 

determine control issues surrounding dust collection. Overall these experimental results indicated 

a feasible process; however it was not implemented at the Lakeshore mine.  

2.5.2.2 Bagdad Copper Mine 

A pilot plant for the sulphation roasting of chalcopyrite at the Bagdad copper mine was 

investigated initially by Howell et al (1956) and later in more depth by Shirts et al (1975). A two-

stage sulphating-reducing roast was performed in a fluidized bed reactor (FBR) followed by 

ammonical leaching of the calcine and SX/EW of the PLS. The two-stage roast addressed 

problems associated with sulphate disposal in sulphation roasting and ferrite formation during 

dead roasting. The sulphation roast forms ferrites and the reducing roast converts these to copper 

and iron oxides. It is suggested that the formation of excess sulphur trioxide created a sticky bed 

that was hard to fluidize, thus excess oxygen was kept at a minimum. Sulphation roasting 

experiments were performed at temperatures between 600 - 800
o
C in varying reaction 

atmospheres and retention times as outlined in Figure 4. 
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Figure 4: The effect of temperature and sulphur dioxide addition on product solubility for 

the roasting of chalcopyrite concentrates (Shirts et al, 1975) 

At temperatures between 650–700
o
C in a 21% oxygen and 70% sulphur dioxide atmosphere, a 

calcine was produced containing 95% copper sulphate with minimal iron solubility. Some water 

and acid soluble iron was recovered indicating that iron sulphate formed, however this was 

generally at low percentages. During the sulphation roast, half of the sulphur was recovered as 

sulphur dioxide while the remainder was recovered in the spent electrolyte. It was suggested that 

this spent electrolyte could be used as an acid source or injected into the roaster as a coolant 

yielding sulphur dioxide, rather than performing neutralization with limestone. With increasing 

temperature and retention time, the decomposition of sulphates and subsequent copper oxide, iron 

oxide and ferrite formation, was favoured. High sulphur dioxide addition shifts the curves to the 

right, reducing the formation of ferrites and generally counteracting increases in temperature. A 

dead roast at 800
o
C in a 21% oxygen atmosphere, results in 95% sulphur removal with 
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approximately 60-65% acid-soluble copper recovery. In these experiments the free acid dosage 

only partially decomposes copper ferrites. Experimentation indicated that the process was 

technically feasible and an economic analysis indicated that with byproduct recovery of sulphuric 

acid, the process would be competitive with conventional smelting. 

2.5.2.3 Other Chalcopyrite Concentrates and Ores 

McElroy et al (2008) performed two preliminary economics analysis case studies based on 

internal test data to analyze the RLE flowsheet for copper concentrates. In the first case, a 

350,000 tonne per year (tpy) gold-containing chalcopyrite concentrate experiencing logistical 

issues was analyzed. A sulphation roast in air at 670
o
C, and a weak acid leach at a pH of 2 was 

performed yielding copper recoveries of 96-98.6%. Gold was subsequently recovered through 

cyanidation at 97-98.3%. 62% of the sulphur was removed to the acid plant and the remaining 

sulphur was utilized in a dump leach. In the second case study, the processing of a 478,000 tpy 

copper-gold pyrite concentrate was investigated. An oxidative roast was performed at unknown 

conditions producing a calcine which would undergo a weak-acid leach and cyanidation. Copper 

was recovered as copper oxide where reductive sulphur dioxide precipitation would be performed 

to recover the copper values. All of the sulphide was oxidized and subsequently processed into 

sulphuric acid for sale and a gold recovery of 97% through cyanidation was achieved. Arsenic 

was fixed as iron arsenate, however this reaction was not thoroughly investigated. Both of these 

case studies indicated that this process was economically favourable; however future 

experimentation would be necessary before commercial application. 

Yilidrim (2002) studied the sulphation roasting of a high pyrite, low chalcopyrite concentrates 

using a bench scale static bed. Low copper recoveries were realized however high separability 

between copper and iron was achieved. The highest copper recovery from the calcine occurred at 
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550
o
C after roasting for 30 minutes where 72% of the copper was recovered compared to 10% of 

the iron in strong acid. The water soluble recoveries at these conditions were reduced to 45% for 

copper and 8% for iron. As the temperature increased, the formation of copper ferrite was more 

favourable. It is uncertain as to why the recoveries after strong-acid leaching were so low and it is 

the author’s belief that the reaction was incomplete as only copper sulphides would be insoluble 

under the leaching conditions. The energy balance that was performed indicated that the 

sulphation roasting reactions were not self-supporting and additional heat would have to be added 

to the system. It is the author’s belief that this conclusion is erroneous as the units used in the 

calculation for the heat loss in air flow were converted improperly. The revised heat balance 

indicates that the reaction will be very exothermic requiring water cooling of the FBR. 

Prasad & Pandey (1999) studied the processing of copper sulphides in a steam-air system. At 

500
o
C copper sulphate and hematite were produced resulting in a copper recovery from the 

calcine of 92.7%. Similar tests without the presence of hematite resulted in copper recoveries of 

40%; it is proposed that hematite acts as a catalyst to the sulphation reaction of cupric sulphide. 

Higher temperatures resulted in the increasing production of copper oxide. However, a few 

uncertainties appear in their report regarding why hematite is an effective catalyst in this reaction 

and when magnetite was produced at low temperatures. Gulfen & Aydin (2010) investigated the 

sulphation roasting of a low copper-containing chalcopyrite ore from the Damar mine in Turkey, 

in a static bed. At 600
o
C, 60% water soluble copper recovery and 67-72% weak-acid soluble 

copper recovery could be achieved from the produced calcine. Similarly, it was suggested that the 

addition of hematite resulted in increased copper sulphation; however no explanation other than 

experimental results was given to support this claim. 
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2.5.2.4 New Brunswick SRL Process 

A 3,500 tpy fully integrated demonstration plant was utilized to perform the sulphation RLE 

process on a zinc concentrate with high iron content by Synnott et al (1986). A FBR was operated 

using air at a 40% excess over the stoichiometric requirement to produce soluble zinc sulphates & 

oxysulphates and insoluble hematite. It was determined that temperature was the most critical 

control parameter and the FBR was operated at approximately 675
o
C. A strong-acid leach was 

utilized to recover 95% of the zinc and 92% of the copper values. Hematite was essentially 

insoluble at this acid dosage. The calcines produced under these conditions contained less than 

10% ferrite, less than 0.5% soluble iron and less than 0.1% unreacted sulphides. It was noted that 

the corrosive off-gases caused major equipment problems and issues existed surrounding the 

sulphur balance in the hydrometallurgical circuit.  

2.5.2.5 Dead Roasting of Sulphide Concentrates  

Dead roasting involves the complete oxidation of all sulphides. A calcine is produced with less 

than 1% sulphur in a fluidized bed roaster and all of the sulphur is captured in the off-gas and 

converted to sulphuric acid. This process would avoid the build-up of surplus acid in the spent 

electrolyte.  

For an enargite concentrate, Nakazawa et al (1999) suggested that copper oxide, hematite and 

copper ferrite will form above 700
o
C. Shirts et al (1975) suggested that at these temperatures 

copper oxide predominates and as the oxygen addition increases, copper ferrite becomes 

increasingly favourable. Barnes & Stubina (2011) noted that Xstrata Process Support (XPS) is 

currently investigating the processing of enargite concentrates within this range, however the 

results are confidential. Runkel & Sturm (2009) in a study of the dead roasting of pyrite in FBR’s 

to produce sulphuric acid indicated that pyrite converts to hematite in the calcine. The surplus 
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heat can be managed by immersed cooling elements and various operations exist in Mali, China 

and Turkey.  

Brown et al (1990) discussed the KCGM Kalgoorlie roaster conversion of arsenopyrite and other 

sulphides to oxides through the utilization of a FBR operating at 650
o
C in air. Air is supplied at 

70-110% of the theoretical requirement for reaction. The produced calcine is subsequently 

subjected to cyanidation to recover gold values. Arsenic trioxide is volatilized and collected in the 

off-gas handling circuit. The feed has a relatively low sulphur grade; autogenous roasting can still 

be achieved and excess heat is controlled through the addition of process water into the feed.  

2.6 Overview of the Proposed Sulphation Roast, Weak-Acid Leach, Electrowinning 

Process 

2.6.1 Sulphation Roasting 

Based on the review of available literature, it is expected that the temperature and partial pressure 

impacts the calcine during sulphation roasting as described in Figure 5. 

 

Figure 5: The expected behaviour of the calcine with response to changes in temperature 

and partial pressure 
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As partial pressures of both oxygen and sulphur dioxide increase sulphates become increasingly 

stable at high temperatures, reducing the formation of copper ferrites. With increasing 

temperatures, sulphates begin to decompose to more favourable oxide species, while arsenic is 

increasingly volatilized from the calcine. These expected behaviours indicate that the process 

could be technically feasible under a variety of conditions. Further experimental work will need 

to be performed in order to more accurately determine the conditions at which optimal products 

can be produced. 

2.6.2 Weak-Acid Leaching 

Matthews & Simpson (1981) described the leaching process for Lakeshore’s sulphation roast 

calcine. The calcine is quenched in agitated leach tanks which dissolve the soluble copper, iron 

and arsenic components. Spent electrolyte produced during electrowinning is used to maintain 

15g/L sulphuric acid in the PLS. The leach solution can be modified depending on the overall 

process requirements and additional sulphuric acid is available from the acid plant. Ferron & 

Cuyper (1992) performed a sulphation roast on a copper sulphide concentrate where over 99% of 

the copper was recovered in an acidic solution of 50g/L at 80
o
C. Experimentation indicated that a 

leach duration of 1-4 hours was acceptable and had a marginal effect on the metal recoveries. An 

increase in leach temperatures improves metal recoveries however acid strength is the most 

critical operating parameter. Moyer (1979) noted that with a high grade solution, copper sulphate 

production could be considered as it is a higher value product which would solve the sulphur 

balance problem. 

After leaching, the PLS and leach residue are separated using a solid/liquid separation process. 

The pregnant leach solution is neutralized and arsenic is removed before recovering copper 

values through SX/EW. The build-up of weak acid due to sulphates can be mitigated by various 
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leaching operations, utilization as a coolant in the FBR or neutralization with limestone. The 

leach residue is washed and filtered prior to cyanidation for the recovery of gold and silver 

values. All solid and liquid waste products are prepared for disposal in lined tailings ponds. These 

process steps are investigated briefly in the following sections. 

2.6.3 Production of Scorodite (FeAsO4·2H2O) 

Arsenic will likely be present in both the pregnant leach solution and the wet gas scrubber bleed 

solution. Arsenic can be removed and the pregnant leach solution can be prepared for solvent 

extraction through neutralization as previously discussed in section 2.3. Based on the sulphation 

roasting conditions and products, it is likely that the atmospheric scorodite process will be 

favoured for arsenic stabilization. This process has been briefly investigated in section 2.3.2. This 

process has been operated at a pilot plant scale where it is shown that arsenic in both the leach 

solution and wet gas scrubber can be fixed as scorodite. Demopolous et al (2003) and Roman et al 

(2005) have both suggested that a copper pregnant leach solution could effectively utilize this 

process. The atmospheric scorodite process has low capital & operating costs in comparison to 

other options and is easily scaled to the size of the operation. The major operating costs due to the 

consumption of ferric sulphate and hydrogen peroxide can be mitigated by the formation of ferric 

sulphate during roasting and the use of SO2/O2 gas mixtures to oxidize the arsenic in solution. It 

is also probable that the arsenic trioxide will be further oxidized to arsenic pentoxide in the off-

gas stream which would effectively eliminate a process step. However, high project risks exist 

with this process as it has not been tested commercially. 

2.6.4 Solvent Extraction and Electrowinning (SX/EW) 

The SX/EW of a copper pregnant leach solution is a widely utilized and industrially accepted 

process. The excess acid in the pregnant leach solution would be neutralized in a previous step 
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and could be treated in a conventional copper-SX circuit producing a marketable copper cathode. 

There are no expected issues related to the processing of the enargite concentrate that will impact 

the SX/EW process and is therefore considered out of scope of this investigation. 

2.6.5 Gold and Silver Recovery through Cyanidation 

The final metallurgical step involves the cyanidation of the leach residue to recover gold and 

silver values, which is a widely utilized and industrially accepted process. Ferron & Cuyper 

(1992) performed cyanidation on a similarly produced concentrate for 24 hours resulting in a gold 

recovery of 95%. While residual sulphides lead to high cyanide consumption, in the proposed 

enargite concentrate flowsheet it is unlikely that this would be a concern. Issues regarding the 

effective cyanidation of the leach residue using previously established procedures have not been 

raised and therefore the investigation of this process is considered out of the scope of this study.  
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Chapter 3: Thermodynamic Analysis 

3.1 Evaluation Method for the Sulphation Roasting of Enargite Concentrates 

The Equilibrium module of HSC Chemistry® 6.1 was utilized to calculate the multi-component 

equilibrium composition using the Gibbs free energy minimization method as developed by 

Roine
 
(2006). Selection of the relevant elements involved in the equilibrium calculations resulted 

in the generation of a list of potentially stable elements and compounds. Unstable species can be 

eliminated to facilitate the calculations and the species are grouped into various phases. The input 

data consists of the amounts and temperatures of the raw materials. The program determines the 

amounts of the various stable species at constant temperature and pressure. The amount of a given 

raw material, the temperature and the pressure can be varied in predetermined increments. For 

species in condensed solutions, ideal behavior is assumed and therefore the default value of the 

activity coefficient is unity. If a species of interest is not included in the database, then it can be 

added along with the known thermodynamic properties. This method has been applied previously 

to the roasting of arsenic containing concentrates by Nakazawa et al (1999) and Chakraborti & 

Lynch (1983). 

The enargite concentrate used in this research was based on Kinross’s La Coipa Mine in Chile. 

With regards to the mineralogy, X-Ray Diffraction (XRD) analysis, showed the presence of 

mainly enargite (Cu3AsS4), pyrite (FeS2), covellite (CuS) and silica (SiO2). The approximated 

mineralogical analysis of the concentrate utilized in the calculations is given in Table 9.  
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Table 9: Mineralogical analysis of the concentrate 

Mineral Enargite (Cu3AsS4) Pyrite (FeS2) Covellite (CuS) Silica (SiO2) 

Mass 30% 40% 14% 16% 
 

The gold and silver contents in this particular concentrate were 21 g/t and 745 g/t, respectively, 

but these were not considered in the thermodynamic study. Other minor constituents will be 

present and these were included in the silica content. 

Inputting of the elements Fe, Cu, As, Si, S and O into the program resulted in the generation of a 

list of 154 possible species. However, many of these would not be present in significant amounts 

under the present equilibrium conditions and as a result, the list was simplified to the 38 species 

shown in Table 10. 

Table 10: Input species for the sulphation roasting of an enargite concentrate 

Gases Sulphides Oxides Sulphates Arsenite/Arsenates 

N2 AsS As2O3 CuO·CuSO4 Cu(AsO2)2 

As2 As2S2 As2O4 CuSO4 Cu3AsO4 

As4 As2S3 As2O5 Cu2SO4 Cu3(AsO4)2 

As4O6 Cu3AsS4 CuO FeSO4 FeAsO4 

AsS CuFeS2 Cu2O Fe2(SO4)3 Fe3(AsO4)2 

As2S3 Cu5FeS4 CuO·Fe2O3 

  O2 CuS Cu2O·Fe2O3 

  S2 Cu2S Fe2O3 

  SO2 FeAsS Fe3O4 

  SO3 FeS2  

   

The species were grouped into five phases: gases, sulphides, oxides, sulphates and arsenates. 

Silica was assumed to be inert and the formation of copper silicates was not considered because 
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of the slow kinetics of the solid-solid reaction. The thermodynamic data for enargite was added 

and the values utilized are given in Table 11.  

Table 11: Data utilized for enargite. Heat capacity (Seal II et al, 1996); enthalpy and 

entropy (Barton & Craig, 1973) 

 

The control conditions for the calculations are given in Table 12.  

Table 12: Control conditions for the thermodynamic study of enargite concentrates 

 

Gas Feed Amount (kmole) Solid Feed Amount (kg) 

 Feed 

Temperature N2(g) O2(g) SO2(g) Cu3AsS4 CuS FeS2 SiO2 

Gas:Solid 

Molar Ratio 

298 K 7.881 2.109 1.110 30 14 40 16 20:1 

 

The temperature was varied from 600 to 1200 K (327 – 927
o
C). Roasting would not be 

considered below 600 K (327
o
C), due to the slow kinetics of the reactions. Above 1200 K 

(927
o
C), sintering and dead roasting would occur, which is not discussed in this paper. The input 

gas is initially set at 19% oxygen and 10% sulphur dioxide at a 20:1 gas to solid molar ratio. 

In the present thermodynamic study, the desired products are copper sulphates, iron oxides, and 

arsenates. The optimized operating window will reflect the balance between these species which 

maximizes the copper recovery and arsenic fixation. It is important to note that since roasting 

involves gas-solid reactions, equilibrium products may not exist under actual operating conditions 

due to kinetic factors. The thermodynamic predictions may indicate trends but bench-scale 

experimentation will be required to confirm the calculations. 

a b c

Enargite (Cu3AsS4) -179.0 257.6 196.7 ± 1.2 49.9 ± 1.6 -19.18 ± 0.84

Cp(T) = a  + 0.001b T + 105c (1/T-2) (J mol-1 K-1, for T in K)

Species

ΔH298 K         

(kJ mol 
-1

)

S
0
 298 K            

(J mol
-1

 K
-1

)
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3.2 The Effect of Temperature 

Figure 6 shows the effect of temperature on the equilibrium composition of the incoming gas 

stream for the S-O system in the absence of the calcine.  

 

Figure 6: The effect of temperature on the equilibrium amounts of gaseous species in the S-

O system for the control conditions in the absence of calcine 

At low temperatures, sulphur trioxide predominates with oxygen. At higher temperatures sulphur 

trioxide is not stable, sulphur dioxide forms and the amount of oxygen increases. Therefore, the 

sulphating reactions are more favourable at lower temperatures. 

Figure 7 shows the effect of temperature on the equilibrium composition of the Fe-Cu-As-S-O 

species for the control feed and gas compositions at a gas to solid ratio of 20:1.  
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Figure 7: The effect of temperature on the equilibrium amounts of Cu-Fe-O species for the 

control conditions 

At low temperatures, ferrous sulphate (FeSO4) and copper sulphate (CuSO4) predominate. As the 

temperature increases further, the ferrous sulphate converts to ferric sulphate (Fe2(SO4)3) and 

subsequently to hematite (Fe2O3), while the copper sulphate becomes oxysulphate (CuO·CuSO4) 

then cupric oxide (CuO). At even higher temperatures, copper ferrites (CuO·Fe2O3 or 

Cu2O·Fe2O3) form as hematite and copper oxide react. 

Figure 8 shows the behaviour of the arsenic-containing species as a function of temperature for 

the control conditions.  
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Figure 8: The effect of temperature on the equilibrium amounts of arsenic-containing 

species for the control conditions 

At low temperatures the majority of the arsenic is present as solid arsenic pentoxide with some 

gaseous arsenic trioxide. As the temperature increases, copper arsenate forms very rapidly with 

increasing temperature while ferric arsenate forms in lesser amounts. At even higher 

temperatures, the ferric arsenate decreases to very low levels while the copper arsenate increases 

and levels off. Figure 9 shows the vapour pressures of the gaseous As-containing species.  
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Figure 9: The effect of temperature on the partial pressure of gaseous arsenic species in the 

As-O system 

Arsenic will volatilize at low temperatures due to the high vapour pressure of arsenic trioxide 

(As4O6 (g)) and will consequently be removed from the reaction area as described by Nakazawa et 

al (1999)
 
and Holmstrom (1989). The behaviour of arsenic volatilization has been extensively 

discussed based on literature in section 2.5.1. Based on this investigation combined with the 

thermodynamic analysis outlined in Figure 8 and Figure 9, it is expected that at temperatures 

below 923 K (650
o
C) some arsenic will be retained in the calcine, while at temperatures above 

1073 K (700
o
C), arsenic will be largely volatilized and arsenate species in the calcine will be 

stable but only as minor components. It is possible that under highly oxidizing conditions and at 

high temperatures that some arsenic pentoxide product forms in the off-gas, however arsenic 
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trioxide will be the most likely off-gas product. The above discussion demonstrates that in the 

proposed roasting process from 750 to 1000 K (477 – 727
o
C) the arsenic would be fixed as 

mainly copper arsenate and some iron arsenate, with a significant amount of arsenic being 

volatilized as arsenic trioxide.  

3.3 The Effect of Oxygen Addition 

Figure 10 shows the copper-containing species at a fixed temperature of 750 K (477
o
C) and the 

control conditions for varying oxygen additions.  

 

Figure 10: The effect of oxygen addition on the equilibrium amounts of copper containing 

species at 750 K (477
o
C) for the control conditions 
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At low oxygen additions, copper and copper-iron sulfides are present as a result of the oxidation 

of enargite.  At intermediate oxygen levels, copper oxides and arsenates form, while at high 

oxygen additions, copper sulphate predominates.  

Figure 11 shows the iron-containing species at a fixed temperature of 750 K (477
o
C) at the 

control conditions for varying oxygen additions.  

 

Figure 11: The effect of oxygen addition on the equilibrium amounts of iron species at 750 

K (477
o
C) for the control conditions 

It can be seen that hematite and magnetite and iron sulphides predominate at low oxygen 

additions. At intermediate oxygen additions cuprous ferrite (Cu2O·Fe2O3) is favourable and with 

increasing oxygen additions ferrous sulphate and subsequently ferric sulphate predominate.  
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The arsenic-containing species are shown in Figure 12 at a fixed temperature of 750 K (477
o
C) at 

the control conditions for varying oxygen additions.  

 

Figure 12: The effect of oxygen additions on the equilibrium amounts of arsenic containing 

species at 750 K (477
o
C) for the control conditions 

It can be seen that at low oxygen levels, arsenic trioxide production prevails. As the oxygen 

addition increases, copper arsenate forms in significant amounts and subsequently some iron 

arsenate is produced. At very high oxygen levels, only arsenic pentoxide is present. In terms of 

the roasting process, the maximum amount of iron arsenate occurs at an oxygen addition of about 

2 kmoles. As discussed previously, since the formation of arsenates is more kinetically 

favourable, the formation of arsenic pentoxide would not be expected at high oxygen additions.   
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Figure 13 shows the copper-containing species as a function of the oxygen addition at 1000 K 

(727
o
C). 

 

Figure 13: The effect of oxygen additions on the equilibrium amounts of copper containing 

species at 1000 K (727
o
C) for the control conditions 

Again at low oxygen additions, the sulphides are stable and as the oxygen increases, cuprous 

oxide and cuprous ferrites form. However, in contrast to 750 K (477
o
C), as the oxygen addition 

increases above 1.5 kmole, cupric oxide, cupric ferrite and copper arsenate are produced instead 

of copper sulphates. The copper sulphates are not produced until an oxygen addition of almost 1.9 

kmole, in comparison to 1.6 kmole at 750 K (477
o
C).  
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Figure 14 shows the iron-containing species at 1000 K (727
o
C) as a function of the oxygen 

addition.  

 

Figure 14: The effect of oxygen additions on the equilibrium amounts of iron containing 

species at 1000 K (727
o
C) for the control conditions 

Similarly, hematite, magnetite and sulphides prevail at low oxygen additions. For oxygen 

additions from 1.2 to 1.5 kmole the amounts of hematite and magnetite decrease as cuprous 

ferrite forms. Just above 1.5 kmole the cuprous ferrite is converted to cupric ferrite (CuO·Fe2O3) 

and as a result the amount of hematite increases. At about 1.9 kmole, the cupric ferrite begins to 

decompose into cupric oxide and hematite. Iron sulphates only form in relatively small amounts 
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at 1000 K (727
o
C) in comparison to the relatively large amounts at 750 K (477

o
C). Figure 15 

shows the effect of oxygen on the arsenic-containing species at 1000 K (727
o
C).  

 

Figure 15: The effect of oxygen additions on the equilibrium amounts of arsenic containing 

species at 1000 K (727
o
C) for the control conditions 

At low oxygen additions, arsenic trioxide gas predominates and at an oxygen addition of 1.5 

kmole, the arsenic trioxide vapour is consumed and copper arsenate forms. In comparison to 750 

K (477
o
C), shown in Figure 12, only a small amount of iron arsenate is present and arsenic 

pentoxide is absent. These results demonstrate that additional oxygen is required to form 

sulphates at higher temperatures. At temperatures above 1000 K (727
o
C), sulphates cannot form 

even in the presence of considerable excess oxygen. 
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3.4 The Effect of Gas/Solid Molar Ratio and Temperature 

Figure 16 shows the effect of the gas/solid molar ratio and temperature on the amounts of gaseous 

species in the S-O system in equilibrium with the calcine, for the control conditions.  

 

Figure 16: The effect of gas/solid molar ratio and temperature on the equilibrium amounts 

of SO2(g), SO3(g), O2(g) and S2(g) in equilibrium with the calcine for the control conditions 

As the gas/solid molar ratio increases from 0 to 20, the equilibrium amount of sulphur dioxide 

increases but is independent of temperature. Above a ratio of 20, excess oxygen is available and 

this results in the production of sulphur trioxide at low temperatures. However, at high 
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temperatures sulphur trioxide is unstable and as a result oxygen and sulphur dioxide predominate. 

Sulphur gas only forms in small amounts at high temperatures and low gas/solid ratios. 

Figure 17 shows the amounts of the major copper-bearing species produced as a function of 

gas/solid molar ratio and temperature for the control conditions.  

 

Figure 17: The effect of gas/solid molar ratio and temperature on the equilibrium amounts 

of CuO, CuSO4, CuO·Fe2O3 and Cu3(AsO4)2 for the control conditions 
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At low gas/solid molar ratios, only sulphides exist and roasting has not occurred. Above gas/solid 

molar ratios of about 12, roasting begins and copper sulphides are completely eliminated at a 

gas/solid molar ratio of 20. Subsequently, the amounts of the copper-containing species are 

independent of the gas/solid molar ratio. At low temperatures copper sulphate is the primary 

species, simplifying copper recovery. Above 800 K (527
o
C), copper arsenate begins to form and 

is present even at high temperatures. Above 900 K (627
o
C), copper sulphate becomes unstable 

and copper oxide and cuprous ferrite are produced. Copper recovery at high temperatures would 

be more difficult due to the presence of these three copper-containing species.  

Figure 18 shows the effect of gas/solid molar ratio and temperature on the iron-containing species 

for the control conditions.  



 

63 

 

 

Figure 18: The effect of gas/solid molar ratio and temperature on the equilibrium amounts 

of Fe2(SO4)3, FeSO4, Fe2O3, CuO·Fe2O3 and FeAsO4  for the control conditions 
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At low ratios some hematite is produced across the entire temperature range. At temperatures 

below 700 K (427
o
C) and molar ratios beyond 5, ferrous sulphate forms rapidly. At a molar ratio 

of about 20, excess oxygen is produced and ferric sulphate becomes the predominant species at 

low temperatures. Ferric arsenate forms between 800 and 1000 K (527 -727
o
C), but only in minor 

quantities. The amount of hematite reaches a maximum at about 900 K (627
o
C) and then 

decreases due to the presence of copper oxides and the formation of cuprous ferrite. Insoluble 

iron as hematite can only be produced over a narrow temperature range and high gas/solid ratios. 

At lower temperatures, iron becomes soluble, whereas at high temperatures, copper recovery is 

reduced due to the formation of ferrites.  

The arsenic-containing species produced as a function of gas/solid molar ratio and temperature, 

are shown in Figure 19.  
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Figure 19: The effect of gas/solid molar ratio and temperature on the equilibrium amounts 

of As4O6 (g), Cu3(AsO4)2, As2O5 and FeAsO4 for the control conditions 

At gas/solid ratios below 15, arsenic volatilizes as arsenic trioxide across the whole temperature 

range. At high ratios and low temperatures arsenic pentoxide is the only species present. At 

temperatures between 800 to 1000 K (527 -727
o
C), copper arsenate and minor amounts of iron 

arsenate coexist. However, above this temperature range, copper arsenate is the dominant species. 

Therefore, at low gas/solid ratios, arsenic can be removed through volatilization, while at high 

gas/solid ratios arsenic is retained in the calcine. The amount of iron arsenate produced is 
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insufficient and therefore arsenic would have to be leached from the calcine and subsequently 

precipitated from the pregnant leach solution, in order to ensure adequate arsenic sequestration. 

3.5 The Effect of the pSO2/pO2 Ratio 

Figure 20 displays the effect of the pSO2/pO2 ratio and temperature on the equilibrium amounts of 

the arsenic-bearing species.  

 

Figure 20: The effect of pSO2/pO2 and temperature on the equilibrium amounts of As2O5, 

As4O6 (g), FeAsO4 and Cu3(AsO4)2 for the control conditions 
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At high ratios, gaseous arsenic trioxide is the only species present. At low temperatures and low 

ratios, arsenic pentoxide forms. Above about 750 K (477
o
C), copper arsenate predominates with 

minor amounts of ferric arsenate being produced between 750 and 1000 K (477 – 727
o
C). At high 

ratios, arsenic will be volatilized from the calcine as arsenic trioxide, however at low ratios 

arsenic will be retained in the calcine and subsequently leached in order to ensure stability. These 

results can be compared with those for the effect of gas/solid molar ratio on the behavior of the 

arsenic-containing species in Figure 19. It can be seen that copper arsenate forms at high 

temperatures and high gas/solid molar ratios and low pSO2/pO2 ratios. Iron arsenate forms at 

intermediate temperatures and high gas/solid molar ratios and low pSO2/pO2 ratios.  

Figure 21 and Figure 22 display the effect of the pSO2/pO2 ratio and temperature on the equilibrium 

amounts of the copper-bearing and iron-bearing species, respectively. 
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Figure 21: The effect of pSO2/pO2 and temperature on the equilibrium amounts of CuO, 

CuO·Fe2O3, CuSO4 and Cu3(AsO4)2 for the control conditions 
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Figure 22: The effect of pSO2/pO2 and temperature on the equilibrium amounts of FeSO4, 

Fe2(SO4)3, Fe2O3, CuO·Fe2O3 and FeAsO4 for the control conditions 
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A comparison of the results based on pSO2/pO2 ratios with the gas solid molar ratio for the iron and 

copper species demonstrates that they exhibit similar behaviour. This indicates that the major 

factor affecting the sulphation roasting process, is the amount of oxygen in the reacting gas. 

3.6 Summary of Thermodynamic Results 

Based on this thermodynamic analysis an operating window for sulphation roasting is proposed 

between 800 and 925 K (527 – 652
o
C), at a gas to solid ratio above 20, in an atmosphere of about 

10% sulphur dioxide and 19% oxygen. At 800 K (527
o
C) under these conditions, copper sulphate, 

iron sulphate and arsenic pentoxide are all expected to form in the calcine; these species are water 

soluble during subsequent leaching operations. As the roasting temperature increases to 925 K 

(652
o
C) some copper sulphates are converted into oxy-sulphates, and hematite formation 

becomes more favourable than iron sulphate. At these temperatures, copper and iron arsenates are 

more stable than arsenic pentoxide and are similarly retained in the calcine. A temperature 

between this range can be utilized to attain maximum copper extraction while iron extraction can 

be managed to fixed arsenic as scorodite in the effluent treatment plant. A summary of the 

expected calcine products under the optimum roasting conditions, and their acid solubility is 

presented in Table 13. 
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Table 13: The calcine composition and the solubility of the species produced at the optimum 

roasting conditions 

Mineral phase in the calcine 
Approximate 

composition (mole %) Predicted solubility 

Major species 
  

 
Copper sulphate (CuSO4) 60% Water soluble 

 
Hematite (Fe2O3) 24% Mostly Insoluble 

 
Iron sulphate (Fe2(SO4)3) 7% Water soluble 

 
Cupric arsenate (Cu3(AsO4)2) 7% Weak acid soluble 

 
Ferric arsenate (FeAsO4) 2% Strong acid soluble 

 
Total 100% 

 Minor species 
  

 
Arsenic pentoxide (As2O5) - Water soluble 

 
Copper oxysulphate (CuO·CuSO4) - Weak acid soluble 

 
Copper oxide (CuO) - Weak acid soluble 

 
Copper ferrite (CuO·Fe2O3) - Strong acid soluble 

 
All sulphides - Insoluble 

The calculations demonstrate that the process is technically feasible. Experimental work will need 

to be performed in order to determine if this process can be commercially viable. 
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Chapter 4: Materials and Methods 

4.1 General Overview 

Bench-scale experimental work was performed in order to investigate the behavior of an enargite 

concentrate under sulphation roasting conditions. The primary goal in these experiments was to 

determine the recoverability of copper, iron and arsenic under a variety of conditions by 

understanding the series of on-going chemical processes occurring during sulphation roasting 

through the use of analytical, mineralogical and diagnostic leach tests. 

Thermogravimetric and differential thermal analysis coupled with evolved gas analysis (TG/DTA 

w/ EGA) was utilized to investigate the chemical reactions occurring during the heating of an 

enargite concentrate. In the static bed roasting tests the effects of parameters such as temperature 

and partial pressure on sample composition, were investigated. Also, samples were obtained for 

optical and SEM microscopy, x-ray diffraction and leaching studies. Diagnostic shake flask 

leaching tests were utilized to determine the solubility of copper, iron and arsenic in the static bed 

roast products as a means of inferring the probable major mineral phases.  

4.2 Sample Characterization 

The sample material utilized in this experiment was an enargite concentrate supplied by Kinross 

Gold Corp. from the La Coipa mine in Chile. The compositional analysis of the bulk samples 

using quantitative ICP and semi-quantitative XRF analysis was provided by Lakefield SGS as 

shown in Table 14.  
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Table 14: Composition of the La Coipa concentrate as determined by SGS 

 

 

Acid digestion and subsequent Inductively Coupled Plasma (ICP) analysis was performed by the 

author on the enargite concentrate used in experimentation, in order to determine copper, iron and 

arsenic values as outlined in Table 15. Nine as-received samples were analyzed at the beginning, 

during, and at the end of the experimental test work. 

Table 15: Composition of the La Coipa concentrate as determined by the author at 95% 

confidence 

 

These values are in reasonable agreement with the results received from SGS. No significant 

change in sample composition was observed throughout the experimental test work. The assayed 

grades displayed in Table 15 were assumed to be the most representative and were used in all 

later calculations. X-ray diffraction analysis is shown in Figure 23.  

Au (g/t) 21.4 Al 7600 Li < 5 Sn 270

Ag (g/t) 745 Ba 45 Mg 300 Sr 32

As (%) 6.37 Be < 0.08 Mn 59 Ti 560

Fe (%) 18.2 Bi < 150 Mo 20 Tl < 30

S (%) 35.1 Ca 3000 Na 450 U < 30

Cu (%) 24.5 Cd < 15 Ni 45 V 15

Cu - H2O sol (%) 1.1 Co 55 P < 200 Y 1.1

Cr 23 Pb 540 Zn 340

Fe 190000 Sb 1600

K 2800 Se <40

Quantitative Analysis Semi-Quantitative Analysis (g/t)

Element Grade (%) Standard Error (%)

Cu 24.57 ± 0.92

Fe 16.93 ± 0.70

As 5.73 ± 0.30
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Figure 23: X-ray spectrum of the La Coipa concentrate 

It can be seen that additional sulphide minerals are present such as sphalerite, chalcocite and 

bornite, but the quantities were small and therefore they were not considered in subsequent 

analysis. All other non-sulphides consist of nonreactive compounds such as silica, alumina and 

feldspars. The concentrate mineralogy was calculated based on the authors ICP and XRD results, 

and is displayed in Table 16. 

Table 16: Mineral composition of the La Coipa concentrate based on the authors ICP and 

XRD results 

 

Gold liberation analysis was performed by Surface Science Western using a Cameca IMS 3F 

SIMS microprobe. The results of this analysis are shown in Table 17. 

Mineral Mass (%)

Enargite 30.1

Pyrite 36.4

Covellite 14.9

Other-sulphides 3.3

Non-sulphides 15.4

Total 100.0
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Table 17: Gold distribution in the La Coipa concentrate 

Species Concentration (ppm) 
Colloidal Size 

Gold 

Enargite 30.64 85% 

Pyrite 
Coarse - 1.63, Porous - 
3.80, Fine - 38.41 80% 

Covellite 10.62 62% 

Chalcocite 6.07 88% 

Bornite 0.74 87% 

Chalcopyrite 0.65 62% 

Figure 24 displays gold association analysis performed by Surface Science Western. 

 

Figure 24: Gold association in La Coipa Concentrate 

Slide 1 depicts liberated gold, while slide 2 and 3 display gold locked in enargite and pyrite 

respectively. Based on the Surface Science Western analysis, the decomposition of all sulphides 

will be necessary in order to extract high levels of precious metal values through cyanidation. 

The particle size of the bulk concentrate was determined to be d80 = 21µm through Fritsch laser 

particle size analysis. Dry-screening under standard conditions, 15 minutes at 1mm amplitude, of 

the bulk concentrate material initially indicated that the concentrate could be differentiated by 

particle size. Analysis included in section 5.1 determined that this was due to agglomeration of 

the concentrate, as laser particle size analysis demonstrated that different screen sizes had 

identical particle size distributions. 
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4.3 Thermogravimetric and Differential Thermal Analysis with Evolved Gas 

Analysis 

A Netzsch STA 449 F3 with a 300 amu QMS Aëolos quadropole mass spectrometer was used to 

perform simultaneous Thermogravimetric and Differential Thermal Analysis with Evolved Gas 

Analysis (TG/DTA w/ EGA). The equipment collects data as a function of time and temperature 

for specific heating rates. The thermogravometric component of the equipment measures the mass 

change of the sample material placed on a carrier connected to a balance below the unit. The 

differential thermal analysis component of the equipment measures the difference in temperature 

between the sample and the blank reference crucible, indicating the heats of reactions and 

identifying phase changes. A heated capillary tube transports off-gas to the evolved gas analysis 

component of the equipment which utilizes mass spectrometry to determine off-gas composition 

based on atomic mass units.   

Analysis involved approximately 30mg of sample material placed within an alumina crucible. 

Various reaction atmospheres were investigated which involved the application of oxygen and 

nitrogen gases at a constant flow rate of 100 mL per minute. In the case of inert atmosphere tests, 

the sample chamber was evacuated of all gases and refilled with nitrogen three times. A heating 

rate of 10
o
C per minute was utilized as a standard profile for initial investigations. Correction 

tests were performed to account for the buoyancy of the reaction atmosphere during heating. 

In evolved gas analysis, off-gas is ionized to produce charged particles through electron 

bombardment. These molecules are filtered in a quadropole mass analyzer which allows only ions 

of a specific mass-to-charge ratio to reach the detector. This method of mass selection is only 

reliable for molecules with atomic mass units below 300. Therefore, this restricts the analysis of a 

variety of arsenic compounds. However, due to fragmentation during the ionizing process, 
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molecular fragments can be utilized to indicate when certain gases are present. Additionally, 

knowledge of various isotopes, and subsequent fragmentation of molecules can be utilized to 

differentiate between molecules with the same atomic mass.  

Thermogravimetric analysis is a quantitative method with extremely high repeatability as 

demonstrated in section 4.7.1. However, differential thermal analysis is a qualitative analysis 

technique due to the lack of use of a reference material and the arrangement of the thermocouples 

in the sample holder. Similarly, evolved gas analysis is a qualitative technique due to the inability 

to insert a known quantity of gas into the system in order to calibrate the equipment.  

4.4 Static Bed Tube Furnace Studies 

In order to perform bench scale static bed sulphation roasting tests, individually representative 

samples of one gram each were produced. A sample splitter was utilized on the bulk concentrate 

in order to produce a product that could be appropriately divided into one gram samples, which 

were individually stored. This approach produced representative samples and minimized any 

errors associated with thermogravimetric measurements. Samples of this size are easily managed 

and provided representative results for this scale of experimentation. However, gold assay values 

cannot be determined due to lower detection limits when using one gram samples. A fire assay 

generally requires 32 grams of material, therefore in order to determine the gold content, the scale 

of the experiments would need to be increased significantly.  

Due to the very small particle size, minimal error exists due to sampling error. This has been 

verified through the use an equation developed by Gy (1998), as outlined in Appendix A. 

Additional sample charge analysis was performed in the static bed tube furnace; these results are 

also outlined in Appendix A. 
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Figure 25 depicts the bench scale experimental equipment that was utilized to perform all of the 

static bed roasting work.  

SO2 O2 N2 Sample carrier

Water 

Cooling

Furnace

Sample

Thermocouple

¼” Caustic 

Scrub

Fume Hood

 

Figure 25: Schematic diagram of the static bed tube furnace 

Samples were loaded into a quartz sample carrier and allowed to react for a designated retention 

time. The bed thickness was minimized to reduce any diffusion or mass transfer problems. The 

reaction atmosphere could be controlled to include different mixtures of nitrogen, oxygen and 

sulphur dioxide in the inlet gas through a series of three rotameters. The combined gas flow was 

kept at approximately 600mL/min. The vapours were continually purged from the reactor and the 

specimen was in continuous contact with fresh gas flow. A combination quartz bead and wool gas 

mixer was utilized to ensure that the gases were mixed before they were introduced to the 

reaction chamber. Reacted samples were moved to the cool zone for approximately 30 minutes 

after reacting the designated retention time. Samples were stored in a freezer prior to subsequent 

analysis to prevent the oxidation of any remaining sulphides.  
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4.5 Product Characterization and Analytical Techniques 

The raw material and the products of static-bed roasting tests underwent a variety of analytical 

techniques in order to characterize the samples. 

Sample composition was determined through the digestion of sample material in aqua regia and 

subsequent Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). This 

analysis was contracted out to Kingston Process Metallurgy where a PerkinElmer 2100DV unit 

was utilized. Mass balance, microprobe and diagnostic leach results provided confirmation that 

this characterization method was applicable. Unfortunately, due to the toxic nature of the sample 

material, infrared spectrometry could not be utilized to determine sulphur content. 

Optical microscopy was performed using a Petrographic Microscopes PE062 and an Olympus 

MTV 3. Optical microscopy was primarily used as an observation and preparation tool for SEM 

and EMPA analysis. 

X-ray diffraction (XRD) was utilized to characterize both the enargite concentrate and the reacted 

samples in powder form. An Xpert Pro Phillips powder diffractometer with Cu kα radiation and 

the X-pert High Score software package was utilized to perform powder XRD. The software 

package utilizes the database maintained by the International Centre for Diffraction Data to 

perform peak identification.  

A MLA 650 FEG Environmental SEM was utilized to perform Scanning Electron Microscopy. 

Samples were prepared by either mounting powder samples on a carbon coated aluminum stub or 

by thin-section preparation. The SEM was typically operated at low vacuum and voltage enabling 

specimens to be imaged uncoated. In specific instances samples were carbon coated with a 

Denton Vacuum Desk V unit in order to reduce the accumulation of electrostatic charge on the 
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sample surface. Backscattered electron imaging was primarily used in this analysis. Elements 

with a high atomic number backscatter electrons more strongly than light elements, thus the 

location of arsenic could be determined by adjusting the brightness and contrast settings. 

Similarly, composition gradients and interactions could be investigated by analyzing sample 

brightness and contrast. This is not applicable for comparing iron & copper oxides, sulphides and 

sulphates due to the similarities in these species complicating the backscatter effect. The carbon 

backing on the sample utilized to reduce electrostatic charge, shows up black on the backscattered 

electron images. Energy dispersive X-ray Spectroscopy (EDS) was used as a verification tool for 

the sample composition. 

Electron Microprobe analysis was carried out by a JEOL JXA-8230 Electron Microprobe 

Analyzer (EMPA). Samples were prepared by carbon coating thin-section samples with a Denton 

Vacuum Desk V unit. A combination of five wavelength dispersive X-ray spectrometers (WDS) 

were utilized to perform quantitative and mapping activities. An energy dispersive X-ray 

spectrometer is also utilized to perform qualitative analysis and mapping activities. Backscatter 

imaging was similarly utilized to navigate the sample. The beam energy of the microprobe was 

20kV. Issues arose due to the spatial resolution of the EMPA due to the small particle size of the 

sample. When performing WDS and EDS analysis, the topographic image was reviewed in order 

to ensure that the particles being analyzed were of appropriate size. The microprobe beam spot 

size was approximately 2-3 µm, and the estimated interaction depth of compounds in the samples 

was less than 4 µm based on equations developed by Kanaya and Okayama (1972). Therefore 

issues surrounding spatial resolution were due to the cross sectioning process, not the particle 

size; therefore selective analysis of larger particles was an appropriate technique. Through WDS 

analysis, it was possible to distinguish whether the sulphur present was in a sulphate or a 
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sulphide, based on the characteristic wavelength intensities. Standards developed by the EMPA 

technician were utilized in order to perform quantitative WDS analysis.  

4.6 Diagnostic Leach Tests 

Agitated diagnostic leaching experiments were performed in order to determine the water, weak-

acid and strong-acid soluble components of the produced calcine material. By determining the 

compound solubility in combination with other analytical techniques, the main copper, iron and 

arsenic phases in the calcine product could be characterized as sulphides, sulphates, oxides or 

arsenates.  

Leach tests were performed in 125mL shake flasks containing 50mL of leaching solution and 

approximately 0.5g of sample. Samples were agitated at 300rpm at a constant temperature of 

80
o
C. A Labnet International 211 DS orbital shaker was utilized to perform the agitated 

diagnostic leach tests. However, near the end of the experiment this unit had an internal 

malfunction and a MaxQ 4000 orbital shaker had to be utilized in its place. This unit was limited 

to 60
o
C and therefore there will be some discrepancy between the two experimental results. 

Samples were initially agitated in a distilled water solution for 12 hours. The 12 hour retention 

time was determined through analysis as outlined in section 5.1 and Appendix A, where samples 

were taken every 3 hours until steady state was reached. After 21 hours, the product was filtered 

from the solution, a 10mL sample was removed for ICP analysis and a weak acid, 10 g/L 

sulphuric acid solution with a pH of 1.25 replaced the distilled water as the leach solution. After 

another 21 hours this same process was performed and a strong acid, 50 g/L sulphuric acid 

solution with a pH of 0.44 was used to replace the weak acid as the leach solution. The sample 

was then filtered, 10mL of solution was removed for ICP analysis and the non-soluble product 
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was retained for aqua regia digestion and subsequent ICP analysis. Water evaporation losses were 

accounted for prior to sampling. The pH of the solutions was determined through a Thermo 

Scientific Orion 320 pH meter. 

4.7 Error Analysis 

4.7.1 Thermogravimetric Differential Thermal Analysis with Evolved Gas Analysis 

One repeat run for simultaneous thermal analysis was performed and the results are displayed in 

Appendix A. The overall standard error for the thermogravimetric measurements from these two 

runs was calculated to be 0.34%, at 95% confidence. This variance is larger than typical STA 

experiments due to the variability surrounding the competing sulphation reactions occurring at 

approximately 400
o
C. It is noted that only this intermediate phase has variance and the high 

temperature calcine has a very similar final mass in both sample runs. 

4.7.2 Bench Scale Experimentation 

To determine error, multiple repeat experiments were performed from each series of experiments. 

The variability from these repeat experiments was used to calculate a pooled variance estimate 

using the following formula: 

    
   

          
   

   

        
   

 
4-1 

Where 

   
  

 

   
          
 

   

 
4-2 

Overall, for pyrometallurgical bench-scale experimentation, the experimental error is acceptable. 

All relative standard errors have been reported at 95% confidence. 
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The error associated with bench scale experimental studies is due to four stages of experimental 

error: the diagnostic leach experimentation, static bed roast experimentation, wet analysis 

solution preparation, and ICP wet chemical analysis. The ICP experimental error indicates that 

approximately 3.1% relative standard error exists with the analytical measurements. The static 

bed error which incorporates error due to the solution preparation increases slightly for both 

copper and iron due to errors associated with calcine production and digestion; while the error 

associated with mass loss measurements was low. However, the relative standard error associated 

with arsenic increases to approximately 11.5%, displaying high levels of uncertainty surrounding 

arsenic volatilization.  The error associated with the diagnostic leaching studies was acceptable 

for iron at approximately 7.2%; however the errors for copper and arsenic recovery are less than 

the ICP error which was utilized in this analysis. It is believed that this occurred due to only two 

repeat diagnostic leach tests being performed; statistical anomalies could not be mitigated by a 

large sample set. The key results from the uncertainty estimate and complete data are included in 

Appendix A. 

4.8 Mass Balance of the Roasting Tests and Proposed Calcine Compositions 

Copper, iron and arsenic compositions were determined at all stages of experimentation resulting 

in order to perform a mass balance. Due to arsenic volatilization, the arsenic mass balance was 

not performed, however the copper and iron mass balance indicates that the experimental results 

can be reconciled to a relative standard error of 2.8%, at 95% confidence. The approximated 

calcine composition was similarly compared to the thermogravimetric measurements during static 

bed roasting to verify the diagnostic leach results. This mass balance indicated that the calcine 

composition estimate can be reconciled to a relative standard error of 3.6%, at 95% confidence, in 

the range of roasting conditions. Selected mass balance results are outlined in Appendix C.  
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Chapter 5: Results and Discussion 

5.1 Preliminary Studies and Variables 

In order to evaluate the sulphation reaction of the enargite concentrate a variety of preliminary 

studies were performed. These initial screening studies considered variables such as temperature, 

partial pressures of oxygen & sulphur dioxide, heating rate, retention time and particle size. The 

enargite concentrate described in section 4.2 was used exclusively without any modifications in 

all of the experiments. 

Thermogravimetric and differential thermal analysis with coupled evolved gas analysis (TG-DTA 

w/ EGA) was initially used to confirm the extent of the sulphation reactions that were occurring. 

Figure 26 displays TG-DTA w/ EGA data for the enargite concentrate in an inert atmosphere.  
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Temperature Range (oC) Proposed Reaction 

60 - 120 Free water evolution 

250 - 460 Surface hydroxyl or hydroxylated water evolution 

320 - 380 CuS -> Cu2S decomposition 

450 - 650 FeS2 -> FeS decomposition 

580 - 650 Cu3AsS4 -> Cu12As4S13 decomposition 

650 - 800 Cu12As4S13 -> Cu2S + As4S6 decomposition 

650 - 1000 Volatilization of As4S6 

Figure 26: Simultaneous thermal analysis at a heating rate of 10k/min in a nitrogen 

atmosphere 

The evolved gas analysis data corresponds to gases with an atomic mass of 64, complicating 

analysis as both sulphur (S2) and sulphur dioxide (SO2) have an atomic mass of 64. Due to the 

oxygen limited atmosphere, it is assumed that all evolved gas at atomic mass 64 corresponds to 

sulphur gas. Simultaneous thermal analysis in an inert atmosphere was important as these 

experiments have been performed by a variety of authors as outlined in the literature review. This 

experiment provided a means to verify the present research with previous experiments, as well as 

coupled thermogravimetric data with evolved gas analysis. The thermal analysis data matched 
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similar experiments performed by Padilla et al (1997, 1998) and displays that arsenic can be 

removed through volatilization at temperatures above 650
o
C in an inert atmosphere. 

TG-DTA w/ EGA analysis for the concentrate processed in air is displayed below in Figure 27. 

 

Temperature Range (oC) Proposed Reaction 

60 - 120 Free water evolution 

180 - 250 Surface hydroxyl or hydroxilated water evolution 

320 - 380 CuS oxidation 

320 - 400 Cu3AsS4 oxidation 

380 - 500 FeS2 oxidation 

390 - 520 
Competing CuO/Cu2O -> CuSO4 and Fe2O3 -> Fe2(SO4)3 

sulphation reactions 

520 - 650 Fe2(SO4)3 -> Fe2O3 decomposition 

640 - 800 CuSO4 -> CuO·CuSO4 -> CuO decomposition 

800 - 1000 
Residual CuO conversion, ferrite formation, arsenate 

decomposition 

Figure 27: Simultaneous thermal analysis at a heating rate of 10k/min in an air atmosphere 
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The simultaneous thermal analysis results exhibited similar behavior to those outlined in the 

literature and results predicted by thermodynamic calculations. It has been assumed that all 

evolved gas at atomic mass 64 corresponds to sulphur dioxide, due to the highly oxidizing 

environment. It is proposed that enargite undergoes the following oxidation reactions to produce 

copper arsenate. 

                                       
5-1 

                                              5-2 

At a temperature of approximately 390
o
C the sulphation reactions are initiated and compete until 

520
o
C where copper and iron sulphate formation is maximized. These sulphate products 

decompose at different rates until 800
o
C when oxide products solely remain. These outlined 

reactions suggest that copper values can be readily leached while iron content can be managed, if 

the reactions can be controlled. The addition of sulphating gas will allow for more complete 

sulphate reactions and an increasingly stable iron and sulphate product at higher temperatures, as 

outlined in the literature review. 

Simultaneous thermal analysis was not performed for enargite concentrates in an atmosphere with 

sulphur dioxide gas addition. This is due to limitations with respect to the mass flow controllers 

and balances in the unit. In order to investigate these conditions extensive static bed 

experimentation was performed.  

Variables such as particle size and heating rate were also investigated using simultaneous thermal 

analysis. Figure 28 displays the effect of different particle size on the thermogravimetric 

measurements. 
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Figure 28: The effect of temperature on mass loss for various particle sizes of an enargite 

concentrate, in an air atmosphere, at a heating rate of 10k/min 

These different particle sizes were collected from the ‘as received’ sample through sieved size 

analysis. As noted in Appendix A, the different screen sizes had similar laser particle size 

analysis profiles. Therefore, despite being capable of differentiating between the sample 

concentrate feed based on screened particle size, there is minimal difference in the actual particle 

size and the thermal analysis reaction profile. This is due to caking and particle agglomeration in 

the concentrate that does not break down during screening but is dispersed in solution during 

laser particle size analysis. Based on this analysis, particle size is not a variable that will be 

further investigated. 

Figure 29 displays the effect of temperature on mass loss for heating rates of 2, 5, 10 and 

20K/min in an air atmosphere. 
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Figure 29: The effect of temperature on mass loss for various heating rates in air an air 

atmosphere 

It can be seen that a slow heating rate facilitates the sulphation reactions as the largest mass gain 

is associated with the 2k/min heating rate, allowing for the reactions to reach equilibrium. As the 

heating rate increases sulphation reactions are limited due to reduced kinetic factors resulting 

from the complex gas interactions occurring. This indicates that oxidation reactions are 

kinetically favourable in comparison to sulphation reactions. Static bed experimentation will 

produce different results as the sample will quickly heat to a set temperature and then react 

isothermally; this heating rate will not be controllable and therefore will not be considered as a 

variable. TG-DTA w/ EGA is a valuable research tool, but the gas interactions between the solid 

sample and the reaction atmosphere is neither ideal, nor representative of static bed or fluidized 
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bed reactions. Therefore scaling up to a bench scale horizontal tube furnace static bed roasting 

experiment with controlled oxygen and sulphur dioxide inputs is necessary. 

The results of preliminary static bed investigations combined with previous literature, 

thermodynamic modeling and TG-DTA w/ EGA experimentation indicated that an operating 

window from 400 and 800
o
C at an oxygen addition between 0 and 21% and sulphur dioxide 

additions between 0 and 25% would be investigated. The results of these preliminary 

investigations were incorporated into the overall experiment and are discussed in the section 5.2. 

Furthermore, retention time and sample charge was investigated as outlined in Appendix A. 

Unless specified otherwise, a sample mass of one gram, at a retention time of 60 minutes, was 

utilized in all of the static bed experiments. 

Kinetic studies were performed during the agitated diagnostic leach tests as outlined in Appendix 

A. Figure 30 shows an example of the kinetic tests performed; a retention time of 12 hours for 

each leach test was selected based on these results. 
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Figure 30: Preliminary studies for diagnostic leach experimentations 

The majority of the metal recovery in solution occurs during the initial few hours, especially for 

copper and arsenic extraction. However, iron extraction increases with increasing leach time due 

to the production of slightly soluble amorphous hematite. Practical application would require 

short leach intervals (1-6 hours) which would result in reduced iron extraction, however copper 

and arsenic extraction rates would be negligibly changed. Based on this analysis, a leach interval 

of 12 hours was established for all diagnostic leach tests in order to further investigate iron 

solubility.  

5.2 Effect of Temperature on Sulphation Roasting in Air 

The first static bed roasting tests on the enargite concentrate were performed using air as the inlet 

gas and investigated the effect of temperature. Figure 31 displays the effect of temperature on the 

calcine mass and amount of arsenic volatilized. Arsenic volatilization represents the amount of 

arsenic that is removed from the calcine during heating. Thermogravimetric analysis performed at 
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a heating rate of 2k/min is similarly displayed as determined during simultaneous thermal 

analysis.  

 

Figure 31: The effect of temperature on arsenic volatilization and sample mass in air 

The mass loss curve produced from multiple tests in the static bed furnace is very similar to the 

one produced during simultaneous thermal analysis. The static bed mass loss curve shifts to the 

left, due to differences in heating profiles, greater mass and the increased level of solid - gas 

interactions impacting the reaction rates; however the general trend remains the same.  

The static bed mass loss curve indicates that at 300
o
C, sulphides oxidize and simultaneous 

competing oxidation and sulphating reactions are occurring. The maximum sample mass occurs 

at 425
o
C indicating that both iron and copper are in the sulphate form. As the processing 

temperature increases, the sulphates form oxides; iron oxides begin to form at lower temperatures 

and copper oxides form at higher temperatures. At a processing temperature of 700
o
C the calcine 

is at its lowest mass during the process, as all sulphur has been removed from the calcine and all 
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products are in oxide form. These results were confirmed through XRD and diagnostic leaching 

results.  

The arsenic volatilization indicates that at temperatures between 300 and 425
o
C arsenic species 

are removed from the calcine. The increase in volatilization between 300 and 475
o
C is due to the 

increased oxidation of enargite allowing for arsenic to become mobile. At processing 

temperatures between 475 and 575
o
C a window of arsenic retention occurs. Arsenic is retained in 

either an oxide or arsenate in the calcine which corresponds to the previous literature and 

thermodynamic analysis outlined in section 2.5.1. Arsenic compounds form less favourably in the 

calcine as processing temperatures increase beyond 575
o
C causing enargite to decompose instead 

of oxidize. At 700
o
C nearly 100% of the arsenic is rapidly volatilized, indicating that few arsenic 

products are able to form in the calcine. These experimental results support the work performed 

by Chakroborti & Lynch (1983) and Brown et al (1990) which suggested that the system must be 

pressurized in order to retain arsenic in the calcine at high temperatures. 

The volatilized arsenic condensed outside of the furnace and was subsequently collected. XRD 

analysis was conducted on this volatilized product as displayed below in Figure 32. 
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Figure 32: The XRD pattern of the volatilized arsenic product 

XRD analysis indicates that the only crystalline material in the sample is arsenic trioxide (As2O3). 

The volatilized product was collected at both low temperatures (400 – 550
o
C) and at high 

temperatures (650 – 750
o
C), yielding the same results. The high count rate of the XRD pattern at 

low angles indicates that part of the condensed product is amorphous; this is similarly noted in 

Appendix B. During the preparation for XRD analysis, a gel-like substance had begun to form 

further suggesting that arsenic pentoxide is produced and reacts with moisture from the air 

forming H3AsO4 and 3As2O5·5H2O as described by Mellor (1929). It is likely that under highly 

oxidizing conditions and high temperatures, a arsenic pentoxide product forms in the off-gas 

stream. This would be favourable for the production of scorodite from the resultant weak acid 

scrubbing solution since arsenic would not need to be oxidized to its pentavalent state.  

The results from diagnostic leach tests on calcines produced with air as the inlet gas have been 

presented in Table 18. 
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Table 18: Diagnostic leach test results for calcines produced at varying temperatures, in air 

 

The effect of processing temperature on copper extraction during diagnostic leaching from 

calcines produced in an air atmosphere is shown below in Figure 33. Copper extraction is based 

on comparing ICP diagnostic leach results with analysis obtained from digestion and subsequent 

ICP analysis of the calcine. Water soluble extraction is determined by analyzing the solution that 

is produced when leached in water for 12 hours; weak and strong-acid solubility are similarly 

determined.   

 

Figure 33: The effect of roasting temperature on copper extraction, based on diagnostic 

leach tests of a calcine produced in an air atmosphere 

Temp 
oC Water

Weak 

Acid

Strong 

Acid Water

Weak 

Acid

Strong 

Acid Water

Weak 

Acid

Strong 

Acid

Arsenic 

Removal

300 21.79% 54.82% 61.46% 0.29% 15.88% 16.66% 0.00% 28.68% 29.92% 26%

350 44.23% 82.26% 87.54% 0.19% 18.61% 19.96% 0.00% 69.49% 72.60% 48%

425 78.25% 89.92% 94.74% 4.20% 27.53% 84.78% 0.00% 70.51% 89.55% 48%

500 62.65% 78.44% 87.30% 0.84% 14.18% 59.25% 0.17% 71.63% 99.76% 11%

550 57.99% 83.80% 92.40% 0.01% 8.58% 33.69% 0.00% 75.54% 96.40% 7%

600 52.14% 87.29% 94.16% 0.01% 4.69% 24.60% 0.03% 74.70% 87.23% 57%

650 21.32% 77.04% 86.45% 0.00% 3.05% 19.43% 0.00% 66.55% 77.14% 83%

700 0.44% 79.05% 104.70% 0.00% 2.37% 51.16% 93%
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The increase in processing temperature between 300 and 425
o
C, results in increased copper 

extraction. Enargite and chalcocite undergo varying levels of oxidation into copper oxide and 

subsequently sulphation to copper sulphate at these processing temperatures. XRD analysis 

indicates that copper sulphate is the primary water-soluble component of the calcine. The 

formation of the intermediate reaction products copper oxysulphate, copper oxide, and copper 

arsenate, leads to the increase in copper extraction in weak acid. At high temperatures, the slight 

increase in copper extraction in strong acid is due to additional copper oxide extraction from the 

complete decomposition of enargite and covellite. At temperatures above 700
o
C, it is expected 

that copper ferrite begins to form significantly reducing the weak-acid soluble copper extraction. 

The XRD analysis indicates that at 300
o
C, non-soluble copper products are primarily in the form 

of enargite and chalcocite. At 425
o
C sulphides have primarily oxidized, although some 

chalcopyrite (CuFeS2) and tennantite (Cu12As4S13) remain. Maximum copper sulphate formation 

is achieved at 425
o
C, between 425 and 600

o
C copper oxide formation becomes increasingly 

favourable. At temperatures above 425
o
C, chalcopyrite, tennantite and bornite (Cu5FeS4) 

constitute the insoluble copper product. At processing temperatures above 600
o
C, copper oxides 

form preferentially over copper sulphates significantly decreasing the water soluble copper 

extraction. Since copper oxide is soluble in weak acid, copper recoveries of up to 95% are 

achieved, indicating favourable processing results for the extraction of copper under the 

optimized conditions. 

Figure 34 displays the effect of processing temperature on iron extraction from the calcine 

produced in an air atmosphere. 
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Figure 34: The effect of roasting temperature on iron extraction, based on diagnostic leach 

tests of a calcine produced in an air atmosphere 

In general, iron in the form of either ferric sulphate (Fe2(SO4)3) or ferrous sulphate (FeSO4) is 

soluble in water. As discussed in section 2.5.1, ferrous sulphate will form at low temperatures and 

as processing temperature increase, ferric sulphate and subsequently hematite will prevail. At 

higher temperatures, strong acid copper ferrite forms. The formation of hematite occurs at 

intermediate temperatures; however it is believed to be largely amorphous and becomes more 

crystalline with increasing temperatures. Amorphous hematite is slightly acid soluble while 

crystalline hematite is insoluble. 

At processing temperatures below 425
o
C pyrite is undergoing various levels of oxidation and the 

weak acid soluble iron content is in the form of amorphous hematite. XRD analysis indicates that 

at 425
o
C and below the non-soluble iron products are in the form of pyrite. The XRD pattern of 

the calcine produced at 425
o
C is displayed in Figure 35. 
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Figure 35: The XRD pattern of a sample produced at 425
o
C in air 

At 425
o
C, copper sulphates are the primary species in the calcine; the formation of hydrated 

copper sulphate is due to water used in the XRD mounting procedure. Soluble iron extraction is 

maximized at this temperature; the water soluble extraction is due to the formation of iron 

sulphates, while the weak and strong-acid extraction corresponds to amorphous hematite. 

However, these compounds are not present in XRD analysis due to the low concentration of iron 

sulphate and the amorphous nature of hematite formation. The production of iron sulphate is 

significantly less than expected based on the thermodynamic results; the favourable production of 

iron oxide has been suggested by Arriagada & Osseo-Asare (1982). Figure 30 and the additional 

results displayed in Appendix A show that with increased acid leaching times iron extraction 

from amorphous hematite improves. This indicates that the dissolution of amorphous hematite is 

limited kinetically. As temperatures increase, amorphous hematite becomes increasingly 

crystalline and insoluble, until 650
o
C when the iron content in the calcine is largely insoluble, 

although some hematite remains soluble in strong-acid. XRD analysis displayed in Appendix A 
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similarly indicates that hematite is the primary product at processing temperatures of 425 – 650
o
C 

and that the produced calcine becomes more crystalline as the processing temperature increases. 

Ferric arsenate formation in the calcine also accounts for the additional strong-acid soluble iron 

content. At temperatures above 650
o
C, the strong-acid solubility of iron increases drastically 

while the water and weak-acid soluble components are unaffected. This sudden increase is due to 

the high temperature formation of copper ferrite, which occurs when hematite is in the presence 

of copper oxide. The relatively insoluble iron content above 600
o
C is ideal as it will allow for the 

separability of copper and iron during leaching. Coincidentally, the acid soluble iron content 

produced at temperatures below 550
o
C is particularly useful for the fixation of arsenic as 

arsenical ferrihydrite or scorodite in the effluent plant.  

The arsenic extraction from a calcine produced at varying temperatures in an air atmosphere is 

displayed below in Figure 36. 

 

Figure 36: The effect of roasting temperature on arsenic extraction, based on diagnostic 

leach tests of a calcine produced in an air atmosphere 
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From the diagnostic leach results it can be determined that the arsenic does not exist in the calcine 

as arsenic trioxide nor arsenic pentoxide, due to the low water soluble extraction. These results 

indicate that cupric arsenate is readily weak acid soluble and ferric arsenate accounts for the 

strong-acid soluble arsenic content.  

Determining arsenic species through XRD analysis was possible, however uncertain in the 

author’s opinion. Energy-dispersive X-ray spectroscopy (EDS) was utilized in combination with 

the diagnostic agitated leach results and XRD to provide qualitative analysis of the arsenic 

compounds. Analysis of the calcine indicates that arsenic primarily exists as enargite at 300
o
C, 

while the 30% acid soluble component is likely due to the formation of arsenates. Between 350 

and 425
o
C, cupric arsenate, ferric arsenate and tennantite form. The results indicate that the 

calcine when processed between the temperatures of 425 and 650
o
C consists of approximately 

70% cupric arsenate, and 30% ferric arsenate and minor amounts of enargite and calcium 

arsenate. As the processing temperature increases the strong acid soluble component of the 

calcine becomes more crystalline and slightly more insoluble. The formation of arsenic products 

in the calcine was reviewed in section 2.5.1 and these results support conclusions made by 

Chakraborti & Lynch (1983) regarding the favourable formation of arsenates over arsenic 

pentoxide. The formation of cupric arsenate over ferric arsenate is supported thermodynamically 

and is also likely to be kinetically favourable due to the close proximity of the copper and arsenic 

species together in enargite, in comparison to iron which largely exists as pyrite. 

The copper extraction is high in water and only increases minimally with the addition of weak-

acid at low temperatures despite the significant quantity of copper arsenate; this discrepancy is 

reduced as temperatures increase. It is believed that some copper arsenates produced at low 
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temperatures (425-550
o
C) dissolve into the very weak-acid created by copper sulphates during 

water leaching. The arsenic in solution then reacts with ferric sulphate precipitating ferric 

arsenate, as outlined in the following equation.  

                                                      5-3 

This reaction is less favourable as processing temperatures increase as the iron species available 

to precipitate out arsenic are reduced and copper arsenate becomes more crystalline and insoluble 

in very weak-acid. This reaction could also occur in the weak-acid however this is limited due the 

low quantity of soluble iron species.  

SEM and XRD analysis similarly suggests that copper and iron arsenates are formed. However, it 

is possible that some arsenic oxide undergoes a similar reaction in the pregnant leach solution. 

Electron microprobe analysis (EMPA) and subsequent wavelength-dispersive X-ray spectrometry 

(WDS) analysis was performed as shown in Figure 37. The colour scale used in the four images is 

not a quantifiable representation of the actual elemental composition. 
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Figure 37: Electron microprobe analysis of an arsenic compound, as a thin section, in a 

calcine processed at 700
o
C in a 16% O2 and 25% SO2 atmosphere. 

From the displayed WDS mapping images, the following observations can be made. Arsenic 

occurs in the presence of primarily copper but also iron, however not both at the same time. 

Arsenic does not occur in the presence of sulphur. Oxygen data was similarly recovered however 

it is not particularly useful as oxygen is present in all of the indicated particles. Therefore, EMPA 

analysis confirms that arsenic is in the form of copper or iron arsenates; this conclusion is in 

agreement with the previous analysis.  

Unfortunately, these EMPA results could not be duplicated at lower temperatures. Due to the 

beam and spatial resolution, particle size is of particular importance and the agglomeration of 

particles at 700
o
C was essential in order to provide a working surface for WDS analysis. 
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Meanwhile due to the high levels of volatilized arsenic, these compounds were very sparsely 

distributed and difficult to find. Qualitative EDS analysis performed on the EMPA and SEM 

verified that at low temperatures, arsenic is present with copper, iron and oxygen in similar ratios 

indicating copper and iron arsenates formation.  

Arsenates are generally stable at high temperatures and therefore it is unlikely that they form as 

intermediate products. Highly oxidizing conditions prevent the decomposition of cupric arsenate 

once formed, while ferric arsenate decomposes at temperatures in excess of 900
o
C.  

The arsenic extraction results for the sample produced at 700
o
C have been omitted based on the 

low initial arsenic content in the calcine, due to volatilization. The arsenic content was low; 

therefore the sample error in these diagnostic agitated leach tests was approximately equal to the 

assay value. Since arsenic volatilization is of primary concern at these temperatures further effort 

into reducing this sample error in order to gain more accurate results was unnecessary. The 800
o
C 

calcine was not subjected to diagnostic agitated leach tests due to sample size and experimental 

limitations. This sample would behave very similarly to the 700
o
C calcine based on similarities in 

sample mass and arsenic volatilization. However, this sample would experience higher levels of 

ferrite formation resulting in lower water soluble copper and higher strong-acid soluble iron 

recoveries. 

5.2.1 Solubility of Copper, Iron, and Arsenic Species in the Calcine 

Based on the results presented in section 5.2 in combination with the literature review presented 

in section 2.5.1, a summary of the solubility of the expected calcine products was produced as 

displayed in Table 19.  
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Table 19: The water, weak-acid and strong-acid solubilities of the calcine products 

Mineral phase in the calcine Solubility 

Copper sulphate (CuSO4) Water soluble 

Copper oxysulphate (CuO·CuSO4) Weak acid soluble 

Copper oxide (CuO) Weak acid soluble 

Copper ferrite (CuO·Fe2O3) Strong acid soluble 

Iron sulphate (Fe2(SO4)3) Water soluble 

Amorphous hematite (Fe2O3) Slightly weak acid soluble 

Crystalline hematite (Fe2O3) Mostly Insoluble 

Arsenic trioxide (As2O3) Water soluble 

Arsenic pentoxide (As2O5) Water soluble 

Cupric arsenate (Cu3(AsO4)2) Very Weak acid soluble 

Ferric arsenate (FeAsO4) Strong acid soluble 

All sulphides Insoluble 

These solubilities have been determined semi-quantitatively through diagnostic leach test results. 

The majority of these results correspond to results in literature except for amorphous hematite and 

cupric arsenate. Hematite should be acid insoluble, but it is suggested in this research that 

amorphous weak acid soluble hematite formed at low temperatures. As temperatures increased, 

the degree of crystallinity increased for hematite, drastically reducing its solubility. Previous data 

on the solubility of cupric arsenate was not available in literature; current research suggests that 

this compound is weak acid soluble. 

5.2.2 Mass Balance of the Proposed Reaction Mechanism and Calcine Composition 

The mineralogical composition of the calcine has been determined by combining diagnostic leach 

results with data for the elemental composition of the calcine. In order to confirm the proposed 

calcine mineralogical composition, reaction mechanisms have been established for the sulphation 

roasting system. Based on the experimental results as well as the reaction mechanisms discussed 
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during the literature and thermodynamic review, the following reactions have been proposed for 

the sulphation roasting system:  

                                    
5-4 

                                  
5-5 

                          
5-6 

                         
5-7 

                
5-8 

                    
5-9 

                                              
5-10 

                                       
5-11 

                                            
5-12 

A mass balance was performed which uses equations 5-4 to 5-12 to balance the experimental 

reactants and products. A calcine produced in air at 500
o
C was utilized to perform the mass 

balance outlined in Table 20. Each row corresponds to a specific indicated equation in order to 

perform the mass balance. The calculated calcine mass is subsequently compared to the actual 

mass measured during experimentation. 
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Table 20: Mass balance based on proposed reactions of a calcine produced at 500
o
C in air 

 

The calculated and actual calcine masses are very similar for both individual species and the 

calcine as a whole. These results indicate that the methods utilized to estimate the calcine 

composition and the equations proposed based on the experimental results are appropriate. 

Copper sulphate is produced in significant quantities from four different reactions (5-4, 5-8, 5-11 

& 5-12) during sulphation roasting. This outlines the complex nature of sulphation roasting and 

indicates that one reaction cannot be targeted specifically in order to recover more copper when 

roasting within the arsenic retention window. In contrast, all other calcine products form from a 

specific reaction.  

5.3 Effect of Processing Temperature on Sulphating Conditions with Sulphur 

Dioxide Addition 

The results from diagnostic leach tests on calcines produced using a mixture of 19% O2 and 10% 

SO2 in the inlet gas, have been presented in Table 21. 

 

Reaction Enargite Pyrite Covellite CuSO4 CuO Fe2(SO4)3 Fe2O3 As2O3 (g) Cu3(AsO4)2 FeAsO4

5-8 0.84 0.84

5-9 0.80 0.80

5-6 0.03 0.01

5-7 2.80 1.40

5-4 0.08 0.25 0.04

5-11 0.48 0.71 0.24

5-12 0.20 0.20 0.61 0.20

Calculated 0.76 3.03 1.64 2.42 0.80 0.01 1.40 0.04 0.24 0.20

Actual 0.76 3.03 1.55 2.42 0.80 0.01 1.40 0.04 0.24 0.20

Actual Mass (%) 30.1% 36.4% 14.9% 38.7% 6.4% 0.5% 22.4% 0.8% 11.2% 4.0%

Total mass 94%

Actual mass 95%

Reactants (kmol/t) Products (kmol/t)
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Table 21: Diagnostic leach test results for calcines produced at varying temperatures in a 

19% O2 and 10% SO2 atmosphere 

 

The results from diagnostic leach tests on calcines produced using a mixture of 16% O2 and 25% 

SO2 in the inlet gas, have been presented in Table 22. 

Table 22: Diagnostic leach test results for calcines produced at varying temperatures in a 

16% O2 and 25% SO2 atmosphere 

 

Temp 
o
C Water

Weak 

Acid

Strong 

Acid Water

Weak 

Acid

Strong 

Acid Water

Weak 

Acid

Strong 

Acid

Arsenic 

Removal

400 73.90% 91.28% 93.38% 3.90% 22.90% 78.26% 0.38% 70.30% 96.95% 55%

500 81.95% 95.66% 103.92% 3.90% 22.90% 78.26% 0.38% 70.30% 96.95% 23%

550 89.73% 99.64% 105.28% 4.56% 16.36% 33.84% 0.38% 72.11% 89.69% 22%

600 89.68% 95.68% 97.92% 2.27% 13.72% 22.07% 0.56% 75.14% 89.63% 61%

650 94.30% 99.12% 100.54% 1.22% 6.95% 10.15% 0.00% 91.32% 112.90% 88%

750 58.97% 98.95% 103.13% 0.00% 3.75% 14.64% 0.00% 97%

Cu Fe As

Temp 
oC Water

Weak 

Acid

Strong 

Acid Water

Weak 

Acid

Strong 

Acid Water

Weak 

Acid

Strong 

Acid

Arsenic 

Removal

300 22.15% 42.63% 49.87% 0.93% 14.65% 15.22% 0.02% 13.31% 13.99% 39%

350 43.41% 70.10% 76.93% 6.83% 24.26% 24.74% 0.17% 75.05% 76.85% 69%

400 62.23% 78.30% 78.74% 20.93% 59.49% 75.73% 0.69% 80.65% 89.19% 64%

425 82.50% 90.55% 91.71% 19.99% 49.85% 95.10% 1.16% 77.42% 98.58% 67%

450 77.42% 86.01% 88.09% 14.03% 40.07% 87.29% 0.29% 80.57% 98.11% 47%

475 77.40% 86.48% 92.23% 9.49% 34.64% 85.29% 0.59% 64.65% 91.53% 30%

500 76.49% 87.92% 93.24% 5.32% 24.69% 67.00% 0.20% 77.04% 96.17% 30%

525 88.51% 99.25% 108.35% 5.44% 24.05% 69.38% 0.54% 78.12% 105.33% 34%

550 84.20% 95.61% 100.50% 5.01% 21.36% 40.39% 0.10% 78.95% 96.84% 23%

575 89.74% 94.96% 98.29% 5.51% 19.82% 35.65% 0.92% 76.30% 97.27% 67%

600 89.34% 95.43% 97.22% 5.46% 18.72% 24.31% 0.09% 92.02% 104.81% 67%

625 86.58% 90.07% 91.26% 3.75% 15.42% 26.52% 1.57% 90.85% 109.63% 84%

650 90.14% 92.63% 93.13% 2.81% 9.97% 11.83% 0.09% 94.53% 103.44% 84%

675 94.75% 95.79% 96.31% 2.18% 10.86% 20.93% 96%

700 87.25% 88.44% 88.79% 1.37% 7.79% 12.23% 98%

725 89.83% 90.32% 90.64% 1.87% 8.18% 21.92% 99%

750 96.99% 99.81% 100.40% 0.27% 5.09% 6.99% 97%

775 45.17% 84.95% 103.33% 0.04% 8.25% 64.14% 99%

800 36.78% 67.43% 92.25% 0.01% 5.86% 85.17% 99%

Cu Fe As



 

108 

 

The effect of processing temperature on the arsenic volatilization and calcine mass of a sample 

produced in a 16% oxygen and 25% sulphur dioxide atmosphere is displayed in Figure 38. 

 

Figure 38: The effect of roasting temperature on arsenic volatilization and mass change of a 

calcine produced in a 16% O2 and 25% SO2 atmosphere 

The static bed mass curve shows that at 300
o
C, mass loss has occurred likely due to the initial 

oxidation of enargite and the subsequent volatilization of arsenic trioxide. The mass increases 

with processing temperatures until a maximum is reached between 450 and 475
o
C due to the 

formation of sulphate products. As processing temperatures increase, the mass of the produced 

calcine is relatively stable; however it decreases slightly at higher processing temperatures likely 

due to the reduced production of iron sulphates and the increased arsenic volatilization. At 

temperatures above 725
o
C the calcine mass decreases significantly as copper oxides and ferrites 

form more readily than copper sulphate.  

Arsenic volatilization between 300 and 375
o
C increases with processing temperature as enargite 

increasingly oxidizes. Between processing temperatures of 375 and 475
o
C arsenic is increasingly 
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retained in the calcine as arsenates. At processing temperatures of 475 to 550
o
C a maximum 

arsenic retention window in the calcine occurs. Above 550
o
C the formation of these arsenates is 

less favourable as arsenic is preferentially volatilized into the off-gas stream. At processing 

temperatures of 700
o
C and higher, over 99% of the arsenic is volatilized. This indicates that with 

sulphur dioxide addition, processing temperatures of 475 to 550
o
C and greater than 700

o
C should 

be considered as possible conditions for optimum arsenic control.  

Figure 39 displays how processing temperature impacts the copper extraction from a calcine in a 

16% O2 and 25% SO2 atmosphere. 

 

Figure 39: The effect of roasting temperature on copper extraction, based on diagnostic 

leach tests of a calcine produced in a 16% O2 and 25% SO2 atmosphere 

At a temperature of 300
o
C, enargite is partially oxidized resulting in water soluble copper 

sulphates, weak and strong acid soluble copper oxide, as well as insoluble enargite and copper 

sulphide. As processing temperatures increase, enargite and covellite further oxidize leading to 
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increased copper extraction due to the formation of sulphates and oxides. At a processing 

temperature of 425
o
C, sulphides are fully oxidized and copper extraction is high; 80% of the 

copper exists as copper sulphate while the formation of arsenates and the presence of copper 

oxides account for the weak and strong acid soluble contents.  

As processing temperatures increase between 425 and 750
o
C, copper extraction above 80% is 

achieved. The presence of copper sulphides in the leach residue drastically decreases indicating 

that all sulphides oxidize. Significant copper sulphate production occurs within this temperature 

range although copper oxysulphate and copper oxide formation is more favourable with 

increasing processing temperatures. The maximum copper extraction occurs between processing 

temperatures of 650 to 750
o
C; approximately 90% of the copper is recovered as sulphate and 

minimal copper oxide and arsenate production occurs. XRD analysis gave no indication of the 

insoluble copper species present at high temperatures. Above 750
o
C, all copper extraction 

decreases with increasing processing temperatures. This is due to the decomposition of sulphates 

to oxides and the subsequent synthesis of ferrite from copper oxide and hematite.  

One discrepancy is noted at 750
o
C, the copper extraction is high despite the fact that the mass loss 

curve indicating that copper sulphate has decomposed. This indicates that either copper largely 

exists as copper oxysulphate which is weak-acid soluble, or that the copper oxide does not react 

with hematite at this temperature to produce copper ferrites. The high copper extraction between 

425 and 750
o
C indicates that with process optimization it is likely that high copper recovery rates 

can be achieved in an industrial process. 

The effect of processing temperature on iron extraction for a calcine produced in a 16% O2 and 

25% SO2 atmosphere is displayed below in Figure 40. 
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Figure 40: The effect of roasting temperature on iron extraction, based on diagnostic leach 

tests of a calcine produced in a 16% O2 and 25% SO2 atmosphere 

The extraction of iron values increase with processing temperatures from 300 to 425
o
C. In this 

temperature range water soluble iron indicates that the formation of iron sulphates, weak and 

strong acid soluble content is due to amorphous hematite, while crystalline hematite and pyrite 

are the insoluble iron species. Maximum iron sulphation rates are achieved at a temperature of 

425
o
C where 20% of the iron content is recovered in water from iron sulphate while the 

remaining iron is recovered in weak and strong acid from amorphous hematite. Ferric arsenate 

forms in minor quantities at temperatures between 425 and 650
o
C, accounting for some strong 

acid iron extraction. At processing temperatures beyond 425
o
C iron sulphate and amorphous 

hematite formation is less favoured as insoluble crystalline hematite is increasingly produced. 

At processing temperatures between 650 and 750
o
C over 80% of iron exists as crystalline 

hematite. At this temperature range the production of iron sulphate is negligible and amorphous 
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hematite production is reduced. Beyond 750
o
C, the production of iron sulphate remains minimal 

however the crystalline hematite that is formed reacts with copper oxide to form copper ferrite. 

Copper ferrite dissolution accounts for the significant increase in strong-acid iron extraction at 

temperatures above 750
o
C. The high insoluble iron content above 650

o
C allows for ideal copper 

and iron separability. Reduced processing temperatures can be utilized to produce iron in solution 

which is used to fix arsenic as arsenical ferrihydrite or scorodite.  

The arsenic extraction from a calcine produced at varying temperatures in a 16% O2 and 25% SO2 

atmosphere, is displayed below in Figure 41. 

 

Figure 41: The effect of roasting temperature on arsenic extraction, based on diagnostic 

leach tests of a calcine produced in a 16% O2 and 25% SO2 atmosphere 

The arsenic results are very similar to those discussed previously in Figure 36 for a calcine 

produced in an air atmosphere. The presence of arsenic oxides in the calcine was not considered 

due to EMPA results; the weak and strong-acid solubility suggests that arsenates form. 
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5.4 Calcine Amenability to Leaching 

Energy-dispersive X-ray spectroscopy (EDS) analysis of the calcine was utilized to assess the 

species that form during sulphation roasting. Due to the small particle size of the enargite 

concentrate, this method was largely unreliable. EDS could occasionally be used on larger 

particles to determine a qualitative assessment of the composition. However, XRD and diagnostic 

leaching tests proved to be more reliable analytical techniques. An example of the SEM images 

utilized during EDS analysis is displayed in Figure 42. 

 

Figure 42: Thin-section SEM image of a calcine produced at 500
o
C in a 6% O2 and 70% 

SO2 atmosphere 

In this case the particle size was too small in order to perform spot EDS analysis, however a bulk 

area could be analyzed. The lighter coloured particles are an indication of iron and the darker 

shaded particles signify copper, assuming they are both at the same depth. Silica can also be 
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distinguished due to its distinctive smooth surface and as expected is seemingly inert. The calcine 

is largely porous and therefore very amenable to leaching. 

Scanning electron microscope (SEM) images of the calcine product at varying temperatures are 

displayed below in Figure 43.  

 

Figure 43: SEM images of the as-received sample and calcines produced at 600, 700 and 

800
o
C 

In the ‘as received’ sample the enargite concentrate appears to have a wide range of grain shapes 

and sizes. A distinct difference is noted when the sample is processed at 600
o
C; particles have 

broken down during oxidation, decomposition and subsequent sulphation, and now are of a 
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relatively uniform size. These calcines are also quite porous and thus very amenable to leaching 

activities. At 700
o
C the particles begin to sinter and form larger particles. At 800

o
C sintering is 

similarly occurring and the particles become more rounded. It was difficult to analyze the 

increase in crystallinity of the hematite as the temperature increases, since all of the samples 

formed at low temperatures look similar and very porous. Thin-section scanning electron 

microscopy was additionally utilized in order to investigate the particulate sintering behavior as 

displayed in Figure 44. 

 

Figure 44: Thin-section SEM images of calcines produced at 600 and 700
o
C in a 16% O2 

and 25% SO2 atmosphere 

These comparative images further demonstrate the effect of increasing temperatures on sintering 

as previously outlined in Figure 43. At 600
o
C the sample is very porous while at 700

o
C sintering 

is significant. However at 700
o
C this has a minimal impact on sample leachability since copper 

sulphate is still a primary species and is easily leached. Hematite is unable to encapsulate the 

copper sulphate as it is very soluble. The sintering of the calcine begins to negatively impact 

leachability at temperatures above 750
o
C as displayed by the decrease in copper extraction in 

Figure 39. This is due to the decomposition of the very soluble sulphates to oxides. The sintering 
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of oxide products allows for insoluble iron oxides to limit the leaching of the more soluble copper 

oxides. Similarly, sintering of the product is very deleterious to the recovery of precious metal 

values.  Iron oxide encapsulation of gold and silver will significantly reduce the recoveries from 

cyanidation.  

Thin-sections of the calcines were investigated by EMPA to determine the mechanism of 

oxidation and sulphation during roasting. EMPA images with corresponding EDS analysis are 

displayed below in Figure 45 and Figure 46. 
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Location Compound identity 

1 Copper Oxide 

2 Copper Oxide + Copper Sulphate 

3 Copper Oxide + Iron Oxide 

4 Quartz 

5 Feldspar + Some Copper Sulphate 

Figure 45: EMPA imaging and EDS analysis of a calcine produced at 600
o
C in a 16% O2 

and 25% SO2 atmosphere 
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Location Compound Identity 

1 Hematite 

2 Copper Sulphate 

3 Hematite + Copper Sulphate 

4 Quartz 

5 Calcium Sulphate 

Figure 46: EMPA imaging and EDS analysis of a calcine produced at 700
o
C in a 16% O2 

and 25% SO2 atmosphere 

These figures, along with Figure 44, show that for both the porous and the sintered samples, the 

solid-state reaction is not an issue. The shrinking-core model is not followed as unreacted core 

particles are not observed, indicating full particle conversion. Various particles are seemingly 

randomly distributed; large clusters of a single species or distinct phases are not observed. This 

indicates that the reactions are going to completion and also that diffusion processes are not rate 

limiting. 
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5.4.1 Investigation of the Leach Residue 

The leach residue obtained after diagnostic leaching was recovered for subsequent analysis. XRD 

analysis of a sample produced at 600
o
C is shown in Figure 47. 

 

Figure 47: The XRD pattern of the leach residue of a calcine produced at 600
o
C in air 

The analysis indicates that the leached calcine residue is primarily hematite with some quartz. 

This is in agreement with previous thermodynamic and experimental results. All other leach 

residues produced similar XRD results. The only exceptions to this were samples below 400
o
C 

which contained sulphides which had yet to completely oxidize. In these cases enargite, covellite, 

tennanite, chalcopyrite and pyrite were present. Leach residues for calcines produced at 

temperatures above 750
o
C likely contained encapsulated copper oxide values; however XRD 

could not determine this due to low surface concentrations. Aqua regia digestion was performed 

on these residues in order to provide a mass balance for these results as discussed in Appendix C. 
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SEM analysis of the leach residue was performed in order to investigate the possibility of 

recovering precious metals from the calcine. SEM images of the gold and silver particles are 

displayed below in Figure 48.  

 

Figure 48: Scanning Electron Microscope imaging of gold and silver particles in the leach 

residue, produced in a 16% O2 and 25% SO2 atmosphere at 400 and 500
o
C, respectively 

Both of these leach residues were prepared from calcines produced in a 16% oxygen and 25% 

sulphur dioxide atmosphere, at temperatures of 400 and 500
o
C, respectively. The bright areas 

correspond to precious metal values as determined through spot EDS analysis. The relatively free, 

non-encapsulated nature of these particles indicates that they will likely be amenable to 

cyanidation. Similar observations have been made on leach residues at temperatures up to 700
o
C 

in various atmospheres, indicating that a significant amount of the precious metals could be 

recovered even at high roasting temperatures.  

5.5 Effect of Sulphur Dioxide (SO2) Partial Pressure 

In order to study the effect of sulphur dioxide partial pressure on the proposed sulphation 

reaction, tests were performed at different inlet gas mixtures of 0%, 10% and 25% sulphur 

dioxide corresponding to oxygen contents of 21%, 19% and 16%, respectively. The results 
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displayed for 0% and 25% sulphur dioxide have been previously discussed in section 5.2 in terms 

of the overall enargite concentrate sulphation reaction utilizing supporting data from XRD, SEM, 

EMPA and diagnostic leach tests. This section utilizes this analysis to make observations on how 

sulphur dioxide impacts these outlined reactions. Figure 49 shows the effect of sulphur dioxide 

partial pressure on the mass change of the enargite concentrate as a function of temperature.  

 

Figure 49: The effect of roasting temperature on sample mass for calcines produced in 

various SO2 partial pressures 

From 300 to 450
o
C, higher sulphur dioxide concentrations correspond to an increase in sample 

mass and therefore higher sulphation rates. At 0% sulphur dioxide, the sulphates begin to 

decompose at approximately 500
o
C. Similarly, at 10% and 25% sulphur dioxide the sulphates 

begin to decompose at approximately 600 and 725
o
C, respectively. A higher sulphur dioxide 

partial pressure promotes the formation of the copper and iron sulphates at higher temperatures. 

At temperatures above 600
o
C this partial pressure impact of sulphur dioxide is more pronounced. 
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The calcine mass at temperatures of 750
o
C and greater varies due to copper sulphate being stable 

at higher temperatures, at a higher sulphur dioxide partial pressure.  

The effect of change in the sulphur dioxide partial pressure on the volatilization of arsenic is 

displayed in Figure 50. 

 

Figure 50: The effect of roasting temperature on arsenic volatilization for calcines produced 

in various SO2 partial pressures 

At processing temperatures between 300 and 600
o
C it is noted that with higher sulphur dioxide 

partial pressures, slightly higher levels of arsenic volatilization occurs. This is attributed to the 

corresponding decrease in oxygen partial pressure with an increasing sulphur dioxide partial 

pressure, which facilitates the volatilization of arsenic products and reduces arsenate stability. An 

arsenic retention window between 475 – 575
o
C occurs at all levels of sulphur dioxide addition. 

Arsenic volatilization is generally unaffected by varying sulphur dioxide partial pressures at high 

temperatures. As discussed previously in section 5.2, at higher processing temperatures, when 
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arsenic volatilization is maximized, arsenic is not capable of forming arsenates. As soon as the 

enargite compound decomposes arsenic is rapidly volatilized in the form of arsenic trioxide. The 

sulphur dioxide partial pressure has no impact on this reaction.  

Figure 51 displays the sulphur dioxide partial pressure effect on copper sulphate production. 

 

Figure 51: The effect of temperature on water-soluble copper extraction for calcines 

produced in various SO2 partial pressures 

Since water-soluble copper extraction is indicative of copper sulphate production, it can be seen 

that at higher sulphur dioxide partial pressures, higher quantities of copper sulphate are produced. 

Sulphur dioxide addition is critical in achieving adequate water soluble copper extraction. In a 

0% sulphur dioxide atmosphere copper sulphate production begins to decrease at 450
o
C and more 

significantly at 600
o
C. Comparatively at 10% and 25% sulphur dioxide, a decrease in copper 

sulphate production doesn’t occur until 650 and 750
o
C, respectively. This plot similarly reflects 

the trend and analysis discussed in Figure 49 where a decrease in mass due to reduced copper 
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sulphate production begins to occur at 600 and 750
o
C, for 10% and 25% sulphur dioxide, 

respectively. 

Sulphur dioxide partial pressure has little impact on the weak and strong-acid soluble copper 

content as copper oxides are all easily digested and in most cases, the copper content has already 

been removed during water leaching.  

Figure 52 displays the water soluble iron content of the produced calcine when processed at 

varying sulphur dioxide partial pressures.  

 

Figure 52: The effect of temperature on water-soluble iron extraction for calcines produced 

in various SO2 partial pressures 

Higher sulphur dioxide partial pressures cause an increase in water soluble iron extraction which 

corresponds to an increase in iron sulphate production, over the entire temperature range. Most 

prominently, between the temperature of 350 and 500
o
C, the iron sulphate production at 25% 
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sulphur dioxide is significantly larger than that at 0% sulphur dioxide. Without the addition of 

sulphur dioxide, the production of water soluble iron is very difficult, even under highly 

sulphating conditions.The effect of sulphur dioxide partial pressure on the weak-acid iron 

solubility is not significant. 

Figure 53 displays the effect of temperature on the strong-acid soluble iron for various sulphur 

dioxide partial pressures.  

 

Figure 53: The effect of temperature on the strong-acid soluble iron extraction for calcines 

produced in various SO2 partial pressures 

The sulphur dioxide partial pressure has no effect on the strong-acid solubility of iron until 

temperatures above 650
o
C. This demonstrates that the formation of amorphous or crystalline 

hematite is entirely dependent on temperature. At 0% sulphur dioxide and 700
o
C, the increase in 

strong-acid soluble iron is due to the formation of copper ferrite, which is produced after copper 

sulphate decomposes to copper oxide. At 25% sulphur dioxide this reaction occurs at a 
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temperature of 775
o
C. Since higher partial pressures of sulphur dioxide stabilize copper sulphate 

at higher temperatures, copper ferrite formation is limited. At temperatures above 750
o
C, in 

sulphating conditions, iron is no longer primarily present as insoluble hematite.  

The effect of temperature on weak-acid soluble arsenic for various partial pressures of arsenic is 

displayed in Figure 54. 

 

Figure 54: The effect of temperature on weak-acid soluble arsenic extraction for calcines 

produced in various SO2 partial pressures 

There is no efffect of varying sulphur dioxide partial pressures on the solubility of the arsenic 

species in the calcine. Varying the sulphur dioxide partial pressure solely impacts arsenic 

volatilization and not the arsenic species that are formed in the calcine at temperatures above 

350
o
C.  
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Selected results displaying the effect of sulphur dioxide on sulphation in the calcine is presented 

in Table 23. Copper and iron sulphation values are based on water soluble diagnostic leach 

experimentation.  

Table 23: Key results indicating the effect of sulphur dioxide addition in the calcine 

 

At a 0% sulphur dioxide addition, both copper and iron sulphation maximums occur at 425
o
C. As 

the sulphur dioxide addition increases the maximum level of copper sulphation increases at a 

higher and wider temperature range. Iron extraction is maintained at low levels at these optimal 

conditions for copper sulphation. As sulphur dioxide addition increases, the maximum level of 

iron sulphation increases moderately at the same but wider temperature range. The copper 

extraction is largely uninfluenced at optimum iron sulphation conditions.  

Selected results for the optimum operating conditions to achieve high levels of copper extraction 

have been outlined in Table 24. 

  

SO2 O2 Temp oC Copper (%) Iron (%) Temp oC Iron (%) Copper (%)

0 21 425 78 4 425 4 78

10 19 550-650 90-94 1-5 400-500 4 73-82

25 16 525-750 84-97 0-5 400-425 20-21 62-83

Inlet Gas (%) Maximum Copper Sulphation Maximum Iron Sulphation
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Table 24: Selected results for operating conditions resulting in high copper extraction 

 

These results indicate that a variety of different conditions can be utilized to effectively extract 

copper from the calcine after sulphation roasting. Increasing the sulphur dioxide addition allows 

for a broader range of roasting conditions allowing for greater control over arsenic volatilization 

and the iron to arsenic ratio. However, the increase in sulphur dioxide addition from 10 to 25% 

has an insignificant impact on copper recovery. The acid strength during the leach can be 

carefully controlled to optimize leaching conditions to maximize copper extraction while 

maintaining conditions to fixate arsenic. 

Reaction atmosphere 16% O2 -25% SO2

Temperature (
o
C) 600 700 500 550 750 550

Species Mass (%) Mass (%) Mass (%) Mass (%) Mass (%) Mass (%)

CuSO4 32% 0% 51% 55% 36% 52%

CuO 13% 24% 5% 3% 12% 4%

CuO·Fe2O3 0% 20% 0% 0% 1% 0%

Fe2(SO4)3 0% 0% 2% 3% 0% 3%

Fe2O3 23% 10% 22% 22% 23% 22%

As4O6 (g) 4% 7% 2% 2% 7% 2%

As in calcine

Cu3(AsO4)2 5% 1% 10% 10% 0% 10%

FeAsO4 2% 0% 3% 3% 0% 3%

Copper 87% 79% 96% 100% 99% 96%

Iron 5% 2% 23% 16% 4% 21%

Arsenic off-gas and calcine 89% 67% 72% 73% 70% 79%

Sulphur retained for 

recycling or sale 100% 100% 98% 100% 100% 99%

Soluble Iron:Arsenic molar 

ratio 0.21 0.14 1.25 0.89 0.21 1.07

Copper 94% 100% 100% 100% 100% 100%

Iron 25% 51% 78% 34% 15% 40%

Arsenic off-gas and calcine 95% 90% 97% 90% 100% 97%

Sulphur retained for 

recycling or sale 100% 88% 78% 95% 100% 93%

Soluble Iron:Arsenic molar 

ratio 1.03 2.26 3.19 1.49 0.58 1.65

Metal Extraction in Strong Acid

Metal Extraction in Weak Acid

19% O2 - 10% SO221% O2
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5.6 Effect of Simultaneously Varying Sulphur Dioxide (SO2) and Oxygen (O2) 

Partial Pressure 

In order to assess the implications of varying the partial pressures of both sulphur dioxide and 

oxygen simultaneously the pSO2/pO2 ratio was varied. The pSO2/pO2 ratios correspond to the sulphur 

dioxide, oxygen and nitrogen contents as outlined in Table 25. 

Table 25: The SO2, O2 and N2 compositions that correspond to the specified pSO2/pO2 ratios 

pSO2/pO2 SO2 Content Oxygen Content Nitrogen Content 

0.17 10% 60% 30% 

0.56 10% 18% 72% 

1.33 40% 30% 30% 

1.67 25% 15% 60% 

11.67 70% 6% 24% 

 

It should be noted that oxygen enrichment is utilized to modify the pSO2/pO2 ratio, therefore some 

discrepancies may arise due to the influence of the partial pressure of nitrogen. This adjustment 

primarily impacts the interpretations of the calcines produced with pSO2/pO2 ratios of 1.33 and 

1.67. 

Figure 55 displays the effect of the pSO2/pO2 ratio on arsenic volatilization at 500 and 600
o
C. A 

logarithmic scale has been utilized in order to graphically display the pSO2/pO2 ratio 

representatively. 
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Figure 55: The effect of the pSO2/pO2 ratio on arsenic volatilization for calcines produced at 

500 and 600
o
C 

As the pSO2/pO2 ratio increases the amount of arsenic volatilized increases. This agrees with the 

fundamental theory behind the partial roasting of enargite concentrates where low oxygen 

reaction atmospheres are utilized to maximize the amount of arsenic volatilization.  

As previously displayed in Section 5.3, varying the sulphur dioxide partial pressure influences 

specific reactions such as the temperature of formation and decomposition of sulphates. A 

variation of the pSO2/pO2 ratio has similar influences and largely impacts samples in a way that can 

be generalized. Agitated diagnostic leach tests, as displayed in Figure 56 for iron at 500
o
C, were 

utilized to interpret the impact of the pSO2/pO2 ratio. 
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Figure 56: The effect of the pSO2/pO2 ratio on iron recovery, based on diagnostic leach tests of 

a calcine produced at 500
o
C 

As the pSO2/pO2 ratio increases, iron sulphate formation increases. Higher pSO2/pO2 ratios produce 

more sulphating gas and therefore additional sulphates due to increased sulphur trioxide 

production. Results for copper, iron and arsenic, displayed in Appendix B, were determined for 

calcines produced at temperatures of 500 and 600
o
C and led to similar conclusions. As the 

pSO2/pO2 ratio increases, sulphate formation increases; the arsenic values are largely unaffected. 

The discrepancy at pSO2/pO2 ratios of 1.33 and 1.67 is due to difference in the nitrogen partial 

pressure, not the pSO2/pO2 ratio. 

Achieving pSO2/pO2 ratios greater than 1.67 would be impractical due to the large sulphur dioxide 

partial pressure required unless the partial pressure of oxygen was limited such that sulphating 

conditions are no longer feasible.  
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Chapter 6: Industrial Implementation and Economic Analysis 

6.1 Process Flowsheet 

Based on the experimental results, two distinct optimum operating conditions exist. A calcine can 

be produced between 450 - 750
o
C under sulphating conditions where high levels of copper 

extraction and arsenic fixation can be achieved through subsequent hydrometallurgical processes. 

However, arsenic did not behave as initially expected as it either volatilized or formed copper 

arsenate, rather than ferric arsenate in the calcine. Based on the proposed calcine composition, a 

more detailed process flowsheet has been developed as outlined in Figure 57. 

Sulphation Roast

Enargite 

Concentrate

Acid Vat Leach 

(Approx. 10-50g/L)

Calcine

Cyanidation - CIP

PLS

PLS

Solvent Extraction

Carbon Stripping, 

Refining

Gold/ 

Silver

Cyclones & 

Electrostatic 

Precipitator

Dusts

Off-gas
Wet-gas Scrubber Acid Plant

H2SO4 for 

market

Neutralization 
(atmospheric scorodite 

process) 

Electrowinning

Leach 

Residue

Wet-gas scrubber bleed

Low As 

off-gas

Cu 

Cathode

Dust free 

off-gas

H2SO4

Spent electrolyte

Cu 

RaffinatePLS

Scorodite Leachate 

(neutralized)

Lined Tailings 

Pond

Leach 

Residue

 

Figure 57: Detailed proposed process flowsheet 
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At lower operating temperatures, copper sulphate, iron sulphate, hematite and copper and iron 

arsenates are all expected to form in the calcine, while some arsenic is volatilized. At higher 

operating temperatures, copper sulphates are converted into oxy-sulphates, and hematite 

formation becomes more favourable than iron sulphate, while arsenic is largely removed from the 

calcine through volatilization. All the dust in the off-gas will be recycled back to the fluidized bed 

and a wet-gas scrubber will be utilized to remove any volatilized arsenic. The remaining off-gas 

will contain high amounts of sulphur dioxide which can be converted into sulphuric acid in the 

acid plant.  

After sulphation roasting under the optimum conditions, the process will utilize sulphuric acid 

from the acid plant, SX leachate or spent electrolyte, to perform a 10-50g/L acid leach to ensure 

that all the copper values are recovered. Arsenic in the form of copper arsenate will be leached 

and will need to be fixed in an effluent treatment plant along with arsenic in the wet-gas scrubber 

bleed solution; any ferric arsenate will remain in the leach residue. The free acid dosage will be 

managed to ensure that enough ferric ions will be leached from the calcine to maintain a 1:1 iron 

to arsenic ratio in the pregnant leach solution, while the remaining iron will consist of hematite in 

the leach residue. A 1:1 iron to arsenic ratio is required in the pregnant leach solution in order to 

perform the atmospheric scorodite process to fix arsenic as described in section 2.6.3. Scorodite 

will be removed during solid/liquid separation and the neutralized pregnant leach solution will 

undergo SX/EW to produce a copper cathode. The raffinate from SX would be recycled back into 

the leaching process with part being bled to heap leaching or neutralized and disposed of in lined 

tailings ponds. The weak-acid leach residue will be washed and filtered before being subjected to 

cyanidation in order to recover gold and silver. The cyanidation leach residue, as well as the 
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arsenic fixed as scorodite and the neutralized leachate will all be disposed of in lined tailings 

ponds.  

6.2 Heat Balance 

Two calcine products have been selected to further investigate the industrial implementation of 

the proposed process flowsheet. Selected data from the heat balance investigation has been 

provided in Table 26. The calcine compositions of samples produced in a static bed roaster at 500 

and 750
o
C in a 19% oxygen and 10% sulphur dioxide atmosphere have been utilized in these 

calculations, which are further outlined in Appendix D. It is assumed that the roaster operates 

with 10% excess oxygen. 
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Table 26: Key results from the mass and heat balance of two selected calcine compositions 

 

While both of these calcines allow for high levels of copper extraction and arsenic fixation some 

significant operating issues exist. The calcine produced at 500
o
C contains high levels of sulphates 

and arsenic is largely retained in the calcine as either copper or ferric arsenates; some arsenic is 

Temperature (
o
C) 500 750

Species (%) (%)

CuSO4 50.58% 36.40%

CuO 4.66% 12.22%

CuO·Fe2O3 0.00% 1.20%

Fe2(SO4)3 2.36% 0.00%

Fe2O3 21.91% 23.35%

As4O6 (g) 1.74% 7.34%

Cu3(AsO4)2 9.66% 0.38%

FeAsO4 3.44% 0.13%

Metal Recovery in Weak Acid (%) (%)

Copper 96% 99%

Iron 23% 4%

Arsenic off-gas and calcine 77% 99%

Soluble Iron:Arsenic molar ratio 1.18 0.15

Metal Recovery in Strong Acid (%) (%)

Copper 100% 100%

Iron 78% 15%

Arsenic off-gas and calcine 98% 100%

Soluble Iron:Arsenic molar ratio 3.18 0.58

Sulphur retained for recycling or sale 98% 100%

Heat Balance (per tonne of concentrate)

Process air requirements (Nm3/t) 1848 1787

Heat to be removed (Gcal/t) 635 162

Water added (mt/t) 0.81 0.17

Slurry feed (% solids) 55% 85%

Roaster off-gas flow rate (Nm3/t) 3182 2250

Off-gas Composition (%) (%)

O2 (g) 9.99% 9.96%

SO2 (g) 5.54% 8.21%

N2 (g) 52.57% 71.91%

H2O (g) 31.83% 9.55%

As2O3 (g) 0.06% 0.37%
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volatilized and recovered in the off-gas handling stream. In weak acid leaching sufficient iron can 

be recovered to maintain a 1:1 iron to arsenic molar ratio in solution to precipitate scorodite in the 

effluent plant. However, this reaction is highly exothermic and a large amount of cooling water 

would have to be fed into the roaster resulting in an approximated 55% solids slurry feed. This 

large amount of cooling water would limit the roaster’s capacity and result in downstream gas 

handling issues. For the calcine produced at 750
o
C, copper sulphate is still present while the 

remaining calcine is mostly oxides. Arsenic is primarily volatilized and recovered for fixation in 

the off-gas handling stream, resulting in a calcine containing approximately 0.2% arsenic. During 

acid leaching, copper extraction is high; however even with strong acid leaching, iron extraction 

is insufficient for atmospheric scorodite production in the effluent plant and additional ferric ions 

will need to be obtained. Similarly this reaction is highly exothermic, however a reduced amount 

of cooling water will need to be fed into the roaster at an approximated 85% solids feed, which is 

feasible. This reduced addition of cooling water significantly increases roaster capacity, while 

decreasing off-gas handling issues. Some issues may arise due to the sintering of the calcine at 

high temperatures impacting fluidizing conditions and cyanidation recoveries. Based on this 

semi-quantitative analysis, the calcine produced at 750
o
C would be more favourable than the low 

temperature product.   

Uncertainty exists surrounding the volatile arsenic product; if trivalent arsenic is produced it 

would have to undergo an additional step to oxidize it to pentavalent arsenic in order to 

precipitate out scorodite in the effluent plant. It should also be noted that the proposed off-gas 

composition is different than the conditions used in the experimental results. This discrepancy can 

impact the proposed calcine composition however this effect has not been investigated in this 

study.  
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6.3 Industrial Implementation of Sulphation Roasting 

The processing of enargite concentrates through sulphation roasting should achieve high levels of 

copper, gold and silver extraction, with the arsenic fixed in an environmentally-stable form. It is 

likely that arsenic volatilization would increase in actual practice due to a faster heat up and 

thicker reaction bed within the arsenic retention window of 475-575
o
C. The retention of arsenic 

in the calcine is preferred since gas cleaning with high arsenic off-gases is a costly process due to 

environmental and plant hygiene factors. In commercial operation, the leach conditions would be 

further optimized resulting in increased copper extraction and likely increased arsenic extraction. 

However, at typical operating parameters, the proposed roasting reaction would be exothermic 

and significant cooling would be required to maintain roasting temperatures. In order to control 

the temperature, water injection will be necessary, resulting in downstream gas handing issues 

and increased capital cost due to the reduced capacity & high roaster gas flows. Due to the low 

operating temperature and the corrosive sulphur trioxide production it would be difficult to 

recover heat from the off-gases. Furthermore, a significant amount of sulphate is produced, 

forming weak acid, which will need to be recycled on-site or neutralized. 

Due to these outlined disadvantages, it is likely that the partial roasting of enargite concentrates 

would in general be a more favourable process option than the sulphation roast, leach, 

electrowinning process. The partial roasting of enargite can similarly achieve high arsenic 

stability, with reduced capital costs and higher copper & precious metal recoveries at a lower 

process risk. Likewise, it would be expected that the Platsol process would be economically 

favourable in comparison to the proposed sulphation roast, leach, electrowinning process. 

However, it is possible that the sulphation roasting of enargite could be particularly useful in 

niche applications, specifically operations with existing copper SX/EW facilities where heap 



 

138 

 

leachable ores are diminishing. Similarly, if this process was operated in a good acid market, such 

at Northern Chile, process revenues could be increased. For example, the application of the 

sulphation roast, leach, electrowinning process at Exeter resource’s Caspiche project would be 

ideal. Similarly, if enargite concentrates needed to be processed at sites such as BHP Billiton’s 

Spence mine, Freeport McMoran’s El Abra operation, Teck’s Quebrada Blanca mine and 

Barrick’s Zaldívar operation, the sulphation roast process could be a viable alternative to current 

processes. 

6.4 Industrial Implementation of Dead Roasting 

The sulphation roasting investigation indicates that a dead roast of enargite concentrates may be a 

more attractive option. At a roasting temperature between 700 and 900
o
C, copper would largely 

be present as copper oxide and copper ferrite which are strong acid soluble. Any iron that was not 

recovered as copper ferrite would be present as insoluble hematite. It is likely that all arsenic 

would volatilize and be removed in the off-gas stream where it can be treated in an effluent 

treatment plant utilizing leached iron values to fix arsenic as scorodite. It is uncertain whether the 

arsenic volatilized would be recovered in the trivalent or pentavalent form in the wet-gas 

scrubbing solution or if enough iron would be recovered to fix arsenic as scorodite. Bed coils 

could be utilized to maintain the heat balance and it is likely that minimal water would be 

required for cooling subsequently increasing the roaster capacity. The off-gas heat could be 

recovered and all of the sulphur would be removed in the off-gas stream generating sulphuric acid 

for sale. This is a proven process used in zinc processing that could be applied to enargite 

concentrates with reduced process risk in comparison to sulphation roasting. 
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Chapter 7: Conclusions and Future Work 

7.1 Conclusions 

The sulphation roasting of an enargite concentrate has not been previously studied. Bench-scale 

sulphation roasting experimentation produced calcines from which high levels of copper 

extraction and arsenic recovery could be achieved.  

A preliminary thermodynamic study indicated that a calcine consisting of water soluble copper 

sulphate, insoluble hematite and arsenic fixed as ferric arsenate and/or scorodite was most likely. 

An experimental study of sulphation roasting confirmed most of the thermodynamic predictions 

apart from two issues. First, in the experiments the formation of iron oxide was more favourable 

than iron sulphate in contrast to the thermodynamic predictions at all temperatures; however, iron 

oxide would form as an amorphous hematite species at low temperatures. Amorphous hematite is 

slightly acid soluble and as the processing temperature increases, hematite becomes more 

crystalline and less acid soluble. Second, arsenic retention in the calcine was less than expected 

outside of the arsenic retention window at 475 – 575
o
C and was primarily in the form of copper 

arsenate.  

The experimental results displayed that at lower operating temperatures (400-550
o
C), copper 

sulphate, iron sulphate, hematite, and copper & iron arsenates formed  in the calcine, while some 

arsenic was volatilized. Enargite preferentially oxidized to form copper arsenate in the calcine 

which was soluble in very weak-acid. At processing temperatures between 475-575
o
C an arsenic 

retention window exists where greater than 80% of the arsenic is retained in the calcine as copper 

and iron arsenates. At higher operating temperatures (650-800
o
C), copper sulphates were 

converted into oxysulphates, oxides and eventually copper ferrites. Hematite formation became 
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more favourable than iron sulphate, while arsenic was largely removed from the calcine through 

volatilization as arsenic trioxide. High processing temperatures and oxidizing conditions 

increased the arsenic removal rates. Increasing the sulphur dioxide content in the reaction 

atmosphere resulted in additional sulphate formation in the calcine. Similarly, at higher 

temperatures, increased sulphur dioxide in the reaction atmosphere stabilized the copper sulphate 

species and retarded the formation of copper ferrites. The addition of sulphur dioxide had a 

minimal effect on arsenic retention. 

Arsenic in the form of copper arsenate would be soluble in a very weak-acid calcine leach and 

will need to be fixed in an effluent treatment plant, along with arsenic in the wet-gas scrubber 

bleed solution; any ferric arsenate should report to the leach residue. A wet-gas scrubber will be 

utilized to remove any volatilized arsenic and the remaining off-gas will contain high amounts of 

sulphur dioxide which can be converted to sulphuric acid in the acid plant. In a commercial 

operation, the free acid dosage will be managed to ensure that enough ferric ions will be leached 

from the calcine to maintain a 1:1 iron to arsenic ratio in the pregnant leach and wet-gas scrubber 

bleed solution, in order to perform the atmospheric scorodite process for arsenic fixation. The 

produced calcines are likely to be amenable to precious metal recovery through cyanidation. 

Two potential roaster operating windows were identified and were further investigated. In a static 

bed roaster operating at 500
o
C in an atmosphere of 19% oxygen and 10% sulphur dioxide, copper 

sulphate and amorphous iron oxide were present in the calcine and a copper extraction of 96% in 

weak acid was achieved. Most of the arsenic was retained in the calcine as copper and ferric 

arsenates while some arsenic was volatilized into the off-gas stream. At a higher roasting 

temperature of 750
o
C in an atmosphere of 19% oxygen and 10% sulphur dioxide, copper was 
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present in the calcine as sulphates, oxysulphates and oxides resulting in a copper extraction of 

99% in weak acid, while iron was largely present as hematite. Arsenic was completely volatilized 

into the off-gas stream. It was uncertain whether the volatilized arsenic would exist as trivalent or 

pentavalent arsenic in the off-gas stream; if trivalent arsenic was produced it would have to be 

oxidized prior to precipitation as scorodite. 

The heat balance of the two calcines for the two proposed process operating conditions indicated 

that a large amount of cooling water would have to be fed into the roaster due to the highly 

exothermic nature of the reactions. The addition of cooling water would limit the roaster’s 

capacity and cause downstream gas handling issues while the off-gas heat would not be 

recoverable due to the low operating temperatures and corrosive operating conditions. 

Furthermore, a significant amount of weak acid would be produced due to sulphate formation 

which would have to be recycled on-site or neutralized. 

Due to these issues with the industrial implementation of sulphation roasting of enargite 

concentrates, it is likely that partial roasting remains as the favourable option for greenfield 

processes. However, the sulphation roasting of enargite concentrates in niche applications such as 

operations with existing copper SX/EW facilities in good acid markets, has the potential to be 

economically favourable. 

7.2 Future Work 

The current work presented in this investigation demonstrates that high levels of copper 

extraction and arsenic fixation can occur during sulphation roasting operations. However, the heat 

balance and excess weak acid production will likely limit the implementation of this process in 

industry except for niche applications. This process could become more industrially attractive if 
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research was carried out into sulphation roasting in a fluidized bed and if dead roasting conditions 

were investigated.  

7.2.1 Fluidized Bed Roaster Experimentation 

Fluidized bed experimentation is essential to build on the results provided through static bed 

roasting and diagnostic leaching experiments. Specifically, operating conditions between 475-

575
o
C without sulphur dioxide addition should be investigated. Fluidized bed roasting could lead 

to a different reaction mechanism than static bed experimentation due to the differences in 

reaction atmospheres. Particularly, increased heating rate and reaction time between the 

volatilized arsenic gas and the calcine products could result in additional arsenic retention in the 

calcine. Similarly, the speciation of volatilized arsenic is uncertain in oxidizing conditions and 

this could be easily investigated during larger scale experimentation. These larger scale tests 

would lead to the ability to perform subsequent stirred tank reactor leach tests.  

7.2.2 Investigation of Dead Roasting Conditions 

The calcines produced during static bed roasting experiments and their subsequent diagnostic 

leaching test indicated that the dead roasting of enargite concentrates is an area of future work in 

this field. Under sulphation roasting conditions issues arise due to the extremely exothermic 

reactions and high levels of weak acid produced. In dead roasting conditions these two issues are 

mitigated as heat can be removed through the roaster by utilizing bed coils and all feed sulphur 

will be captured in the off-gas stream for conversion to sulphuric acid. It is uncertain how 

amenable the calcine will be to leaching however and this area should be investigated further. 
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Appendix A –Preliminary Experimental Results 

A.1 Laser Particle Size Analysis 

The following plots display the laser particle size analysis data at designated screened fractions.  
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A.2 Representative Sampling for Static Bed Roasting Experimentation 

To check that representative sample weights are utilized in the static bed roasting and subsequent 

analysis steps the Gy’s equation is utilized (Gy 1998). Mathematically the relationship is 

expressed in equation A-1: 
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Where:  

Ws = Sample Weight required = 1g 

WL = Weight of Concentrate Recovered  

VF = Variance in fundamental error  

AL = Weight fraction of mineral  

am = Density of mineral 

ag = Density of non-mineral matrix  

f = Dimensionless factor related to particle shape  

g = Dimensionless factor related to size distribution 

b = Dimensionless factor related to mineral liberation 

d = Maximum diameter of fraction passing 95% 

 

Variables utilized and calculation results have been included in the following table. 

 

 

W L (g) A L a m a g f g b d (cm)

100 0.822 4.5 4 0.5 0.8 0.5 0.0042

W s  (95% confidence) (g)V F  (W s  = 1g)

2.58E-15 5.70E-07
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A.3 Static Bed Roasting Retention Time Experimentation 

The following plots present the static bed retention time experimental results. These tests were 

performed in order to establish an optimum retention time for experimental test work. The 

elemental compositions have been adjusted to reflect a standardized mass in order to remove the 

mass loss effect with increasing retention time. 
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A.4 Static Bed Roasting Sample Charge Experimentation 

The following plot displays static bed roaster results for varying sample charges at 500
o
C in air. 

These tests indicate that above a sample charge of one gram the static bed thickness begins to 

limit the sulphating reactions. 

 

A.5 Additional Retention Time Data for Diagnostic Leach Tests 

The following plots display diagnostic leach test results for varying calcines and leaching times. 

These tests were performed in order to establish an optimum retention time for experimental test 

work.  
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A.6 Statistical Analysis of the Raw Data 

Repeat experiments were performed during ICP analysis, static bed experimentation and 

diagnostic leach experimentation. Error analysis was performed on the following results by 

utilizing a pooled variance estimate. Data associated with very low concentrations or recoveries, 

such as arsenic extraction in water, is denoted in grey. These results were omitted since the 

calculation of relative standard error is not reflective of the actual error with a pooled variance 

estimate when there is a significant difference between sample means.   
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Test ID Cu (%)

Cu Variance 

(si
2) Fe (%)

Fe Variance 

(si
2) As (%)

As Variance 

(si
2)

D-1-4-1 24.96 18.11 4.97

D-1-4-2 26.53 20.07 5.52

D-1-4-3 26.35 0.74 19.36 0.99 5.31 0.077

D-1-6-1 30.66 21.22 2.29

D-1-6-2 28.50 2.33 21.92 0.25 2.43 0.010

D-1-11-1 28.61 19.28 3.39

D-1-11-1 27.53 0.57 21.53 2.54 3.51 0.007

D-1-14-1 28.99 23.80 2.61

D-1-14-2 30.44 22.57 2.55

D-1-14-3 29.18 0.62 22.18 0.71 2.47 0.005

DS-1-5-1 26.30 16.57 3.07

DS-1-5-2 23.11 5.07 15.50 0.58 2.92 0.011

DS-1-7-1 26.12 16.67 4.45

DS-1-7-2 23.86 2.55 16.94 0.04 4.49 0.001

SO-2-1 23.70 16.35 2.17

SO-2-2 24.58 0.39 16.10 0.03 2.25 0.003

DS-3-4-1 24.09 15.47 3.16

DS-3-4-2 23.91 15.66 3.22

DS-3-4-3 23.37 0.14 15.86 0.04 3.21 0.001

Pooled Variance sp
2

1.2646 sp
2

0.6285 sp
2

0.0180

Pooled Standard Deviation sp 1.1245 sp 0.7928 sp 0.1343

Standard Error @ 95% 

confidence SE 0.7952 SE 0.5606 SE 0.0949

Relative Standard Error @ 

95% confidence RSE 3.04% RSE 3.07% RSE 3.11%

Error associated with ICP
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Test ID Cu (%)

Cu Variance 

(si
2) Fe (%)

Fe Variance 

(si
2) As (%)

As Variance 

(si
2)

Final Mass 

(%)

Final Mass 

Variance (si
2)

DS-1-8 23.84 15.98 1.97 96.77

DS-2-4 24.02 0.02 16.92 0.45 2.09 0.01 97.23 0.11

D-1-4 25.49 18.35 4.93 93.21

D-2-4 27.98 3.10 20.54 2.41 5.02 0.00 91.89 0.87

D-1-6 29.71 22.85 2.56 84.37

D-2-6 26.83 20.36 2.08 85.07

D-3-6 28.32 2.08 22.13 1.64 3.10 0.26 82.86 1.27

DS-1-9 28.09 19.80 0.94 96.57

DS-RR-1 26.36 1.49 19.72 0.00 0.57 0.07 93.94 3.46

DS-RR-2 27.70 21.17 0.12 92.92

DS-R-2 29.13 1.02 21.42 0.03 0.17 0.00 88.16 11.32

DS-6-3 32.76 24.09 0.76 87.03

DS-R-3 28.63 8.54 23.44 0.21 0.78 0.00 90.07 4.63

Pooled Variance sp
2 2.6180 sp

2 0.9114 sp
2 0.0861 sp

2 3.2773

Pooled Standard Deviation sp 1.6180 sp 0.9547 sp 0.2935 sp 1.8103

Standard Error @ 95% 

confidence 1.3211 0.7795 0.2396 1.4781

Relative Standard Error @ 

95% confidence 4.82% 3.87% 11.56% 1.62%

Error associated with static bed experimentation and subsequent ICP analysis

Cu Recovery 

(%)

Cu Recovery 

Variance (si
2)

Fe Recovery 

(%)

Fe Recovery 

Variance (si
2)

As Recovery 

(%)

As Recovery 

Variance (si
2)

DS-1-8 Water 89.34 5.46 0.09

DS-2-4 Water 84.28 12.78 6.42 0.46 0.05 0.00

DS-1-8 Weak-Acid 95.43 18.72 92.02

DS-2-4 Weak-Acid 95.42 0.00 16.29 2.95 94.86 4.03

DS-1-8 Strong-Acid 97.22 24.31 104.81

DS-2-4 Strong-Acid 98.10 0.40 21.99 2.68 108.39 6.42

DS-6-3 Water 94.30 1.22 0.00

DS-R-3 Water 97.09 3.90 1.36 0.01 0.00 0.00

DS-6-3 Weak-Acid 99.12 6.95 72.36

DS-R-3 Weak-Acid 102.07 4.35 7.27 0.05 74.58 2.45

DS-6-3 Strong-Acid 100.54 10.15 89.46

DS-R-3 Strong-Acid 103.27 3.73 10.16 0.00 93.85 9.64

sp
2 4.1914 sp

2 1.2288 sp
2 5.6342

sp 2.0473 sp 1.1085 sp 2.3737

SE 1.6716 SE 0.9915 SE 2.3737

RSE 1.49% RSE 7.19% RSE 2.65%

Error associated with diagnostic leach tests and subsequent static bed and ICP analysis

Pooled Variance

Standard Error @ 95% confidence

Pooled Standard Deviation

Relative Standard Error @ 95% confidence

Test ID
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A.6.1 Simultaneous Thermal Analysis Error Analysis 

A repeat run was performed during simultaneous thermal analysis as presented below. 
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Appendix B - Raw Data Experimental Results 

B.1 Bench Scale Experimentation Raw Data 

The following tables contain the key results from the static bed roasting experiments examining 

the impact of temperature and sulphur dioxide addition on the produced calcine product  

 

 

 

Temperature

Oxygen 

Content

SO2 

Content

Mass 

Loss Cu (%) Fe (%) As (%)

D-1-1 300 21% 0% -12.19% 27.63 20.60 4.22

D-1-2 350 21% 0% -8.41% 25.11 19.85 2.96

D-1-3 425 21% 0% -4.28% 26.34 19.34 2.98

D-1-4 500 21% 0% -7.45% 26.91 19.76 5.10

D-1-5 550 21% 0% -11.18% 28.04 19.92 5.34

D-1-6 600 21% 0% -15.90% 28.80 21.70 2.49

D-1-7 650 21% 0% -25.22% 33.30 25.82 0.98

D-1-8 700 21% 0% -37.54% 35.28 27.35 0.41

D-1-9 800 -38.80%

Produced calcine

Temperature

Oxygen 

Content

SO2 

Content

Mass 

Loss Cu (%) Fe (%) As (%)

DS-6-1 400 19% 10% -5.52% 29.16 22.27 2.71

DS-3-1 500 19% 10% -2.76% 24.27 15.77 4.54

DS-6-2 550 19% 10% -4.30% 28.30 21.48 4.68

DS-3-5 600 19% 10% -4.70% 25.32 17.11 2.32

DS-6-3 650 19% 10% -15.47% 32.76 24.09 0.61

DS-6-4 750 19% 10% -22.84% 29.93 22.01 0.22

Produced calcine
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Temperature

Oxygen 

Content

SO2 

Content

Mass 

Loss Cu (%) Fe (%) As (%)

DS-1-2 300 16% 25% -7.00% 27.63 20.60 4.22

DS 5-2 325 16% 25% -10.64% 26.41 17.87 2.90

DS-1-3 350 16% 25% -5.41% 25.11 19.85 2.96

DS 5-3 375 16% 25% -3.97% 22.81 16.25 1.77

DS-1-4 400 16% 25% -1.10% 26.34 19.34 2.98

DS-5-4 425 16% 25% -3.25% 23.85 15.36 1.95

DS-1-5 450 16% 25% 1.44% 25.49 18.35 4.93

DS-5-5 475 16% 25% 1.00% 24.79 17.59 3.97

DS-1-6 500 16% 25% -3.24% 28.04 19.92 5.34

Ds-5-6 525 16% 25% -2.27% 22.33 16.08 3.86

DS-1-7 550 16% 25% -0.92% 29.71 22.85 2.56

DS-5-7 575 16% 25% -3.27% 22.47 16.73 1.93

DS-1-8 600 16% 25% -3.23% 33.30 25.82 0.98

DS-5-8 625 16% 25% -6.16% 25.70 16.27 1.00

DS-1-9 650 16% 25% -3.43% 35.28 27.35 0.41

DS-5-9a 675 16% 25% -6.59% 25.50 17.74 0.26

DS-1-10 700 16% 25% -6.09% 27.54 18.53 0.10

DS-5-10 725 16% 25% -7.17% 25.03 18.31 0.09

DS-R-2 750 16% 25% -11.84% 29.13 21.42 0.17

DS-5-12 775 16% 25% -22.96% 32.75 22.20 0.07

DS-1-11 800 16% 25% -25.12% 32.85 23.22 0.05

Produced calcine

Temperature

Oxygen 

Content

SO2 

Content

Nitrogen 

content pSO2/pO2

Mass 

Loss Cu (%) Fe(%) As (%)

DS-3-2 500 60% 10% 30% 0.17 -3.67% 27.40 17.35 4.77

DS-3-1 500 19% 10% 71% 0.53 -2.76% 24.27 15.77 4.54

DS-3-3 500 30% 40% 30% 1.33 -2.49% 25.55 16.70 4.28

DS-1-6 500 16% 25% 59% 1.59 -3.24% 28.04 19.92 5.34

DS-3-4 500 6% 70% 24% 11.11 2.15% 24.09 15.47 3.16

DS-3-6 600 60% 10% 30% 0.17 -6.72% 26.03 18.19 4.73

DS-3-5 600 19% 10% 71% 0.53 -4.70% 25.32 17.11 2.32

DS-3-7 600 30% 40% 30% 1.33 -2.51% 26.89 18.34 4.83

DS-1-8 600 16% 25% 59% 1.59 -3.23% 33.30 25.82 0.98

DS-3-8 600 6% 70% 24% 11.11 -7.68% 27.45 18.29 0.90

Produced calcine
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B.2 Selected X-Ray Diffraction Results 

The following figures display XRD patterns for calcines produced at increasing temperatures in a 

16% O2 and 25% SO2 atmosphere. 
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The following figures display XRD patterns for the leach residue produced after diagnostic 

leaching of calcines produced at 425 and 500
o
C in air. 

 

 

  



 

166 

 

Appendix C – Mass Balance  

The following tables display selected results for the mass balance calculations performed on the 

calcines produced during sulphation roasting. 

 

The following tables display selected results for the approximated calcine composition 

calculations. The composition has been determined through diagnostic leaching tests and the 

corresponding calculated mass is compared to experimental mass loss results. Two correction 

factors have been applied. 5% of the calcine mass has been removed due to losses associated with 

water and labile sulphur removal as indicated during TG/DTA w/EGA results. A 2% correction 

for losses occurring during material handling during experimentation has been applied based on 

repeat analysis. Some samples also contained unreacted sulphides in the calcine which were 

addressed on a case-by-case basis. The metal extraction values have been taken directly from the 

Sample ID Cu Fe Cu Variance Fe Variance

As Received 24.57 16.93 -

DS-1-1 24.52 17.70 0.00 0.29

DS-1-2 24.48 17.16 0.00 0.00

DS-1-3 23.66 15.72 0.41 0.14

DS-1-4 28.15 18.03 6.41 1.95

DS-1-5 25.06 16.27 0.12 0.06

DS-1-6 24.60 17.11 0.00 1.02

DS-1-7 24.76 16.65 0.02 0.17

DS-1-8 23.06 15.46 1.13 0.55

DS-1-9 27.12 19.12 3.26 2.49

DS-1-10 25.86 17.40 0.84 1.01

DS-1-11 24.60 17.39 0.00 0.04

sp
2

1.11 0.70

sp 1.05 0.84

SE 0.63 0.51

RSE 2.58% 2.99%

(si
2)%

Relative Standard Error @ 95% confidence

Standard Error @ 95% confidence

Pooled Standard Deviation

Pooled Variance
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diagnostic leach results. The soluble iron to arsenic molar ratio is calculated by comparing the 

moles of iron dissolution to the moles of arsenic in solution as well as in the off-gas. The sulphur 

retention for recycling value assumes that all sulphur associated with iron sulphate extraction will 

have to be neutralized. 

 

Temperature 
o
C

Mass (%) by phase total by phase total by phase total by phase total by phase total by phase total

CuSO4 78% 48% 63% 39% 58% 36% 52% 32% 21% 13% 0% 0%

CuO 22% 6% 25% 6% 42% 10% 48% 13% 79% 23% 79% 24%

CuO·Fe2O3 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 20%

Fe2(SO4)3 4% 3% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0%

Fe2O3 96% 22% 99% 22% 100% 23% 100% 23% 100% 24% 43% 10%

As4O6 (g) 48% 4% 11% 1% 7% 1% 57% 4% 83% 6% 93% 7%

As in calcine

Cu3(AsO4)2 70% 7% 70% 11% 70% 12% 70% 5% 70% 2% 70% 1%

FeAsO4 30% 2% 30% 4% 30% 4% 30% 2% 30% 1% 30% 0%

Total 99% Total 94% Total 96% Total 87% Total 74% Total 65%

TG 98% TG 95% TG 91% TG 86% TG 77% TG 64%

Metal Recovery in Weak Acid

Copper 90% 78% 84% 87% 77% 79%

Iron 28% 14% 9% 5% 3% 2%

Arsenic off-gas and calcine 72% 72% 76% 75% 67% 67%

Soluble Iron:Arsenic molar 

ratio 1.52 0.78 0.45 0.25 0.18 0.14

Metal Recovery in Strong Acid

Copper 95% 87% 92% 94% 86% 100%

Iron 85% 59% 34% 25% 19% 51%

Arsenic off-gas and calcine 90% 100% 96% 87% 77% 90%

Soluble Iron:Arsenic molar 

ratio 3.73 2.35 1.39 1.12 1.00 2.26

Sulphur retained for recycling 

or sale 98% 100% 100% 100% 100% 100%

700

Calcine composition when produced in air

425 500 550 600 650
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Temperature 
o
C

Mass (%) by phase total by phase total by phase total by phase total by phase total by phase total

CuSO4 74% 46% 82% 51% 90% 55% 90% 55% 94% 58% 59% 36%

CuO 26% 7% 18% 5% 10% 3% 10% 3% 6% 2% 40% 12%

CuO·Fe2O3 0% 0% 0% 0% 0% 1%

Fe2(SO4)3 20% 12% 4% 2% 5% 3% 2% 1% 1% 1% 0%

Fe2O3 80% 19% 96% 22% 95% 22% 98% 23% 99% 24% 96% 23%

As4O6 (g) 55% 4% 23% 2% 22% 2% 61% 5% 88% 7% 97% 7%

As in calcine

Cu3(AsO4)2 70% 6% 70% 10% 70% 10% 70% 5% 70% 2% 70% 0%

FeAsO4 30% 2% 30% 3% 30% 3% 30% 2% 30% 1% 30% 0%

Total 102% Total 104% Total 107% Total 100% Total 97% Total 83%

TG 96% TG 99% TG 98% TG 97% TG 87% TG 79%

Metal Recovery in Weak Acid

Copper 91% 96% 100% 96% 99% 99%

Iron 49% 23% 16% 14% 7% 4%

Arsenic off-gas and calcine 77% 70% 72% 75% 91% 70%

Soluble Iron:Arsenic molar 

ratio 2.53 1.29 0.90 0.72 0.30 0.21

Metal Recovery in Strong Acid

Copper 93% 100% 100% 98% 100% 100%

Iron 68% 78% 34% 22% 10% 15%

Arsenic off-gas and calcine 85% 97% 90% 90% 100% 100%

Soluble Iron:Arsenic molar 

ratio 3.18 3.20 1.50 0.98 0.40 0.58

Sulphur retained for recycling 

or sale 92% 98% 98% 99% 100% 100%

600 650 750

Calcine composition when produced in 19% O2 and 10% SO2

400 500 550

Temperature 
o
C 400 450 500 550 650 700

Mass (%) by phase total by phase total by phase total by phase total by phase total by phase total

CuSO4 62% 38% 77% 48% 76% 47% 84% 52% 90% 56% 87% 54%

CuO 38% 11% 23% 6% 24% 6% 16% 4% 10% 3% 13% 4%

CuO·Fe2O3 0% 0% 0% 0% 0% 0%

Fe2(SO4)3 21% 13% 14% 9% 5% 3% 5% 3% 3% 2% 1% 1%

Fe2O3 79% 19% 86% 20% 95% 22% 95% 22% 97% 23% 99% 24%

As4O6 (g) 64% 5% 47% 4% 30% 2% 23% 2% 84% 6% 98% 7%

As in calcine

Cu3(AsO4)2 70% 5% 70% 7% 70% 9% 70% 10% 70% 2% 70% 0%

FeAsO4 30% 2% 30% 2% 30% 3% 30% 3% 30% 1% 30% 0%

Total 98% Total 102% Total 101% Total 105% Total 97% Total 92%

TG 101% TG 103% TG 99% TG 101% TG 97% TG 96%

Metal Recovery in Weak Acid

Copper 78% 86% 88% 96% 93% 88%

Iron 59% 40% 25% 21% 10% 8%

Arsenic off-gas and calcine 85% 83% 78% 80% 95% 70%

Soluble Iron:Arsenic molar 

ratio 2.78 1.91 1.25 1.06 0.42 0.44

Metal Recovery in Strong Acid

Copper 79% 88% 93% 100% 93% 89%

Iron 76% 87% 67% 40% 12% 12%

Arsenic off-gas and calcine 91% 98% 96% 97% 100% 100%

Soluble Iron:Arsenic molar 

ratio 3.28 3.52 2.76 1.65 0.47 0.48

Sulphur retained for recycling 

or sale 91% 94% 98% 98% 99% 99%

Calcine composition when produced in 16% O2 and 25% SO2



 

169 

 

Appendix D – Heat Balance Calculations 

In order to perform heat balance calculations the HSC database was utilized to attain enthalpy and 

heat capacity data for the selected species, as tabulated below. 

 

The calcine composition was determined through diagnostic leach tests as outlined in Appendix 

C. Based on the calcine composition, equations 5-4 to 5-12 were utilized to determine the heat 

balance, as well as the air feed and off-gas production. Based on these reactions for a particular 

calcine, the calculated feed was compared to the actual feed and minimal error was observed. 

During heat balance calculations, it was assumed that the system would be operated with 10% 

excess oxygen and that 10% of the fluidized bed roaster heat would be lost to the surroundings. 

The full heat balance results for two selected calcines are presented in the following tables. 

Species 298 773 1023

CuS -13.4 -6.7 -2.2

Cu3AsS4 -42.8 -33.8 -28.7

FeS2 -41.0 -32.0 -26.9

N2 (g) 0.0 3.7 6.2

O2 (g) 0.0 4.1 6.6

SO2 (g) -70.9 -64.4 -60.9

H2O (g) -57.8 -43.8 -40.9

As2O3(g) -77.2 -67.3 -61.8

CuSO4 -184.4 -163.9 -156.5

CuO -37.2 -31.1 -27.5

Fe2(SO4)3 -617.9 -563.2 -543.8

Fe2O3 -196.7 -183.6 -178.3

CuO·Fe2O3 -231.0 -205.2 -195.0

Cu3(AsO4)2 -363.9 -326.1 -303.0

FeAsO4 -206.8 -188.9 -178.8

Ho (cal/(mol*K)) at the 

following temperatures (K)
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Reaction atmosphere

Temperature (oC)

Concentrate feed (mtph)

Species Mass (%) Feed (kmol/h) Enargite Pyrite Covellite Oxygen SO2 N2 O2 SO2 N2 As2O3

CuSO4 50.58% 158.44 48.14 96.27 8231 3242.7 0.00 0.0

CuO 4.66% 29.31 29.31 43.97 2779 180.2 29.31 190.9

CuO·Fe2O3 0.00% 0.00 0.0

Fe2(SO4)3 2.36% 2.96 5.91 20.69 1794 161.5 2.96 19.3

Fe2O3 21.91% 68.59 137.18 377.26 27333 899.3 274.37 1786.9

As2O3 (g) 1.74% 4.40 8.80 68.16 5640 8.80 57.3 43.5

As in calcine 77.00% 0.0

Cu3(AsO4)2 9.66% 10.31 20.61 154.61 12226 389.9 51.54 335.7

FeAsO4 3.44% 8.83 8.83 8.83 97.16 8721 157.9 26.50 172.6

Total 103.61% Calculated 38.24 151.93 77.45 858.13 66723 5031.6 393.47 3734.28 6729.6 2562.6 13945.5 43.5

TG 99.24% Actual 38.25 151.56 77.71

Estimated FBR heat loss 10% Excess Oxygen 10% Off-gas O2 SO2 N2 H2O As2O3 Total

Heat Balance 38410 Gcal/h 768 Gcal/t Volume (Nm3/h) 15902 8814 83648 50652 99 159114

Air feed 92414 Nm3/h 1848 Nm3/t Volume (Nm3/t) 318 176 1673 1013 2 3182

FBR Heat losses 6672 Gcal/h 133 Gcal/t Composition (%) 9.99% 5.54% 52.57% 31.83% 0.06% 100.00%

Heat to be removed 31738 Gcal/h 635 Gcal/t

Water added 2261 kmol/h 45 kmol/t

Water added 40.70 mt/h 0.81 mt/t

Slurry feed 55% solids

Heat of Reaction 

(Gcal/h)

19% O2 and 10% SO2

50

500

Produced from (kmol/h) Heat in Calcine 

(Gcal/h)

Heat of Offgas (Gcal/h)Off-gas composition (kmol/h)
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Reaction atmosphere

Temperature (oC)

Concentrate feed (mtph)

Species Mass (%) Feed (kmol/h) Enargite Pyrite Covellite Oxygen SO2 N2 O2 SO2 N2 As2O3

CuSO4 36.40% 114.01 -0.53 -1.07 -91 3175.5 0.00 0.0

CuO 12.22% 76.81 76.81 115.22 7281 744.7 76.81 774.7

CuO·Fe2O3 1.20% 2.51 0.84 5.02 19.47 3650 90.5 3.35 33.8

Fe2(SO4)3 0.00% 0.00 0.00 0.00 0 0.0 0.00 0.0

Fe2O3 23.35% 73.11 146.22 402.09 29132 1348.0 292.43 2949.4

As2O3 (g) 7.34% 18.55 36.67 284.22 23517 36.67 369.9 285.1

As in calcine 0.0

Cu3(AsO4)2 0.38% 0.40 0.80 6.02 476 24.4 2.01 20.3

FeAsO4 0.13% 0.34 0.34 0.34 3.79 340 9.6 1.03 10.4

Total 82.68% Calculated 38.66 151.58 76.28 829.74 64305 5392.8 412.31 3610.74 17485.0 4158.5 22476.3 285.1

TG 79.16% Actual 38.25 151.56 77.71

Estimated FBR heat loss 10% Excess Oxygen 10% Off-gas O2 SO2 N2 H2O As2O3 Total

Heat Balance 14507 Gcal/h 290 Gcal/t Volume (Nm3/h) 11206 9236 80881 10737 415 112475

Air feed 89357 Nm3/h 1787 Nm3/t Volume (Nm3/t) 224 185 1618 215 8 2250

FBR Heat losses 6431 Gcal/h 129 Gcal/t Composition (%) 9.96% 8.21% 71.91% 9.55% 0.37% 100.00%

Heat to be removed 8077 Gcal/h 162 Gcal/t

Water added 479 kmol/h 10 kmol/t

Water added 8.63 mt/h 0.17 mt/t

Slurry feed 85% solids

Produced from (kmol/h)50

750

19% O2 and 10% SO2

Heat of Reaction 

(Gcal/h)

Heat in Calcine 

(Gcal/h)

Off-gas composition (kmol/h) Heat of Offgas (Gcal/h)


