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Abstract 

The leaching behaviour of enargite was studied under atmospheric pressure.  The kinetics of 

enargite dissolution appear to be extremely slow under the conditions studied using both small 

scale shake flasks and bench scale stirred tank reactors.  An enargite concentrate and a purer 

mineral specimen were utilized and the effect of numerous variables including temperature, 

particle size, acidity, oxygen flow rate, iron addition, redox potential and pyrite addition were 

investigated.  The initial rate of copper dissolution from enargite was relatively fast up to about 

40% copper extraction but this was followed by a much slower dissolution rate.  The first stage is 

thought to be reaction rate controlled while the latter stage appears to be diffusion controlled.  

The activation energy was determined to be 32 kJ/mol for the concentrate and 33 kJ/mol for the 

pure specimen in the temperature range of 55-85°C.  In the presence of high concentrations of 

copper sulphate, enhanced copper recovery was observed for the pure enargite specimen.  This 

could be the result of a change in the reaction product layer on the enargite surface and perhaps 

the formation of intermediate Cu2S.  Previous work has shown that adding excess pyrite enhances 

copper extraction from enargite but these results could not be reproduced.  Particle size reduction 

appears to be the most effective method to increase extraction rates, however only 70% copper 

recovery and 35% arsenic recovery was achieved after 24 hours of leaching at d80=2µm.  At these 

reaction rates, it appears that enargite dissolution at atmospheric pressure will not be an 

economical process compared to other technologies such as high temperature/pressure oxidation 

or roasting. 
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Chapter 1 

Introduction 

An estimated 15.6 million metric tonnes of copper was produced in 2007, worth approximately 

$115 billion (USD).  Most of the world’s primary refined copper is produced from copper 

concentrates that are smelted and refined to produce high-grade copper cathode.  Enargite 

(Cu3AsS4) is an increasingly common contaminant in copper concentrates, leading to the 

generation of volatile arsenic compounds during smelting and roasting that cause in-plant hygiene 

and environmental disposal problems (Padilla et al., 2008).  As a consequence, most copper 

smelters consider arsenic a major penalty element and are unwilling to treat copper concentrates 

when the arsenic content exceeds approximately 0.5% (Herreros et al., 2002).  Enargite 

concentrates can be partially roasted with air at temperatures of about 650°C to volatilize most of 

the arsenic and produce a calcine suitable for smelting. However, roasting produces arsenic 

emissions and environmental problems similar to smelting and currently there are no enargite 

roasters in operation.  Previously, enargite roasters recovered the arsenic emissions as arsenic 

trioxide for sale.  Since there is no longer a market for arsenic trioxide, any future enargite 

roasting operation will have to fix its arsenic emissions at a significant additional cost. 

 

Hydrometallurgical processes for treating enargite concentrates are potentially a more attractive 

alternative to roasting because they are able to extract copper efficiently while fixing the arsenic 

in an environmentally stable form (as ferric arsenate or scorridite). Sulphuric acid leaching is 

advantageous since the pregnant solution can be integrated into well-proven copper solvent 

extraction and electrowinning operations. Current hydrometallurgical processes, however, have 
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not as of yet been operated commercially with enargite concentrates due to their slow leaching 

rates at atmospheric pressure.  The main cause in the slow kinetics is believed to be a passivating 

sulphur product layer forming around the mineral surface that retards reaction. 

 

An interesting parallel can be drawn between copper sulphide concentrate leaching today and the 

commercialization of zinc sulphide (mostly sphalerite – ZnS) concentrate leaching over the pat 20 

years.  Until the early 2000’s, zinc concentrates were primarily treated using the high 

temperature/pressure leaching process developed by Sherritt (now Dynatec).  More recently, an 

industrial atmospheric leaching process has been commissioned successfully to produce zinc, at a 

lower cost than pressure leaching.  The nature of sphalerite leaching produces a growing sulphur 

layer that limits the leaching kinetics and where ferrous oxidation is the initial rate-limiting step 

(Lahtinen et al., 2005).  These are the same issues that are believed to limit the atmospheric 

leaching of enargite concentrate today.  The recent developments of the atmospheric Albion 

Process (Hourn et al., 1999) using fine grinding, and the Galvanox Process (Dixon et al., 2008) 

using excess pyrite addition, suggest that the leaching of enargite concentrate at atmospheric 

pressure may be potentially more economic than pressure leaching.  

 

The objective of this thesis is to study the leaching of enargite under atmospheric conditions.  

Various techniques will be employed that have previously shown promise for enargite and the 

main refractory copper sulphide, chalcopyrite.  The primary goal of this work is to optimize the 

extraction of copper from enargite while gaining a better understanding of the fundamentals of 

the atmospheric leaching process. 
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Chapter 2 

Literature Review 

2.1 Background Chemistry 

2.1.1 Proposed Reaction Mechanisms for Chalcopyrite and Enargite Leaching 

 

Approximately 70% of the world’s copper reserves are in the form of chalcopyrite (CuFeS2), and 

enargite is one of the most frequently encountered impurity minerals in chalcopyrite concentrates 

(Dutrizac and MacDonald, 1972).  Chalcopyrite and enargite are similar in that they are both 

primary copper sulphides that exhibit slow kinetics of copper extraction under atmospheric 

leaching conditions.  To date, the literature is relatively limited with respect to enargite leaching 

and the majority of the work has focused on chalcopyrite.  This chapter will present the current 

understanding of chalcopyrite leaching at atmospheric pressure and extend the underlying 

principles to enargite.  Chalcopyrite serves as an appropriate case study since it reacts similar to 

enargite in iron-sulphate systems and enargite concentrates often contain chalcopyrite. 

 

Dutrizac et al. (1969) proposed the following reaction for the leaching of synthetic chalcopyrite in 

an acidic ferric-sulfate solution: 

 

CuFeS2 + 2Fe2(SO4)3 = CuSO4 + 5FeSO4 + 2S  (1a) 

 

Removing sulphate ions from reaction (1a) produces the following simplified form: 

 

CuFeS2 + 4Fe3+ = Cu2+ + 5Fe2+ + 2S   (1b) 
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Dutrizac et al. (1969) determined that the above reaction followed parabolic leaching kinetics and 

the rate appeared to be controlled by a diffusion process (ferric iron diffusing towards the mineral 

surface and ferrous iron and cupric copper diffusing away from the mineral surface).  They noted 

a sulphur layer was forming on the chalcopyrite surface over the course of the reaction.  It was 

hypothesized that the sulphur layer was retarding the reaction over time.  Their apparatus utilized 

sintered disks in the absence of oxygen.   

 

Lu et al. (2000) leached chalcopyrite in the presence of oxygen and proposed the following 

additional reaction: 

 

CuFeS2 + 4H+ + O2 = Cu2+ + Fe2+ +2S + 2H2O  (2) 

 

From an electrochemical standpoint, reactions (1b) and (2) can be expressed in terms of an anode 

half-cell reaction (3) and cathode half-cell reactions (4) or (5) (Hiroyoshi et al., 2004): 

 

CuFeS2 = Cu2+ + Fe2+ + 2S˚ + 4e-    (3) 

 

4Fe3+ + 4e- = 4Fe2+       (4) 

 

4H+ + O2 + 4e- = 2H2O       (5) 

 

Chalcopyrite was shown to leach in two distinct phases.  The copper dissolved rapidly initially, 

but was then followed by a passivated (resistant to electrochemical breakdown) region where the 

kinetics slowed down until copper dissolution effectively stopped. This passivation was thought 
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to be caused by a layer of elemental sulphur formed on the chalcopyrite surface according to 

reaction (1a).  This is shown schematically in Figure 1 below (Muñoz et al., 1979). 

 

Figure 1: Schematic representation of chalcopyrite passivation by the formation of a 

sulphur layer around the mineral surface (Munoz et al., 1979). 

 

More recently, however, other researchers have proposed that the passivating layer is composed 

of an iron-deficient copper-sulphide (Dixon et al., 2008) or a passivating jarosite layer (Córdoba 

et al., 2008, 2009; Vilcáez et al., 2009).  This emphasizes the underlying differences in the 

literature with respect to the precise reaction mechanism taking place. Regardless of the exact 

composition of the passivating layer, there is agreement that the slow leaching rate is due to the 

formation of a less-porous product barrier which minimizes the diffusion rate between the ore 

surface and the leaching lixivant.  This highlights the fundamental difficulty in leaching 

refractory copper sulphides.   Therefore, the majority of work in copper-sulphate hydrometallurgy 

at atmospheric pressure focuses on various methods to try and overcome particle passivation and 

ultimately improve copper extraction rates.  
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Dutrizac and MacDonald (1972) also studied the dissolution of synthetic enargite in ferric-

sulphate solutions in the temperature range of 60-95°C.  They proposed the following mechanism 

when leaching enargite in the absence of oxygen: 

 

Cu3AsS4 + (4+4x)H2O + (11+6x)Fe3+ =  

3Cu2+ + AsO4
3- + xSO42- + (4-x)S + (8+8x)H+ + (11+6x)Fe2+ (6) 

 

The average value of x in the above reaction was 1.25.  Approximately 70% of enargite sulphur 

was oxidized to elemental sulphur and 30% was oxidized to sulphate.  Alternatively, Koch and 

Grasselly (1952) suggested that the majority of the enargite sulphur was oxidized to sulphate in 

ferric sulphate media.  Additionally, in the presence of ferric iron it is expected that any arsenite 

present in solution will be oxidized to arsenate (Welham et al., 2000).  Dutrizac and MacDonald 

(1972) showed that enargite dissolved extremely slowly; achieving only 50% copper extraction 

after seven days when using a -100 mesh size fraction.  Enargite appeared to leach with linear 

kinetics and the reaction rate was perceived to be controlled via a surface chemical reaction as 

opposed to the diffusion process noted previously for chalcopyrite (Dutrizac et al., 1969).   

 

Padilla et al. (2005) suggested two global reactions are occurring when enargite is dissolved in 

ferric-sulphate media: 

 

Cu3AsS4 + 20H2O + 35Fe3+ = 3Cu2+ + AsO4
3- + 4SO4

2- + 40H+ +35Fe2+  (7) 

 

Cu3AsS4 + 4H2O + 11Fe3+ = 3Cu2+ + AsO4
3- + 4So + 8H+ + 11Fe2+  (8) 

 

Similarly, in the presence of oxygen the following two reactions can take place: 
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2Cu3AsS4 + 5H2O + 17.5O2 = 6Cu2+ + 2AsO4
3- + 8SO4

2- + 10H+   (9) 

 

2Cu3AsS4 + 6H+ + 5.5O2 = 6Cu2+ + 2AsO4
3- + 8So +3H2O   (10) 

 

Their results showed that under atmospheric conditions, reaction (10) is the dominant reaction.  

Often during the leaching of enargite, sulphur within the enargite mineral is oxidized to both 

sulphur and sulphate.   

 

Padilla et al. (2008) conducted a thermodynamic study on the Cu3AsS4-H2O system at 25°C and 

200°C using HSC thermodynamic software. The resulting Eh-pH diagram for this system at 25°C 

is presented in Figure 2.  At pH<2 and Eh between 0.4-0.58 V, enargite can theoretically dissolve 

to produce Cu 2+, H3AsO3 and HSO4
-.  

 

Figure 2: The Eh-pH diagram for an enargite-water system predicted by HSC 

thermodynamic software (Padilla et al., 2008). 
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Their study found that at high temperatures (~200°C) and pressures (~690 kPa O2) reaction (9) 

dominates. 

 

The above discussion demonstrates that there is still no consensus with respect to the exact 

mechanism taking place during the leaching of both enargite and chalcopyrite. Although 

thermodynamic studies are useful in high temperature applications, when leaching at atmospheric 

pressure and temperatures below 100°C, thermodynamic models are less significant as the 

reactions are generally controlled by kinetics.  Another complication is that a mineral within one 

ore deposit can show significantly different leaching characteristics from the same mineral type in 

another ore deposit (Dutrizac, 1982). This variation in leaching behavior results in different metal 

recoveries when leaching the same mineral from different localities. 

 

Figure 3 presents the crystalline structure of enargite.  As and Cu atoms are surrounded with four 

S atoms, forming a quasi-regular tetrahedron  (Córdova et al., 1997).  

 

Figure 3: Crystalline structure of enargite (Cordova et al., 1997) 
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Córdova et al., (1997) conducted an electrochemical study on natural enargite electrodes and 

found that at a pH < 4.6, the following two reactions were associated with an electrochemical 

peak: 

 

Cu3AsS4 = Cu(3-x)AsS4 + xCu2+ + 6x e-     (11) 

 

Cu3AsS4 + 3xH2O= Cu(3-x)AsS4 + xCuOH+ + 3H+ + 6x e-   (12) 

 

Their results indicated that copper was leached preferentially and arsenic was left behind in the 

crystal lattice forming a copper-depleted passivating film consisting of AsS4.  However, in the 

presence of Cu2+, the reduction of metastable AsS4 was observed, and Cu2S was observed on the 

surface of enargite. 
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2.1.2 Oxidation/Reduction Potential 

 

Note that all potential values are reported using a standard silver/silver-chloride electrode, 

abbreviated SCE, unless otherwise noted.  The other common measure of redox potential uses a 

standard hydrogen electrode, abbreviated SHE.  A convenient method to convert SCE to SHE is 

to add 200 mV to the SCE value.  Although this relationship is slightly affected by temperature, 

this is a quick method of approximating the relationship that will suffice for the objectives of this 

report. 

 

Kametanti and Aoki (1985) studied the effect of solution oxidation/reduction (redox) potential on 

the oxidation rate of a solution containing chalcopyrite and pyrite in sulphuric acid.  This study 

used potassium permanganate as an oxidizing agent to maintain a constant solution potential and 

found that the rate of chalcopyrite oxidation increased steadily from 300mV until it reached a 

maximum at 400-430mV, after which there was a significant decrease over 450mV.  Kametanti 

and Aoki (1985) labelled 450mV as the critical potential necessary for chalcopyrite oxidation.  

The study also determined that pyrite in solution remained undissolved until the potential 

exceeded the critical value of 450mV.  The concentrate used in this study was not directly 

oxidized by the permanganate ions but rather by Fe3+, as shown in reaction (1b), which was 

regenerated by the oxidation of Fe2+.  Below a potential of 330mV, CuS was detected in the leach 

residues.  The formation of CuS was thought to be dependent on the Cu2+ concentration and 

formed by one of the following reactions: 

 

CuFeS2 = CuS + Fe2+ + S + 2e-     (13) 
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3Cu2+ + 4H2O + 4S = 3CuS + SO4
- + 8H+    (14) 

 

This study highlighted the significance of solution potential when oxidizing chalcopyrite and 

demonstrated that there appears to be an optimum potential that when deviated from, will result in 

slower leaching rates.   

 

Viramontes-Gamboa et al. (2007) collected data from eight different electrochemical studies on 

chalcopyrite dissolution and found that at below 50°C the maximum dissolution occurs at 440 

mV but at temperatures above 50°C, optimal oxidation occurs at approximately 510 mV.  Above 

these potentials, severe passivation occurred and lower copper dissolution rates were observed.  

This study also noted that some chalcopyrite samples did not follow the general rule outlined 

above, suggesting that factors other than temperature could contribute to the critical potential 

such as impurities in the mineral, bacteria, and the presence of certain ions in solution.   

 

Yoo et al. (2007) studied the leaching rate of chalcopyrite as a function of redox potential, as 

shown in Figure 4. 
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Figure 4: Rate of copper dissolution from chalcopyrite at various redox potentials at 80°C 

(Yoo et al., 2007). 

 

Leaching of chalcopyrite appears to be greatest in the region between 400-500 mV, which agrees 

generally with the results from Viramontes-Gamboa et al. (2007).  The range of 400-500 mV 

would be considered the “active” region where atmospheric leaching rates are highest, and 

outside of this range would be the “passive” region where atmospheric leaching rates are 

considerably slower.  The leaching rate at higher potentials is presented later in this report in 

Figure 8.  It is important to note that while being in the active region is necessary for fast leaching 

kinetics, being in the active region alone is not sufficient, as shown in previous studies (Dixon et 

al., 2008; Muller et al., 2007; Vilcáez et al., 2009) and other conditions (such as acidity, pyrite, 

and concentrate origin) must still be favourable for leaching.   

 

Ásbjörnsson et al., (2004) conducted an electrochemical study on natural enargite in 0.1M HCl 

solution.  Their results indicated that the ratio of dissolved arsenic to copper was lower than 

predicted by stoichiometry, which is consistent with Córdova et al.  (1997) as shown in Figure 5. 
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Figure 5: Effect of enargite electrode potential on electrolyte composition after 

potentiostatic dissolution in 0.1M HCl (Ásbjörnsson et al., 2004). 

 

Figure 5 also shows an active/passive behaviour for enargite between a potential of 0.4 V and 0.8 

V.  It was proposed that the passivation at 0.6 V was caused by sulphur deposition on the enargite 

surface.  Notably, copper dissolution increases with electrode potential over the range of -0.64 V 

to 0.4 V while arsenic dissolution remains effectively unchanged.  Dissolution of both copper and 

arsenic increases appreciably at levels above 0.8 V.  This higher potential would be difficult to 

achieve under atmospheric conditions without the addition of a strong oxidant but could be 

achieved using pressure oxidation.  At potentials below 0.6 V, As(III) was detected with some 

evidence of minor As(V) forming at higher potentials. 

 

A recent BHP patent (Muller et al., 2007) has confirmed the importance of solution potential 

when leaching chalcopyrite.  Their results are displayed in Figure 6 below. 
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Figure 6: Copper dissolution from chalcopyrite at various controlled redox potentials. Eh 

values are reported vs. SHE (Muller et al., 2007). 

 

The potential values presented in Figure 6 are vs SHE and are therefore greater than those 

presented previously in this report, but a similar trend is evident.  There appears to be an optimum 

potential between 550-580 mV at which copper dissolution is highest.  At potentials above and 

below this range the copper dissolution rate is significantly lower.  Muller et al. (2007) postulated 

that at potentials above 600 mV, chalcopyrite is oxidized directly which leads to elemental 

sulphur formation on the chalcopyrite surface and ultimately the mineral is passivated.  

Alternatively, when chalcopyrite is leached at potentials below 600 mV, globular sulphur is 

formed away from the mineral surface (possibly on the surface of pyrite in solution) via transient 

H2S gas.  Therefore at lower potentials the surface of chalcopyrite avoids passivation and 

leaching can proceed at higher rates.  This theory is shown schematically in Figure 7. 
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Figure 7: Schematic representation of the effect of redox potential when leaching 

chalcopyrite (Muller et al., 2007). 

 

Although the oxidant in Figure 7 (labeled “Ox”) could be either ferric or cupric ions, dissolved 

oxygen must be present to oxidize intermediate CuS (not shown in Figure 7).  The presence of 

CuS was also noted by Kametanti and Aoki (1985) who found traces of CuS in leach residues at 

potentials below 333 mV.  
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2.1.3 Addition of Ionic Species  

 

Hiroyoshi et al. (2004) studied the effect of ferrous and cupric ions on the optimal redox potential 

for leaching chalcopyrite.  Using a chalcopyrite electrode, anodic polarization curves were 

plotted.  Figure 8 shows some of the results of this study.   

 

 

Figure 8: Current density (a proxy for reactivity) of chalcopyrite at various solution 

potentials. Eh values are reported vs. SHE (Hiroyoshi et al., 2004). 

 

Figure 8 shows a distinct difference in the polarization curve in the presence of both cupric and 

ferrous ions.  The polarization curve is separated into four regions: (active region I, transient 

region II, passive region III, and trans-passive region IV).  Their results suggest that the 

coexistence of cupric and ferrous ions cause a de-passivation or activation of chalcopyrite 

leaching up to an optimum redox potential of approximately 650mV (vs. SHE).  This would 
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suggest that higher leaching rates could be realized by adding cupric and ferrous ions which 

would avoid mineral passivation.  A recent Outotec patent (Riekkola-Vanhanen et al., 2008) has 

highlighted the catalytic effect of adding a noble salt (such as copper sulphate) to stirred tank 

reactors leaching chalcopyrite.  Copper extraction from chalcopyrite was increased from 36.5% 

after 20 hours to 71.4% after 20 hours when 10g/L of copper as copper sulphate was added to the 

leach tank.  The iron content in solution was between 15-30 g/L.  These results appear to confirm 

those of Hiroyoshi et al. (2004) presented earlier in Figure 8. 

 

Hiroyoshi et al. (2004) proposed a reaction model to account for the catalytic effect of cupric and 

ferrous ions.  The model proposes the formation of intermediate Cu2S from chalcopyrite followed 

by oxidation of Cu2S: 

 

CuFeS2 + 3Cu2+ + 3Fe2+ = 2Cu2S + 4Fe3+    (15) 

 

Cu2S + 4Fe3+ = 2Cu2+ + So + 4Fe2+      (16) 

 

Cu2S + 4H+ +2O2 = 2Cu2+ + So + 2H2O     (17) 

 

Since Cu2S is oxidized more rapidly than chalcopyrite, enhanced copper recoveries can be 

achieved in the presence of cupric and ferrous ions.  The model claims that this mechanism only 

takes place at a redox potential below a critical value and at higher potentials, direct oxidation of 

chalcopyrite takes place according to reaction (1b) and (2) which leads to mineral passivation up 

to a potential of about 0.8 V (vs. SHE).  Above 0.8 V (vs. SHE), the rate of chalcopyrite leaching 

increases once again.  
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Córdoba et al. (2008) studied the leaching of chalcopyrite in a series of shake-flask tests open to 

air at various ferrous ion concentrations.  They found enhanced copper recoveries from 

chalcopyrite at the highest ferrous concentration tested.  Some of their results are presented in 

Figure 9. 

 

 

Figure 9: Copper dissolution and redox potential (vs. SCE) of chalcopyrite solutions over 

time using various amounts of ferrous and ferric iron (Córdoba et al., 2008). 

 

Córdoba et al., (2008) controlled the initial redox potential by altering the ferrous to ferric ratio.  

Figure 9 indicates that the highest copper extraction rates were achieved when the ferrous ion 

concentration was highest (400mV starting ORP and 5g/L Fe).  After one day of leaching, the 
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difference in copper extraction is minor but after 5 days it is clear that the presence of ferrous 

ions, rather than ferric ions, enhanced copper extraction.  XRD analysis of the leach residue 

showed the presence of CuS but not Cu2S.  This is consistent with results from Kamentani and 

Aoki (1985) that found the presence of CuS in chalcopyrite residues when leached at redox 

potentials below 330mV.  Córdoba et al. (2008) proposed the following reaction mechanism 

although did not rule out the mechanism proposed previously by Hiroyoshi et al. (2004): 

 

CuFeS2 + 2Fe3+ = CuS + 3Fe2+ + S     (18) 

 

CuS + 2Fe3+ = 2Cu2+ + 4Fe2+ + S     (19) 

 

The results from Córdoba et al. (2008) are in contradiction of earlier work performed by Dutrizac 

et al. (1969) who showed that increasing the concentration of ferrous iron decreased the reaction 

rate when leaching chalcopyrite. The major difference in the two studies is that Dutrizac et al. 

(1969) leached chalcopyrite in the absence of oxygen.  Dutrizac and MacDonald, (1972) also 

found that increasing the ferrous iron concentration decreased the rate of copper extraction from 

enargite.  The presence of 7 g/L FeSO4 decreased total copper extraction by 40% when leaching 

enargite at a temperature of 90°C.   

 

Hiroyoshi et al., (2008a) studied the effect of ferrous and ferric ion when leaching chalcopyrite 

concentrate in shake flasks over several months.  Some of their results are presented in Figure 10. 
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Figure 10: Effect of leach solution composition on copper extraction from chalcopyrite 

(Hiroyoshi et al., 2008a). 

 

In Figure 10, all flasks contained 10g of chalcopyrite concentrate in H2SO4 (pH=1.5).  0.5g/L of 

iron was added to the flasks at the start of leaching.  “Bac.” indicates that the bacterium 

Acidithiobacillus ferrooxidans (JCM3865) was added to the flask solution.  Their results showed 

that adding either ferrous or ferric iron was effective at enhancing copper extraction rates except 

in the presence of iron-oxidizing bacteria.  The bacteria increased the concentration of ferric ions 

and consequently the optimal redox potential was exceeded.  Similar results were found by 

Vilcáez et al. (2009).  These results with respect to ferrous ion addition are in line with Córdoba 

et al. (2008) but again contradict the work performed by Dutrizac et al. (1969). 
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2.2 Operating Parameters of Interest 

2.2.1 Particle Size 

 

It is well known that finer particle size normally increases the reaction rate in particulate systems.  

Pawlek (1976) found that leaching rates of chalcopyrite concentrates could be improved by 

increasing grinding time, thereby reducing particle size.  Similar results have been found other 

studies (Padilla et al. 2005, 2008) for enargite.  Pawlek (1976) found that copper recoveries 

during a 30-minute leach were improved from approximately 30% to 100% after an additional 20 

minutes of grinding.   The lixivant used was H2SO4 at 110°C and 14 psi oxygen partial pressure 

in the presence of a silver catalyst.  Particle size distributions were not reported. 

 

More recently, Xstrata’s Albion Process (Hourn et al., 1999) has demonstrated the effect of ultra-

fine grinding on leaching copper concentrates.  The Albion Process utilizes the IsaMill to achieve 

particle sizes of P80=20µm or less.  The ultra-fine grind increases the surface area to volume ratio 

of ore particles and achieves higher metal extraction rates without requiring aggressive leaching 

conditions, such as high pressures and temperatures.  Over 92% copper recovery was achieved in 

10 hours at atmospheric pressure using a concentrate containing 12% chalcocite, 21% enargite 

and 50% pyrite (the remainder consisting of siliceous gangue).   The concentrate was milled to a 

particle size of P80=3.5µm and leached in a solution containing 30g/L ferric ions, 50g/L sulphuric 

acid at a 10% pulp density and a temperature of 90°C using pure oxygen sparging.  When air was 

substituted for pure oxygen, the leaching time increased from 10 hours to 14 hours to obtain the 

same recovery of 92%.  Similar results (95% copper recovery) were obtained using a concentrate 

consisting of 52% chalcopyrite and 21% pyrite (the remainder being siliceous gangue).   
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It is important to note that these concentrates contained significant amounts of pyrite and the 

ultra-fine grind likely liberates the pyrite.  The presence of pyrite has shown to enhance leaching 

rates of refractory copper sulphides (Dixon et al., 2008) and is discussed in further detail later in 

this report.  The Albion patent (Hourn et al., 1999) suggests that between 20-60% pyrite was 

present in all tests and it also recommended adding additional pyrite if desired. The authors 

claimed that pyrite is necessary to provide ferric ions, which in turn assisted in leaching the 

concentrate of interest according to the following reactions: 

 

FeS2 + 2O2 = FeSO4 + S˚     (20) 

 

FeS2 + 7/2 O2 + H2O = FeSO4 + H2SO4     (21) 

 

4FeSO4 + O2 + 2H2SO4 = 2Fe2(SO4)3 + H2O   (22) 

 

FeS2 + 15/4 O2 + ½ H2O = ½ Fe2(SO4)3  + ½H2SO4  (23) 

 

The ferric ions produced in reaction (22) and (23) are used to oxidize the mineral surface and 

produce ferrous ions.  The ferric ions are then regenerated through the oxidation of ferrous ions 

according to reaction (22). 

 

The enhanced copper recovery achieved when ultra-fine grinding copper concentrates containing 

pyrite is likely a synergistic effect of both greater mineral surface area available for reaction and 

some galvanic interaction associated with the free pyrite in solution.  It is also conceivable that 

the ultrafine chalcopyrite particles avoid passivation by preventing the passivating precipitate 

layer becoming thick enough to fully passivate the mineral.  Hourn et al. (2005) also claimed that 
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the Albion Process is a more economical process for metal recovery from refractory sulphide ores 

compared to other hydrometallurgical processes such as bacterial oxidation and pressure 

oxidation. 

2.2.2 Temperature 

 

It is well known that chemical reaction rates normally increase significantly at higher 

temperatures.  Padilla et al. (2005) studied the atmospheric leaching of enargite at various 

temperatures.  Their results are presented below in Figure 11. 

 

 

Figure 11: Effect of temperature on arsenic dissolution from enargite at atmospheric 

pressure (Padilla et al., 2005). 

From Figure 11 it is obvious that increasing temperature has a positive effect on enargite 

dissolution.  Arsenic extraction was increased from 1% at 80°C after seven hours to 6% at 100°C.  

No results for copper extraction were reported.  Clearly the reactivity of enargite is much lower 

compared to other copper sulphides discussed previously.  Filippou et al. (2007) recently 
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reviewed processing options for copper-arsenic minerals and found that enargite is extremely 

unreactive compared to other copper sulphides.  The order of reactivity was listed as follows:  

Chalcocite > Covellite > Bornite > Chalcopyrite > Enargite 

     (Cu2S)        (CuS)    (Cu3FeS4) (CuFeS2)     (Cu3AsS4) 

 

For reference, results from Lu et al. (2000) are presented below in Figure 12.  They studied the 

effect of temperature on copper dissolution from chalcopyrite at similar temperatures and particle 

sizes. Even when allowing for differences in mineral locality, the results suggest that enargite is 

even more refractory than chalcopyrite. 

 

 

 

Figure 12: Effect of temperature on the leaching of chalcopyrite concentrate (Lu et al., 

2000). 

Lu et al. (2000) found that increasing the temperature from 60°C to 70°C had an appreciable 

effect on copper dissolution, however increasing the temperature from 85°C to 95°C only resulted 

in a small increase in copper dissolution.  This is in part due to lower oxygen solubility at high 



 

25 

 

temperatures and also that the reaction is mainly chemically controlled at lower temperature and 

mainly diffusion-controlled at higher temperatures.   

 

The significant effect of temperature when leaching enargite is typical for a process that is surface 

reaction controlled.  The kinetics of copper sulphide dissolution can be determined assuming a 

shrinking core model.  The model considers that the leaching process is controlled by either 

diffusion of reactants through the solution boundary layer/solid product layer, or by surface 

chemical reaction.  The model employs the following equation: 

 

1-(1-X)1/3 = kt      (24) 

 

Where X is the fraction reacted at time t and k is the apparent rate constant (units of inverse time). 

Plotting the rate constant against inverse temperature yields an Arrhenius plot and allows the 

determination of the reaction activation energy.  Based on the activation energy, it can be 

estimated whether the process is surface reaction controlled or diffusion controlled.  Table 1 

below presents the activation energy of several studies involving copper sulphides. 

Table 1: Activation energies for various copper sulphides. 

Copper Sulphide Activation Energy Reference 
Enargite 65 kJ/mol Padilla et al. (2005) 
Enargite 69 kJ/mol Padilla et al. (2008) 
Enargite 55.6 kJ/mol Dutrizac and MacDonald (1972) 

Chalcopyrite 42 kJ/mol Dutrizac (1978) 
Chalcopyrite 130.7 kJ/mol Córdoba et al. (2008) 

  

In addition to the list above, Al-Harashsheh et al. (2008) assembled a list of chalcopyrite 

activation energy results from 17 sources.  The values range from 1.1 kJ/mol to 86.7 kJ/mol 
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depending on the source of chalcopyrite and the specific reaction conditions.  This highlights the 

difficulty when comparing studies on copper sulphides.  So much is dependent on the source of 

the sulphide (natural vs. synthetic), the lixiviant used (sulphuric acid vs. hydrochloric acid), and 

the presence of natural catalysts such as pyrite and silver. 

2.2.3 Acid Concentration 

 

It is clear from reactions (2), (5), (9) and (10) that acid plays a role in the leaching of chalcopyrite 

and enargite.  However, whether higher acidity or lower acidity is beneficial to copper extraction 

is still debated in the literature.  Vilcáez et al. (2009) proposed that acid is necessary to generate 

ferric ions which in turn are necessary to oxidize chalcopyrite according to the reaction (22).  

Vilcáez et al. (2009) studied the effect of initial pH on copper dissolution using four types of 

chalcopyrite.  Their results are presented in Figure 13. 

 

 

Figure 13: Copper extraction of four chalcopyrite varieties at initial pH 1 (closed symbols) 

and pH 1.5 (open symbols) (Vilcáez et al., 2009). 
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Figure 13 indicates that keeping the initial pH low is beneficial to copper dissolution.  Vilcáez et 

al. (2009) cited the formation of a passivating iron salt precipitate (such as jarosite) on the 

mineral surface as the potential source of the reduced copper extraction at pH 1.5.  Jarosite could 

be formed as shown in the following reaction (M represents a metal ion such as Na): 

 

  3Fe3+ + 2SO4
2- + 6H2O + M+ = MFe3(SO4)2(OH)6 + 6H+  (25) 

 

Dutrizac et al. (1969) showed that chalcopyrite dissolution was independent of acid concentration 

but noted that the main role of acid was to prevent the hydrolysis of iron salts.  However, their 

work was done in the absence of oxygen.  As a result, reaction (22) would not occur and therefore 

ferric regeneration would not be possible.    

 

Córdoba et al., (2009) also noted the formation of a passivating jarosite layer at higher pH (1-2) 

but also witnessed higher copper recoveries from chalcopyrite at these lower levels of acid.  

These conflicting results are presented in Figure 14. 
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Figure 14: Copper dissolution from chalcopyrite and total iron in solution at various 

solution pH (Córdoba et al., 2009). 

 

Based on a HSC thermodynamic model, Córdoba et al. (2009) concluded that the Fe(SO4)2
- ion 

was playing a role in chalcopyrite dissolution.  Riekkola-Vanhanen et al. (2008) also observed 

higher copper recoveries from chalcopyrite at higher pH, although no explanation was given.  

After 20 hours of leaching the solution maintained at pH 1.5-1.7 reached 71.4% copper recovery 

while the solution at pH 2.1-2.35 reached 98.1% recovery.  After 50 hours of leaching, however, 

both solutions exceeded 97% copper recovery.  Hiroyoshi et al. (2008b) found higher current 

density on chalcopyrite electrodes with higher pH values, indicating that chalcopyrite-leaching 

rates decreased in the presence of higher concentrations of sulphuric acid.  Iwai et al. (1982) 

demonstrated that the oxidation of ferrous ions in sulphuric acid solution decreases at higher 
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levels of acidity.  This could explain why in some cases lower copper sulphide oxidation is 

observed at higher levels of acid. 

 

Dutrizac and MacDonald (1972) noted that when leaching enargite in the absence of oxygen, acid 

strength slightly accelerated the dissolution rate.  They also noted the significance of acid in 

preventing iron salt hydrolysis.    

2.2.4 Agitation 

 

The proposed fundamental reactions for leaching enargite involve the mass transfer of reactants 

to the surface of the mineral particle and the transfer of copper and arsenic from the particle 

surface into the bulk solution.  Therefore appropriate agitation must be employed to ensure 

suitable solid particle suspension and appropriate distribution of oxygen and acid in solution. 

Padilla et al. (2008) studied the effect of agitation during pressure leaching of enargite.  Their 

results are shown in Figure 15.   
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Figure 15: Effect of agitation on the dissolution of enargite at 200°C, 100psi oxygen, and 

0.2M H2SO4.  120min and 60min refer to leaching times (Padilla et al., 2008). 

 

Padilla et al. (2008) showed that up to 600 rpm, increasing agitation had a positive effect on 

copper dissolution from enargite, presumably increasing mass transfer rates.  Over 600 rpm the 

effect was minimal, indicating that beyond this threshold value there is an adequate suspension of 

solid particles and distribution of oxygen in solution.  Similar results were found by Lu et al. 

(2000) when leaching chalcopyrite at atmospheric pressure as shown in Figure 16 below. 
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Figure 16: Effect of agitation on dissolution of chalcopyrite (Lu et al., 2000). 

 

Al-Harahsheh et al. (2008), however, found that increasing agitation lowered copper extraction 

when leaching chalcopyrite at atmospheric pressure in the presence of ferric iron and HCl.  Al-

Harahsheh et al. (2008) proposed that under non-agitating conditions, cupric chloride complexes 

form at the reaction surface within the liquid film layer.  Increased agitation may reduce the local 

concentration of Cu2+ at the chalcopyrite surface by diluting it with the bulk solution.  As a result, 

the following reaction occurred at a reduced rate at higher levels of agitation: 

 

CuFeS2 + 3CuCl2 = 4CuCl + FeCl2 + 2S   (26) 

 

2.2.5 Oxygen Partial Pressure 

 

Lu et al. (2000) demonstrated the advantage of sparging pure oxygen compared to air when 

leaching chalcopyrite concentrates.  Their results are displayed below in Figure 17. 
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Figure 17: Effect of oxygen partial pressure during the leaching of chalcopyrite 

concentrates (Lu et al., 2000). 

 

This demonstrates that the rate determining step must be dependent on the oxygen concentration 

in solution.  Padilla et al. (2005) showed that enargite dissolution was independent of oxygen 

where the oxygen flow rate exceeds 0.15 L/min.  It appears that above these levels oxygen mass 

transfer no longer limits the reaction. Their results are shown in Figure 18. 

 

 

Figure 18: Effect of oxygen flow rate on arsenic dissolution from enargite at atmospheric 

pressure (Padilla et al., 2005). 
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When leaching enargite at high pressure and temperatures, Padilla et al. (2008) demonstrated that 

over 90% copper extraction could be achieved in as little as two hours.  Their best results were 

obtained at 220°C and an oxygen partial pressure of 689 kPa. Under these conditions, high 

solution potentials are achieved, which have been shown to be beneficial for copper and arsenic 

extraction (see Figure 5, Ásbjörnsson et al., 2004).  Although high temperature/pressure oxidation 

has shown to be technically feasible for leaching enargite, all the sulphur is oxidized to sulphate 

resulting in much higher oxygen consumption and generation of sulphuric acid that must be 

neutralized, adding to total costs. An atmospheric leaching process would be desirable due to the 

substantial reduction in oxygen requirements and other cost savings. 

2.2.6 Chloride Addition 

 

It is generally accepted that mineral passivation by a sulphide layer is the most likely cause of the 

slow leaching rates associated with refractory copper sulphides such as chalcopyrite and enargite.  

One method previously investigated to avoid passivation involves the addition of chloride to the 

system.  Carneiro and Leão (2007) found that copper extraction rates from a chalcopyrite 

concentrate could be increased from 40% to 90% after 10 hours of leaching by adding 2M NaCl.  

They found that the residue’s surface area and porosity were higher in the presence of chloride.  

Secondary electron micrograph of chalcopyrite residues with and without chloride addition are 

presented in Figure 19. 
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Figure 19: Secondary electron micrograph of chalcopyrite concentrate leach residues.  The 

image on the left is leach residue in the absence of chlorides and the image on the right is 

residue when sodium chloride was added to the system (Carneiro and Leão, 2007). 

 

The image on the left in Figure 19 is the chalcopyrite leach residue in the absence of chloride.  

The image on the right is the residue when sodium chloride was added to the system. The leach 

residue in the presence of chloride clearly produces a more porous sulphur layer on the 

chalcopyrite surface.  This allows for increased contact between the lixivant and the mineral 

surface and therefore higher extraction rates.  Lu et al. (2000) found similar results when leaching 

chalcopyrite.   

 

Padilla et al. (2005) found arsenic dissolution was increased in the presence of sodium chloride.  

Results from Padilla et al. (2005) are displayed in Figure 20. 
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Figure 20: The effect of NaCl concentration on arsenic dissolution from enargite at 100°C 

and 0.25M H2SO4 (Padilla et al, 2005). 

 

To explain the improved leaching rates for chalcopyrite, Al-Harahsheh et al. (2008) postulated 

that the following two reactions take place in the presence of ferric iron and chloride ions: 

 

CuFeS2 + 4FeCl3 = CuCl2 + FeCl2 + 2S   (27) 

 

CuFeS2 + CuCl2  = 4CuCl+ FeCl2 + 2S   (28) 

 

The presence of chloride can complex and stabilize Cu(I) ions and thereby increase copper 

solubility (Carneiro and Leão, 2007).  CuCl is also a strong oxidizing agent and this contributes to 

enhanced dissolution of chalcopyrite. 
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2.2.7 Pyrite Addition  

 

For decades it has been observed that the presence of pyrite enhances copper recovery when 

leaching copper sulphides (Pawlek, 1972).  More recently, Dixon et al. (2008) has shown that 

adding excess pyrite can be extremely effective at increasing copper extraction from refractory 

copper sulphides such as chalcopyrite and enargite.  Figure 21 presents the effect of pyrite 

addition on copper extraction from enargite. 

 

 

Figure 21: Effect of pyrite addition on copper extraction from enargite (Dixon and Rivera-

Vasquez, 2009). 

Figure 21 suggests that adding additional pyrite increases copper extraction from enargite 

significantly.  There appears to be a change in leaching behaviour between a mass ratio of 3:1 and 

4:1 (pyrite:enargite).  A clear theory of why pyrite is effective, however, is still being debated in 
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the literature.  Table 2 below summarizes the work of several authors and their theory on pyrite’s 

role in the leaching of copper sulphides. 

Table 2: Various theories on the role of pyrite when leaching copper sulphides. 

Reference Pyrite Theory Results/Comments 

Pawlek (1972) 

Concentrates that contain high 
levels of pyrite leach at faster 

rates than those with low 
levels.  To achieve 100% 

copper dissolution, pyrite must 
be part of a fine intergrowth 
within the copper sulphide. 

Adding pyrite to concentrates 
without naturally occurring 

pyrite increased copper 
extraction by ~50%.  In the 
leach residue, pyrite crystals 
were covered with a dense 

layer of FeO(OH) (goethite). 

Hourn et al.  (1999) 

Ultra-fine ground pyrite reacts 
to generate ferric ion in 

solution as well as provide 
additional sulphuric acid.  
Pyrite acts a source of the 

oxidizing agent to react with 
the copper sulphide. 

The patent suggests that 20-60 
wt% of pyrite should be 

present in the concentrate to 
achieve the required leaching 

rates.  Additional pyrite can be 
added to enhance recovery. 

Muller et al.  (2007) 

Sulphur could form around 
particles smaller than 

chalcopyrite in solution, such 
as pyrite.  Pyrite may also 
enhance the oxidation of 

transient H2S and therefore 
increase leaching rates. 

Under the proper redox 
conditions, copper extractions 
approach 100% after a month 
of leaching at 35°C.  Adding 
extra pyrite is not mentioned. 

Littlejohn and Dixon 

(2008) 

Pyrite catalyzes the oxidation 
of ferrous ion to ferric ion in 
the presence of oxygen and 

acid.  Ferric ions then oxidize 
the sulphide mineral surface.  
They suggest that oxidizing 
ferrous to ferric is the rate 

limiting step when leaching 
copper sulphides. 

The initial rate of ferrous 
oxidation increases when the 

pulp density of pyrite is 
increased (tested up to 40g/L 

pyrite).  After 20 hours of 
leaching the rate drops off 

significantly, even below the 0 
pyrite test in some cases.  This 

inflection could not be fully 
explained. 

Dixon et al. (2008) 

Pyrite in electrical contact 
with chalcopyrite creates a 

single electrochemical couple 
and provides an alternative 

site for ferric reduction.  Pyrite 
acts as the cathode and 
prevents chalcopyrite 

passivation. 

The mass of pyrite:sulphide is 
increased up to 4:1. Pyrite 

remains almost completely un-
reacted and a porous sulphur 

layer forms on copper 
sulphide.  Reaction rates are 
increased significantly (90% 

Cu extraction in 4 hours). 
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Holmes and Crundwell 

(2000) 

In the presence of pyrite, the 
rate of ferric generation 
exceeds the rate of ferric 
reaction, thus there exists 

excess ferric iron in solution. 

Pyrite acts as a redox buffer.  
Small amounts of 

polysulphides developed on 
the pyrite surface, but this did 

not appear to affect the 
electrochemical characteristics 

of pyrite. 
 

Based on the findings presented in Table 2, the most reasonable explanation of pyrite’s 

effectiveness would appear to be that pyrite can act as a catalytic surface for ferrous oxidation and 

thus increases the rate of ferric generation at low redox potentials (less than 450 mV vs. SCE).  

When leaching copper sulphides, the initial rate-limiting step appears to be the generation of 

ferric iron at low redox potentials.  Ferric is reduced to ferrous at the mineral surface according to 

reaction (1b) and in the presence of oxygen, ferric can be regenerated according to reaction (22): 

 

However, due to low oxygen solubility and poor kinetics the rate of ferric generation via oxygen 

is quite slow.  Under these conditions it can be concluded that the rate of ferric reaction with the 

sulphide surface exceeds the rate of ferric generation.  In the presence of pyrite and at suitable 

acidity, the rate of ferric generation can exceed the rate of ferric reaction with the sulphide 

surface.  This is the fundamental driver that allows pyrite to be an effect catalyst when leaching 

copper sulphides.  Simply adding excess ferric, however, is not a suitable solution since this will 

increase the redox potential into the passive region and the reaction will stop.  At redox potentials 

below 600mV (vs. SCE), excess pyrite surfaces catalyze ferrous oxidation and the reaction of 

pyrite with ferric iron is very slow.  This enables excess ferric generation solely for reaction with 

the copper sulphide surface.  
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2.3 Summary 

 

The majority of the work reviewed here studied the leaching behaviour of chalcopyrite and 

chalcopyrite concentrates.  There has been considerably less work done on enargite and enargite 

concentrate leaching.  Although there are significant contradictions within the literature, it 

appears that the effects of chloride, pyrite, particle-size reduction, and the presence of ions in 

solution (Fe2+, Fe3+, Cu2+) have a significant impact on copper extraction when leaching 

refractory copper sulphides.  However, a viable industrial process to treat enargite concentrates at 

atmospheric pressure has yet to be developed. 

Table 3: Summary of previous research on enargite and chalcopyrite. 

Parameter Enargite Chalcopyrite 

Increased Temperature Increased extraction Increased extraction 

Decreased Particle Size Increased extraction Increased extraction 

Presence of Pyrite Increased extraction Increased extraction 

Redox Potential Small decrease at 600 mV 
(SCE) 

Optimum between 400-500 
mV or above 600 mV (SCE) 

Presence of Fe2+ No Data Inconclusive 

Presence of Fe3+ No Data Decreased extraction if redox 
is above ~500 mV (SCE) 

Presence of Cu2+ No Data Increased extraction 

Sodium Chloride Increased extraction Increased extraction provided 
pH less than 1.5 

Increased Acidity Mildly increased extraction Inconclusive 

Increased Oxygen Content Increased extraction until 
solution is saturated 

Increased extraction until 
solution is saturated 

Increased Agitation Increased extraction until mass 
transfer is no longer limiting 

Increased extraction until mass 
transfer is no longer limiting 
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Chapter 3 

Materials and Methods 

 

3.1 Enargite Sample Characteristics 

 

The leaching tests were performed with an enargite concentrate and a pure enargite specimen.  

The enargite concentrate was supplied by Kinross Gold Corp. from their La Coipa mine located 

in Chile.  The mineral composition of the concentrate was determined by Lakefield SGS and is 

displayed in Table 4 below. 

Table 4: Mineral breakdown of the La Coipa concentrate. 

Mineral Composition 
(wt%) 

Enargite 39.8 
Pyrite 46.5 

Covellite 8.52 
Chalcocite 5.24 

 

 

The amount of soluble copper, iron, and arsenic was determined using an aqua regia digestion.  

The average composition of the concentrate based on three digestions were 24.3% copper, 4.5% 

arsenic, and 13.5% iron.  These values are in good agreement with the chemical composition 

provided from Lakefield SGS.  The particle size of the bulk concentrate was d80 = 21µm as 

determined by laser particle analysis (Fritsch).   
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Great difficulty was experienced in locating “pure” enargite, but eventually a sample was 

obtained from David K. Joyce Minerals.  The specimen was crushed and pulverized.  To 

minimize the effect of impurities, a small sample, deemed as primarily enargite based on a visual 

inspection, was removed from the specimen and pulverized separately.  The small pure sample 

shall be referred to as the “pure specimen” and the bulk sample as the “bulk specimen”.  The bulk 

specimen and pure specimen were analyzed using XRD. The results are displayed below.  

 

 

Figure 22: XRD analysis of the pure enargite specimen. En=enargite, Py=pyrite, Q=quartz. 
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Figure 23: XRD analysis of the bulk enargite specimen. En=enargite, Py=pyrite, Q=quartz. 

 

Figure 22 and Figure 23 shows that the bulk and pure specimen both contained minor amounts of 

pyrite but the pyrite peaks in the pure sample were lower, as expected.  The average particle size 

for the bulk specimen and pure specimen were d80 = 167µm and d80 = 20µm, respectively.  The 

average chemical composition of the pure sample and bulk sample are displayed in the Table 5 

below.  These values were determined using the average of three aqua regia digestions. 

Table 5: Average chemical composition of the bulk specimen and pure specimen. 

Composition (%) Element Pure Bulk 
Cu 44.96 33.35 
As 13.83 10.13 
Fe 5.06 11.78 

 

Table 5 shows the sample contains a significant amount of iron, present in the form of pyrite as 

noticed upon visual inspection.  Assuming all the iron present is in the form of pyrite, pyrite 

would constitute approximately 25% of the bulk specimen and approximately 11% of the pure 
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specimen.  Although this is higher than desired, it is still less than the 46% present in the 

concentrate.    

 

3.2 Shake Flask Experiments 

 

The first set of leach tests were performed in 250mL shake flasks containing 100mL of leaching 

solution.  The desired amount of sulphuric acid was added to the flask and distilled water was 

added to make up the total volume to 100mL.  Sodium chloride, copper salts, and iron salts were 

added to the flasks as necessary and agitated at elevated temperatures to ensure complete 

dissolution.  Finally, 1 gram of sample was added and the flasks were placed in an orbital shaker 

(Labnet International) agitated at 300 rpm at constant temperature.  At predetermined intervals, 

solution redox potential and pH were measured and 15mL of solution was removed and filtered. 

15mL of the original sulphuric acid solution was replaced.   Water evaporation losses were 

accounted for prior to sampling.  Filtered samples were analyzed for copper, total iron, and 

arsenic using atomic adsorption (Thermo Scientific).  Ferrous iron concentration was determined 

using potassium permanganate titrations and occasionally confirmed using the phenanthroline 

method.  Particle pulverization was performed using a Spex mixer.   

3.3 Bench Scale Experiments 

 

A second set of leach tests were conducted on a larger scale using a baffled 2L glass vessel and a 

five-neck lid.  The desired mass of sulphuric acid was added to the vessel and then filled with 

distilled water to a total volume of 750mL. 0.1g of lignosol was added to suppress flotation of 

concentrate particles.  Sodium chloride, copper salts, and iron salts were added to the flasks as 
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necessary and agitated at elevated temperatures to ensure complete dissolution.  Oxygen or air 

was supplied directly to the solution using a fritted glass sparger.  The temperature was controlled 

using a hotplate with a temperature probe (Fischer Scientific).  The vessel was agitated at 

1000rpm using an electric driver (Caframro) and a six blade Rushton impeller.  All internals were 

made from titanium to avoid chloride corrosion.  A condenser was attached to the vessel to 

minimize water evaporation.  A schematic of the bench scale apparatus is displayed below in 

Figure 24. 

 

Figure 24: Large scale leaching apparatus. A-Hotplate, B-Temperature probe and feedback 

loop to hotplate, C-Sample port, D-Condenser, E-Gas sparger, F-Gas supply cylinder, G-

Gas flow controller. 

 

At predetermined time intervals, a 15mL sample of solution was withdrawn and replaced with de-

ionized water.  The pH and redox potential of the sample was measured and analyzed as 

described previously for copper, total iron, arsenic, and ferrous iron.  
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Chapter 4 
 

Results and Discussion 

 

4.1 Shake Flask Tests 

4.1.1 Pulp Density, Acidity, and Chloride Concentration 

 

The first set of shake flask tests were conducted at 30°C and tested the effect of acid 

concentration, chloride concentration, and pulp density using the enargite concentrate over 15 

days.  The size fraction used during this experiment was -45/+38 microns.  Table 6 outlines the 

experimental setup. 

Table 6: Conditions for the leach tests. 

Sample ID Cl- (M) H2SO4 (g/L) Pulp Density 
(g/L) 

Temperature 
(°C) 

LT1 1 9.8 10 30 
LT2 1 1.5 10 30 
LT3 2 9.8 10 30 
LT4 2 1.5 10 30 
LT5 1 9.8 5 30 
LT6 1 1.5 5 30 
LT7 2 9.8 5 30 
LT8 2 1.5 5 30 

LT12 0 1.5 5 70 
LT13 0 9.8 5 70 
LT14 1 1.5 5 70 
LT15 1 9.8 5 70 

 

Figure 25 displays the effect of acid concentration on copper dissolution from the concentrate at 

30°C. 
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Figure 25: Effect of acid concentration when leaching enargite concentrate (-400+500 mesh) 

at 1g/100mL, 1M NaCl and 30°C. 

 

Unexpectedly, it appears that lower acid concentration yield higher copper extraction.  Since the 

increase is only minor (~3%) it is difficult to distinguish between the two test conditions. 

Therefore it appears that acid concentration has no significant effect on copper extraction at 30°C.  

Similarly, Figure 26 and Figure 27 present the effect of chloride concentration and pulp density at 

30°C.   
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Figure 26: Effect of chloride concentration when leaching enargite concentrate (-400+500 

mesh) at 1g/100mL and 1.5 g/L H2SO4 and 30°C. 

 

 

Figure 27: Effect of pulp density when leaching enargite concentrate (-400+500 mesh) at 2M 

NaCl and 9.8 g/L H2SO4 and 30°C. 
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Figure 25, Figure 26, and Figure 27 show that the effect of acidity, chloride concentration, and 

pulp density has little impact on copper extraction when leaching enargite concentrates at 30°C.  

This could be a result of the general slow leaching kinetics observed at low temperatures as 

opposed to the variables of interest having no effect on copper extraction whatsoever.  Similar 

results were found Córdoba et al. (2008) who found little significance between variables tested 

when leaching chalcopyrite at 35°C.  SEM examination of the leach residues failed to show a 

passivating layer on the chalcopyrite surface and the authors cited the slow kinetics at 35°C being 

responsible for the negligible change in copper extraction between the variables of interest. 

4.1.2 Temperature, Acidity, and Chloride Concentration 

 

A second set of shake flask tests were conducted to investigate the effect of chloride 

concentration and acid concentration at 70°C.  Figure 28 displays the effect of temperature when 

leaching enargite concentrate using a size fraction of -400 +500 mesh. 
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Figure 28: Effect of temperature when leaching enargite concentrate (-400+500 mesh) at 

5g/100mL, 9.8 g/L H2SO4 and 1M NaCl.  

 

It is clear from Figure 28 that temperature has a significant positive effect on copper extraction.  

The kinetics of the reaction improves with increasing temperature and thus greater copper 

extraction can be achieved.  This is consistent with previously studies on chalcopyrite (Lu et al., 

2000) and enargite  (Padilla et al., 2005).   

 

Figure 29 presents the effect of chloride concentration when leaching the enargite concentrate at 

70°C. 
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Figure 29: Effect of chloride concentration when leaching enargite concentrate (-400+500 

mesh) at 5g/100mL and 1.5g/L H2SO4 at 70°C. 

 

Increasing the chloride concentration from 0M to 1M had a noticeable increase in copper 

extraction at 70°C.  This is likely due to a more porous sulphur layer forming on the enargite 

surface, thus allowing extended contact between mineral surface and lixivant.  Similar results 

have been found when leaching enargite (Padilla et al., 2005) and chalcopyrite (Carneiro and 

Leão, 2007; Lu et al., 2000) in the presence of chloride.   

 

Increasing the content of sulphuric acid from 1.5 g/L to 9.8g/L had a positive effect on copper 

extraction from the enargite concentrate 70°C.  The results from this test are presented in Figure 

30 below. 

 

0%	  

10%	  

20%	  

30%	  

40%	  

50%	  

60%	  

70%	  

80%	  

90%	  

0	   2	   4	   6	   8	   10	   12	   14	  

Co
pp

er
	  D
is
so
lu
,
on

	  

Time	  (days)	  

0	  M	  NaCl	   1	  M	  NaCl	  



 

51 

 

 

Figure 30: Effect of acid concentration when leaching enargite concentrate (-400+500 mesh) 

at 5g/100mL and 0M NaCl at 70°C. 

 

The results here tend to support the findings of Vilcáez et al. (2009) who found that decreasing 

the pH from 1.5 to 1 increased copper extraction from chalcopyrite from approximately 20% to 

90% after 14 days of leaching.  Lower copper extractions at lower levels of acidity could be the 

result of iron salt hydrolysis. However, since no additional iron was introduced to these shake 

flasks, the only iron present in solution is that which is leached from the pyrite in the concentrate 

itself. The findings presented here are in direct contradiction to Córdoba et al. (2009), Riekkola-

Vanhanen et al. (2008), and Hiroyoshi et al. (2008b) who all found that increasing levels of 

acidity retarded copper extraction from chalcopyrite. 
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4.1.3 Iron Addition and Particle Size 

 

From reaction (7) – (10), it appears that copper extraction could be limited by acidity, oxygen, or 

iron in solution.  To test if iron was a limiting reagent, additional iron was added to the reaction 

flasks as ferrous sulphate.  The results are displayed in Figure 31. 

 

Figure 31: Effect of ferrous iron concentration when leaching enargite concentrate (-

400+500 mesh) at 5g/100mL, 9.8g/L H2SO4 and 0M NaCl (except where specified) at 70°C. 

 

Figure 31 indicates that adding ferrous iron alone produces a significant increase in copper 

extraction.  Just by adding 1g/L ferrous iron the copper recovery increased from about 60% to 

over 80%.  Increasing the iron concentration from 8 g/L to 16 g/L slightly reduced copper 

recovery, although this is likely within experimental error.  It appears that there is a level between 

1 g/L and 8 g/L iron where copper extraction is highest.   In the presence of 4 g/L ferrous iron and 
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1M NaCl, no improvement in copper extraction was observed compared to the zero-iron test.  

This was likely due to precipitation of iron salts in the presence of sodium which coated the 

mineral surface.  Similar results have been noted by Córdoba et al. (2009).  An effective method 

to overcome iron salt hydrolysis is to increase the acidity of the leaching solution.   

 

The results in Figure 30 tend support the findings of Córdoba et al. (2008), Hiroyoshi et al. 

(2008a), and Warren et al. (1982) who found that copper extraction from chalcopyrite was 

increased in the presence of ferrous iron.  However, the results found here are contradict those 

found by Dutrizac and MacDonald (1972).  They found that increasing the ferrous iron 

concentration decreased the rate of copper extraction from enargite.  The presence of 7 g/L FeSO4 

(~1.4g/L Fe2+) decreased copper extraction by 40% when leaching enargite at 90°C.  Since 

oxygen was not present to re-oxidize the ferrous iron in their study, only reaction (6) was 

occurring.  In Figure 30, however, oxygen was present in solution via exposure to air and thus 

ferrous in solution could be re-oxidized to ferric iron, which would in turn re-oxidize the enargite 

and lead to higher copper extraction.  This leads to the question of whether or not ferric iron 

would be an effective additive.  This issue is addressed later in the report. 

 

To investigate the effect of particle size when leaching in shake flasks, the enargite concentrate 

was reduced to a particle size of d90 = 2µm.  Based on the positive impact observed when leaching 

with ferrous sulphate, the reduced particle size was leached in the absence and presence of 8 g/L 

ferrous iron.  The results are shown below in Figure 32. 
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Figure 32: Effect of particle size and additional ferrous iron when leaching enargite 

concentrate at 5g/100mL and 0M NaCl at 70°C.  The 38-45µm test had no additional iron 

added to solution. 

 

Reducing the particle size had a significant positive impact on copper extraction, achieving 80% 

recovery after two days compared to approximately 45% using the original size fraction.  Using 

the finely ground enargite in the presence of 8 g/L ferrous increased the copper extraction to 

approximately 90% after two days.  Figure 31 above shows that enargite can be leached 

effectively when the size fraction is greatly reduced.  According to Hourn et al. (1999), ultra-fine 

grinding will reduce passivation by creating particles small enough to completely react before the 

product layer can become thick enough to coat the mineral surface.  However, it appears that the 

concentration of iron is still the limiting reagent in the overall reaction.  Supplying additional iron 

to the leaching solution provided additional oxidizing species and further increased the rate of 
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reaction.  This is logical when one considers that the amount of surface area available for reaction 

increases exponentially when the concentrate is finely ground.  Accordingly, more iron can be 

utilized to oxidize the mineral surface and therefore adding iron to the leaching solution should 

increase copper extraction.   

4.1.4 Ion Effects on Enargite Concentrate 

 

The previous section demonstrated that adding ferrous iron to the leaching solution increased 

copper extraction significantly.  It would be of use to determine whether the type of iron added 

(ferrous vs. ferric) had an impact on copper extraction.  This section studies the effect of ferrous 

iron, ferric iron, and cuprous copper on copper extraction from enargite concentrate using shake 

flasks at 80°C. 

Table 7 outlines the leaching conditions for these experiments.  The bulk enargite concentrate 

was used with a d80 = 20 µm.  The concentrate was also leached solely in the presence of water, 

and this result yielded a final copper recovery of 15%.  Thus it can be concluded that the 

concentrate was mildly oxidized prior to leaching.  R1, R2, and R3 in Table 7 are repeat runs 

used to estimate variance in the statistical model and determine experimental error.  These repeat 

runs were done at the center point of the factorial design to ensure a diagonal co-variance matrix 

and eliminate correlation between model parameters. 

Table 7: Leaching conditions. 

Sample ID Fe2+ (mg) Fe3+(mg) Cu2+ (mg) 
E1 500 0 0 
E2 0 500 0 
E3 500 500 0 
E4 0 0 0 
E5 0 0 500 
E6 500 0 500 
E7 0 500 500 
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E8 500 500 500 
R1 250 250 250 
R2 250 250 250 
R3 250 250 250 

 

Figure 33 displays results for E1-E4.  These runs tested the effect of ferrous, ferric and a 

combination of both on copper extraction.  

 

Figure 33: Effect of iron addition when leaching the bulk enargite concentrate at 1g/100mL, 

9.8g/L H2SO4 and 80°C. 

 

Figure 33 demonstrates that adding either ferrous or ferric iron is beneficial to copper extraction.  

It appears that ferrous iron was the most effective, ferric iron was the least effective, and a 

combination of ferrous and ferric iron was in between.  This suggests that copper extraction is 

positively correlated to concentration of ferrous iron, which in turn is correlated to the solution 

redox potential.  Figure 34 below presents the solution redox potential for E1-E4. 
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Figure 34: Solution redox potential (vs. Ag/AgCl) for E1-E4. 

 

Figure 34 suggests that E1-E3 all tend toward the same equilibrium redox potential of about 500 

mV.  E4, which had no additional iron, reached a different equilibrium value of about 400 mV.  

The results shown here agree with some of the literature on the chalcopyrite.  Hiroyoshi et al. 

(2008a) showed that adding ferric and ferrous to shake flasks containing chalcopyrite increased 

copper extraction compared to tests in the absence of additional iron.  In their study, ferric iron 

increased copper extraction slightly more than ferrous.  Córdoba et al. (2008) found that by 

adjusting the initial redox potential (by adjusting the ferrous/ferric ratio) of shake flasks 

containing chalcopyrite, different levels of copper extraction could be achieved.  By adjusting the 

initial redox potential to 400mV using 5g/L iron, significant increases in copper extraction were 

observed.  A similar trend is evident in Figure 32.  Córdoba et al. (2008) found that when the 

initial redox potential was adjusted to 400mV using only 0.5g/L iron, no increase in copper 

extraction was observed. When the initial redox potential was increased to 600mV using 5g/L 

iron, no increases in copper extraction were observed.  Their results indicated that iron was the 
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limiting reagent and highlighted that not only is the optimal redox potential essential for copper 

extraction but also that sufficient iron must be present in the system.   

 

Figure 35 presents tests E5-E8, which are a repeat of E1-E4 but with the addition of 500mg of 

copper as copper sulphate.   

 

Figure 35: Effect of iron addition when leaching the bulk enargite concentrate at 1g/100mL, 

9.8g/L H2SO4, 500mg of Cu2+ and 80°C. 

 

Figure 35 shows that adding copper sulphate to the solution appears to have an effect in 

enhancing overall copper extraction.  After one day, 80% recovery was obtained compared to 

about 60% in the absence of copper (Figure 33).  However, by day 2 the flask with just ferrous 

iron had higher copper extraction than any test containing additional copper sulphate.   It appears 

that copper has a beneficial effect initially, but by day 2 the effect is less significant has little to 

no effect on overall copper extraction.   
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Hiroyoshi et al. (2004) found that current densities on the surface of chalcopyrite increased 

significantly in the presence of ferrous iron and cupric copper.  Their model proposed the 

formation of intermediate Cu2S from chalcopyrite followed by oxidation of Cu2S as shown in 

reactions (15) – (17).  A similar analogy could be drawn for enargite with the following proposed 

mechanism: 

Cu3AsS4 + Cu2+ + Fe2+ = 2Cu2S + 2Fe3+ + AsO4
3- + 4S + H+   (29) 

 

Cu2S + 2Fe3+ = Cu2+ + 2Fe2+  + CuS     (30) 

 

CuS + O2 + 4H+ = 2Cu2+ + S + 2H2O     (31) 

 

Reactions (17) and (18) could also be potential mechanism for the oxidation of Cu2S. Since the 

enargite concentrate already contained chalcocite and covellite, it is difficult to confirm this 

mechanism using a leach residue analysis.  Therefore a pure sample of enargite was leached in 

the presence of copper and iron and is presented later in this report. 

 

The solution redox potential for the flasks containing copper sulphate (E5-E8) is presented in 

Figure 36 below. 
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Figure 36: Solution redox potential (vs. Ag/AgCl) for E5-E8. 

 

The trend in Figure 36 is similar to that shown previously in the absence of copper sulphate.  The 

flasks containing no additional iron tended toward a redox potential of approximately 400 mV 

while the solutions containing additional iron tended to approximately 500 mV. 

 

The total iron in solution was measured and is presented in Figure 37. 
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Figure 37: Total iron in solution when leaching the bulk enargite concentrate at 1g/100mL, 

9.8g/L H2SO4 and 80°C. 

 

The iron levels shown above agree with the levels of iron added to the initial leach solution and 

moderately increase over time.  This small increase is likely due to the oxidation of pyrite present 

in the concentrate.  The ferrous to ferric ratio in solution was measured using a potassium 

permanganate titration.  The results are displayed below in Table 8.  E4 and E5 had no iron added 

and were below detection limits. 

Table 8: Fraction of iron that is Fe2+ for E1-E3 and E6-E8. 

Time (days)  
Sample ID 0 1 2 4 7 

E1 1 0.86 0.73 0.79 0.69 
E2 0 0.86 0.71 0.81 0.71 
E3 0.5 0.78 0.55 0.53 0.43 
E6 1 0.89 0.86 0.70 0.69 
E7 0 0.89 0.88 0.81 0.71 
E8 0.5 0.62 0.58 0.43 0.42 
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All the samples in Table 8 display a similar trend despite the different oxidation states at time 

zero.  There appears to be a high concentration of ferrous iron initially and slowly this 

concentration diminishes during the course of the reaction.  This suggests that initially all the 

ferric iron produced through reaction (22) is being consumed almost immediately.  As the 

reaction proceeds, the mineral surface available for reaction decreases and ferric iron 

concentrations start to increase.  Accordingly, ferrous iron concentrations decrease, as shown in 

Table 8.  

 

Arsenic levels were also measured in the leach solution and are presented below in Figure 38. 

 

Figure 38: Arsenic dissolution when leaching the bulk enargite concentrate at 1g/100mL, 

9.8g/L H2SO4 and 80°C. 

 

Arsenic appears to dissolve from the enargite concentrate at a slower rate compared to copper.  In 

all cases, the presence of additional iron increased total arsenic extraction.  The results found here 

suggest that copper is leached preferentially from enargite and a copper deficient arsenic-sulphide 
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species is left in the enargite matrix.  However, recall from Table 4 that the concentrate contains 

both chalcocite and covellite.  It is probable that these minerals are leached preferentially to the 

enargite and thus inflate the initial copper extractions reported earlier.  The stochiometric weight 

ratio of copper to arsenic in pure enargite is approximately 2.5.  For the concentrate used in this 

study, the ratio is 4.1.  Table 9 below presents the ratio of copper/arsenic leached from the 

concentrate.   

Table 9: The copper/arsenic ratio for experiments on the enargite concentrate. 

Time (days)  
Sample ID 1 2 4 7 

E1 16.2 12.7 9.8 10.0 
E2 21.9 15.1 10.4 10.2 
E3 16.7 10.7 9.3 9.8 
E4 89.5 36.1 21.5 14.6 
E5 75.2 44.9 23.4 19.5 
E6 45.6 17.0 9.6 10.7 
E7 24.5 13.6 9.7 10.4 
E8 39.9 20.9 13.8 13.5 

 

It is obvious that in all cases the ratio of dissolved copper to arsenic is much higher than the bulk 

ratio of 4.1 in the concentrate.  Even if it is assumed that all the chalcocite and covellite are 

leached completely by day one, the copper to arsenic ratio is still more than double the bulk ratio 

of 4.1. To remove the effects of secondary sulphides, a pure enargite sample is leached under the 

same conditions later in this report. 

 

The solution pH of all the shake flasks tested in this section is presented below in Figure 39. 
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Figure 39: pH of all shake flasks at 1g/100mL, 9.8g/L H2SO4 and 80°C. 

 

It is clear from Figure 39 that all the flasks follow a similar acid profile.  The pH initially 

decreases suggesting that acid-generating reactions (7-9) were taking place.  After day 1, sample 

volumes that were removed for sampling were replaced with the original acidic leaching 

solutions.  Therefore a small component of the decrease in pH can be contributed to solution 

replacement.  The long-term trend, however, is an increase in pH and thus an overall consumption 

of acid according to reaction (10).   

 

To determine the experimental error associated with the apparatus and gain an estimate for the 

experimental variance used in the statistical model, three repeat runs were performed at the center 

point of the factorial design (250mg of Fe2+, Fe3+, and Cu2+).  The results are shown below in 

Figure 40. 
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Figure 40: Three repeat runs using the enargite bulk concentrate at 1g/100mL, 9.8g/L 

H2SO4 and 80°C. 

 

Figure 40 shows that the experiments are repeatable and the associated error with the 

measurements are relatively small.  The variance is used in the statistical model that follows this 

section.   

4.1.5 Statistical Model for the Enargite Concentrate 

 

The experimental results obtained in this section were inputted to JMP statistical software to 

determine if they were statically significant and to produce a least squares estimate model.  Two 

models were created each with a different response variable.  The first response variable was total 

copper extracted (by day seven).  However, since in some cases the initial rate of copper 

extraction were different while the total copper extracted was equal, the initial rate of copper 

extraction was used as another response variable.  The copper extraction after one day was used 

as a proxy for the initial rate.  Therefore two models are presented below, one using the total 
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copper extraction observed after day seven and a second model using the initial rate of copper 

extraction after one day.   

 

Based on the statistical analysis, the following model has been proposed for estimating the final 

copper extraction: 

   (32) 

 

The output of the model is calibrated in units of “fraction of copper extracted”.  The coding of 

Fe2 and Fe3 are defined such that 500 mg of iron is equal to 1 and 0 mg of iron is equal to -1. 

Table 10 presents key indicators of statistical significance for this model. 

Table 10: Indicators of statistical significance for the model. 

Term Test Value Test Type Conclusion Confidence Interval 
Model (MSR/MSE) 16.6 F Significant 99.85% 
Intercept Parameter 34.9 Student-t Significant >99.99% 

Fe2 Parameter 4.5 Student-t Significant 99.69% 
Fe3 Parameter 4.0 Student-t Significant 99.47% 

Fe2xFe3 Parameter -3.7 Student-t Significant 99.26% 
 

Greater detail on the JMP output can be found in the Appendix.  From Table 10, the model and 

associated parameters appear to be strongly significant (after the Cu2 term has been dropped from 

the model).  The Fe2xFe3 term was introduced to account for any interaction effects between the 

ferrous and ferric iron.  Figure 41 below, computed using JMP, plots the actual value of final 

copper extraction against the value predicted by the model. 

 

! 

CuFinal = 0.93+ 0.14(Fe2) + 0.12(Fe3) " 0.12(Fe2xFe3)
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Figure 41: Plot of actual copper extraction against the copper extraction predicted by the 

model. 

 

The points are mostly clustered around the line with a slope of one, with only 2 points outside the 

confidence intervals, indicating the proposed model is a good fit.  The R2 value for this regression 

model was 0.88 (0.82 adjusted for parameters), which implies that significant trend is being 

picked up by the model. 

 

A similar analysis was performed using the initial rate of copper extraction as the response 

variable.  The predicted model is shown below: 

   (33) 

 

The output of the model is calibrated in units of “fraction of copper extracted”.  The coding of 

Fe2, Fe3, and Cu2 are defined such that 500 mg of cation is equal to 1 and 0 mg of cation is equal 

to -1. 

Table 11 presents key indicators of statistical significance for this model. 

 

! 

CuInitial = 0.59 + 0.07(Fe2) + 0.07(Fe3) " 0.09(Fe2xFe3) + 0.09(Cu2)
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Table 11: Indicators of statistical significance for the model. 

Term Test Value Test Type Conclusion Confidence Interval 
Model (MSR/MSE) 11.2 F Significant 99.39% 
Intercept Parameter 28.2 Student-t Significant >99.99% 

Fe2 Parameter 3.0 Student-t Significant 97.56% 
Fe3 Parameter 3.0 Student-t Significant 97.64% 

Fe2xFe3 Parameter -3.8 Student-t Significant 99.08% 
Cu2 Parameter 3.5 Student-t Significant 98.74% 

 

Greater detail on the JMP output can be found in the Appendix.  From Table 10, the model and 

associated parameters appear to be strongly significant when all parameters are kept in the model.  

The Fe2xFe3 term was introduced to account for any interaction effects between the ferrous and 

ferric iron.  Figure 42 below, computed using JMP, plots the actual value of final copper 

extraction against the value predicted by the model. 

 

 

Figure 42: Plot of actual copper extraction against the copper extraction predicted by the 

model. 

The points are mostly clustered around the line with a slope of one, with only 1 point outside the 

confidence intervals, indicating the proposed model is a good fit.  The R2 value for this regression 

model was 0.88 (0.80 adjusted for parameters), which implies that significant trend is being 

picked up by the model. 
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Based on the two models it appears that the presence of Cu2+ is statistically significant for the 

initial rate of copper extraction but not for the final level of extraction observed by day seven.  

Overall, both models have characteristics that are indicative of a good fit and have parameters 

that are statistically significant. 

 

The model described by equation (33) was to predict the initial copper extraction for a previous 

experiment in Figure 31.  Using 1g/L ferrous iron the model predicts a copper extraction of 35% 

after one day of leaching.  Figure 31 shows that this test resulted in a actual copper extraction of 

38%.  Therefore the output from the model is in good agreement with actual results and the 

validity of the model is supported. 

4.1.6 Ion Effects on the Pure Enargite Specimen 

 

The previous set of experiments was conducted on an enargite concentrate that contained 

significant amounts of pyrite and secondary sulphide minerals.  To minimize the effect of these 

impurities, a relativity pure specimen of enargite was obtained.  The pure specimen was leached 

under the same conditions outlined in the above section.  The effect of iron and copper addition 

was tested to determine if the pure sample would react in the same way that the concentrate 

behaved.  The experimental conditions are the same as the previous tests on the concentrate and 

are displayed in Table 12 below. 
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Table 12: Experimental conditions used for the pure enargite sample. 

Sample ID Fe2+ (mg) Fe3+(mg) Cu2+ (mg) 
D1 500 0 0 
D2 0 500 0 
D3 500 500 0 
D4 0 0 0 
D5 0 0 500 
D6 500 0 500 
D7 0 500 500 
D8 500 500 500 

 

Figure 43 displays copper extraction from the pure enargite sample using various amounts of iron 

in the absence of copper suphate.   

 

Figure 43: Copper dissolution from pure enargite using different amounts of iron at 

1g/100mL, 9.8g/L H2SO4 and 80°C. 

 

Figure 43 demonstrates that the dissolution of copper from the pure enargite specimen is limited 

by the amount of iron available to oxidize the mineral according to reactions (7) and (8).  The 

type of iron seems to have little impact on copper dissolution although starting with all ferrous 
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iron appears to be somewhat disadvantageous.  The opposite was true when leaching the 

concentrate where starting with all ferrous iron lead to the highest copper extractions.   

 

The above experiments were repeated in the presence of 500mg of copper in the form of copper 

sulphate.  The results are presented in Figure 44. 

 

Figure 44: Copper dissolution from pure enargite using different amounts of iron in the 

presence of copper sulphate at 1g/100mL, 9.8g/L H2SO4 and 80°C. 

 

The presence of iron still appears to be effective at enhancing copper extraction from the pure 

enargite specimen in the presence of Cu2+ as copper sulphate.  Copper extractions were increased 

to approximately 60% after one day compared to about 40% in the absence of additional copper.  

This tends to support the model proposed earlier in reactions (29) - (31).  As was the case in the 

absence of additional copper sulphate, the highest copper extraction from the pure enargite 

sample occurs in the presence of ferric iron.  Of the three tests that contained iron, the flask with 

all iron as ferrous iron showed the lowest copper extraction.  This result would tend to oppose the 
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model proposed in reactions (29) - (31) since high ferrous concentrations would be advantageous 

to start the formation of chalcocite.  The lower extraction observed with ferrous iron could also be 

related to the solution redox potential.  Figure 45 presents the redox potential for all test runs. 

 

Figure 45: Solution redox potential (vs. Ag/AgCl) for D1-D8. 

 

The trend in redox potential for the pure enargite is similar to that observed when leaching the 

enargite concentrate.  In all flasks containing additional iron, an equilibrium potential of 

approximately 475 mV was achieved while in the absence of iron, an equilibrium potential of 

about 400 mV was achieved.  Even in the flasks containing all Fe3+ and a starting redox potential 

of about 675mV, the reaction took place with reasonable kinetics.  In the case of chalcopyrite, 

however, Córdoba et al. (2008) found that starting the reaction flask at 600 mV led to passivation 

and limited any further reaction.  Muller et al. (2007) found similar results, citing redox potential 

as a key factor when leaching chalcopyrite.  It appears that enargite is much less sensitive to 

redox conditions and the presence of iron, as opposed to the initial oxidation state of iron, that is 

the determinant factor when leaching enargite in shake flasks.   
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Table 13 displays the fraction of iron that is in the ferrous form in solution during the course of 

the experiment.  D4 and D5, in which no iron was added, were below detection limits. 

Table 13: Fraction of iron that is Fe2+ for D1-D3 and D6-D8. 

Time (days)   
Sample ID 0 1 2 4 7 

D1 1 1.00 0.84 0.82 0.41 
D2 0 0.97 0.74 0.74 0.50 
D3 0.5 0.83 0.60 0.49 0.38 
D6 1 0.99 0.77 0.77 0.54 
D7 0 0.89 0.64 0.66 0.57 
D8 0.5 0.66 0.41 0.46 0.38 

 

The trend shown in Table 13 is similar to that shown for the enargite concentrate.  Initially, a high 

concentration of ferrous iron is present as the ferric iron is consumed almost immediately.  As the 

reaction proceeds, less ferric is able to come in contact with the mineral surface and a buildup of 

ferric iron is observed, decreasing the ferrous iron concentration. 

 

Figure 46 presents total iron in solution for all flasks when leaching pure enargite.  The results 

here are similar to the enargite concentrate.  The total iron in solution remains relatively constant 

during the course of the reaction.  This corresponds to the low level of pyrite present in the 

system and indicates that iron salt hydrolysis is not occurring.   
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Figure 46: Total iron in solution when leaching the pure enargite specimen at 1g/100mL, 

9.8g/L H2SO4 and 80°C. 

 

Iron salt hydrolysis was noted by Córdoba et al. (2008, 2009) when leaching chalcopyrite.  The 

absence of salt hydrolysis observed in these results is likely due to the acidic conditions 

maintained in flasks.  Figure 47 presents the pH of flasks during the course of the experiment. 
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Figure 47: pH of all shake flasks at 1g/100mL, 9.8g/L H2SO4 and 80°C. 

 

Córdoba et al. (2009) noted iron precipitation for chalcopyrite at pH 1.5 and above.  Since the pH 

in Figure 47 is maintained below 1.2 in all cases, it is reasonable to assume that the presence of 

acid played a role in preventing iron salt hydrolysis.  In all cases, the flasks followed a similar 

acid profile; initially decreasing but increasing by day seven.  A similar trend was observed with 

the enargite concentrate.   It is reasonable to conclude that initially the acid generating reactions 

(7-9) is dominant and over the course of the experiment the acid consuming reaction (10) 

dominates.  The rise in pH could also be due to pyrite reaction which produces ferrous ions. 

Figure 48 below displays the dissolution of arsenic from the pure enargite over the course of the 

experiment. 
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Figure 48: Arsenic dissolution for D1-D8. 

 

Arsenic dissolution appears to be heavily dependent on the presence of iron.  D4 and D5, which 

contained no additional iron, only achieved about 20% arsenic dissolution in seven days of 

leaching.  In the presence of iron, 70-90% dissolution was observed.  This demonstrates that iron 

was the limiting reagent in the overall reaction.  It is also notable that all reactions containing 

copper sulphate (D5-D8) achieved lower arsenic extractions compared to the flasks containing the 

same type of iron (D1-D4). 

 

Table 14 presents the ratio of dissolved copper to arsenic. 

Table 14: The copper/arsenic ratio for experiments on the pure enargite specimen. 

Time (days)  
Sample ID 1 2 4 7 

D1 3.8 3.8 4.2 3.9 
D2 3.8 3.7 4.1 3.8 
D3 3.7 3.7 3.9 3.8 
D4 4.1 3.9 3.5 3.5 
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D5 21.5 10.8 8.7 5.7 
D6 11.4 6.6 5.5 4.5 
D7 7.2 5.8 5.1 4.2 
D8 6.8 6.0 4.9 4.4 

 

The unleached sample contained a copper/arsenic ratio of approximately 3.1.  In the absence of 

copper sulphate, the ratios in solution are approximately equal to unleached sample, with a 

slightly higher amount of copper.  This tends to support the theory that copper leaches 

preferentially to arsenic.  In the presence of copper sulphate, the copper/arsenic ratio is higher 

initially, but eventually reach levels that are comparable to the tests done in the absence of copper 

sulphate.  It appears that the presence of copper sulphate has an enhancing effect on copper 

dissolution but arsenic dissolution is not as greatly affected.   

4.1.7 Statistical Model for the Pure Enargite Specimen 

 

Similar to the previous section, JMP statistical software was used to analyze the statistical 

significance of the extraction results obtained using the pure enargite specimen.  Two models are 

presented, one using the total copper extracted after seven days as a response variable and a 

second model using the initial copper extraction after one day.  Based on the statistical analysis, 

the following model has been proposed for estimating the final copper extraction: 

 

  (34) 

 

The output of the model is calibrated in units of “fraction of copper extracted”.  The coding of 

Fe2, Fe3 are defined such that 500 mg of iron is equal to 1 and 0 mg of iron is equal to -1.  Table 

15 presents key indicators of statistical significance for this model. 

 

! 

CuFinal = 0.80 + 0.19(Fe2) + 0.18(Fe3) " 0.15(Fe2xFe3)
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Table 15: Key indicators of statistical significance for the model. 

Term Test Value Test Type Conclusion Confidence Interval 
Model (MSR/MSE) 189.5 F Significant >99.99% 
Intercept Parameter 63.3 Student-t Significant >99.99% 

Fe2 Parameter 14.6 Student-t Significant 99.99% 
Fe3 Parameter 14.5 Student-t Significant 99.99% 

Fe2xFe3 Parameter -12.0 Student-t Significant 99.97% 
 

Greater detail on the JMP output can be found in the Appendix.  From Table 15, the model and 

associated parameters appear to be strongly significant when the Cu2 term has been dropped from 

the model.  The Fe2xFe3 term was introduced to account for any interaction effects between the 

ferrous and ferric iron.  Figure 49 below, computed using JMP, plots the actual value of final 

copper extraction against the value predicted by the model. 

 

 

Figure 49: Plot of actual copper extraction against the copper extraction predicted by the 

model. 

 

The points are mostly clustered around the line with a slope of one, without any points outside the 

confidence intervals, indicating the proposed model is a good fit.  The R2 value for this regression 
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model was 0.99 (0.98 adjusted for parameters), which implies that significant trend is being 

picked up by the model. 

 

A second model has been proposed for estimating the initial rate of copper extraction from the 

pure enargite sample: 

 

  (35) 

 

The output of the model is calibrated in units of “fraction of copper extracted”.  The coding of 

Fe2, Fe3, and Cu2 are defined such that 500 mg of cation is equal to 1 and 0 mg of cation is equal 

to -1.  Table 16 presents key indicators of statistical significance for this model. 

Table 16: Key indicators of statistical significance for the model. 

Term Test Value Test Type Conclusion Confidence Interval 
Model (MSR/MSE) 241.2 F Significant 99.96% 
Intercept Parameter 73.8 Student-t Significant >99.99% 

Fe2 Parameter 10.7 Student-t Significant 99.83% 
Fe3 Parameter 21.8 Student-t Significant 99.98% 
Cu2 Parameter 17.1 Student-t Significant 99.96% 

Fe2xFe3 Parameter -9.0 Student-t Significant 99.71% 
 

Greater detail on the JMP output can be found in the Appendix.  From Table 16, the model and 

associated parameters appear to be strongly significant when the Fe2, Fe3, Cu2, and Fe2xFe3 

terms are included in the model.  The Fe2xFe3 term was introduced to account for any interaction 

effects between the ferrous and ferric iron.  Figure 50 below, computed using JMP, plots the 

actual value of final copper extraction against the value predicted by the model. 

! 

CuInitial = 0.41+ 0.06(Fe2) + 0.12(Fe3) + 0.09(Cu2) " 0.05(Fe2xFe3)
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Figure 50: Plot of actual copper extraction against the copper extraction predicted by the 

model. 

 

The points are mostly clustered around the line with a slope of one, without any points outside the 

confidence intervals, indicating the proposed model is a good fit.  The R2 value for this regression 

model was 0.99 (0.99 adjusted for parameters), which implies that significant trend is being 

picked up by the model. 

 

Based on the two models it appears that the presence of Cu2+ is statistically significant for the 

initial rate of copper extraction but not for the final level of extraction observed by day seven.  

The same observation was noted for the enargite concentrate model.   

4.1.8 Comparison Between Concentrate and Pure Enargite 

 

It has been shown previously in this report that enargite dissolution is particularly sensitive to 

particle size.  When comparing the results from the enargite concentrate and pure sample, it is 

important to note that particle sizes were different.  Therefore, to get an accurate comparison 

between the reactivity of the concentrate compared to the pure specimen, the same size fraction 
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was isolated from both samples to get a more accurate comparison.  The size fraction utilized was 

45-53 microns.  These two samples were leached under the same conditions: 9.8 g/L H2SO4, 10 

g/L pulp density and 500mg of Fe3+ at 80°C.  Figure 51 compares the dissolution of copper from 

the two samples.   

 

Figure 51: Copper dissolution from the pure specimen and concentrate. 

 

From Figure 51, the concentrate appears to be much more amendable to copper extraction.  This 

is to be expected since the concentrate contains secondary copper sulphides were are typically 

more reactive than enargite and a significant amount of pyrite, which has been shown to catalyze 

enargite reactivity.   

 

Figure 52 compares the arsenic dissolution from the concentrate and the pure sample. 
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Figure 52: Arsenic dissolution from the pure specimen and concentrate. 

 

The lag in arsenic dissolution in the concentrate could be due to the presence of secondary copper 

sulphides, which are leached preferentially to enargite.  However, overall it appears that arsenic 

dissolves at approximately the same rate from both the concentrate and pure sample.  The small 

increase in extraction from the concentrate could be due in part to the presence of pyrite.  Table 

17 below displays the copper/arsenic ratio for the two samples. 

Table 17: The ratio of copper/arsenic for the pure specimen and the concentrate. 

Time (days)  
Sample 1 2 4 7 

Pure 5.1 4.2 4.8 3.9 
Concentrate 14.0 12.0 6.5 5.6 

 

For both the pure specimen and the concentrate, the copper to arsenic ratio in solution was higher 

then what is found in the original sample, 3.3 for the pure specimen and 4.1 for the concentrate.  
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This trend supports the theory that copper is dissolved preferentially to arsenic and a copper 

deficient arsenic-sulphide layer remains on the surface of the enargite. 

 

The solution redox potential in the two flasks studied in this section is presented in Figure 53. 

 

Figure 53: Solution redox potential (vs. Ag/AgCl) for the pure specimen and the 

concentrate. 

 

Both the pure specimen and the concentrate follow almost exactly the same redox potential 

profile.  The starting potential of about 675 mV corresponds to the amount of ferric iron initially 

added to the reaction flask.  The small increase in redox potential of the pure sample at day two is 

likely a minor measurement error.  Both samples converge to an equilibrium potential of 

approximately 475 mV.  This test again confirms that enargite does not depend on low redox 

potentials to maintain the leaching reaction.  Between 325 mV and 675 mV enargite appears to be 

reactive.   
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Figure 54 displays the total iron in solution over the course of the experiment for both samples.   

 

Figure 54: Total iron in solution for the pure specimen and the concentrate. 

 

The iron content of the pure sample remains essentially unchanged.  This is expected due to the 

low levels of pyrite present in the sample.  The iron content of the concentrate increases sharply 

initially and then levels off.  This is an indication of the oxidation of pyrite in the concentrate.   

 

Overall it appears that the concentrate is more amendable to copper and arsenic extraction under 

the leaching conditions studied.  It is difficult to make accurate comparisons between samples of 

different origin, but the presence of pyrite is likely one of the factors contributing to the different 

leaching rates observed here. 
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4.2 Bench Scale Tests on the Enargite Concentrate  

 

Based on the positive results observed in the shake flask experiments, the bulk concentrate was 

leached in a series of bench-scale tests to determine if trends observed in the shake flasks held 

true in a large scale environment.  The reactor consisted of a 2L vessel as described in the 

experimental section of this report.  A liquid volume of 750mL was used and the effects of 

temperature, pulp density, iron addition, particle size, acidity, and pyrite addition were 

investigated.  Since the shake flask is an idealized environment useful for experimental work but 

not necessarily applicable to an industrial setting, this larger scale environment was used to test 

the suitability of further scale-up work. 

4.2.1 Temperature 

 

Figure 55 below presents the effect of temperature on copper dissolution when leaching the 

enargite concentrate. 
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Figure 55: Effect of temperature on copper extraction from the bulk enargite concentrate at 

a pulp density of 10 g/L, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 

 

The kinetics of enargite leaching is clearly dependent on temperature.  Increasing the temperature 

from 55°C to 85°C can increase copper extraction about 20% after six hours.   Arsenic dissolution 

followed a similar trend as shown below in Figure 56. 
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Figure 56: Effect of temperature on aresenic extraction from the bulk enargite concentrate 

at a pulp density of 10 g/L, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 

 

Although higher temperatures led to higher arsenic extractions, the amount of arsenic entering 

solution is much lower compared to copper.  At 85°C, only 4% of the total arsenic had been 

solubilized.  Padilla et al. (2005) found similar results, extracting about 1% of the arsenic after six 

hours at 80°C and 5% at 100°C when leaching enargite at atmospheric pressure.  This highlights 

the slow kinetics of enargite dissolution at atmospheric pressure.  However, the appreciable effect 

of temperature on enargite dissolution suggests a shrinking core model could be employed to gain 

an estimate of the reaction kinetics.  

 

Using the information from Figure 55 and equation (24), the shrinking core model can be used to 

determine k, the reaction rate constant.  Figure 57 presents a plot of the shrinking core model 
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equation against time.  The slope of the lines are the apparent rate constants at the specified 

temperature. 

 

 

Figure 57: Data from the copper dissolution of enargite in H2SO4 media plotted according 

to the shrinking core model for spherical particles. 

 

The first hour of rapid dissolution was not included since in this phase of the reaction the 

dissolution of secondary sulphides, not enargite, were likely the major contributors to the copper 

dissolution.  Plotting the natural logarithm of the rate constants against the inverse of absolute 

temperature yielded the Arrhenius plot for the enargite concentrate, as shown in Figure 58.   

 

85°C	  

70°C	  

55°C	  

0	  

0.02	  

0.04	  

0.06	  

0.08	  

0.1	  

0.12	  

0.14	  

0.16	  

0	   1	   2	   3	   4	   5	   6	   7	  

1-‐
(1
-‐X
)1
/3
	  

Time	  (hours)	  



 

89 

 

 

Figure 58: Arrhenius plot for the enargite concentrate using copper extraction to determine 

the rate constants. 

 

Figure 58 shows a strong linear dependency of the kinetic constant with temperature.  The slope 

on the Arrhenius plot yields an activation energy of 32 kJ/mol.  This value assumes that almost all 

the copper extraction achieved in the first hour was not a result of enargite but other more easily 

leachable copper species present in the concentrate.  Table 18 presents different values of 

activation energy determined when leaching enargite. 

Table 18: Various activation energies reported for enargite. 

Copper 
Sulphide Activation Energy Experimental 

Conditions Reference 

Enargite 32 kJ/mol Atmospheric – ferric 
sulphate oxygen media This work 

Enargite 65 kJ/mol 
Atmospheric – ferric 

sulphate/chloride oxygen 
media 

Padilla et al. (2005) 

Enargite 69 kJ/mol 
Pressure oxidation – 

ferric sulphate oxygen 
media 

Padilla et al. (2008) 

Enargite 55.6 kJ/mol 
Atmostpheric – ferric 

suphate media 
(anaerobic) 

Dutrizac and MacDonald 
(1972) 

y	  =	  -‐3.8858x	  +	  6.4306	  
Ea	  =	  32	  kJ/mol	  
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The value determined in this work is in the same order of magnitude of previous work done on 

enargite by Padilla et al. (2005, 2008) and Dutrizac and MacDonald (1972) as shown in Table 18 

above.  The difference in operating conditions and the nature of the enargite are likely the cause 

of the divergent values reported in Table 18.   The high level of catalytic pyrite found in the 

enargite concentrate used in this study could also be a factor in lowering the activation energy.  

Figure 55 has two distinct regions; an initial fast region up to one hour, followed by a much 

slower steady region.  This would support the theory that the initial phase of enargite dissolution 

is chemically reaction controlled while the second phase is diffusion controlled.   

4.2.2 Oxygen Partial Pressure 

 

Figure 59 and Figure 60 demonstrate the effect of oxygen partial pressure on copper extraction 

and arsenic extraction, from the enargite concentrate. 
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Figure 59: Effect of oxygen partial pressure and flow rate on copper extraction from the 

bulk enargite concentrate at 8.5 g/L ferrous iron, 1% pulp density, 85°C, 60 g/L H2SO4, and 

1000 rpm. (SCFH = standard cubic feet per hour). 
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Figure 60: Effect of oxygen content on arsenic extraction from the bulk enargite 

concentrate at 8.5 g/L ferrous iron, 1% pulp density, 85°C, 60 g/L H2SO4, and 1000 rpm. 

 

Figure 59 and Figure 60 both demonstrate that sparging pure oxygen instead of air can increase 

the dissolution of enargite.  An increase in metal extraction is observable when sparging at 6 

SCFH pure oxygen compared to 12 SCFH air.  Therefore it can be inferred that oxygen was 

involved in the rate-determining step when leaching enargite. Increasing the oxygen flow rate 

from 6 to 12 SCFH failed to yield an increase in enargite dissolution.  Therefore it can be 

assumed that the solution was saturated oxygen when sparged at a flow rate of 6 SCFH oxygen.  

Based on these results, this flow rate of oxygen was employed for the remaining experiments.   

4.2.3 Pulp Density 

 

Figure 61 presents the effect of pulp density on copper extraction from the enargite concentrate. 
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Figure 61: Effect of pulp density on copper extraction from the bulk enargite concentrate at 

85°C, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 

 

It appears that increasing the pulp density above 1% has a positive impact on copper extraction.  

Figure 62 shows the effect of pulp density on arsenic dissolution. 
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Figure 62: Effect of pulp density on arsenic extraction from the bulk enargite concentrate at 

85°C, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 
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Figure 63: Effect of pulp density on redox potential (vs. Ag/AgCl) from the bulk enargite 

concentrate at 85°C, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 
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Figure 64: Total iron in solution based on various pulp densities of the bulk enargite 

concentrate at 85°C, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 
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Figure 65: Effect of iron addition on copper extraction from the bulk enargite concentrate 

at 1% pulp density, 85°C, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 
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Figure 66: Effect of iron addition on arsenic extraction from the bulk enargite concentrate 

at 1% pulp density, 85°C, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 
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agreement with Hiroyoshi et al. (2008a) who achieved higher levels of copper extraction when 

leaching chalcopyrite.  Córdoba et al. (2009), however, demonstrated that higher concentrations 

of ferrous iron led to higher copper extractions for chalcopyrite.   

 

Table 19 reports the fraction of total iron in solution in the ferrous oxidation state over the course 

of the reaction. 

Table 19: Fraction of total iron in the ferrous oxidation state for tests varying the amount 

and type of initial iron. 

Time   
Sample ID 0 1 2 4 6 

8.5 g/L Fe2+ 1 0.12 0.10 0.10 0.10 
17g/L Fe2+ 1 0.11 0.11 0.08 0.08 
8.5g/L Fe3+ 0 0.08 0.08 0.08 0.08 
17g/L Fe3+ 0 0.04 0.05 0.06 0.06 

 

Table 19 shows that the fraction of total iron in ferrous oxidation state is approximately 10% in 

three cases and about 5% in the case starting with 17g/L ferric iron.  Therefore most of the iron is 

in the ferric state, irrespective of the starting conditions.  This implies that most of the ferrous 

iron in solution is oxidized to ferric iron and rate of ferric generation exceeds the rate of reaction 

between ferric and enargite.  This supports the hypothesis that after the quick initial chemical rate 

controlled step, the reaction is limited by diffusion processes.  

4.2.5 Acidity 

 

Figure 67 and Figure 68 present the effect of sulphuric acid concentration on copper and arsenic 

dissolution from the enargite concentrate.   
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Figure 67: Effect of sulphuric acid concentration on copper extraction from the bulk 

enargite concentrate at 1% pulp density, 8.5g/L ferrous iron, 85°C, 6 SCFH O2, and 1000 

rpm. 
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Figure 68: Effect of sulphuric acid concentration on arsenic extraction from the bulk 

enargite concentrate at 1% pulp density, 8.5g/L ferrous iron, 85°C, 6 SCFH O2, and 1000 

rpm. 
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unlikely since no major decrease in copper extraction was observed at the lower level of copper 

extraction. 

4.2.6 Chloride Addition 

 

Figure 69 and Figure 70 demonstrate the effectiveness of chloride addition on copper and arsenic 

extraction from the enargite concentrate.   

 

 

Figure 69: Effect of chloride concentration on copper extraction using HCl, H2SO4, and 

NaCl at 1% pulp density, 85°C, 6 SCFH O2, and 1000 rpm. 

 

0%	  

10%	  

20%	  

30%	  

40%	  

50%	  

60%	  

0	   1	   2	   3	   4	   5	   6	   7	  

Cu
	  D
is
so
lu
,
on

	  

Time	  (hours)	  

60g/L	  H2SO4	  

120g/L	  HCl	  

12g/L	  HCl	  

60g/L	  H2SO4	  2M	  NaCl	  



 

103 

 

 

Figure 70: Effect of chloride concentration on arsenic extraction using HCl, H2SO4, and 

NaCl at 1% pulp density, 85°C, 6 SCFH O2, and 1000 rpm. 
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Arsenic dissolution also appears to be positively effected by the presence of chloride in solution.  

Increasing the chloride concentration from 0 to 1M using H2SO4 increased the arsenic extraction 

from about 6% to about 9% in six hours.  Padilla et al. (2005) found similar results when leaching 

enargite in H2SO4 and NaCl.  Arsenic extraction was increased from less than 0.5% in the 

absence of chloride to 6% using 2M NaCl after seven hours of leaching. Padilla et al. (2005) 

claimed that arsenic dissolution was first order with respect to the concentration of chloride ions 

in the leaching solution.  As a result, the authors claimed that chloride ions play a role in the 

surface chemical reaction and do not solely change the morphology of the product layer.   

 

Interestingly, the test that used the least amount of acid (12 g/L HCl) yielded the highest arsenic 

extraction.  This was also noted previously in Figure 68 when various amounts of H2SO4 were 

used.  Figure 71 presents the pH of the tests discussed above. 

 

Figure 71: pH of experiments testing the effectiveness of acid. 
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The results in Figure 71 demonstrate that the presence of sodium chloride has an effect of 

lowering the solution pH, even before the reaction started taking place.  In most cases, the pH 

increases slightly over time.  This would suggest that the acid consuming reaction is slightly 

favorable under the leaching conditions tested.  The relationship of copper and arsenic with 

respect to acidity appears to be inverted.  Copper dissolution is increased in with higher acidity 

while arsenic extraction decreases with higher acidity.  Figure 72 below presents the effect of 

chloride ions at various sulphuric acid concentrations. 

 

 

Figure 72: Effect of sodium chloride concentration on copper extraction from the bulk 

enargite concentrate at 1% pulp density, 85°C, 6 SCFH O2, and 1000 rpm. 
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required.  The test that utilized 5 g/L H2SO4 has significantly lower copper extraction compared 

to 60g/L H2SO4 despite having 1M NaCl.  This is likely due to the formation of iron salt 

hydrolysis in accordance with reaction (25) in the presence of sodium.  Secondly, although 

chloride affects the initial copper extraction rate, after six hours of leaching the effect of NaCl 

appears to be insignificant.  Despite different extraction levels after one hour, all tests that 

employed 60 g/L H2SO4 yielded the same overall copper extraction rate after six hours.  This 

implies that the initial reaction (1-2 hours) could be reaction rate controlled, and thus is affected 

by the presence of chloride.  However, as the reaction continues the lixivant must travel a greater 

distance into the mineral surface (in accordance with the shrinking core model) and the reaction is 

no longer reaction rate controlled but instead diffusion controlled.  

4.2.7 Pyrite Addition 

 

Figure 73 and Figure 74 present the effect of pyrite addition on copper and arsenic extraction 

from the enargite concentrate. The bulk pyrite size was d80=145µm and the fine pyrite size was 

d80=2µm.  It is important to note that the concentrate itself contained approximately 46% pyrite 

initially.   
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Figure 73: Effect of pyrite addition on copper extraction from the bulk enargite concentrate 

at 8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000 rpm. 
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Figure 74: Effect of pyrite addition on arsenic extraction from the bulk enargite concentrate 

at 8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000 rpm. 
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Figure 74 shows that the highest copper extraction was achieved when a ratio of 4:1 of bulk 

pyrite was used and when a ratio of 1:1 of ultra-fine pyrite was employed.  An ultra-fine grind 

would significantly increase the catalytic surface area available for ferric generation and thus 

ultimately require less pyrite than the 4:1 test.  The highest arsenic extraction was also achieved 

using these two tests, although the improvements found in this study are not as significant as 

those found by Dixon et al. (2008).  The differences could due to the fact the chalcopyrite and 

enargite respond differently to pyrite and that every concentrate has different mineralogy.  

Another important difference is the apparatus used.  Dixon et al. (2008) used a higher pulp 

density and maintained a constant solution potential by varying the flow of oxygen using a 

feedback control loop.  The present study sparged oxygen at a constant flow rate and this led to 

higher solution potentials.  However, the present study has shown that redox potential doesn’t 

play a significant role in enargite leaching, so this is likely not the source of the divergent results.  

Kametani and Aoki (1985) showed that increasing the solution potential above 450mV (vs. SCE) 

leads to pyrite oxidation.  Therefore by letting the redox potential increase some of the pyrite in 

solution would react with oxygen and ferric iron.  The oxidation of pyrite not only competes with 

the enargite for oxidizing agents, but it potentially affects the catalytic surface properties of the 

pyrite.  Figure 75 below confirms that some of the pyrite in solution was oxidized. 
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Figure 75: Effect of pyrite addition on iron in solution from the bulk enargite concentrate at 

8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000 rpm. 
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test was oxidized.   Dixon et al. (2008) reported that in 22 of 24 experiments, pyrite was not 

oxidized as determined by quantitative x-ray diffraction. 

 

Figure 76 presents a microprobe image of the leach residue when the enargite concentrate was 

reacted in the presence of additional pyrite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The small light particle in Figure 76 was identified as enargite and the large dark particle was 

indentified as pyrite.  It is obvious from Figure 76 that the large pyrite particle has heterogeneous 

surface, presumably as a result of ferric oxidation.  This is further support of pyrite reacting in the 

leaching solution.   

 

Table 20 displays the fraction of iron in solution that is in the ferrous oxidation state. 

 

En 

Py 

Figure 76: Microprobe image of the enargite concentrate when leached in the 

presence of additional pyrite. En = enargite, Py = pyrite. 
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Table 20: Fraction of iron in the ferrous oxidation state when leaching different amounts of 

pyrite. 

Time (hours) -> 
Sample ID 0 1 2 4 6 

1:1 Fine 1 0.14 0.13 0.11 0.10 
4:1 Bulk 1 0.13 0.12 0.11 0.10 

0 Pyrite Added 1 0.12 0.10 0.10 0.10 
1:1 Bulk 1 0.12 0.11 0.10 0.10 

 

Table 20 shows that irrespective of the presence of pyrite, the fraction of ferrous iron is between 

10-14%.  This implies that the fraction of ferric iron in solution is between 86-90%.  The 

relatively high levels of ferric would suggest that ferric generation is greatly exceeding ferric 

consumption.  This supports the theory that the reaction is primarily diffusion controlled and not 

reaction rate controlled.  The plot of solution redox potential for various amounts of pyrite is 

shown in Figure 77. 
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Figure 77: Effect of pyrite addition on redox potential (vs. Ag/AgCl) from the bulk enargite 

concentrate at 85°C, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 

 

From Figure 77, it appears that adding pyrite slightly lowered the redox potential, but no 

significant trend is evident.  Additionally, Dixon and Rivera-Vasquez (2009) claim that arsenic is 

in solution in the As (III) oxidation state, while the general consensus is that arsenic is in the As 

(V) oxidation state (Dutrizac and MacDonald, 1972; Welham et al., 2000).  Overall, the results 

presented here suggest that the presence of pyrite may not be as effective for enargite as claimed 

previously (Dixon and Rivera-Vasquez, 2009).  This is a topic of future work that requires further 

attention. 
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4.2.8 Particle Size 

 

Figure 78 and Figure 79 present the copper and arsenic extraction from the enargite concentrate 

using the bulk size fraction (d80=20µm) and an ultra-fine fraction (d80=2µm).   

 

 

 

Figure 78: Effect of particle size on copper extraction from the bulk enargite concentrate at 

8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000 rpm. 
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Figure 79: Effect of particle size on arsenic extraction from the bulk enargite concentrate at 

8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000 rpm. 
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the fine grind.  Arsenic follows a similar parabolic then linear trend, although not as extreme as is 

the case with copper in Figure 79.   

 

To confirm the copper extraction achieved using the ultra-fine particle size, the leach residue was 

filtered, dried and massed.  Three samples were dissolved in aqua regia and an average value of 

copper grade was determined.  Using this information, it was determined that approximately 72% 

of the copper was extracted from the concentrate.  Alternatively, the direct method of measuring 

copper in the leached solution yielded an overall copper recovery of 69%.  These values are in 

good agreement and confirm the reliability of the results.  These calculations are detailed in the 

Appendix. 

 

To confirm the consistency of the bench scale tests three repeat runs were performed. The results 

are displayed in Figure 80. 
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Figure 80: Three repeat runs on the enargite concentrate at 8.5g/L ferrous, 1% pulp 

density, 85°C, 60 g/L H2SO4, 6 SCFH O2, and 1000 rpm. 

 

The similar results of the three repeat runs suggest that the variance in the experimental results 
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4.3  Bench Scale Tests on the Enargite Mineral Specimen  

 

The previous bench-scale results used an enargite concentrate that contained impurities such as 

pyrite and secondary copper sulphides.  In attempt to remove the effects of these impurities, a 

pure specimen of enargite was obtained, crushed and leached.  The average composition of the 

pure sample can be found in the Materials and Methods section.   

4.3.1 Temperature  

The effect of temperature on copper and arsenic extraction from the pure bulk enargite sample is 

displayed in Figure 81 and Figure 82. 

 

Figure 81: Effect of temperature on copper extraction from the pure enargite sample at 1% 

pulp density, 6 SCFH O2, and 1000rpm. 
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Figure 82: Effect of temperature on arsenic extraction from the pure enargite sample at 1% 

pulp density, 6 SCFH O2, and 1000rpm. 

 

As was the case with the concentrate, temperature appears to have a significant effect on copper 

extraction.  The effect on arsenic extraction is less pronounced as shown in Figure 82.  It appears 

that the bulk enargite specimen is considerably less reactive than the concentrate presented earlier 

in this report.  This could be due to a lower amount of pyrite present in the sample compared to 

the concentrate or that the sample has a larger average particle size. Since every ore has a 

different composition, it is difficult to make direct comparisons between studies.  For example, 

Vilcáez et al. (2009) studied four different types of chalcopyrite and after eight days of leaching 

using the identical lixivant, the copper extraction varied from 20-80%.   

Table 21 presents the copper to arsenic ratio for the bulk specimen for the three temperatures 

studied. 

 

0%	  

2%	  

4%	  

6%	  

8%	  

10%	  

12%	  

14%	  

0	   1	   2	   3	   4	   5	   6	   7	  

A
s	  
D
is
so
lu
,
on

	  

Time	  (hours)	  

85C	  

70C	  

55C	  



 

120 

 

Table 21: The ratio of copper/arsenic from the bulk enargite specimen for the three 

temperatures studied. 

Time (hours) 
Temperature (ºC) 1 2 4 6 

85 14.4 11.2 9.4 10.2 
70 12.3 12.6 11.1 9.7 
55 8.1 10.2 7.4 8.3 

 

Table 21 demonstrates that the copper/arsenic dissolution ratio was significantly higher than what 

was found in the sample before leaching (~3.1).  This supports the theory that copper is leached 

preferentially to arsenic and the resulting product layer on the enargite surface is a copper-

deficient arsenic-sulphide with low solution mass transfer characteristics.   

 

Using the method described earlier in this report, a shrinking core model was used to obtain the 

kinetic constants for copper dissolution and an Arrhenius plot was constructed as shown in Figure 

83 and Figure 84.  
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Figure 83: Data from the copper dissolution of pure enargite in H2SO4 media plotted 

according to the shrinking core model for spherical particles. 

 

 

Figure 84: Arrhenius plot for the pure bulk enargite using copper extraction to determine 

the rate constants. 
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The slope of the Arrhenius plot yielded an activation energy of 33 kJ/mol.  This is in good 

agreement with the result of 32 kJ/mol reported for the enargite concentrate but still lower than 

65-69 kJ/mol reported by Padilla et al. (2005, 2008) and 55.6 kJ/mol reported by Dutrizac and 

MacDonald (1972). 

 

The residue of the bulk enargite specimen was analyzed using a microprobe in an attempt to gain 

a better understanding of the leaching mechanism.  Figure 85 below is an image of the pure 

sample before leaching has occurred. 

 

 

Figure 85: Microprobe image of an enargite particle from the pure sample.  The white line 

indicates the direction of the elemental scanner. 

 

Starting near the center of the enargite particle and moving radially (as shown by the white line in 

Figure 85) the copper, sulphur, and arsenic content of the enargite particle was measured.  Figure 

86, Figure 87, and Figure 88 below displays the results. 
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Figure 86: Copper elemental scanner for unleached bulk enargite specimen. 

 

 

Figure 87: Sulphur elemental scanner for unleached bulk enargite specimen. 
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Figure 88: Arsenic elemental scanner for unleached bulk enargite specimen. 

 

As expected, the sulphur, copper, and arsenic content remain relatively uniform across the 

particle surface and then drop off sharply when the scanner reaches the end of the particle.  This 

forms the control test to compare other microprobe results.  

 

Figure 89 below displays a microprobe image of the leach residue of the pure enargite sample.   
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Figure 89: Microprobe image of an enargite particle from the pure sample leached at 70°C, 

1% pulp density, 6 SCFH O2, and 1000 rpm.  The white line indicates the direction of the 

elemental scanner. 

 

The white line in Figure 89 represents the elemental scanning path.  The results for copper, 

sulphur and arsenic are displayed below in Figure 90, Figure 91, and Figure 92. 

 

Figure 90: Arsenic elemental scanner for the bulk enargite specimen leached at 70ºC. 
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Figure 91: Copper elemental scanner for the bulk enargite specimen leached at 70ºC. 

 

 

 

Figure 92: Sulphur elemental scanner for the bulk enargite specimen leached at 70ºC. 

0	  

1000	  

2000	  

3000	  

4000	  

5000	  

6000	  

7000	  

8000	  
Cu

	  In
te
ns
it
y	  
(n
o	  
un

it
s)
	  

Scanning	  Path	  (no	  units)	  

S 
In

te
ns

ity
 (n

o 
un

its
) 

Scanning Path (no units) 



 

127 

 

 

Figure 90-94 show that although copper and arsenic appear relatively uniform over the course of 

the particle, but sulphur displays a noticeable increase in concentration adjacent to the mineral 

surface.  This indicates either there is a thin layer of sulphur forming on the surface of the 

enargite particle or arsenic and copper are leaching preferentially to the sulphur and a porous 

sulphur layer remains on the mineral surface.  Based on the linear kinetics observed in the 

concentrate leaching, it would suggest that a passivating sulphur layer is not forming but rather a 

porous product layer that restricts diffusion.  It is possible that the sulphur layer needs to be 

oxidized to sulphate before the lixiviant can come in contact with the mineral surface, and this 

becomes the rate-limiting step.  This would explain the fast initial parabolic kinetics followed by 

the slow linear region.   

4.3.2 Chloride  

 

Figure 93 and Figure 94 present the effect of chloride addition on copper and arsenic extraction 

from the pure enargite sample. 
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Figure 93: Effect of chloride addition on copper extraction from the pure enargite sample at 

8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000rpm. 

 

Figure 94: Effect of chloride addition on arsenic extraction from the pure enargite sample 

at 8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000rpm. 
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The presence of chloride, either in the form of HCl or as NaCl appears to enhance copper 

extraction.  This is possibly due to a more porous reaction product or that the chloride is taking 

part in the leaching reaction, as proposed by Padilla et al. (2005).  Arsenic extraction slightly 

increased when exposed to NaCl but significantly increased in the presence of HCl.  A scanning 

electron image is displayed in Figure 95 below. 

 

 

Figure 95: Scanning electron image of the pure sample leached in the presence of HCl. 

 

Compared to the enargite leached in the absence of chloride (Figure 89), Figure 95 appears much 

more porous and the surface is significantly less uniform.  This supports the theory that the 

presence of chloride affects the morphology of the mineral surface. 

4.3.3 Iron  

 

Figure 96 and Figure 97 display the copper and arsenic recovery from the pure sample after 

adding additional iron to the reactor as ferrous sulphate.   
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Figure 96: Effect of iron addition on copper extraction from the pure enargite sample at 1% 

pulp density, 85°C, 6 SCFH O2, and 1000rpm. 

 

Figure 97: Effect of iron addition on arsenic extraction from the pure enargite sample at 

1% pulp density, 85°C, 6 SCFH O2, and 1000rpm. 
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As was the case with the enargite concentrate, the reaction with the pure enargite specimen 

appeared to be limited by iron.  Adding 8.5 g/L iron as ferrous sulphate had a noticeable increase 

in copper extraction and a minor increase in arsenic extraction.   

4.3.4 Pyrite  

 

The effect of pyrite addition on copper and arsenic extraction from the pure enargite sample is 

presented below in Figure 98 and Figure 99. 

 

 

Figure 98: Effect of pyrite addition on copper extraction from the pure enargite sample at 

8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000rpm. 

0%	  

2%	  

4%	  

6%	  

8%	  

10%	  

12%	  

14%	  

0	   1	   2	   3	   4	   5	   6	   7	  

Cu
	  D
is
so
lu
,
on

	  

Time	  (hours)	  

0	  Pyrite	  

4:1	  Pyrite	  



 

132 

 

 

Figure 99: Effect of pyrite addition on arsenic extraction from the pure enargite sample at 

8.5 g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000rpm. 

 

The presence of pyrite appears to have little to no effect on either copper or arsenic dissolution 

when using the pure enargite sample.  Small increases are evident, but these are not large enough 

to make conclusive observations.  The ferrous to ferric ratio for the two tests are presented below 

in Table 22. 

Table 22: Fraction of iron in the ferrous oxidation state when leaching different amounts of 

pyrite. 

Time 
Sample ID 0 1 2 4 6 

0 Pyrite 1 0.10 0.09 0.09 0.08 
4:1 Pyrite 1 0.10 0.10 0.10 0.09 

 

From Table 22 it appears as though the solution contains mostly ferric iron (~90%) irrespective of 

additional pyrite in solution.  Since the solution is nearly all ferric, it can be inferred that ferric 
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generation is not the rate controlling step and therefore it is more likely the diffusion of ferric to 

the mineral surface that is controlling the reaction rate. 

 

Figure 100 displays the iron in solution for these two tests during the course of the experiment. 

 

 

Figure 100: Effect of pyrite addition on total iron extraction from the pure enargite sample 

at 8.5g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000rpm. 

 

Using the information in Figure 100, the amount of pyrite oxidized in the reaction can be 

estimated.  In the absence of pyrite, approximately 38% of the total iron was leached.  Assuming 

that all the iron in the pure sample came from pyrite, it can be inferred that approximately 38% of 

the pyrite found naturally in the specimen was oxidized.  As described earlier, if it assumed that 

the same amount of natural pyrite is oxidized in the presence of additional pyrite, the remaining 

iron in solution can be attributed to the additional pyrite.  Therefore approximately 3.9% of the 

additional pyrite was oxidized.   
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4.3.5 Copper Sulphate  Addition 

 

Figure 101 and Figure 102 present the copper and arsenic extraction from the pure enargite 

concentrate in the presence of ferrous sulphate and cupric sulphate. 

 

 

Figure 101: Effect of copper sulphate addition on copper extraction from the pure enargite 

sample at 8.5g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000rpm. 
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Figure 102: Effect of copper sulphate addition on arsenic extraction from the pure enargite 

sample at 8.5g/L ferrous iron, 1% pulp density, 85°C, 6 SCFH O2, and 1000rpm. 

 

It appears the presence of copper has a beneficial effect on copper and arsenic extraction.  This 

phenomenon was displayed earlier in this report using the shake flask tests.  To confirm the 

copper extraction presented in Figure 101, three aqua regia digestions were performed on the 

leach residue as described earlier.  An average of the results gave an overall copper extraction of 

15%, which is in good agreement with Figure 101.  It is possible that the presence of copper and 

iron change the reaction mechanism proposed in reactions (9) and (10) to a system that follows 

(29) - (31) and this may explain the increase in extraction.   

To gain further understanding into the mechanism, the leach residue was analyzed using a 

microprobe as shown in Figure 103. 
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The enargite particle in Figure 103 shows three distinctly coloured regions.  This was not 

identified when viewing the unleached sample or the sample leached in the absence of copper 

sulphate.  Therefore it was concluded that this phenomenon could be a result of a different 

reaction mechanism taking place in the presence of high concentrations of copper and iron in 

solution.  Results from the elemental scanner are displayed in Figure 104, Figure 105, Figure 106, 

and Figure 107. 

A 

B 
C 

Figure 103: Microprobe image of an enargite particle from the pure sample leached in the 

presence of ferrous sulphate and copper sulphate at 85°C, 1% pulp density, 6 SCFH O2, 

and 1000 rpm.  The white line indicates the direction of the elemental scanner. 
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Figure 104: Arsenic elemental scanner for the bulk enargite specimen leached with Cu 2+. 

 

 

Figure 105: Copper elemental scanner for the bulk enargite specimen leached with Cu 2+. 

0	  

50	  

100	  

150	  

200	  

250	  

300	  

350	  

400	  

450	  

A
s	  
In
te
ns
it
y	  
(n
o	  
un

it
s)
	  

Scanning	  Path	  (no	  units)	  

0	  

1000	  

2000	  

3000	  

4000	  

5000	  

6000	  

7000	  

Cu
	  In

te
ns
it
y	  
(n
o	  
un

it
s)
	  

Scanning	  Path	  (no	  units)	  



 

138 

 

 

Figure 106: Iron elemental scanner for the bulk enargite specimen leached with Cu 2+. 

 

Figure 107: Sulphur elemental scanner for the bulk enargite specimen leached with Cu 2+. 
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Figure 103.  Measuring from the center of the particle out, these regions are labeled A, B, and C 

respectively.  Using the microprobe analyzer, the weight percent of major constituents of each 

region were determined.  The results are presented below in Table 23. 

Table 23: The weight percent of major elements in the three regions of interest. 

Element (wt%) A B C 
As 20 13 3.5 
Fe 8 17 0.8 
S 29 33 25 

Cu 41 36 40 
 

The mechanism that describes this situation is obviously very complex and could be a result of a 

number of interactions.  The author is not totally ruling out the mechanism proposed in reactions 

(29) - (31), but the following could be another possible explanation.  It appears that the “A” 

region is enargite, since it has a weight percent ratio roughly equal to pure enargite.  It is assumed 

the particle in Figure 103 was originally pure enargite consistent with the microprobe analysis of 

the unleached sample.  Region “B” could be the product of the reaction of enargite with ferric 

iron.  This region is depleted in copper and arsenic while slightly higher in sulphur content.  

These characteristics are typical of enargite leached in ferric sulphate media.  This work has 

proposed that the product layer remaining on the mineral surface (region “B”) acts a retardant to 

reactant/product diffusion and this limits copper and arsenic extraction.  However, in the presence 

of high concentrations of copper in the leaching solution, region “C” is present.  This appears to 

be a region rich in copper but containing less sulphur and arsenic.  It is possible that the copper in 

solution interacts with the original product layer (“B”), either by reacting as secondary oxidant or 

partial deposition and formation of Cu2S, and this allows for extended leaching of arsenic and 

copper.  The possible formation of Cu2S supports the findings of Córdova et al. (1997) who 

witnessed Cu2S formation on the surface of enargite in the presence of Cu2+. 
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The results here tend to agree with Hiroyoshi et al. (2004) who found increased current density (a 

proxy for increased reactivity) on chalcopyrite electrodes in the presence of both iron and copper 

in solution, but not when either element was absent.  Hiroyoshi et al. (2004) proposed that ferrous 

iron was reducing chalcopyrite to chalcocite in the presence of copper in solution and the 

relatively rapid oxidation of chalcocite was responsible for the increased current density.  A 

similar observation for enargite has not been reported in the literature and as such this is a novel 

observation. A mechanism similar to that proposed by Hiroyoshi et al. (2004) could be taking 

place for enargite, but since almost all the iron in solution is in the ferric oxidation state, it seems 

unlikely.  The presence of copper and iron in solution appear to enhance the dissolution of 

enargite but the exact mechanism taking place is still unclear and remains an area of future 

research. 
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Chapter 5 

Conclusions and Future Work 

 

5.1 Conclusions  

 

The leaching of enargite at atmospheric pressure was shown to be extremely slow.  Increasing 

temperature enhanced enargite dissolution and an activation energy of 32 kJ/mol was determined 

for the enargite concentrate and 33 kJ/mol for the bulk enargite specimen in the temperature 

range of 55-85°C.  Increasing solution acidity slightly improved copper extraction but also 

lowered arsenic extraction. The presence of sodium chloride appeared to improve metal 

extraction, but only in the presence of low pH where jarosite formation was prevented.  The 

overall reaction appeared to be iron limited and the iron in solution was primarily in the ferric 

oxidation state.  Although pyrite was shown to be extremely effective for chalcopyrite and 

enargite in other studies, the current work suggest that the addition of pyrite does not have a 

significant beneficial effect on enargite dissolution.  

Table 24 summarizes the major findings in the current work on enargite and also lists the findings 

of previous studies on chalcopyrite. 
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Table 24: Summary of key operating parameters for enargite and chalcopyrite. 

Parameter Enargite (This Work) Chalcopyrite 
 

Increased Temperature 
 

Increased extraction Increased extraction 

 
Decreased Particle Size 

 
Increased extraction Increased extraction 

 
Presence of Pyrite 

 
No significant effect Increased extraction 

Redox Potential No significant effect Optimum between 400-500 
mV (SCE) 

 
Presence of Fe2+ 

 
Increased extraction Inconclusive 

Presence of Fe3+ Increased extraction Decreased extraction if redox 
is above ~500 mV (SCE) 

 
Presence of Cu2+ 

 
Increased extraction Increased extraction 

 
Sodium Chloride 

 

Increased extraction provided 
sufficient acid is present 

Increased extraction provided 
pH less than 1.5 

 
Increased Acidity 

 

Mildly increased extraction for 
copper, decreased extraction 

for arsenic 
Inconclusive 

 
Increased Oxygen Content 

 

Increased extraction until 
solution is saturated 

Increased extraction until 
solution is saturated 

 
Increased Pulp Density 

 
Increased extraction Increased extraction 

 

With enargite, copper appears to leach preferentially to arsenic, leaving behind an arsenic-

sulphide product layer.  Microprobe analysis showed that this layer is not passivating, but the 

presence of the layer does appear to retard diffusion of oxidizing agents from the bulk solution to 

the mineral surface and reaction products from the mineral surface to the bulk solution, thus 

contributing to the slow leaching rate.  The results presented here suggest that the process is 
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initially reaction rate controlled up to about 40% copper extraction but this is followed by a 

diffusion-controlled region where the rate of copper extraction is fairly constant but much slower.   

 

In the presence of high concentrations of copper sulphate, enhanced copper recovery was 

observed for the pure enargite specimen.  This could be the result of a change in the reaction 

product layer on the enargite surface and perhaps the formation of intermediate Cu2S.  Particle 

size reduction appears to be the most effective method to increase extraction rates, however only 

70% copper recovery and 35% arsenic recovery was achieved after 24 hours of leaching for 2-

micron particles (d80).  At these reaction rates, it appears that enargite dissolution at atmospheric 

pressure will not be an economical process compared to other technologies such as high 

temperature/pressure oxidation or roasting (Peacey et al., 2010).  

 

5.2 Areas of Future Work  

 

The effect of pyrite was shown to be insignificant with respect to enargite dissolution in this 

study.  However, other studies have shown large increases in copper extraction for both 

chalcopyrite and enargite in the presence of excess pyrite (Dixon et al., 2008; Dixon and Rivera-

Vasquez, 2009).  The main difference operating parameters in this study compared to other 

studies involving the effect of pyrite is that this study used a lower pulp density and did not 

control the redox potential.  However, the current study has shown that the effect of redox 

potential is insignificant so it is unlikely that redox potential is playing a key role.  Controlling the 

redox potential to minimize pyrite oxidation could potentially be part of the key mechanism that 

has demonstrated increased copper recoveries in the presence of pyrite in other studies (Dixon et 
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al., 2008; Dixon and Rivera-Vasquez, 2009).   However, it is difficult to explain why the enargite 

leaching curve should change so significantly between a ratio of 3:1 and 4:1 pyrite:enargite.  

Dixon and Rivera-Vasquez (2009) have suggested that arsenic in solution is in the As (III) 

oxidation state compared to the As (V) oxidation state that has been reported previously (Dutrizac 

and MacDonald, 1972; Welham et al., 2000).  Determining the exact role of pyrite and the arsenic 

speciation when leaching copper sulphides still remains unclear and is a key area of future work 

in this field.   

The formation of an intermediate copper sulphide species during enargite leaching is also an 

interesting topic for further work.  Based on the residue analysis, it appears that the presence of 

copper sulphate changes the product layer on the enargite surface and presumably changes the 

reaction mechanism.  The results here do not confirm if the product layer is Cu2S or a copper-rich 

poly-sulphide.  However, a small increase in copper and arsenic extraction was observed when 

the enargite was leached in the presence of copper sulphate and this is an area that should be 

investigated further. 
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Appendix 

 

5.3 Raw Data 

 

Table 25-26 presents data relevant to the shakeflask tests at 30°C and 300rpm. 

 

Table 25: Operating parameters for the shakeflask tests at 30°C and 300rpm. 

Sample ID [Cl-] (M) [H2SO4] (M) Pulp Density (g/L) 
LT1 1 0.1 10 
LT2 1 0.01585 10 
LT3 2 0.1 10 
LT4 2 0.01585 10 
LT5 1 0.1 5 
LT6 1 0.01585 5 
LT7 2 0.1 5 
LT8 2 0.01585 5 
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Table 26: Copper extraction for the shakflask tests at 30°C and 300rpm. 

Time (Days) 0 1 2 3 4 
LT1 0 11% 15% 19% 22% 
LT2 0 15% 20% 22% 25% 
LT3 0 14% 13% 18% 22% 
LT4 0 14% 19% 21% 24% 
LT5 0 9% 13% 18% 21% 
LT6 0 13% 16% 21% 24% 
LT7 0 12% 16% 18% 23% 
LT8 0 15% 20% 19% 23% 

Time (Days) 7 8 9 12 15 
LT1 30% 30% 32% 30% 31% 
LT2 33% 33% 34% 33% 35% 
LT3 30% 30% 32% 31% 32% 
LT4 31% 32% 33% 32% 32% 
LT5 30% 31% 32% 32% 33% 
LT6 28% 29% 32% 32% 34% 
LT7 32% 30% 32% 32% 32% 
LT8 29% 30% 33% 31% 32% 

 

Table 27-28 presents data relevant to the shakeflask tests at 70°C and 300rpm. 

Table 27: Operating parameters for the shakeflask tests at 70°C and 300rpm. 

Sample ID [Cl-] (M) [H2SO4] (M) Temp Fe (II) g/L 
LT9 0 0.01585 30 0 

LT10 0.5 0.01585 30 0 
LT11 0.1 0.01585 30 0 
LT12 0 0.01585 70 0 
LT13 0 0.1 70 0 
LT14 1 0.01585 70 0 
LT15 1 0.1 70 0 
ORP 1 0 0.1 70 8 
ORP 2 0 0.1 70 16 
ORP 3 0 0.1 70 1 
ORP 4 0 0.1 70 2 
ORP 5 1 0.1 70 4 
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Table 28: Copper extraction for the shakflask tests at 70°C and 300rpm. 

Time (days) 0 3 4 7 9 11 14 
LT9 0 16% 30% 31% 33% 36% 37% 

LT10 0 17% 26% 23% 25% 26% 28% 
LT11 0 25% 28% 31% 32% 33% 36% 
LT12 0 21% 29% 35% 40% 48% 53% 
LT13 0 36% 48% 50% 57% 65% 72% 
LT14 0 41% 50% 57% 62% 73% 80% 
LT15 0 43% 67% 74% 76% 89% 89% 
ORP 1 0 35% 62% 89% 90% 95% - 
ORP 2 0 28% 65% 81% 87% 91% - 
ORP 3 0 39% 45% 70% 75% 85% 94% 
ORP 4 0 37% 43% 59% 74% 84% 96% 
ORP 5 0 32% 36% 47% 52% 65% 71% 

 

Table 29-35 present relevant data for the shakeflask tests at 80°C, 300rpm, 1g/100mL bulk 

density and 9.8g/L H2SO4 using the enargite concentrate. 

 

Table 29: Operating parameters for the shakeflask tests at 80°C, 300rpm, 1g/100mL bulk 

density and 9.8g/L H2SO4.  Values are in mg added to 100mL of leaching solution 

Sample ID Fe2+ Fe3+ Cu2+ 
E1 500 0 0 
E2 0 500 0 
E3 500 500 0 
E4 0 0 0 
E5 0 0 500 
E6 500 0 500 
E7 0 500 500 
E8 500 500 500 
R1 250 250 250 
R2 250 250 250 
R3 250 250 250 
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Table 30: Copper extraction for the shakflask tests at 80°C and 300rpm. 

Time (days) 0 1 2 4 7 
E1 0 59% 89% 97% 105% 
E2 0 52% 62% 85% 99% 
E3 0 53% 72% 92% 102% 
E4 0 34% 40% 47% 62% 
E5 0 34% 32% 19% 41% 
E6 0 76% 81% 81% 100% 
E7 0 82% 83% 87% 101% 
E8 0 74% 65% 76% 107% 
R1 0 59% 82% 92% 101% 
R2 0 62% 82% 90% 100% 
R3 0 65% 87% 95% 103% 

 

Table 31: Arsenic extraction for the shakflask tests at 80°C and 300rpm. 

Time (days) 0 1 2 4 7 
E1 0 15% 29% 41% 43% 
E2 0 10% 17% 34% 40% 
E3 0 13% 28% 41% 43% 
E4 0 2% 5% 9% 18% 
E5 0 2% 3% 3% 9% 
E6 0 7% 20% 35% 39% 
E7 0 14% 25% 37% 40% 
E8 0 8% 13% 23% 33% 

 

Table 32: Total iron in solution (mg) for the shakflask tests at 80°C and 300rpm. 

Time (days) 0 1 2 4 7 
E1 500 520 538 568 569 
E2 500 523 549 554 552 
E3 1000 1010 1017 1057 1043 
E4 0 13 14 78 29 
E5 0 8 9 11 19 
E6 500 504 524 564 571 
E7 500 505 506 555 550 
E8 1000 990 973 1036 1073 
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Table 33: Solution redox potential (SCE) for the shakflask tests at 80°C and 300rpm.33 

Time (days) 0 1 2 4 7 
E1 333 467 469 479 485 
E2 675 488 482 480 489 
E3 471 485 485 494 504 
E4 495 415 417 424 418 
E5 488 416 415 421 416 
E6 341 470 470 476 483 
E7 687 477 476 481 485 
E8 470 481 486 492 495 

 

Table 34: solution pH for the shakflask tests at 80°C and 300rpm. 

Time (days) 0 1 2 4 7 
E1 0.95 0.83 0.62 0.4 1.09 
E2 0.95 0.85 0.61 0.46 1 
E3 0.95 0.83 0.63 0.5 1.05 
E4 0.95 0.84 0.61 0.41 1.15 
E5 0.95 0.84 0.64 0.43 1.09 
E6 0.95 0.82 0.62 0.5 1.11 
E7 0.95 0.83 0.64 0.48 1.12 
E8 0.95 0.84 0.61 0.52 1.14 

 

Table 35: Fraction of iron in solution in the ferrous oxidation state for the shakflask tests at 

80°C and 300rpm. 

Time (days) 0 1 2 4 7 
E1 1 448 392 448 392 
E2 0 448 392 448 392 
E3 0.5 784 560 560 448 
E6 1 448 448 392 392 
E7 0 448 448 448 392 
E8 0.5 616 560 448 448 

 

Table 36-42 present relevant data for the shakeflask tests at 80°C, 300rpm, 1g/100mL bulk 

density and 9.8g/L H2SO4 using the enargite specimen. 
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Table 36: Operating parameters for the shakeflask tests at 80°C, 300rpm, 1g/100mL bulk 

density and 9.8g/L H2SO4 using the pure enargite.  Values are in mg added to 100mL of 

leaching solution. 

Sample ID Fe2+ Fe3+ Cu2+ 
D1 1 0 0 
D2 0 1 0 
D3 1 1 0 
D4 0 0 0 
D5 0 0 1 
D6 1 0 1 
D7 0 1 1 
D8 1 1 1 

 

Table 37: Copper extraction for the shakflask tests at 80°C and 300rpm 

Time (days) 0 1 2 4 7 
D1 0 31% 51% 78% 96% 
D2 0 42% 58% 82% 98% 
D3 0 43% 61% 84% 99% 
D4 0 7% 13% 18% 25% 
D5 0 28% 21% 30% 29% 
D6 0 47% 56% 75% 90% 
D7 0 61% 75% 80% 86% 
D8 0 63% 87% 76% 98% 

 

 

Table 38: Arsenic extraction for the shakflask tests at 80°C and 300rpm. 

Time (days) 0 1 2 4 7 
D1 0 27% 44% 59% 80% 
D2 0 36% 51% 65% 85% 
D3 0 38% 53% 69% 85% 
D4 0 6% 11% 16% 24% 
D5 0 4% 6% 12% 18% 
D6 0 13% 28% 46% 69% 
D7 0 27% 43% 54% 72% 
D8 0 30% 48% 53% 77% 
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Table 39: Total iron in solution (mg) for the shakflask tests at 80°C and 300rpm 

Time (days) 0 1 2 4 7 
D1 500 526 536 544 546 
D2 500 520 530 529 558 
D3 1000 1008 1024 1027 1033 
D4 0 7 10 9 11 
D5 0 8 8 11 15 
D6 500 508 511 512 522 
D7 500 503 523 506 489 
D8 1000 1016 1103 984 1031 

 

Table 40: Solution redox potential (SCE) for the shakflask tests at 80°C and 300rpm. 

Time (days) 0 1 2 4 7 
D1 320 446 457 461 466 
D2 673 457 461 460 455 
D3 481 467 476 474 476 
D4 507 435 411 402 395 
D5 522 408 407 411 404 
D6 376 445 447 460 459 
D7 670 455 453 461 461 
D8 478 462 466 472 472 

 

Table 41:the solution pH for the shakflask tests at 80°C and 300rpm. 

Time (days) 0 1 2 4 7 
D1 0.94 0.89 0.62 0.45 1.12 
D2 0.94 0.85 0.61 0.5 1.03 
D3 0.94 0.83 0.67 0.61 1.15 
D4 0.94 0.79 0.61 0.58 1.15 
D5 0.94 0.82 0.69 0.62 1.13 
D6 0.94 0.84 0.76 0.75 1.18 
D7 0.94 0.87 0.71 0.76 1.12 
D8 0.94 0.87 0.78 0.8 1.13 
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Table 42: Fraction of iron in solution in the ferrous oxidation state for the shakflask tests at 

80°C and 300rpm. 

Time (days) 0 1 2 4 7 
D1 1 1.00 0.84 0.82 0.41 
D2 0 0.97 0.74 0.74 0.50 
D3 0.5 0.83 0.60 0.49 0.38 
D6 1 0.99 0.77 0.77 0.54 
D7 0 0.89 0.64 0.66 0.57 
D8 0.5 0.66 0.41 0.46 0.38 

 

Table 43 presents key data when comparing the pure enargite and concentrate using the same size 

fraction in shakeflasks at 80°C and 300rpm. 

Table 43: key data when comparing the pure enargite and concentrate using the same size 

fraction in shakeflasks at 80°C and 300rpm. 

Time (days) 0 1 2 4 7 
Copper      

Pure 0 51% 48% 81% 98% 
Concentrate 0 86% 99% 145% 161% 

Arsenic      
Pure 0 32% 37% 55% 82% 

Concentrate 0 20% 27% 72% 93% 
Tot. Iron(mg)     
Pure 500 490 490 501 511 

Concentrate 500 759 743 638 672 
Frac. Fe(II)      

Pure 0 1.03 0.69 0.67 0.44 
Concentrate 0 0.66 0.53 0.53 0.33 

ORP      
Pure 670 458 499 462 471 

Concentrate 670 467 454 462 473 
pH      
Pure 0.94 0.55 0.4 0.46 0.77 

Concentrate 0.94 0.56 0.44 0.55 0.85 
 

Table 44-51 present relevant data for the large scale tests using the bulk enargite concentrate at 

1000 rpm.  Test H11 used the ultra fine enargite. 
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Table 44: operating conditions for the large scale tests using the bulk enargite concentrate 

at 1000 rpm.  Test H11 used the ultra fine enargite. 

Sample ID NaCl 
(M) 

H2SO4 
(g/L) 

HCl 
(g/L) 

Pulp 
Density(g/L) 

Ferrous 
(g/L) 

F4 0 60 0 10 8.5 
F5 0 60 0 10 8.5 
F6 0 60 0 10 8.5 
F7 0 60 0 10 0 
F8 0 60 0 10 17 
F9 0 60 0 10 0 

F10 0 60 0 10 0 
G1 0 60 0 10 8.5 
G2 0 60 0 10 8.5 
G3 0 12 0 10 8.5 
G4 0 120 0 10 8.5 
G5 0 0 120 10 8.5 
G6 0 0 12 10 8.5 
G9 0 60 0 10 8.5 

G11 0 60 0 10 8.5 
G12 0 60 0 10 8.5 
G13 0 60 0 50 0 
G14 0 60 0 100 0 
G15 1 60 0 10 8.5 
G16 0 60 0 10 0 
G17 0 60 0 10 0 
H9 2 60 0 10 0 

H11 0 60 0 10 0 

Sample ID Ferric 
(g/L) Temp (deg C) Air Flow 

(scfh) O2 Flow (scfh) 

F4 0 85 0 6 
F5 0 85 0 6 
F6 0 85 0 6 
F7 0 85 0 6 
F8 0 85 0 10 
F9 5 85 0 10 

F10 10 85 0 10 
G1 0 85 10 0 
G2 0 85 0 6 
G3 0 85 0 6 
G4 0 85 0 6 
G5 0 85 0 6 
G6 0 85 0 6 
G9 0 85 0 6 

G11 0 85 0 6 
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G12 0 85 0 6 
G13 0 85 0 6 
G14 0 85 0 6 
G15 0 85 0 6 
G16 0 55 0 6 
G17 0 70 0 6 
H9 0 70 0 6 

H11 0 70 0 6 
 

Table 45: copper extraction for the for the large scale tests using the enargite concentrate. 

Time 0 1 2 4 6 
F4 0 29% 37% 45% 49% 
F5 0 30% 38% 43% 46% 
F6 0 30% 38% 47% 47% 
F7 0 25% 30% 34% 38% 
F8 0 26% 33% 43% 47% 
F9 0 38% 43% 47% 45% 

F10 0 35% 42% 45% 44% 
G1 0 24% 32% 39% 44% 
G2 0 30% 37% 43% 49% 
G3 0 24% 32% 40% 42% 
G4 0 28% 38% 42% 44% 
G5 0 42% 46% 48% 51% 
G6 0 34% 39% 44% 47% 
G9 0 31% 39% 45% 47% 

G11 0 27% 35% 42% 44% 
G12 0 30% 37% 43% 47% 
G13 0 25% 30% 39% 45% 
G14 0 23% 31% 39% 42% 
G15 0 33% 38% 42% 45% 
G16 0 13% 15% 16% 19% 
G17 0 18% 21% 26% 30% 
H9 0 39% 43% 44% 46% 
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Table 46: Arsenic extraction for the large scale tests using the enargite concentrate 

Time 0 1 2 4 6 
F4 0 2.19% 3.23% 4.49% 5.97% 
F5 0 2.26% 3.50% 4.46% 5.82% 
F6 0 2.21% 3.36% 4.38% 6.03% 
F7 0 2.74% 3.41% 3.37% 4.20% 
F8 0 1.76% 2.19% 3.89% 4.32% 
F9 0 3.04% 3.60% 4.70% 5.71% 

F10 0 2.46% 3.66% 4.52% 5.47% 
G1 0 1.91% 2.44% 3.78% 4.72% 
G2 0 2.58% 3.18% 4.96% 6.15% 
G3 0 3.78% 5.33% 8.06% 10.31% 
G4 0 2.23% 2.91% 4.02% 5.21% 
G5 0 3.19% 5.09% 7.42% 9.29% 
G6 0 3.38% 5.13% 8.38% 10.52% 
G9 0 3.89% 3.84% 5.53% 6.45% 

G11 0 2.85% 3.54% 4.85% 5.62% 
G12 0 2.51% 3.37% 5.37% 7.02% 
G13 0 1.80% 2.03% 2.95% 4.50% 
G14 0 1.61% 1.81% 2.31% 3.13% 
G15 0 4.45% 4.63% 6.68% 8.72% 
G16 0 1.45% 1.84% 1.54% 1.54% 
G17 0 1.74% 2.04% 2.45% 2.45% 
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Table 47: Total iron in solution (mg) for the large scale tests using the enargite concentrate. 

Time 0 1 2 4 6 
F4 5000 5191 5446 5551 5402 
F5 5000 5086 5496 5788 5334 
F6 5000 5160 5404 5547 5363 
F7 0 170 206 202 251 
F8 11400 9368 9547 10084 10549 
F9 5000 5442 5405 5711 5327 

F10 10000 10098 10199 10481 10042 
G1 5000 5748 5937 7188 8177 
G2 5000 5970 6792 8001 9065 
G3 5000 5282 5349 5382 5354 
G4 5000 5412 5445 5444 5647 
G5 5000 5561 5594 5712 5653 
G6 5000 4947 5270 5608 5519 
G9 5000 5787 5775 6138 6450 

G11 5000 5290 5473 5560 5594 
G12 5000 5632 5672 5689 5813 
G13 0 543 523 554 609 
G14 0 896 942 977 1006 
G15 5000 5129 5164 5232 5151 
G16 0 129 135 140 163 
G17 0 92 97 102 110 
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Table 48: Solution redox potentail (SCE) for the large scale tests using the enargite 

concentrate. 

Time 0 1 2 4 6 
F4 360 464.1 474 483.2 487.6 
F5 358 464.8 477.4 482.6 490.2 
F6 360 464.2 474 486.9 477 
F7 455 432.1 430.7 438.1 436.2 
F8 322.2 458.6 467.9 479 486.6 
F9 613.2 512.4 500.2 498.2 488.8 

F10 644.3 526.8 517 506.2 490 
G1 360 427.5 438.7 445 452.7 
G2 360 457.5 469.8 478.5 481.6 
G3 360 451.5 461.3 472.2 476 
G4 359.4 466 467.2 475 479 
G5 343 493.6 507.3 511 516 
G6 375.5 464.3 476.4 488 492.4 
G9 360 441 440.2 446.1 450.8 

G11 361 446 458.8 466 468.5 
G12 360 441.3 451.8 463.3 471 
G13 453 404.5 406.4 421.1 426.6 
G14 453 409.6 409.7 421.5 430.7 
G15 353 469.3 479.2 487 492.3 
G16 450 424.5 412.6 417 417.7 
G17 452 405 408 412 416.2 
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Table 49: Solution pH for the large scale tests using the enargite concentrate. 

Time 0 1 2 4 6 
F4 0.32 0.33 0.32 0.33 0.37 
F5 0.32 0.32 0.3 0.33 0.36 
F6 0.32 0.31 0.29 0.28 0.37 
F7 0.33 0.33 0.33 0.34 0.35 
F8 0.33 0.4 0.38 0.38 0.39 
F9 0.33 0.35 0.28 0.29 0.33 

F10 0.33 0.31 0.29 0.31 0.32 
G1 0.33 0.35 0.3 0.34 0.37 
G2 0.33 0.35 0.35 0.36 0.37 
G3 0.83 1.02 1.05 1.09 1.12 
G4 0.01 0.11 0.15 0.19 0.2 
G5 -0.08 -0.11 -0.12 -0.12 -0.09 
G6 0.64 0.69 0.68 0.7 0.71 
G9 0.33 0.44 0.45 0.43 0.44 

G11 0.33 0.46 0.47 0.47 0.48 
G12 0.33 0.53 0.41 0.43 0.43 
G13 0.33 0.53 0.49 0.45 0.42 
G14 0.33 0.45 0.44 0.47 0.48 
G15 0.25 0.24 0.23 0.25 0.28 
G16 0.33 0.48 0.43 0.44 0.44 
G17 0.34 0.44 0.4 0.41 0.43 
H9 0.24 0.2 0.23 0.23 0.25 
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Table 50: fraction of iron in solution in the ferrous oxidation state for the large scale tests 

using the enargite concentrate. 

Time 0 1 2 4 6 
F4 1 0.12 0.10 0.10 0.10 
F5 1 0.12 0.10 0.10 0.10 
F6 1 0.12 0.10 0.10 0.10 
F7 Below detection limit 
F8 1 0.11 0.11 0.08 0.08 
F9 0 0.08 0.08 0.08 0.08 

F10 0 0.04 0.05 0.06 0.06 
G1 1 0.13 0.11 0.09 0.08 
G2 1 0.11 0.09 0.07 0.06 
G3 1 0.12 0.12 0.11 0.09 
G4 1 0.11 0.11 0.11 0.10 
G5 1 0.06 0.06 0.05 0.05 
G6 1 0.14 0.13 0.12 0.11 
G9 1 0.14 0.13 0.11 0.10 

G11 1 0.12 0.11 0.10 0.10 
G12 1 0.13 0.12 0.11 0.10 
G13 Below detection limit 
G14 1 0.19 0.18 0.17 0.17 
G15 1 0.11 0.10 0.09 0.08 
G16  0.00 0.00 0.00 0.00 
G17  0.00 0.00 0.00 0.00 
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Table 51: key data for both test F5 (baseline) and H11 (ultra fine grind) over a 24 hour 

period. 

Time 0 1 2 4 6 12 24 
Copper        

H11 0 32% 41% 45% 51% 56% 70% 
F5 0 30% 38% 43% 46% 48% 55% 

Arsenic        
H11 0 8% 11% 14% 18% 23% 34% 
F5 0 2% 3% 4% 6% 9% 15% 

ORP        
H11 360 461.4 463.5 481.1 487.3 494.7 514.7 
F5 358 464.8 477.4 482.6 490.2 501.3 512.3 
pH        
H11 0.33 0.49 0.53 0.55 0.54 0.55 0.55 
F5 0.32 0.32 0.3 0.33 0.36 0.37 0.39 

Total Fe        
H11 5000 5309 5356 5421 5345 5913 6307 
F5 5000 5086 5496 5787 5334 5489 5721 

Frac. Fe(II)        
H11 1 0.10 0.12 0.10 0.11 0.09 0.07 
F5 1 0.12 0.10 0.10 0.10 0.10 0.09 

 

Table 52-58 present relevant data for the large scale tests using the pure enargite at 1000 rpm, 6 

SCFH oxygen flow, and 10 g/L pulp density. 

Table 52: Operating conditions for the large scale tests using the pure enargite at 1000 rpm, 

6 SCFH oxygen flow, and 10 g/L pulp density. 

Sample 
ID NaCl (M) H2SO4 (g/L) Ferrous Cupric Temp (deg C) 

H1 0 60 0 0 85 
H2 0 60 0 0 70 
H3 0 60 0 0 55 
H4 0 60 8.5 0 85 
H5 0 60 8.5 0 85 
H6 0 60 (HCl) 8.5 0 85 
H7 0 60 8.5 3.3 85 
H8 1.2 60 8.5 0 85 
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Table 53: copper extraction for the for the large scale tests using the pure enargite. 

Time 0 1 2 4 6 
H1 0 6% 6% 7% 9% 
H2 0 3% 4% 5% 6% 
H3 0 1% 3% 3% 3% 
H4 0 7% 7% 10% 11% 
H5 0 6% 8% 10% 12% 
H6 0 7% 8% 11% 13% 
H7 0 7% 9% 11% 12% 
H8 0 6% 8% 11% 12% 

 

Table 54: Arsenic extraction for the large scale tests using the pure enargite. 

Time 0 1 2 4 6 
H1 0 1.3% 1.8% 2.6% 3.1% 
H2 0 0.8% 1.1% 1.6% 2.1% 
H3 0 0.4% 0.8% 1.3% 1.2% 
H4 0 1.2% 2.0% 3.2% 4.3% 
H5 0 1.3% 2.0% 3.3% 5.3% 
H6 0 2.0% 3.1% 5.1% 7.0% 
H7 0 1.4% 2.4% 3.6% 5.9% 
H8 0 1.4% 2.2% 3.8% 4.7% 

 

Table 55: Total iron in solution (mg) for the large scale tests using the pure enargite. 

Time 0 1 2 4 6 
H1 0 18.0 47.7 26.4 70.1 
H2 0 13.2 14.6 17.0 18.1 
H3 0 13.1 28.2 31.4 17.4 
H4 5000 5166.9 5202.7 5256.3 5333.6 
H5 5000 5495.0 5427.1 5439.1 5539.0 
H6 5000 5014.1 5087.8 5114.0 5155.1 
H7 5000 5129.1 5079.1 5164.0 5134.6 
H8 5000 5106.5 5082.1 4888.0 4748.6 
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Table 56: solution redox potential (SCE) for the large scale tests using the pure enargite. 

Time 0 1 2 4 6 
H1 490 410 400 396 395.4 
H2 490 412 401 395 392.3 
H3 490 415 403 397 396.1 
H4 361 410.5 429.6 442.7 452.6 
H5 360 410 422.8 442 446.6 
H6 305.3 439.3 456 472 489.2 
H7 363 467.6 464.1 474.6 466.4 
H8 353.6 436.4 450.5 474.5 475.5 

 

Table 57: Solution pH for the large scale tests using the pure enargite 

Time 0 1 2 4 6 
H1 0.33 0.53 0.45 0.46 0.47 
H2 0.33 0.54 0.48 0.48 4.9 
H3 0.33 0.57 0.51 0.51 0.51 
H4 0.33 0.52 0.49 0.5 0.49 
H5 0.33 0.55 0.48 0.5 0.49 
H6 0.1 0.1 0.05 0.07 0.1 
H7 0.32 0.47 0.49 0.51 0.52 
H8 0.24 0.17 0.15 0.22 0.23 

 

Table 58: Fraction of iron in solution in the ferrous oxidation state for the large scale tests 

using the pure enargite. 

Time 0 1 2 4 6 
H1 Below detection limit 
H2 Below detection limit 
H3 Below detection limit 
H4 1 0.10 0.09 0.09 0.08 
H5 1 0.10 0.10 0.10 0.09 
H6 1 0.09 0.07 0.08 0.05 
H7 1 0.08 0.07 0.07 0.06 
H8 1 0.09 0.09 0.07 0.08 

 

 



 

170 

 

5.4 Statistical Models 

Figure 108-111 present the detailed statistical data for the models presented earlier in this report. 

5.4.1 Concentrate Initial Rate 

 

Figure 108: Statistical data for the initial rate of copper extraction from the enargite 

concentrate. 
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5.4.2 Concentrate Final Extraction 

 

Figure 109: Statistical data for the final extraction of copper from the enargite concentrate. 



 

172 

 

5.4.3 Pure Sample Initial Rate 

 

Figure 110: Statistical data for the initial rate of copper extraction from the enargite 

specimen. 
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5.4.4 Pure Sample Final Extraction  

 

 

Figure 111: Statistical data for the final extraction of copper from the enargite specimen. 
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5.5 Copper Balance Calculations 

 

The calculation involving closing the mass balance using H11 (ultra fine grind of enargite 

concentrate) is detailed below.  Copper values were determined using an average of three aqua 

regia digestions. 

 

€ 

%CuInitial = 22.99%
MassInitial = 7.50g
%CuFinal =19.49%
MassFinal = 2.46g

%Extraction =
(0.2299)(7.50) − (0.1949)(2.46)

(0.2299)(7.50)
%Extraction = 72%

 

 

This is in good agreement with the direct method of 69% presented earlier. 

 

The calculation involving closing the mass balance using H7 (pure enargite with additional 

copper sulphate) is detailed below.  Copper values were determined using an average of three 

aqua regia digestions. 

 

€ 

%CuInitial = 33.35%
MassInitial = 7.50g
%CuFinal = 30.43%
MassFinal = 6.9505g

%Extraction =
(0.3335)(7.50) − (0.3043)(6.9505)

(0.3355)(7.50)
%Extraction =15%

 

This is in good agreement with the direct method of 12% presented earlier. 


