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Abstract 19 

 Effect of silver (Ag) catalyst in bioleaching of enargite (Cu3AsS4) concentrate 20 

was studied using mixed cultures of moderately thermophilic acidophilic 21 

microorganisms at 45ºC. Addition of Ag2S enabled selective Cu dissolution from 22 

enargite while suppressing pyrite oxidation: At the highest Ag2S concentration of 0.04%, 23 

Cu recovery reached 96% while Fe dissolution was suppressed to reach only 29% by 24 

day 72. Overall results from thermodynamic calculation, liquid/solid analyses and 25 

kinetic study suggested that Ag-catalyzed bioleaching of enargite concentrate proceeds 26 

via formation of at least two types of secondary products (chalcocite, Cu2S; trisilver 27 

arsenic sulfide, Ag3AsS4): Addition of Ag2S as Ag catalyst thermodynamically and 28 

microbiologically contributed to lowering solution redox potentials during bioleaching, 29 

consequently satisfying Eox (Cu2S) < Eh < Ec (Ag+) to enhance enargite dissolution via 30 

formation of chalcocite intermediate. Formation of trisilver arsenic sulfide and its 31 

intermediate layer (Cu,Ag)3AsS4 indicated that Cu ion in the enargite lattice is gradually 32 

substituted with Ag. Such secondary products did not impose a rate-limiting step, since 33 

the Ag-catalyzed bioleaching was shown to be controlled by a chemical surface reaction, 34 

rather than diffusion through product film which was the case in the absence of Ag2S.  35 
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1. Introduction 36 

 Recent depletion of high-grade copper ores has been directing researchers’ 37 

attention towards utilization of low-grade and refractory copper sulfides such as 38 

chalcopyrite (CuFeS2) and enargite (Cu3AsS4). In order to improve dissolution 39 

efficiency of such minerals, different approaches have been investigated including 40 

pressure leaching (Ruiz et al., 2011; Padilla et al., 2015), chemical acid leaching 41 

(Safarzadeh and Miller, 2014) and biological leaching (Acevedo et al., 1998; Sasaki et 42 

al., 2009). Bioleaching is expected to be one of the most promising approaches in 43 

targeting such refractory ores/concentrates, and in fact, high-temperature bioleaching 44 

(60-70°C) generally resulted in high copper recoveries (52-91%; Escobar et al., 2000; 45 

Muñoz et al., 2006; Lee et al., 2011; Takatsugi et al., 2011; Sasaki et al., 2011). Whilst 46 

at low-temperatures (25-30°C), bioleaching still remains to be improved (< 15%; 47 

Escobar et al., 1997; Sasaki et al., 2010). These results suggest that addition of reaction 48 

catalyst would be useful in low-temperature bioleaching to realize better copper 49 

recovery. 50 

 In the case of chalcopyrite bioleaching, the catalytic effect of different metal 51 

ions has been studied so far: Among those metals tested, Ag ion was found to be 52 

effective in catalyzing chalcopyrite dissolution, whereas Co, Mn, Sb, Bi, Ni and Sn ions 53 
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showed weak or no catalytic abilities (Ballester et al., 1990; Muñoz et al., 2007).  54 

The mechanism of Ag-catalyzed chalcopyrite leaching has been explained by 55 

different research groups based on abiotic leaching studies, such as via (i) improvement 56 

of electrical conductivity by formation of Ag2S inside S0 layer on the chalcopyrite 57 

surface (Nazari et al., 2012), (ii) Ag atom diffusion into the metal-deficient sulfur-rich 58 

passive layer formed on the chalcopyrite surface (Ghahremaninezhad et al., 2015) and 59 

(iii) Ag2S formation which rapidly consumes H2S produced via intermediate chalcocite 60 

(Cu2S) formation from chalcopyrite, indirectly accelerating chalcopyrite dissolution 61 

(Hiroyoshi et al., 2002). The third theory was proposed by detailed 62 

electrochemical/chemical studies and thermodynamic calculations, revealing the 63 

correlation between the Ag-catalyzed chalcopyrite dissolution behavior and solution 64 

redox potential (Eh). Formation of intermediate Cu2S (Eq. 3; sum of Eq. 1 and 2) and its 65 

oxidation to yield Cu2+ (Eq. 4) proceed simultaneously, when Eh satisfies the optimal 66 

range of Eox < Eh < Ec. 67 

Ec (“critical potential”): the equilibrium redox potential for the intermediate chalcocite 68 

formation from chalcopyrite 69 

Eox (“oxidation potential”): the equilibrium redox potential for the subsequent oxidation 70 

of chalcocite to Cu2+
 71 
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2 CuFeS2 + 6 H+ + 2 e‒ → Cu2S + 2 Fe2+ + 3 H2S   (Eq. 1) 72 

2 Ag+ + H2S → Ag2S + 2 H+      (Eq. 2) 73 

2 CuFeS2 + 6 Ag+ + 2 e‒ → Cu2S + 2 Fe2+ + 3 Ag2S   (Eq. 3) 74 

Cu2S → 2 Cu2+ + S0 + 4e‒      (Eq. 4) 75 

 As for enargite leaching, studies on the mechanism of Ag catalyst are still 76 

highly limited. An electrochemical study by Miki et al. (2016) suggested that addition of 77 

Ag expands the optimal Eh range, which allows enhanced enargite dissolution. However, 78 

the detailed mechanism is yet unclear and its effect in bioleaching is largely unknown. 79 

Although the use of Ag catalyst is considered unpractical for copper extraction, 80 

clarifying its catalytic mechanism would be beneficial in understanding how enargite 81 

leaching can be facilitated. 82 

 The objectives of this study were therefore set to evaluate the catalytic effect of 83 

Ag on bioleaching of enargite concentrate and to elucidate its mechanism. 84 

  85 
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2. Materials and Methods 86 

2.1. Microorganisms 87 

 Three bacterial strains (Acidimicrobium ferrooxidans ICP (DSM 10331); 88 

Sulfobacillus sibiricus N1 (DSM 17363); Acidithiobacillus caldus KU (DSM 8584)) 89 

and an archaeal strain (Ferroplasma acidiphilum Y (DSM 12658)) were employed in 90 

this study based on their synergistic effect found in arsenic-bearing solutions during 91 

arsenopyrite biooxidation (Tanaka et al., 2015). They were routinely cultivated under 92 

aerobic condition in 500 mL Erlenmeyer flasks containing 200 mL of heterotrophic 93 

basal salts (HBS) medium (0.5 g/L MgSO4∙7H2O, 0.45 g/L (NH4)SO4, 0.05 g/L KCl, 94 

0.05 g/L KH2PO4, 0.014 g/L Ca(NO3)2∙4H2O, 0.142 g/L Na2SO4; pH 1.5 with H2SO4). 95 

For Am. ferrooxidans ICP and Sb. sibiricus N1, 0.02% (w/v) yeast extract plus 10 mM 96 

Fe2+ (added as FeSO4∙7H2O) were added. For Fp. acidiphilum Y, 0.02% yeast extract 97 

plus 20 mM Fe2+ were added. For At. caldus KU, 0.5 g S0 plus 200 μL of trace elements 98 

stock solution (10 mg/L ZnSO4∙7H2O, 1 mg/L CuSO4∙5H2O, 1.09 mg/L MnSO4∙5H2O, 1 99 

mg/L CoSO4∙7H2O, 0.39 mg/L Cr2(SO4)3∙7H2O, 0.6 mg/L H2BO3, 0.5 mg/L 100 

Na2MoO4∙2H2O, 0.1 mg/L NaVO3, 1 mg/L NiSO4∙6H2O, 0.51 mg/L Na2SeO4, 0.1 mg/L 101 

Na2WO4∙2H2O) were added. Flasks were incubated at 45°C, shaken at 150 rpm.  102 

 103 
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2.2. Minerals 104 

 The enargite concentrate (P80 = 90 μm) used in this study was from Peru, 105 

consisting of enargite (Cu3AsS4) 37.4%, pyrite (FeS2) 47.3%, tennantite 106 

((Cu,Fe)12As4S13), chalcopyrite (CuFeS2), sphalerite (ZnS), stibnite (Sb2S3) and quartz 107 

(SiO2). The elemental composition of enargite concentrate was as follows; S 39%, Fe 108 

22%, Cu 20%, As 7.1%, Zn 0.39%, Sb 0.32%, Al 0.22%. Prior to bioleaching 109 

experiments, the enargite concentrate was washed sequentially with 1 M HNO3, 110 

deionized water and ethanol. 111 

 112 

2.3. Bioleaching experiments 113 

 Pre-grown cells of each of four strains were collected by centrifugation (9000 114 

rpm, 10 min at 4°C) and washed twice with acidified water (pH 1.7 with H2SO4), prior 115 

to inoculation into 200 mL HBS medium (pH 2.0 with H2SO4; in 500 mL Erlenmeyer 116 

flasks) containing 2% (w/v) enargite concentrate and 5 mM Fe2+, so as to set the initial 117 

cell density of each strain at 1.0 ×107 cells/mL (i.e. 4.0 × 107 cells/mL in total). Silver 118 

sulfide (Ag2S), instead of soluble silver salts, was added as Ag catalyst into the medium 119 

at different concentrations, 0, 0.005, 0.01, 0.02, 0.03 and 0.04% (w/v), owing to the low 120 

solubility of Ag+ ions (Goates et al., 1951; Hseu and Rechnitz, 1968; Supplemental Fig. 121 

1) which transform immediately to Ag2S in leaching solutions (Miki et al., 2016). Flasks 122 

were incubated shaken at 45˚C and 150 rpm for 72 days. Samples were regularly 123 

withdrawn to monitor pH, Eh, cell density and concentrations of Fe2+, total Fe, As and 124 
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Cu. 125 

 126 

2.4. Analytical methods 127 

 Liquid samples were filtered (0.20 µm) to measure concentrations of total Cu, 128 

Fe and As by inductively coupled plasma optical emission spectrometry (ICP-OES; 129 

PerkinElmer Optima 8300DV), and Fe2+ by the o-phenanthoroline method. Leaching 130 

residues were collected after bioleaching and freeze-dried overnight for X-ray 131 

diffraction (XRD; Rigaku Ultima IV; CuKα 40 mA, 40 kV) analysis. For quantitative 132 

elemental composition analysis by electron probe micro analyzer (EPMA; JOEL 133 

JXA-8530F; 6 nA, 20 kV), the leaching residues were embedded into resin and polished. 134 

Incident electron beam was focused to 1 μm in diameter and counting time was set to 20 135 

sec for each element. The acquired results were collected by ZAF method (Boekestein 136 

et al., 1983). 137 

 138 

2.5. Real-time PCR 139 

 In order to investigate the microbial population structure in bioleaching 140 

cultures, real-time PCR (Bio-Rad MiniOpticon) was conducted according to the 141 

methods described by Tanaka et al. (2015) with some modifications as follows: The 142 

purified genomic DNA from each strain was used as the template to PCR-amplify the 143 
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16S rRNA gene fragment (~1473 bp) using the universal primer set (27f and 1492r for 144 

bacteria or Arch 21f and 1492r for archaea: Table 1). The resultant PCR products 145 

derived from each strain were purified (NIPPON GENE ISOSPIN PCR Product), 146 

quantified, and finally diluted to give a final concentration of 1.0 × 103 to 1.0 × 109 147 

copies/μL, to be used as template DNA for real-time PCR. Once linearity in the standard 148 

curve was obtained within the range from 1.0 × 103 to 1.0 × 109 copies/μL for all 149 

species, synthetic DNA mixtures (composed of template DNA from each one of the four 150 

species at 1.0 × 103 to 1.0 × 109 copies/μL) were tested against each one of the four 151 

species-specific primer sets (Table 1) to ensure the accuracy in order to display the 152 

results as percentages in whole number. Genomic DNA extracted from the actual 153 

bioleaching mixed cultures were tested against the corresponding species-specific 154 

primer sets. 155 

  156 
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3. Results and Discussion 157 

3.1. Dissolution behavior of Cu, Fe and As during bioleaching with and without Ag2S 158 

 In the absence of Ag2S, Cu recovery was 43% on day 72 (Fig. 1a), while Fe 159 

started to dissolve mainly from pyrite on day 10 to a rapid completion (100%) by day 160 

40 (Fig. 1c), accompanied by a stably high Eh at around 770 mV (Fig. 1e). This high 161 

redox condition supported pyrite dissolution whereas enargite oxidation was hindered 162 

due to the formation of passivation layer such as jarosite (Muñoz et al., 2006; Takatsugi 163 

et al., 2011). Increasing addition of Ag2S (0.005-0.04%) led to consecutively greater Cu 164 

recoveries (Fig. 1a) and lower Fe dissolutions (Fig. 1c), with Fe2+ oxidation seemingly 165 

being increasingly delayed (Fig. 1d) and thus Eh values being increasingly suppressed 166 

(Fig. 1e). The results thus indicate that Ag2S addition improves Cu recovery by enabling 167 

selective Cu dissolution from enargite concentrate. Selective suppression of pyrite 168 

dissolution has been also reported in Ag-catalyzed chalcopyrite bioleaching studies 169 

(Ahonen and Tuovinen, 1990; Ballester et al., 1990). As for cell growth, active cell 170 

growth was seen despite of the presence of antibacterial effect of Ag+ (Marambio-Jones 171 

and Hoek, 2010). Rather, addition of Ag2S was found effective in maintaining high cell 172 

densities which otherwise decreased towards the end of stationary phase (Fig. 1f). At the 173 

highest Ag2S concentration of 0.04%, Cu recovery reached 96% (Fig. 1a) while Fe 174 
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dissolution was suppressed to reach only 29% by day 72 (Fig. 1c). Under this condition, 175 

56% of dissolved As was calculated to be re-immobilized during bioleaching by day 72, 176 

compared with 36% As re-immobilization observed in the absence of Ag2S (Fig. 1b) 177 

(calculated based on the theoretical amount of As solubilized from enargite at the ratio 178 

of Cu:As = 3:1). 179 

XRD analysis of the original enargite concentrate (Fig. 2a) and bioleached 180 

residues (Fig. 2b-g) indeed showed the trend that enargite peaks selectively and 181 

progressively diminished, while leaving pyrite peaks increasingly unchanged at higher 182 

Ag2S concentrations. Jarosite (KFe3(SO4)2(OH)6) peaks were found after bioleaching 183 

only in the absence of Ag2S (Fig. 2b), where pyrite was selectively and completely 184 

dissolved by day 40 (Fig. 1c). During bioleaching, fine red precipitates floating on the 185 

bioleaching liquors became increasingly visible at higher Ag2S concentrations. 186 

Although no XRD peaks attributing As secondary minerals were detected when bulk 187 

bioleached residue samples were analyzed (Fig. 2), selective recovery of the red 188 

precipitates enabled their identification by XRD as trisilver arsenic sulfide (Ag3AsS4) 189 

(Fig. 3). 190 

 191 

3.2. Suppression of pyrite dissolution by Ag2S 192 
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 The effect of Ag2S in selective suppression of pyrite dissolution can be 193 

attributed to the following reasons; (i) the change in microbial population structure due 194 

to inhibitory effect of Cu2+ and/or antibacterial Ag+ ions, causing the low solution redox 195 

condition, (ii) the difference in rest potentials of co-existing minerals (enargite, pyrite 196 

and Ag2S) displaying different subjectivity to oxidation. 197 

As for (i), the real-time PCR analysis found that Fe-oxidizing Am. ferrooxidans 198 

ICP was the dominant species in the absence of Ag2S (97-75% on day 15-30; Fig. 4). 199 

However, addition of 0.04% Ag2S decreased its abundance to 57-31% whereas 200 

S-oxidizing At. caldus KU became the dominant species by increasing its ratio from 201 

1-5% (0% Ag2S) to 42-53% (0.04% Ag2S) (on day 15-30; Fig. 4). The lower tolerance 202 

of Am. ferrooxidans ICP (9 mM) than At. caldus KU (24 mM) to Cu2+ (Watkin et al., 203 

2009) may be responsible for this observation, as Cu dissolution advanced steadily to 204 

reach 19-37 mM on day 15-30 when 0.04% Ag2S was added (in contrast to 13-18 mM 205 

at 0% Ag2S; Fig. 1a). The abundance of Sb. sibiricus N1 became noticeable at the later 206 

stage of bioleaching both at 0% and 0.04% Ag2S (Fig. 4), probably resulting from its 207 

extremely high tolerance to Cu2+ (299 mM) and As(V) (100 mM) (Watling et al., 2008). 208 

The population of Fp. acidiphilum Y did not emerge throughout the experiment in both 209 

cases, probably due to its sensitivity to the temperature condition used here (Golyshina 210 
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et al., 2000). There may also have been an antibacterial effect of Ag+ to the microbes 211 

used, but their individual sensitivity to Ag+ is unclear. 212 

This difference in microbial population structure resulted in deterioration of 213 

microbial Fe2+ oxidation in the presence of Ag2S, which may have partly caused the 214 

apparent delay of pyrite oxidation (Fig. 1c) and the suppression of Eh values (Fig. 1e). 215 

 As for (ii), rest potentials of the minerals were reported to be as follows: 164 216 

mV vs. SCE (408 mV vs. SHE) for enargite, 398 mV vs. SCE (642 mV vs. SHE) for 217 

pyrite (Rivera-Vasquez and Dixon, 2015) and 280 mV (vs. SHE) for Ag2S (Majima, 218 

1969). Therefore, consumption of the oxidant, Fe3+, may have been more readily 219 

directed towards oxidation of Ag2S to release Ag+ ions, rather than to oxidation of pyrite. 220 

Due to the low solubility product of Ag2S (Goates et al., 1951; Hseu and Rechnitz, 221 

1968), solubilized Ag+ ions would have been immediately transformed back to Ag2S, 222 

which is then re-oxidized by Fe3+. This continuous Ag2S-oxidation coupled with 223 

Fe3+-reduction may have caused the apparent lag-time of Fe2+ oxidation (Fig. 1d) and 224 

the suppression of Eh values (Fig. 1e).  225 

Since pyrite bioleaching favors high redox potential conditions, the above 226 

effects would likely have contributed to suppression of pyrite bioleaching. 227 

 228 
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3.3. Promotion of enargite dissolution by Ag2S 229 

 The theory of Ag-catalyzed chalcopyrite leaching (Hiroyoshi et al., 2002) was 230 

applied to that of Ag-catalyzed electrochemical enargite leaching by Miki et al. (2016), 231 

suggesting the existence of the optimal Eh range for enhanced enargite dissolution as 232 

follows: 233 

In the absence of Ag, when Eh is within the optimal range, enargite dissolution 234 

proceeds via formation of intermediate Cu2S (Eq. 5) and H2S generated by Eq. 5 is 235 

consumed by Cu2+ to form Cu2S (Eq. 6). The overall reaction of Eq. 5 and 6 can be 236 

summarized as Eq. 7 and the resultant Cu2S is amenable to oxidation to produce Cu2+ 237 

(Eq. 8). However, this optimal range is narrow and exists at the relatively lower redox 238 

potential level (0.501-0.503 V; Miki et al., 2016), implying that Eq. 7 and 8 hardly occur 239 

simultaneously in general bioleaching cultures. If Ag is present, however, H2S generated 240 

by Eq. 5 is immediately removed by Ag+ to form Ag2S (Eq. 9) to result in Eq. 10 (the 241 

sum of Eq. 5 and Eq. 9), leading to expansion of the optimal Eh range (0.501-1.020 in 242 

the presence of 10‒5 M Ag+; Miki et al.,2016). 243 

2 Cu3AsS4 + 6 H2O + 4 H+ + 4 e‒ → 3 Cu2S + 5 H2S + 2 H3AsO3
 (Eq. 5) 244 

2 Cu2+ + H2S + 2 e‒ → Cu2S + 2 H+ (Eq. 6) 245 

2 Cu3AsS4 + 6 H2O + 10 Cu2+ + 14 e‒ → 8 Cu2S + 2 H3AsO3 + 6 H+ (Eq. 7) 246 
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Cu2S → 2 Cu2+ + S0 + 4 e‒ (Eq. 8) 247 

2 Ag+ + H2S → Ag2S + 2 H+ (Eq.9) 248 

2 Cu3AsS4 + 6 H2O + 10 Ag+ + 4 e‒ →3 Cu2S + 5 Ag2S + 2 H3AsO3 + 6 H+ (Eq.10) 249 

The optimal Eh ranges in the absence and presence of Ag are expressed as Eq. 11 and 250 

12, respectively. 251 

Eox (Cu2S) < Eh < Ec (Cu2+) (Eq. 11) 252 

Eox (Cu2S) < Eh < Ec (Ag+) (Eq. 12) 253 

Ec(Cu2+) and Ec(Ag+) (“critical potential”): the equilibrium redox potential for the 254 

intermediate Cu2S formation from enargite in the absence (Eq. 7) and presence (Eq. 10) 255 

of Ag, respectively 256 

Eox(Cu2S) (“oxidation potential”): the equilibrium redox potential for the subsequent 257 

oxidation of Cu2S to Cu2+ (Eq. 8). 258 

 In order to estimate whether or not the above Cu2S intermediate reaction 259 

contributed to enargite bioleaching in this study, actual measured values were evaluated 260 

if they satisfy Eq. 11 and/or 12. Actual As(III) concentrations were not measured in this 261 

study. Therefore, calculations for Ec(Cu2+), Ec(Ag+) and Eox(Cu2S) values were 262 

conducted (as described in Supplemental Table 1) based on both assumptions that (i) 263 

total As concentrations equal to As(III) concentrations (Supplemental Table 1) and (ii) 264 
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As(III) concentrations are negligible (10-5 M) (Supplemental Table 2), in order to ensure 265 

that the results are similar in both cases. Copper extraction rates and Ehave values were 266 

calculated using Eq. 13 and 14, respectively, and listed in Supplemental Tables 1 and 2. 267 

Cu extraction rate = 
௑೙ି௑೙షభ
௧೙ି௧೙షభ

 (Eq. 13) 268 

Ehave = 
ா௛೙ାா௛೙షభ

ଶ
  (Eq. 14) 269 

tn: the sampling time (day) 270 

Xn: total dissolved Cu concentration on day tn (M) 271 

Ehn: Eh value on day tn (V vs. SHE) 272 

 The calculated Ec(Cu2+) values in all cultures were 0.588-0.607 V and 273 

0.607-0.633 V as shown in Supplemental Tables 1 and 2, respectively. These values 274 

were only about maximum of 0.1 V higher than the Eox(Cu2S) values (0.501-0.524 V; 275 

Supplemental Tables 1 and 2). Measured Ehave values could hardly locate within this < 276 

0.1 V-wide optimal range, indicating that enargite dissolution was hardly contributed by 277 

the Cu2S intermediate reaction in the absence of Ag. 278 

In the presence of Ag, this optimal range was greatly expanded due to the 279 

higher redox potential of Ec(Ag+): 1.044-1.500 V and 1.120-1.590 V (Supplemental 280 

Tables 1 and 2, respectively). The correlation between Ehave values and Cu extraction 281 

rates was plotted in Fig. 5, by employing the maximum Eox(Cu2S) value of 0.524 V and 282 
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the minimum value of Ec(Ag+) (1.044 V) as the strictest evaluation (Supplemental 283 

Tables 1 and 2). All plots were within the optimal range satisfying Eox (Cu2S) < Eh < Ec 284 

(Ag+) (Eq. 12), with generally higher Cu extraction rates at elevated Ag2S 285 

concentrations (Fig. 5). The results suggest that the Cu2S intermediate reaction was 286 

involved in enargite bioleaching in the presence of Ag2S. 287 

 288 

3.4. Copper substitution on enargite surface with silver 289 

 Following identification of trisilver arsenic sulfide by XRD (Fig. 3), EPMA 290 

elemental mapping was performed in order to confirm formation of Ag-containing 291 

passivation layers around the enargite surface after bioleaching with 0.04% Ag2S (Fig. 292 

6). Emergence of bright white areas on the enargite surface indicated formation of 293 

secondary minerals consisting of heavier metals than Cu, such as Ag (Fig. 6a). The 294 

enargite grain was indeed covered with a thick but porous secondary layer (Fig. 6a; 295 

solid arrow), consisting of Ag, As and S (Fig. 6b, d, e), onto which another partial layer  296 

(Fig. 6a; broken arrow) of ferric arsenate (Fig. 6d, f) was observed.  297 

 To further analyze the formation of Ag-containing passivation layers, EPMA 298 

quantitative analysis was conducted on different locations of the particle (Fig. 7): Spot 1, 299 

the core of enargite grain (grey); Spot 4, the passivation layer around the enargite 300 
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surface (white); Spots 2 and 3, the interface between Spots 1 and 4 (light grey). Spots 301 

1-4 shared the approximate atomic ratio of (Cu + Ag) : As : S = 3 : 1 : 4, with different 302 

Ag : Cu ratios (Table 2). An increasing dominance of Ag relative to Cu, from the core to 303 

surface of the enargite particle indicated that Cu was dissolved from enargite (Cu3AsS; 304 

Spot 1) possibly by substitution with Ag ((Cu,Ag)3AsS4; Spots 2 and 3), eventually 305 

leaving the passivation layer of trisilver arsenic sulfide (Cu3AsS; Spot 4) (Fig. 7). 306 

 In chemical/electrochemical studies for chalcopyrite, metal-deficient 307 

sulfur-rich layers (Cu1-xFe1-yS2 or Cu1-xFe1-yS2-z) were reported to passivate the mineral 308 

surface (Warren et al., 1982; Hackl et al., 1995; Ghahremaninezhad et al., 2010, 2013). 309 

Ghahremaninezhad et al. (2015) explained the mechanism of Ag-catalyzed chalcopyrite 310 

dissolution by Ag diffusion into such metal-deficient sulfur-rich layers, eventually 311 

producing Ag2S passivation. Likewise, trisilver arsenic sulfide detected in this study 312 

might have been formed via Ag ion diffusion into enargite-type metal-deficient 313 

sulfur-rich layers (Cu3-xAsS4; Córdova et al., 1997; Fantauzzi et al., 2007, 2009). 314 

 315 

3.5. Kinetic study on Ag-catalyzed bioleaching of enargite concentrate 316 

 The shrinking core model is frequently utilized to model the mineral 317 

dissolution process. Based on this model, the dissolution reaction proceeds either via 318 
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diffusion through liquid film (Eq. 15), diffusion through product film (Eq. 16) or surface 319 

chemical reaction (Eq. 17), one of which may become the rate-limiting step under 320 

certain conditions (Wadsworth and Sohn, 1979). 321 

ܺ ൌ 	 ݇௟ݐ (Eq. 15) 322 

1 െ 3ሺ1െ ܺሻଶ ଷ⁄ ൅ 2ሺ1െ ܺሻ ൌ 	 ݇ௗݐ (Eq. 16) 323 

1 െ ሺ1 െ ܺሻଵ ଷ⁄ ൌ	 ݇௥ݐ (Eq. 17) 324 

X: the fraction of dissolved Cu 325 

t: the reaction time 326 

k: the rate constant 327 

 In order to investigate which process rate-limits Cu dissolution during 328 

bioleaching of enargite concentrate with and without Ag2S, measured values from Fig. 329 

1a were fitted to Eq. 16 and 17 (Fig. 8). The fluid film resistance was considered 330 

negligible relative to other effects and in fact no linear relationships between X against t 331 

were found (data not shown). The k and R2 values were calculated from the fitting 332 

results and listed in Table 3. Linear lines were drawn where R2 values of regression 333 

analyses were > 0.99 (Fig. 8). 334 

 In the absence of Ag2S, rapid Fe dissolution (Fig. 1c) caused precipitation of 335 

jarosite (as confirmed by XRD; Fig. 2), resulting in the reaction being fitted to diffusion 336 
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through product film throughout the bioleaching period (Fig. 8a; Table 3). At higher 337 

Ag2S concentration of 0.03 and 0.04%, on the other hand, surface chemical reaction was 338 

likely the rate-limiting step until the end (Fig. 8e, f; Table 3), suggesting that formation 339 

of trisilver arsenic sulfide layer (as well as ferric arsenate “outer” layer) around the 340 

enargite surface did not rate-limit the enargite dissolution. Rather, formation of trisilver 341 

arsenic sulfide was likely involved in the mechanism of facilitated enargite dissolution. 342 

At 0.005-0.02% Ag2S concentrations, enargite dissolution was controlled by surface 343 

chemical reaction but only at the early stage (0-20 days at 0.005% and 0-40 days at 344 

0.01-0.02%; Fig. 8b, c, d; Table 3) due to depletion of Ag. 345 

 346 

4. Conclusions 347 

 Based on the overall results obtained in this study, a proposed mechanism for 348 

Ag-catalyzed bioleaching of enargite concentrate was summarized in Fig. 9. The 349 

mechanism includes the formation of at least two types of secondary products 350 

(chalcocite and trisilver arsenic sulfide).  351 

Chalcocite intermediate: Due to the low rest potential of Ag2S (compared to 352 

those of enargite and pyrite), consumption of Fe3+ is more likely directed towards 353 

oxidation of Ag2S to produce Fe2+ and Ag+. Instead, oxidation of pyrite by Fe3+ is 354 
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suppressed (I). Addition of Ag2S may also partially inhibit activity of Fe-oxidizing 355 

microorganisms (II). Due to (I) and (II), Fe2+ becomes more abundant than Fe3+ to 356 

maintain lower Eh to satisfy Eox (Cu2S) < Eh < Ec (Ag+). Consequently, enargite 357 

dissolution was enhanced via formation of Cu2S intermediate, accompanied with 358 

production of H2S which is rapidly removed by Ag+ to re-form Ag2S (III). The resultant 359 

Cu2S is amenable to oxidation by Fe3+ to solubilize Cu2+ (IV).  360 

Trisilver arsenic sulfide: Cu ion in the enargite structure is gradually substituted 361 

with Ag+ solubilized from Ag2S to form an intermediate layer of (Cu,Ag)3AsS4. 362 

Eventually trisilver arsenic sulfide (Ag3AsS4) covers the surface of enargite (V). The 363 

formation of this product film, however, does not impose a rate-limiting step. 364 

 The combination of the above reactions contributes to enhanced enargite 365 

bioleaching in the presence of Ag2S as an effective Ag catalyst.  366 

  367 
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Legends 516 

Fig. 1 517 

Changes in the total soluble Cu concentration (a), total soluble As concentration (b), 518 

total soluble Fe concentration (c), Fe(II) concentration (d), solution redox potential (e) 519 

and cell density (f) during bioleaching of enargite concentrate at 0% (●), 0.005% (■), 520 

0.01% (▲), 0.02% (▼), 0.03% (○) or 0.04% (□) of Ag2S. Cell densities are shown as 521 

mixed population of At. caldus KU, Am. ferrooxidans ICP, Sb. sibiricus N1 and Fp. 522 

acidiphilum Y. Data points are mean values from duplicate cultures. Error bars depicting 523 

averages are not visible in some cases as they are smaller than the data point symbols. 524 

 525 

Fig. 2 526 

X-ray diffraction patterns of original enargite concentrate (a) and bioleached residues 527 

(b-g) recovered on day 72 from cultures containing 0% (b), 0.005% (c), 0.01% (d), 528 

0.02% (e), 0.03% (f) or 0.04% (g) of Ag2S. ▲: enargite (Cu3AsS4; PDF No. 529 

00-035-0775), ○: pyrite (FeS2; PDF No. 00-042-1340), ■: quartz (SiO2; PDF No. 530 

01-070-3755), ◇: jarosite (K(Fe3(SO4)2(OH)6); PDF No. 01-076-0629). 531 

 532 

Fig. 3 533 
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X-ray diffraction patterns of red precipitates selectively collected from the bioleaching 534 

culture containing 0.04% Ag2S. T: trisilver arsenic sulfide (Ag3AsS4; PDF No. 535 

01-089-1370), En: enargite (Cu3AsS4; PDF No. 00-035-0775), Py: pyrite (FeS2; PDF 536 

No. 00-042-1340), Q: quartz (SiO2; PDF No. 01-070-3755). 537 

 538 

Fig. 4 539 

Microbial population structure on day 15, 30 and 72 in bioleaching cultures of enargite 540 

concentrate at 0% and 0.04% of Ag2S. N1, ICP and KU indicate Am. ferrooxidans ICP, 541 

Sb. sibiricus N1 and At. caldus KU, respectively. 542 

 543 

Fig. 5 544 

Relationship between the Cu leaching rate and Eh value in bioleaching of enargite 545 

concentrate at 0.005% (■), 0.01% (▲), 0.02% (▼), 0.03% (○) and 0.04% (□) of Ag2S. 546 

Sterile controls at 0.02% Ag2S (◆) are also included. Data sets obtained from day 15 to 547 

35 were employed. 548 

 549 

Fig. 6 550 

EPMA elemental mapping of enargite concentrate residue bioleached for 72 days with 551 
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0.04% Ag2S: The backscattered electron image at 2000-fold magnification (a) was 552 

mapped for Ag (b), Cu (c), As (d), S (e) and Fe (f). The surface of an enargite grain is 553 

covered with Ag-containing secondary mineral (solid arrow), on which deposition of 554 

ferric arsenate is observed (broken arrow). 555 

 556 

Fig. 7 557 

Backscattered electron image of an enargite grain bioleached for 72 days with 0.04% 558 

Ag2S at the 2000-fold magnification. Cross point 1-4 indicate the beam spot positions 559 

for quantitative analysis (results summarized in Table 2). 560 

 561 

Fig. 8 562 

Kinetic modeling on bioleaching of enargite concentrate at different Ag2S 563 

concentrations: (a) 0%, (b) 0.005%, (c) 0.01%, (d) 0.02%, (e) 0.03% and (f) 0.04%. 564 

Solid and open symbols indicate the fitting data to surface chemical reaction (1 െ565 

ሺ1െ ܺሻଵ ଷ⁄ ൌ	 ݇௥ݐ ) and diffusion through product film (1െ 3ሺ1െ ܺሻଶ ଷ⁄ ൅ 2ሺ1െ566 

ܺሻ ൌ 	 ݇ௗݐ), respectively. Linear lines were drawn where R2 values were calculated to 567 

be > 0.99. 568 

 569 
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Fig. 9 570 

Schematic image illustrating the proposed mechanism of Ag-catalyzed bioleaching of 571 

enargite concentrate. 572 

 573 

Supplemental Fig. 1 574 

Relationship between solution redox potential (Eh) and thermodynamically calculated 575 

equilibrium concentration of Ag+. 576 

 577 

Table 1  578 

PCR and Real-Time PCR primers used in this study 579 

 580 

Table 2 581 

EPMA quantitative analysis of secondary minerals formed on the enargite surface after 582 

bioleaching 583 

Footnote: 584 

* No. 1-4 indicate the cross points 1-4 in Fig. 7, respectively. 585 

 586 

Table 3 587 
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R2 and k values calculated using the kinetic model of surface chemical reaction and 588 

diffusion through product film 589 

Footnote: Shadowed cells (R2 > 0.99) indicate which one of the two models fits the 590 

experimental data 591 

 592 

Supplemental Table 1 593 

Values used for thermodynamic calculations to obtain Ec(Cu2+), Ec(Ag+) and Eox(Cu2S), 594 

assuming that the total soluble As concentration equals to the As(III) concentration 595 

Footnotes: 596 

a Ec(Cu2+), Ec(Ag+) and Eox(Cu2S) were calculated by using Eq. i, ii and iii, respectively. 597 

Ec(Cu2+) = ܧୡ଴(Cu2+) + 
ோ்

ଵସி
 ln 

൫ఈ಴ೠమశ൯
భబ

൫ఈಹయಲೞೀయ൯
మ
൫ఈಹశ൯

ల (Eq. i) 598 

Ec(Ag+) = ܧୡ଴(Ag+) + 
ோ்

ସி
 ln 

ቀఈಲ೒శቁ
భబ

൫ఈಹయಲೞೀయ൯
మ
൫ఈಹశ൯

ల (Eq. ii) 599 

Eox(Cu2S) = ܧ୭୶଴ (Cu2S) + 
ோ்

ସி
 ln ሺߙ஼௨మశሻ

ଶ (Eq. iii) 600 

R: gas constant (J/Kmol) 601 

T: temperature (K) 602 

F: Faraday constant (C/mol) 603 

 ௜: activity of species i 604ߙ

Here, ܧୡ଴(Cu2+), ܧୡ଴(Ag+) and ܧ୭୶଴ (Cu2S) indicate the standard redox potentials (V) of 605 
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Eq. 7, 10 and 8 calculated by Eq. iv, v and vi, respectively. 606 

ୡ଴(Cu2+) = െܧ ଵ

ଵସி
஼௨మௌܩ∆8)

଴ ுయ஺௦ைయܩ∆2 + 
଴ ுశܩ∆6 + 

଴ ஼௨య஺௦ௌరܩ∆2 ‒ 
଴ ுమைܩ∆6 ‒ 

଴  607 

஼௨మశܩ∆10 ‒  
଴ )       (Eq. iv) 608 

ୡ଴(Ag+) = െܧ ଵ

ସி
஼௨మௌܩ∆3)

଴ ஺௚మௌܩ∆5 + 
଴ ுయ஺௦ைయܩ∆2 + 

଴ ுశܩ∆6 + 
଴ ஼௨య஺௦ௌరܩ∆2 ‒ 

଴  ‒  609 

ுమைܩ∆6  
଴ ஺௚శܩ∆10 ‒ 

଴ )      (Eq. v) 610 

୭୶଴ܧ (Cu2S) = െ ଵ

ସி
஼௨మௌܩ∆)

଴ ஼௨మశܩ∆2 ‒ 
଴ ௌబܩ∆ ‒ 

଴ ) (Eq. vi) 611 

௜ܩ∆
଴indicates the standard Gibbs free energy of species i and those used for calculation 612 

are listed in Supplemental Table 3. The values of ܧୡ଴(Cu2+), ܧୡ଴(Ag+) and ܧ୭୶଴ (Cu2S) 613 

were thus calculated to be 0.628, 1.867 and 0.562 V, respectively. 614 

 615 

b Since Ag concentrations in leachates were below the detection limit of ICP-OES, they 616 

were thermodynamically calculated as follows and listed in Supplemental Tables 1 and 617 

2. Dissolution of Ag2S in bioleaching culture (Eq. vii) and the equilibrium potential of 618 

Eq. vii (Eq. viii) are expressed as below (Miki et al., 2016).  619 

Ag2S → 2Ag+ + S0 + 2e‒ (Eq. vii) 620 

Eox(Ag2S) = ܧ௢௫଴ (Ag2S) + 
ோ்

ி
lnሺߙ஺௚శሻ (Eq. viii) 621 

Eox(Ag2S) (“oxidation potential”): the equilibrium redox potential for oxidation of Ag2S 622 

to Ag+ (Eq. vii) 623 
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୭୶଴ܧ (Ag2S): the standard redox potential of Eq. vii, as calculated by Eq. ix. 624 

୭୶଴ܧ (Ag2S) = െ ଵ

ଶி
஺௚మௌܩ∆)

଴ ஺௚శܩ∆2 ‒ 
଴ ௌబܩ∆ ‒ 

଴ ) (Eq. ix) 625 

Based on Eq. viii, when the activity coefficient is defined as 1, the Ag 626 

concentration was calculated by the function of Eox(Ag2S) as shown in Supplemental 627 

Fig. 1. 628 

 629 

Supplemental Table 2 630 

Values used for thermodynamic calculations to obtain Ec(Cu2+), Ec(Ag+) and Eox(Cu2S), 631 

assuming that the As(III) concentrations is negligible (10-5 M). The calculation methods 632 

are described in Supplemental Table 1. 633 

 634 

Supplemental Table 3 635 

Standard Gibbs free energy of each species used for thermodynamic calculation 636 

described in Supplemental Table 1 637 

Foot notes: 638 

a Padilla et al. (2001) 639 

b Outokumpu (HSC Chemistry 5 software)  640 

 641 

  642 
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