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Abstract

The catalytic mechanism of activated carbon-assisted bioleaching of enargite
concentrate (enargite 37.4%; pyrite 47.3%) was investigated by employing
microbiological, electrochemical and kinetic studies. By using moderately thermophilic
microorganisms at 45°C, the final Cu dissolution was improved from 36% to 53% at 0.2%
(w/v) activated carbon. An excess activated carbon addition showed an adverse effect.
The enargite mineral itself favored higher solution redox potential (En) for solubilization.
However, the dissolution of co-existing pyrite, which also favors high En, immediately
hindered enargite dissolution through the passivation effect. The surface of activated
carbon functioned as an electron mediator to couple RISCs oxidation and Fe*" reduction,
so that elevation of the En level was controlled by offsetting microbial Fe** regeneration.
As long as the En level was suppressed at <700 mV, the dissolution of pyrite was largely
avoided, enabling a steady and continuous dissolution of the enargite mineral through the
surface chemical reaction model. When the En-control by activated carbon becomes no
longer sustainable and the En hits 700 mV, rapid pyrite dissolution was initiated and the
surface chemical reaction of enargite dissolution came to an end. Arsenic species
dissolved from enargite was constantly immobilized with an efficiency of 75-90% as
amorphous ferric arsenate. However, the sudden initiation of pyrite dissolution also
triggered the re-solubilization of ferric arsenate. Therefore, the sustainable En-controlling
effect was shown to be critical to enable longer Cu dissolution from enargite as well as

stabilization of As precipitates.
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1. Introduction

Enargite (Cu3As”S”) is a highly refractory primary copper sulfide containing
toxic arsenic. In order to scavenge the Cu value from enargite with the drawback of this
toxic impurity, bioleaching is considered one of the most promising technologies from its
environmental and economic advantages.

High-temperature bioleaching (65-70°C) was generally shown to be effective in
several studies, achieving the final Cu dissolution ranging 52-91% (Escobar et al., 2000;
Mufioz et al., 2006; Lee et al., 2011; Takatsugi et al., 2011). However, the effect largely
drops when low-temperatures (25-30°C) are used (<15%; Escobar et al., 1997; Sasaki et
al., 2010) and thereby necessity of reaction catalyst is stressed to improve the reaction.
Hence, to overcome the refractoriness of enargite, several studies (incl. chemical leaching,
electrochemical and bioleaching studies) aimed to search the effect of catalysts such as
silver (Ag) and carbon materials.

The utility of the Ag catalyst has been recognized in the case of an another
refractory primary copper sulfide mineral, chalcopyrite (CuFeS2), in both bioleaching
studies (Ahonen and Tuovinen et al., 1990; Mufioz et al., 2007) and chemical leaching
studies (Hiroyoshi et al., 2002; Nazari et al., 2012a, 2012b; Ghahremaninezhad et al.,
2015; Nazari et al., 2011).

More recently, the catalytic effect of Ag was also confirmed with enargite in an
electrochemical study, where the presence of Ag was suggested to promote the
transformation of enargite into more amenable intermediate, chalcocite (Cuz2S), at the
specific En range (Miki et al., 2016). Furthermore, Oyama et al. (2018) suggested that the
mechanism of Ag-catalyzed bioleaching of enargite concentrate proceeds via at least two
types of intermediates (i.e., CuzS and trisilver arsenic sulfide (AgzAsS4)).

To alternate the expensive Ag catalyst, the effect of carbon has been also a focus

of bioleaching as well as (electro)chemical leaching studies. In the case of chalcopyrite,
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the effectiveness of activated carbon in bioleaching was reported, where the galvanic
interaction between electrically nobler activated carbon and -electrically poorer
chalcopyrite, as well as the lowered En level, were suggested to be the driving force for
the mineral dissolution (Nakazawa et al., 1998; Zhang et al., 2007; Liang et al., 2010; Ma
etal., 2017; Hao et al., 2018).

As for the case of enargite, Olvera et al. (2013) performed electrochemical
studies and proposed that the catalytic effect of activated carbon is caused by its role such
as a conducting channel, an extension of the surface area for the reduction of Oz and Fe**
and as a modifier of the semiconducting properties of the mineral. Ahumada et al. (2002)
reported that the catalytic effect of activated carbon on chemical enargite leaching
includes direct Fe** oxidation to Fe** by its surface oxygen groups as well as indirect Fe**

oxidation via generation of H202 from Oz, according to [Eq. 1] and [Eq. 2]:
* 1 *
CRed + 502 + H20 = H202 + COX [Eq 1]

2Fe?t + H,0, + 2H* = 2Fe3* + 2H,0 [Eq. 2]
Jahromi and Ghahreman (2016; 2019) conducted chemical enargite leaching studies and
attributed the catalytic effect of CBCs (carbon-based catalysts) to the concentration of
quinone-like functional groups.

Nonetheless, the catalytic effect of activated carbon is yet poorly understood in
the bioleaching reaction of enargite. The fundamental difference between the two
representative primary copper sulfides, chalcopyrite and enargite, is that unlike the case
of chalcopyrite leaching which favors the controlled En level (Hiroyoshi et al., 2008), the
dissolution of the enargite mineral itself favors the strong oxidizing condition (Lattanzi
et al., 2008). Therefore, the effect of activated carbon may be expressed differently
between the two cases. In the case of As-bearing enargite, the presence of activated carbon
may also affect the oxidation/immobilization reaction of As species during bioleaching,
as was observed by Jahromi et al. (2018). Thus, this study aimed to evaluate the effect of
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95 activated carbon on bioleaching of enargite concentrate and to elucidate its mechanism
96  employing microbiological, electrochemical and kinetic modeling studies.
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2. Materials and methods
2.1. Microorganisms

For oxidative dissolution of As-bearing enargite and other sulfide minerals in
this study, the following three bacterial strains were chosen: Fe-oxidizing Acidimicrobium
ferrooxidans ICPT (DSM 10331); Fe/S-oxidizing Sulfobacillus sibiricus N1T (DSM
17363); S-oxidizing Acidithiobacillus caldus KU' (DSM 8584). This bacterial
consortium was shown to be effective in the oxidative dissolution of arsenopyrite while
releasing over 15 mM total As (Tanaka et al., 2015). The three strains were routinely
cultivated aerobically in 500 mL Erlenmeyer flasks containing 200 mL of heterotrophic
basal salts (HBS) medium (0.5 g/L MgSO4-7H20, 0.45 g/L (NH4)SOa4, 0.05 g/L KCI, 0.05
g/L KH2PO4, 0.014 g/L. Ca(NOs3)2:4H20, 0.142 g/I. Na2SOs4; pH 1.5 with H2SO4). None
of the three strains was shown to exhibit the obvious As(III) oxidation activity (Okibe and
Fukano, 2019). For Am. ferrooxidans ICP and Sb. sibiricus N1, 0.02% (w/v) yeast extract
plus 10 mM Fe** (added as FeSO4-7H20) were added. For At. caldus KU, 0.5 g S° plus
200 pL of trace elements stock solution (10 mg/L ZnSO4-7H20, 1 mg/L. CuSO4-5H:0,
1.09 mg/L MnSO4-5H20, 1 mg/L CoSO4-7H20, 0.39 mg/L Cr2(SO4)3-7H20, 0.6 mg/L
H2BO3, 0.5 mg/L. Na2MoO4-2H20, 0.1 mg/L NaVO3, 1 mg/L NiSO4-6H20, 0.51 mg/L
NaxSeO4, 0.1 mg/L NaxWO4-2H20) were added. The flasks were incubated shaken at 150

rpm at 45°C.

2.2. Minerals

The enargite concentrate (Pso = 90 pum) used in this study was from Peru,
consisting of enargite (Cu3zAsS4) 37.4% and pyrite (FeS2) 47.3%, with minor amounts of
tennantite ((Cu,Fe)12As4S13), chalcopyrite (CuFeS:2), sphalerite (ZnS), stibnite (Sb2S3)
and quartz (SiO2) (JX Nippon Mining & Metals). The elemental composition of enargite

concentrate was as follows; S 39%, Fe 22%, Cu 20%, As 7.1%, Zn 0.39%, Sb 0.32%, Al
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0.22%. Prior to the bioleaching experiment, the enargite concentrate was washed with 1

M HNO3, deionized water and ethanol.

2.3. Activated carbon

Granular activated carbon (CAS RN: 7440-44-0; Wako) of the average particle
size of 5 mm was used in this study. The BET (Brunauer, Emmett and Teller) specific
surface area and average pore diameter of activated carbon were determined to be 1212
m?/g and 1.77 nm, respectively, according to the procedures described by Konadu et al.

(2017).

2.4. Bioleaching tests

Pre-grown cells of each of the three strains were harvested by centrifugation
(9000 rpm, 10 min at 4°C) and washed twice with acidified water (pH 1.7), prior to
inoculation into 200 mL HBS medium (pH 2.0; in 500 mL Erlenmeyer flasks) containing
2% (w/v) enargite concentrate and 5 mM Fe?" (so as to set the initial cell density of each
strain at 1.0 x107 cells/mL). Activated carbon was added into the medium at different
concentrations; 0, 0.1, 0.2 or 0.3% (w/v). Flasks were incubated shaken at 150 rpm and
45°C for 60 days. Samples were regularly withdrawn (immediately after vigorously
mixing the flask to maintain the solid/liquid ratio) to monitor pH, En, cell density and

concentrations of Fe?”, total Fe, total As and total Cu.

2.5. Solution and solid analyses

Liquid samples were filtered (0.20 pm) to measure concentrations of total Cu,
Fe and As by inductively coupled plasma optical emission spectrometry (ICP-OES;
Optima 8300DV; PerkinElmer), and Fe*" by the o-phenanthroline method (Caldwell and

Adams, 1946). Leaching residues were collected after the bioleaching test and freeze-
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dried overnight for X-ray diffraction (XRD; Rigaku; Ultima IV; CuKa 40 mA, 40 kV)
analysis. For elemental composition analysis by electron probe microanalyzer (EPMA;
JOEL; JXA-8530F; 6 nA, 20 kV), the leaching residues were embedded into resin and

polished. The incident electron beam was focused to 1 um in diameter.

2.6. The catalytic activity of activated carbon

Abiotic tests: Activated carbon (0.1%) was added to 100 mL of acidophile basal
salts (ABS) medium (0.5 g/L MgS04:7H20, 0.45 g/L. (NH4)SOs4, 0.05 g/L KCl, 0.05 g/L
KH2PO4, 0.014 g/L Ca(NO3)2:4H20, 0.15 g/L Na2SO4-10H20; pH 2.0 with H2SO4) in 300
mL Erlenmeyer flask. Different combinations of Fe** (as Fex(SO4)3-nH20), Fe?* (as
FeSO4-7H20), S406> (as Na2S406-2H20) and yeast extract were added to the flasks as
follows: 10 mM Fe** only; 10 mM Fe?* only; 5 mM S4O6> only; 10 mM Fe** plus 5 mM
S406%; 10 mM Fe*" plus 0.02% yeast extract. Activated carbon-free control flasks

containing 10 mM Fe*" plus 5 mM S40¢> were also set-up.

2.7. Real-time PCR

In order to investigate the microbial population structure in bioleaching cultures,
purification of genomic DNA, PCR-amplification of the 16S rRNA gene (template for
real-time PCR), purification of the resultant PCR products and Real-Time PCR
(MiniOpticon, Bio-Rad) were conducted according to the methods described by Oyama
et al. (2018), with the exception that species-specific primers for Ferroplasma
acidiphilum were not used in this study. Conditions for PCR and Real-Time PCR were

described by Tanaka et al. (2015).

2.8. Electrochemical measurement of galvanic interaction

Three mineral electrodes (1 cm® cube of enargite, pyrite or activated carbon)
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were prepared and polished by emery-paper to provide a fresh flat surface before each
measurement. Diluted H2SO4 solutions (0.1 M) with varying En values (0.5, 0.53, 0.6,
0.68, 0.74, 0.8, 0.86 or 0.9 V (vs. SHE)) were prepared by adjusting the Fe?"/Fe*" ratio
using 0.1 M Fe solutions. The En values were measured with the Ag/AgCl reference
electrode and the Pt working electrode. The Pt electrode was then replaced with each of
the mineral electrodes to measure mineral potentials (Een, Epy and Eac, respectively, for
300 sec) using the electrochemical analyzer (1280C, Solartron Analytical). The 4FEen-ac
and 4Een-ry values were defined as the galvanic electromotive force between the two
minerals. The galvanic current between the two minerals (/en-Ac or [en-py) Was measured
(300 sec) by connecting the enargite electrode to either activated carbon electrode or
pyrite electrode, by applying the Galvanic electromotive force (4Egn-ac or AEEn-py) to

simulate the galvanic interaction between the two minerals.

2.9 Kinetic calculation

The activated carbon-catalyzed bioleaching reactions were evaluated by the
shrinking core model. Based on this model, the mineral particle dissolution proceeds via
diffusion through liquid film [Eq. 3], diffusion through product film [Eq. 4] or surface

chemical reaction [Eq. 5], as the rate-limiting step (Wadsworth and Sohn, 1979).

X=hit [Eq. 3]
1 =301 -X%P+2(1 - X)=kat [Eq. 4]
1 -1 -X)P=kt [Eq. 5]

X: the fraction of dissolved Cu
t: the reaction time (day)

k: the rate constant (day™)
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3. Results and Discussion
3.1. Effect of the activated carbon dose on the dissolution of enargite concentrate and
microbial population structure

Cell-free control cultures: In the absence of activated carbon, the low En level of
<600 mV (Fig. 1d) suppressed both Cu dissolution (11% on day 60; Fig. 1a) and Fe
dissolution (9% on day 60; Fig. 1b). At 0.3% activated carbon, the En level increased
slightly (<620 mV; Fig. 1d), due to its chemical Fe?*-oxidizing effect (Jahromi et al.,
2019). This resulted in a slight increase in Cu dissolution (23% on day 60; Fig. 1a) and
Fe dissolution (16% on day 60; Fig. 1b). In all cell-free controls (0% and 0.3% activated
carbon), the data from Fig. 1c suggested that As dissolved from enargite was constantly
immobilized with an efficiency of 75-90%.

Bioleaching cultures: In the absence of activated carbon, microbial Fe*"
oxidation readily progressed to increase the En level to >800 mV (on day 20; Fig. 1d, e),
accompanied by the most extensive Fe dissolution (Fig. 1b) and the final Cu dissolution
of 36% (Fig. 1a). The addition of activated carbon at 0.1% and 0.2% increasingly
suppressed the En rise (Fig. 1d), which improved the final Cu dissolution (46% and 53%,
respectively; Fig. la) while delaying the Fe dissolution (Fig. 1b). However, further
increasing the activated carbon dose to 0.3% strongly suppressed the En level (<645 mV;
Fig. 1d), which adversely affected the final Cu dissolution (35% on day 60; Fig. 1a).
Unlike the case of chalcopyrite (Masaki et al., 2018), enargite leaching favors the strong
oxidizing condition (i.e., higher En) (Lattanzi et al., 2008). In fact, the initial Cu leaching
rate (day 0-10) was the greatest without activated carbon, followed by with 0.1% and
0.2% activated carbon (Fig. 1a); this is in accordance with the order of the En level from
higher to lower (Fig. 1d). However, as soon as the En level hits ~700 mV (Fig. 1d),
dissolution of Fe from the pyrite mineral was boosted (Fig. 1b), as was also reported by

Gu et al. (2012). This resulted in the rapid passivation of the enargite surface to slow

10
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down the Cu dissolution rate (Fig. 1a). Therefore, the catalytic role of activated carbon is
not directly attributed to the acceleration of enargite dissolution itself, but to suppression
of pyrite dissolution by keeping the En level to <700 mV for a longer period, which
indirectly allows durable Cu dissolution without passivation (Fig. 1a). It can be calculated
from Fig. 1c that As dissolved in all inoculated cultures was constantly immobilized with
an efficiency of over 70%, as long as the En level kept below 700 mV (Fig. 1d). However,
the sudden start of Fe dissolution from pyrite on day 10, 25 and 38 (at 0%, 0.1% and 0.2%
activated carbon, respectively; Fig. 1b) not only halted further As immobilization but also
induced re-solubilization of As precipitates so far formed (Fig. 1f).

EPMA elemental mapping of a bioleached enargite concentrate sample in Fig. 2
(0.2% activated carbon, collected on day 30) indicated that an enargite grain is covered
with 1-7 um-thick secondary layer (Fig. 2a) composed of Fe, As and O, corresponding to
ferric arsenate (FeAsOs). The timing of the initiation of the re-solubilization of this
amorphous ferric arsenate (on day 10, 25 and 38 at 0, 0.1 and 0.2% activated carbon,
respectively; Fig. 1f) coincided with a surge in the Fe concentration (i.e. pyrite
dissolution) (Fig. 1b). Tanaka et al. (2018) reported that crystallization of scorodite
(FeAsO4-2H20) is preceded by the formation of SO4*-bearing amorphous precursor
mixture composed of basic ferric sulfate (MFex(SO4)y(OH);) and ferric arsenate
(FeAsOas:(2+n)H20). These precursors repeatedly dissolve and re-crystallize until metal
ions become locally concentrated to trigger scorodite mineralization. Based on this
mechanism, the observation here can be explained that a sudden influx of SO4* deriving
from pyrite favored stabilization of basic ferric sulfate, rather than ferric arsenate,
eventually leading to mineralization of jarosite rather than scorodite.

Cell growth at 0.1% activated carbon was mostly equivalent to that without
activated carbon. However, increasing the activated carbon dose to 0.2% caused an

apparent lag in total cell growth (Fig. 3a). Especially, the planktonic cell count was

11



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

significantly lowered at the highest activated carbon dose of 0.3% (Fig. 3a). The possible
reason for this observation may include cell attachment on the activated carbon surface
which physically inhibits cell replication and/or adsorption of nutrients onto the activated
carbon surface possibly hindering the cell feeding on the activated carbon surface.
However, the exact reason is yet unclear. The microbial population structure analysis by
Real-Time PCR is shown in Fig. 3b. As was mentioned in our previous study (Tanaka et
al., 2015), based on the known copy number of 16S rRNA genes per genome (i.e., 2 copes
in At. caldus KU, Valdes et al., 2009; 2 copies in Am. ferrooxidans 1CP, Clum et al., 2009;
3-5 copies in other Sulfobacillus spp., Anderson et al., 2012; Li et al., 2011; Travisany et
al., 2012), the abundance of Sb. sibiricus N1 may be overestimated in this mixed culture.
Therefore, it can be said that at the activated carbon dose of 0-0.2%, the major microbial
components were At. caldus KU and Am. ferrooxidans 1CP on both day 30 and day 60.
The addition of activated carbon (up to 0.2%) increasingly benefited the growth of Fe-
oxidizing Am. ferrooxidans ICP relative to S-oxidizing A¢ caldus KU (Fig. 3b): This can
be explained by the chemical catalytic role of activated carbon (details described in
section 3.2), increasing the availability of Fe?" ions for Fe-oxidizers while limiting the
availability of RISCS for S-oxidizing cells. Since cell growth was significantly hindered
at 0.3% activated carbon (Fig. 3a), the Real-Time PCR result was inconsistent under this

particular condition (Fig. 3b).

3.2. En-controlling mechanism of activated carbon (abiotic experiments)

In section 3.1, activated carbon was shown to control the En level during
bioleaching of enargite concentrate. In order to clarify its catalytic mechanism, separate
abiotic tests were performed.

In the presence of Fe*" without any externally-added e-donors (such as S4Os>

and yeast extract), a minor amount of initially-added Fe*" was reduced to Fe* (0.6 mM;
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Fig. 4a), accompanied by an En drop from 830 mV to 740 mV (Fig. 4b). In this case, Fe**
reduction was likely coupled with oxidation of surface functional groups of activated
carbon (Uchida et al., 2000).

When either Fe?" or S40¢* solely contacted activated carbon, partial oxidation
of each was observed (Fig. 4a, c), possibly directly by surface oxygen group or indirectly
via reduction of oxygen to produce H202 (Ahumada et al. 2002).

Progressive Fe*" reduction to Fe** (9.2 mM; Fig. 4a) was realized only via the
coupling reaction with S40¢> oxidation on the activated carbon surface (producing ~10
mM SO47; Fig. 4¢), showing the greatest En-lowering effect (down to ~620 mV; Fig. 4b).
This effect was not as significant when yeast extract instead of S406> was used (Fig. 4b).

The above results indicate that activated carbon naturally possesses both Fe?*-
oxidizing and Fe**-reducing effects, which one of the two effects becomes visible
depends on the availability of different functional groups and the degree of H202
generation (Uchida et al., 2000; Ahumada et al., 2002). However, when strong e-donors
(such as reduced inorganic sulfur compounds; RISCs) are present, Fe** reduction becomes
dominant, leading to effective suppression of the En level. Although to a lesser extent,
As(III) oxidation was also shown to be coupled with Fe** reduction on the activated
carbon surface (Oyama et al., unpublished data). When elemental S° was used as e-donor,
the speed of Fe*" reduction was seen but much slower (data not shown). This indicates
that mainly soluble RISCs dissolved from sulfide minerals play a major role in this
coupling reaction. These abiotic test results suggest that the presence of activated carbon
plays a role to suppress the En level by catalyzing Fe** reduction using a series of RISCs

produced in bioleaching situations (as well as organics and As(III), at least to some extent).

3.3. Galvanic interaction between enargite and activated carbon

To explain the catalytic mechanism of activated carbon, the involvement of
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galvanic interaction between activated carbon and chalcopyrite during bioleaching has
been suggested by other researchers (Nakazawa et al., 1998; Zhang et al., 2007; Liang et
al., 2010). However, the actual occurrence of galvanic current between activated carbon
and enargite is yet unclear. Fig. 5a shows that the electrode potential of pyrite (Ery) nearly
equaled En at the wide Enrange of 0.5-0.85 V (Fig. 5a). However, the electrode potential
of enargite (Een) and activated carbon (£4c) mostly leveled off at £n >0.75 V; this effect
was especially significant with Ee. (Fig. 5a). This indicates that the electromotive force
generated between enargite and activated carbon (4EEn-4c) 1s negligible at En <0.75 'V, but
increases slightly at £n >0.75 V (Fig. 5a). Rather, the electromotive force generated
between enargite and pyrite (4EEx-py) was much more noticeable at £n >0.75 V (Fig. 5a).
This observation was indeed consistent with the trend of galvanic currents measured
between enargite and activated carbon (/eq-4c) or between enargite and pyrite (/x-ry). Due
to the greater AEEn-py than AEEn-4c at En >0.75 'V, Ign-py also exceeded /ex-4c at the higher
En values of >0.75 (Fig. 5b).

The overall results obtained here and previous sections suggest the following:
Under the conditions where activated carbon displays the catalytic En-control (En <700
mV) during bioleaching, a relatively smaller galvanic effect is generated between enargite
and activated carbon. While at higher En of >750 mV, the En level is no longer controlled
by activated carbon but its galvanic interaction with enargite becomes relatively more
significant than at £En <700 mV. Nonetheless, the actual bioleaching results in Fig. 1
suggest that the overall Cu dissolution is governed mainly by the activated carbon’s Eh-

controlling effect rather than the galvanic effect under the conditions used in this study.

3.4. Kinetic study on activated carbon-catalyzed bioleaching of enargite concentrate
The activated carbon-catalyzed bioleaching reactions (Fig. 1) were evaluated by

the shrinking core model. The model was also effectively applied to the bioleaching
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reaction of primary copper sulfides (Masaki et al., 2018; Oyama et al., 2018). Here the
fluid film resistance was considered negligible relative to two others, and in fact, no linear
relationships between X against t were found (data not shown). The k and R? values were
calculated from the fitting results and listed in Table 1.

The results from previous sections revealed that the main catalytic role of
activated carbon in enargite bioleaching was Fe** reduction to control the En level (<700
mV), which prolonged the period before initiation of extensive pyrite dissolution. For the
period where En was controlled at <700 mV, all bioleaching reactions were rate-limited
by the surface chemical reaction (R? >0.97) regardless of the activated carbon dose.
However, as soon as the Enhits 700 mV, rapid pyrite dissolution was triggered to passivate
the enargite surface to end the surface chemical reaction (Fig. 6a). Under the condition of
En <700 mV, the speed of Cu dissolution (i.e., kinetic constant; k- (day™")) in bioleaching
cultures became smaller as the activated carbon dose increased, with the fastest rate
observed without activated carbon (Table 1; Fig. 6a). This is due to the dissolution of
enargite mineral itself favors higher En (Lattanzi et al., 2008). Even so, the surface
chemical reaction continued for a longer period at higher activated carbon doses,

eventually reaching the greater final Cu dissolution in the longer-term (Fig. 6a).

4. Conclusions

Although the enargite mineral itself favors higher En for solubilization, the
dissolution of co-existing pyrite (also favors high En) strongly inhibits the enargite
dissolution through the passivation effect. Hence, when bioleaching the enargite
concentrate (composed mainly of enargite and pyrite), the final Cu dissolution from the
enargite mineral can be improved by allowing its successive and longer dissolution

(though at a slower speed) under the controlled En. For this purpose, the catalytic effect

15



357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

of activated carbon was found to become useful in bioleaching of enargite concentrate, as
summarized in the proposed mechanism in Fig. 7:
(i) The activity of Fe-oxidizing microbes pushes the En level by regenerating Fe*" in
bioleaching cultures, which initially dissolve both enargite and pyrite minerals eftectively,
leading to a further increase in the En level. When activated carbon is absent, the
dissolution of the enargite mineral becomes immediately hindered through the jarosite
passivation.
(11) When activated carbon is present, however, its surface effectively functions as an
electron mediator to couple RISCs (especially soluble RISCs) oxidation and Fe**
reduction, so that elevation of the En level can be offset. As long as the En level is
suppressed at <700 mV, the dissolution of pyrite can be largely avoided, which allows a
steady and continuous (but slower) dissolution of the enargite mineral through the surface
chemical reaction model. Regeneration of Fe?" by activated carbon may, however, support
the activity of Fe-oxidizers. Consequently, when the FEn-control by activated carbon
becomes no longer sustainable, the En hits 700 mV to initiate a rapid pyrite dissolution
and the surface chemical reaction of the enargite mineral comes to end.
(iii) Since activated carbon also displays As(III) oxidation activity by coupling with Fe**
reduction, this may partially contribute to the As precipitation in the form of amorphous
ferric arsenate. However, when En level becomes no longer controllable after a while, the
sudden initiation of pyrite dissolution triggered the re-solubilization of ferric arsenate by
shifting the chemical equilibrium toward the formation of ferric sulfate such as jarosite.
The combination of the above reactions was shown to contribute to the activated
carbon-catalyzed bioleaching of enargite concentrate. The sustainable En-controlling
effect is thus critical to enable a longer Cu dissolution as well as stabilization of As

precipitates.
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Legends

Fig. 1

Bioleaching of enargite concentrate using different dose of activated carbon (oe 0%; A
0.1%; ¥ 0.2%; om 0.3%). Changes in the dissolved Cu concentration (a), dissolved Fe
concentration (b), dissolved As concentration (c), En (d), Fe*" concentration (e) and
immobilized As concentration (f) are shown for inoculated (solid symbols) or cell-free
control cultures (open symbols). Data points in (f) were calculated based on the chemical
formula of enargite (CuzAsS4) as follows; [As immobilized] (mM) = [Cu dissolved]/3
(mM) — [As dissolved] (mM). Dotted lines in (a), (b), (d) and (f) indicate the timing of
the En level reaching 700 mV. Data points are mean values from duplicate cultures. Error
bars depicting averages are not visible in some cases as they are smaller than the data

point symbols.

Fig. 2

EPMA elemental mapping of enargite concentrate residue bioleached for 30 days with
0.2% activated carbon: The backscattered electron image at 3000-fold magnification (a)
was mapped for Cu (b), S (c), Fe (d), As (e) and O (f). The surface of an enargite grain

(middle) is covered with Fe-, As-, O-containing amorphous ferric arsenate.
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Fig. 3

Changes in the planktonic cell density during bioleaching of enargite concentrate at
different dose of activated carbon (AC) (@: 0%, A:0.1%, ¥:0.2%, H:0.3%) (a) and
the microbial population structures on day 30 and 60 under each condition (b). Data points
in (a) are mean values from duplicate cultures. Error bars depicting averages are not
visible in some cases as they are smaller than the data point symbols. KU, ICP and N1

stand for At. caldus KU, Am. ferrooxidans ICP and Sb. sibiricus N1, respectively.

Fig. 4

Chemical Fe**-reducing ability of activated carbon (AC) using S4Os* as electron donor.
Changes in the Fe*" concentration (a), En (b) and SO4> concentration (c) are shown for
the following conditions: A ; AC+Fe*", W ; AC+Fe?’, @ ; AC+S:0¢>, M ;
AC+Fe’™+8406%, X ; AC+Fe*'+yeast extract (YE), @; Fe’"+S40¢>. Data points are
mean values from duplicate cultures. Error bars depicting averages are not visible in some

cases as they are smaller than the data point symbols.

Fig. 5

(a) Mineral electrode potential of enargite (@), pyrite (ll) or activated carbon (AC) (¢)
as the function of solution potential (En): /] indicates the amount of Galvanic
electromotive force created between activated carbon and enargite/pyrite. (b) Galvanic
current created between enargite and pyrite (m) or between enargite and activated carbon
(©), as the function of solution potential (En). The grey zone indicates the En range

exhibited during the separate bioleaching test (Fig. 1d).

Fig. 6
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Kinetic modeling on bioleaching of enargite concentrate at different activated carbon
doses: 0% (@), 0.1% (A), 0.2% (V) or 0.3% (H). Bioleaching data in Fig. 1 were
applied. (a) Data fitted to the surface chemical reaction model (1 - (1-X)"* = k). (b) Data
fitted to the diffusion through product film model (1 + 2(1-X) - 3(1-X)** = kaf). The fitting
duration for each condition corresponds to the period before En reaching 700 mV (i.e.,
before initiation of rapid pyrite dissolution), after which the R? value started to decrease

in all cases. Solid and dotted lines indicate R?> >0.97 and R? <0.93, respectively.

Fig. 7
The schematic image of overall mechanism of activated carbon-catalyzed bioleaching of

enargite concentrate.

Table 1
Correlation factor R? and kinetic constant k values calculated using the kinetic model of

surface chemical reaction and diffusion through product film.

Supplemental Fig. 1

Changes in the pH in bioleaching (closed symbol) and cell-free control cultures (open
symbol) of enargite concentrate. Activated carbon was added at 0% (o, ), 0.1% (A),
0.2% (V), or 0.3% (o, m). Data points are mean values from duplicate cultures. Error
bars depicting averages are not visible in some cases as they are smaller than the data

point symbols.
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