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Abstract

Two enrichment cultures (one iron oxidizing and one sulfur oxidizing) obtained
from an acid mine drainage were physiological and molecular characterized;
the first of them showed 99% 16S rRNA gene sequence similarity with
Leptospirillum ferrooxidans, while the sulfur oxidizing species was highly
related to Acidithiobacillus ferrooxidans and Acidithiobacillus ferrivorans
sequences although, unlike them, the species in the enrichment culture does
not seem to be able to oxidize iron. The consortium constituted by both
enrichment cultures achieved a successful biooxidation of Hualilan ore
allowing the increase of gold recovery up to 96.4 % in the best culture
condition (low pulp density in 1K medium). At the same time, this condition
showed an effective zinc bioleaching (up to 86 %) although the recovery was
much higher in cultures with initially supplemented iron; kinetics studies
suggested that bioleaching rate in 1K medium at low pulp densities is
controlled by diffusion through a layer mainly constituted by jarosite (rather
than sulfur) which was detected in X-ray diffraction diagrams. The recovery of
zinc as subproduct of the pretreatment to optimize gold recovery would also
allow decrease the metallic charge of the leachates from the biooxidation

tanks which is an environmental advantage.



1.

Introduction

In low grade refractory sulfide gold ore, gold is usually dispersed as
microscopic particles within in pyrite and arsenopyrite matrix. Biooxidation is a
well known technology for the pretreatment of such ores that allows an
efficient recovery of dispersed gold by cyanidation method (Muravyov and
Bulaev, 2013; Sun et al., 2012a; Sun et al., 2012b). Mixed and pure cultures of
acidophilic mesophiles, moderate and even extreme thermophiles have been
used for the biooxidation of refractory gold ores; at high pulp densities (used in
commercial applications) mesophiles showed better biooxidation potential
compared to moderate and extreme thermophiles (Ciftci and Akcil, 2010).
Even when there are some contradictory results in the literature, indigenous
microbial communities usually seem to be superior to microbial consortia
constructed using strains from other environments (Bryan et al., 2011;
Chandraprabha et al., 2002).

During biooxidation processes, other valuable metals can be released
to the solutions by microbial action (Dinkla et al., 2013; Kaewkannetra et al.,
2009; Kondrat'eva et al., 2012). The recovery of such metals as subproducts
of the main process would allow not only an economical advantage but also
an environmental improvement, decreasing the metallic charge of the
leachates from the biooxidation tanks. Recovery of zinc is still performed using
conventional methods (pyrometallurgical smelting of concentrates) with
bioleaching being only used at pilot scale (see below) but this procedure
excludes low-grade or refractory ores. For these ores, heap bioleaching (and
consequently a slower process) instead of tank bioleaching should be
performed to avoid intensive grinding which would make the process
uneconomical. Biooxidation is operated in stirred tanks for high-grade ores or
gold concentrates; in this way high reaction rates are obtained and the capital
and operating costs are justified by gold market price. The solubilization of
zinc during the biooxidation process might imply that the recovery of this metal
could be achieved using a less contaminating technology and without any
additional investment. After biooxidation, residues might be leached by



cyanidation and the solutions might be used in downstream processing for
zinc recovery.

Hualilan area is considered one of the most important sources of gold in
San Juan Province (Argentina) in the Southern Andes. The earliest recorded
mining activity in the area predates the Spanish conquest and it intensified
after. The chemical composition of the ore —although highly variable- reveals
an average content of 10 ppm Au —partially refractory-, 80 ppm Ag and up to 8
% Zn mainly as sphalerite. Sphalerite is one of the most important sources for
Zn production in the world. Zn extraction from sphalerite using bioleaching has
recently attracted more attention due to the economic and ecological
advantages of this technology over traditional roasting and smelting (Deveci et
al., 2004; Giaveno et al., 2007; Haghshenas et al., 2009; Mousavi et al., 2007;
Rodriguez et al., 2003; Shi et al., 2006; Soleimani et al. 2011; Souza et al.,
2007).

The aim of this investigation is to study the recovery of zinc during
biooxidation of a refractory gold-bearing ore from Hualilan district. Enrichment
cultures containing sulfur and iron oxidizing bacteria were obtained from
different samples taken from an acid mine drainage. An artificial consortium
mixing these enrichment cultures was used as inoculum in biooxidation
experiments after characterization of both cultures by fluorescence in situ
hybridisation and 16S rRNA gene cloning and sequencing. In biooxidation
experiments, additions of different alternative energy sources, different initial
pH values and pulp densities were tested in order to find suitable conditions

for recovering both metals.



2,

2.1.

2.2,

Materials and Methods

Mineral

Mineral sample from Hualilan mining area (San Juan province,
Argentina) were used throughout this study. The main mineralogical
components were pyrite, pyrrhotite, galena, sphalerite, and chalcopyrite.
Besides, limestone and dolomitic limestone were detected in the sample. The
chemical composition of the sample was 25.67 g/t Au, 190.2 g/t Ag, 11.53%
Fe, 8.12% Zn, 1.3 % Mn, and minor amounts of other metals (476 g/t Cd, 1403
g/t Cu, 698 g/t Pb). The fraction with size particle less than 74 microns was

used in the biooxidation experiments.

Microorganisms and media

Several water and sediment samples were taken from the acid mine
drainage near to La Carolina mining (San Luis province, Argentina).
Environmental samples were directly inoculated in 9K medium or in the same
medium without iron (OK) supplemented by elemental sulfur powder 10 g L™
The pH values were initially adjusted to 3 for OK medium and 1.8 for 9K
medium utilizing H.SO4 (1:10). Media with basal salts were sterilized by
autoclaving (20 min at 121 °C and 1 atmosphere overpressure), while solution
containing iron was sterilized by filtration through 0.2 ym pore size filter. The
enrichment cultures were made in Erlenmeyer flasks containing 100 mL final
volume and inoculated at 10% (v/v) or 2 g for water samples and sediments
respectively. The flasks were incubated at 30°C and agitated at 150 rpm in an
orbital shaker. Enrichment cultures that showed microorganisms growth were
maintained by successive transfer in respective medium at the same
conditions. Ferrous iron oxidation and sulfur oxidation rates were evaluated for
all the enrichment cultures. The two most efficient were selected to perform

the biooxidation experiments. Iron(ll) and sulfur oxidizing cultures were called



LC-1 and LC-2 respectively and they were unable to oxidize the other energy

source.

2.3. Fluorescence in situ hybridisation (FISH)

Aliquots of 1 ml of active cultures of LC-1 and LC-2 were used for
fluorescent in situ hybridization (FISH) assays. Samples were fixed with
paraformaldehyde at 4% final concentration for 4 hours at 4°C and then filtered
through GTTP 0.25 Millipore membranes (0.22 um) using a filtration column.
Filters were washed and neutralized with 20 ml of PBS buffer (130mM NaCl,
7mM NayHPO,4, 3mM NaH,PO4, pH 7.2) and air dried. Hybridizations were
done following Amman’s protocol (Amman, 1995) using Cy3 labed probes:
TF539 (5' CAG ACC TAA CGT ACC GCC 3', 20% formamide in hybridization
buffer) specific for Acidithiobacillus ferrooxidans, ATT223 (5' AGA CGT AGG
CTC CTC TTC 3', 40% formamide in hybridization buffer) specific for
Acidithiobacillus thiooxidans and LF665 (5' CGC TTC CCT CTC CCA GCC T
3', 35% formamide in hybridization buffer) specific for Leptospirilum
ferrooxidans. 4°, 6°-diamidino-2-phenylindole (DAPI) stain was used in all
hybridizations to evaluate total cells number. Dako Fluorescent Mounting
Medium (Dako North America Inc., USA) was added to preparations in order
to avoid fluorescence fading. A Leica DM 2500 epifluorescence microscope
was used to visualize hybridization results. Images were taken using a Leica
DFC 300 FX camera and its corresponding software (Leica Microscopy

Systems Ltd, Heerburgg, Switzerland).

2.4. DNA extraction, 16S rRNA gene cloning and sequencing comparison

Two mL of each enrichment cultures were filtered to retain solid
residues and centrifuged 15 minutes at 13000 rpm. Cells pellet were washed
with pH 1.5 (H2SO,4) water, resuspended in 1 mL TE buffer (10 mM Tris HCI
pH 8.0, 1.0 mM EDTA). Cells were incubated with 250 pL of 10% sucrose in
TE buffer and 250 pL of 5 pg/mL lizosime in TE buffer solution at 37°C for 1
hour. To improve cell lysis 100 pyL of protease K 5 mg/mL SDS 10 % were



added and incubated 1 hour at 37 °C. In order to separate aqueous and
organic phases 70 pL sodium acetate 3.0 M (pH 3.4) 100 pL of chloroform and
200 uL phenol-Tris were added and centrifuged 15 minutes at 13,500 rpm.
Aqueous phase was extracted using 100 pL of chlorophorm and centrifuged
15 minutes at 13,500 rpm for decanting cellular rests. Cold isopropyl alcohol
was used for DNA precipitation in 1 hour incubation at -20 °C and 20 minutes
centrifugation at 13,500 rpm using a refrigerated (4°C) centrifuge. DNA pellet
was washed with 70 % cold ethanol and air dried. DNA was resuspended in
50 yL of TE buffer and incubated at 60 °C for 1 hour.

Bacteria general primers 27F: 5- AGAGTTTGATCCTGGCTCAG -3'
and 1541: 5- AAGGAGGTGATCCAGCCGCA-3' were used for amplifying
DNA extracted from enrichment cultures (Achenbach and Woese, 1995). PCR
conditions were as follows: initial denaturation at 95 °C for 5 min, followed by
38 cycles of denaturation at 95 °C for 1 min, annealing at 48 °C for 1 min and
extension at 72 °C for 1 min and a final step of extension at 72 °C for 10
minutes. Amplification reactions contained 3 uL of DNA solution per 25 mL
reaction volume, 1X PCR buffer (Promega Biotech), 2.5 mM of each of the
deoxynucleotides, 2.5 mM MgCl,, 500 mM of the forward and reverse primers
and 0.025 UmL' of Taq DNA polymerase (Promega Biotech). PCR
amplification was checked by 1.5 % agarosa gel electrophoresis stained with
ethidium bromide.

Amplified 16S rRNA gene products (>1,400 bp) were cloned using the
Topo Ta Cloning Kit (Invitrogen. CA, USA) and sequenced using Macrogen
services (Macrogen Inc, Seul Korea).

16S rRNA gene sequences of LC1 and LC2 enrichment cultures were
checked for potential chimeras using Bellerophon Chimera Check program
(http://greengenes.Ibl.gov/cgi-bin/nph-bel3_interface.cgi) and Maillard
software. Finally they were compared with NCBI database using BLAST
(http://ncbi.nlm.nih.gov/BLAST). LC1 and LC2 16S rRNA sequences, together
with their closest relatives were aligned using ARB package (http://www.arb-
home.de). Aligments were corrected manually and phylogenetic trees were
constructed using neighbour-joining (Saitou and Nei, 1987) and Jukes-Cantor
correction. The robustness of individual branches was estimated by
bootstrapping with 1000 replicates (Felsenstein, 1985).
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2.5.

2.6.

Biooxidation experiments

Leaching experiments were conducted in 250 mL Erlenmeyer flasks
containing 150 mL of OK medium at 2% of pulp density. H,SO4 0.5M was
added to adjust the initial pH value at 1.8. The inoculum was composed of a
mixed culture of LC-1 and LC-2. LC-1 was previously cultivated in 9K medium
(pH 1.8) and LC-2 in OK medium with elemental powder sulfur at 0.67% (w/v).
After bacterial growth reached exponential phase, cultures were filtered
through blue ribbon filter paper to eliminate iron precipitates or sulfur. Cells
were harvested by centrifugation, resuspended in basal salts medium without
energy sources and then mixed to form the inoculum containing approximately
5x10° cell.mL™.

Biooxidation experiments were carried out varying energy sources, initial
pH values and pulp densities. In the first case, iron(ll) (1g.L™" = 1K medium)
and/or sulfur powder (0.67% w/v) were used in systems with mineral at 2%
(w/v) pulp density and initial pH values of 1.8. In the second case, initial pH
values were 1.5, 1.8, and 2.2; these experiments were done in 1K medium
and 2% (w/v) pulp density. Finally, to consider the effect of pulp density the
experiments were done in 1K medium at initial pH of 1.8. The pulp densities
used were 1%, 5% and 10%. Table 1 summarizes the systems carried out in
the experiments.

Bioleaching were performed by duplicate and abiotic controls were made
replacing the inoculum by fresh media. The flasks were incubated at 150 rpm
and 30 °C. Three mL of samples were routinely drawn from the flasks to
analyze iron, zinc, Eh, pH and bacterial population. Before taking the sample
for analysis, the volume of the Erlenmeyer flasks was adjusted with sterilized

water.

Analytical determination

Eh and pH were measured with specific electrodes. Iron(ll) and proton
concentrations in the enrichments were determined by titration with KMnO,4 or

NaOH, respectively. These parameters were used to follow the bacterial
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growth. At the same time, bacterial population in the liquid phase was
determinate by direct counting in a Petroff-Hausser chamber using a phase-
contrasting microscope. In samples from leaching experiments, iron(ll) was
determined by the colorimetric ortho-phenanthroline method, modified as
follows: 0.1-0.3 mL of sample (or its dilution), 1.4-1.2 mL of HCI 1:20, 0.5 mL
of ammonium acetate buffer and 0.5 ml of 0-phenanthroline (1 g/L). Zn and
total soluble Fe concentrations were determined by atomic absorption
spectrophotometer (AAS) after appropriate dilution in HNO3 0.14N.

Solid residues from biooxidation experiments were used for cyanide
leach process. Leaching was carried out at 25 % mineral pulp density in 1.5
g.L™" of sodium cyanide solution; lime was added to keep the pH of the
solution at about 10.5-11.0. After 48 hours leaching with natural air supply at
room temperature, the gold bearing liquid was separated from the solids and
the tailings are washed to remove gold and cyanide. Gold concentration was
measured using atomic absorption spectrophotometry after extraction from

aqueous cyanide solution using di-isobutyl ketone (DIBK).



3. Results and discussion

3.1. Physiological and Phylogenetic analysis of LC-1 and LC-2 enrichment

cultures

Figure 1a shows LC1 culture is oxidizing ferrous to ferric iron. Cells
grown in soluble ferrous iron were mostly curved rod shaped, similar to
bacteria from the genus Leptospirillum. This enrichment culture showed one of
the fastest ferrous iron oxidation rates in comparison with the others obtained
from the samples studied that also had iron oxidizing activity. LC-1 culture
showed a lag phase of about 12 hs and after that ferrous iron oxidation rapidly
increased. When ferrous iron was exhausted, Eh and pH reached final values
of 600 mV and 2.3 respectively. The specific growth rate constant (u) was
calculated to be 0.0576 h™" which is lower than those usually reported for A.
ferrooxidans (Nemati et al., 1998; Li et al., 2013) but similar to those for L.
ferrooxidans (Breed et al., 1999) under similar conditions (batch cultures in
similar pH and T conditions).

LC-2 enrichment culture derived energy from the autotrophic oxidation
of elemental sulfur (see Figure 1b) but it was unable to grow in cultures with
ferrous iron as only energy source after 25 days (data not shown). Cells were
motile rods, similar to those expected for Acidithiobacillus genus. When grown
on sulfur, the culture showed a long lag phase (about 3 days) and then there
was a fast increase in acid production and pH decrease(Fig. 1b). A final pH
value of 1.3 was reached after 6 days. The specific growth rate constant was
calculated to be 0.0112 h-1 which is lower than those obtained for
Acidithiobacillus cultures under similar conditions (Ceskova et al., 2002;
Espejo and Romero, 1987; Kupka et at., 2003).

Hybridization with probe LF665 (specific for Leptospirillum ferrooxidans)
was positive for most of cells present in LC-1 culture. Cells from LC-2 culture
showed positive hybridization with THIO1 probe (specific for Acidithiobacillus
genus) and also with TF539 probe (specific for Acidithiobacillus ferrooxidans);
and showed no hybridization with ATT223 probe specific for Acidithiobacillus
thiooxidans. Figure 2 shows epifluorescense microscope images of both

10



consortia stained with DAPI (left) or with specific probes (right). As it is well
known, Acidithiobacillus ferrooxidans oxidize not only reduced sulfur
compounds but also ferrous iron. However as it was indicated above, LC2
culture did not show any ferrous iron oxidation even after 3 weeks (data not
shown).

Phylogenetic associations of 16S rRNA gene sequences from LC-1 and
LC-2 cultures are shown on phylogenetic trees in Figure 3 (A and B,
respectively). According to BLAST comparison, LC1 16S rRNA gene
sequence shows 99% similitude with many Leptospirillum ferrooxidans
sequences. LC-2 16S rRNA gene sequence presents similarities of 98-99% to
different sequences of Acidithiobacillus ferrivorans and Acidithiobacillus
ferrooxidans. As it can be seen in Figure 3B, LC-2 sequences are more
closely related to A. ferrivorans group, a particular one among A. ferrooxidans
cluster. It is worth mentioning that the target sequences of TF539 probe is
present in both A. ferrooxidans and A. ferrivorans 16S rRNA gene sequences.

According to this analysis LC-2 bacteria are closely related to iron-and
sulfur oxidizing species such as A. ferrooxidans and A. ferrivorans, however
they proved to be unable to oxidize iron under the conditions assayed. Zhang
et al. (2013) reported a strain which also presents an unusual behavior; cells
coming from cultures growing on elemental sulfur were unable to oxidize
ferrous iron. However, the results reported by Zhang and collaborators could
be explained due to the high acidity of the biomass coming from a culture
grown on elemental sulfur (Curutchet and Donati, 2000). Future studies need
to be done in order to clarify whether LC-2 is a strain of known iron and sulfur-
oxidizers (A. ferrooxidans or A. ferrivorans) with an unusual physiological
characteristic that does not allow ferrous iron oxidation under the assayed
conditions or if it is a novel only sulfur-oxidizing species phylogenetically

related to A. ferrooxidans and A. ferrivorans.
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3.2.

Biooxidation experiments

Experiments were monitored until their metal (Fe, Zn) concentrations in
solution reached a steady state: about 30 days at low pulp densities and 50
days for the high pulp densities.

Figure 4 shows the evolution of pH values in cultures and sterile
controls in the different series of experiments varying pulp densities, initial pH
values and energy sources.

In sterile controls pH increased due to the presence of certain amounts
of carbonates and limestone whose dissolution generated acid consumption.
The maximum pH values (3.2-3.4) were reached in sterile controls at high pulp
density. In inoculated systems a rapid increase in pH values was observed in
the first 5-10 days (depending on the pulp density) probably due to the
dissolution of different species from the ores and the iron biooxidation which
also consumes acid. Equation 1 shows the process catalyzed by iron oxidizing
microorganisms (present in LC-1 enrichment culture which was part of the
inoculum). Similar behavior was observed in all cultures including those at
different initial pH values although at the lowest initial pH (1.5) the increase

was not so significant.

4Fe* +4 H'+ 0, > 4 Fe** + 2 H,0 (1)

After the first increase in pH, a progressive decrease to reach values close
to 1.4-1.5 was observed (Fig. 4). Different processes could have contributed to
this behavior: acid produced by the oxidation of certain sulfides like pyrite,
ferric iron hydrolysis plus microbial oxidation of elemental sulfur which could
have been formed during sulfides oxidation. These well-known processes are
shown in equations (2-4). Although several ferric iron precipitates (jarosite,
goethite, hematite, schwertmannite, and ferrihydrite) can be formed, equation
(4) shows ferric iron hydrolysis only to form jarosite as it is the most stable
insoluble phase under the culture conditions (pH less than 2, redox potential
higher than higher than 563 mV vs. Ag/AgCl). In cultures where elemental
sulfur was supplemented, lower pH values (close to 1.2) were achieved

because process represented by equation (3) is favored.
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FeS, + 14 Fe** + 8 H,0 — 15 Fe?* + 16 H* + 2 SO4* (2)
Sg+ 12 O, + 8 H,O — 8 SO,* + 16 H* (3)

3 Fe® +2 50,7 + 6 HyO + K" — KFe3(SO4)2(OH)s + 6 H' (4)

Figure 5 shows percentages of zinc solubilization for the different
experimental conditions assayed after 28 days. In graph (a) a typical kinetics
of zinc solubilization obtained in the experiments at two different pulp densities
is also shown.

At low pulp densities and almost independently of the other culture
conditions, maximum dissolution was achieved in few days (about 5-7 days)
while at higher pulp densities 20-30 days were needed to reach maximum
extraction. At the end of the experiments all the cultures reached extractions
higher than 80 % at low pulp densities; the effect of the addition of other
energy sources or the decrease in pH did not produce any significant change.
Increasing pulp density decreased zinc recovery, which was 70 % for the
highest pulp density used (10 % w/v).

Sterile controls showed zinc extractions lower than 30 %, except in the
lowest initial pH value (1.5); this fact demonstrates the dissolution of sphalerite
is partially supported by acid attack. In inoculated flasks an additional process
to mere acid attack is operating, as it is suggested by higher zinc dissolutions
than in sterile controls even with similar pH values at the end of the
experiments. As it is widely accepted, sphalerite can be degraded by
acidophilic autotrophic bacteria through the polysulfide pathway. The process

can be represented as follow:
ZnS + Fe** + H* — Zn%*" + 0.5 H,S, + Fe®* (n>2) (5)

0.5 H,S, + Fe** — 0.125 Sg + Fe*" + H* (6)

Ferrous iron produced in reactions (5) and (6) can be reoxidized to
ferric ion by iron oxidizing microorganisms while elemental sulfur formed in the

last reaction can be oxidized according to equation (3).
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When comparing zinc extractions from inoculated systems
supplemented with ferrous iron and/or sulfur, it seems that both additions
caused a significant, although not dramatic, decrease in zinc solubilization.
The culture without any supplement (number 6) achieved the maximum zinc
extraction (almost 95 %). This behaviour can be explained by the increase of
jarosite precipitation in cultures with supplemented iron. The layer of jarosite
can cover the mineral slowing, reducing or even avoiding sulfide dissolution
(see section 3.3). This was confirmed by X-ray diffraction where jarosite peaks
are increased in the residues coming from assays done in 1K medium.

On the other hand, the addition of sulfur caused a decrease in zinc
solubilisation due to it offers an additional surface for microbial attachment and
that decreases the number of cells able to attach and to leach the sulfide
(through the contact mechanism). In the same way, sulfur oxidizing
microorganisms can use the supplemented sulfur as energy source instead of
the sulfur -formed according to equation 6- which covers the mineral surface
and reduces the sulfide dissolution.

Figure 6 shows iron concentration in cultures and abiotic controls at the
end of the experiments. In this ore, gold is dispersed mostly within pyrite
matrix. In previous studies (data not shown) we proved the extent of
biooxidation is mainly determined by the amount of solubilised iron as it has
been also reported (Mousavi et al. 2007). Surely, this is because pyrite is an
acid-insoluble metal sulfide which needs an oxidation process (in this case
mediated by ferric iron coming from the microbial catalysis of ferrous iron
oxidation represented in equation (1)) to be dissolved. That is the reason why
in abiotic controls (without any continuous re-oxidation of ferrous iron) iron
solubilisation was lower (less than 30 %). In cultures where iron was initially
supplemented and especially in those with high initial pH values, iron
precipitation was abundant and the final soluble concentration was lower than
the initial. Jarosite precipitation surely limited the transfer of oxygen and/or
ferric iron ions to fresh sulfide mineral. In any case, the effect of iron
precipitates on iron solubilization was significantly higher than on zinc
recovery.

At 28 days, the highest iron solubilization (more than 90 %) was

detected in the culture with the lowest pulp density in 1K medium. A negative
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effect on iron dissolution was visualized with the increase on pulp density.
Although the addition of sulfur allowed reaching lower pH values iron

solubilization was not enhanced.

3.3. Cyanide leaching and gold recovery

Similar biooxidation assays but using higher volumes (1000 mL) in 1 K
medium and 10 % w/v pulp density were carried out under identical conditions.
94.2 % iron and 74.0 % zinc were extracted after 82 days when a steady state
was reached. Residues from these cultures and from the corresponding
abiotic control were subjected to cyanide leaching. Gold recoveries were 96.4
and 75.0 % for the residues obtained in biooxidation assays and in abiotic
controls respectively. It means that biooxidation pre-treatment allowed 30 %
increase in gold recovery with a cyanide consumption 15 % lower than that
observed for the residue from abiotic control. The last result is in contradiction
to that usually reported indicating that although the biooxidation pre-treatment
achieves better gold recoveries, the cyanide consumption is moderately
increased (Ciftci and Akcil, 2010).

These results show the efficiency of biooxidation (biological oxidation)
to liberate the originally refractory gold from sulfidic matrix allowing later attack
by cyanide leaching. Although these experiments were carried out under a
condition of pulp density lower than those usually used at commercial scale
(15-20 % wlv), the results suggest that the biooxidation treatment was
successful and higher gold recovery could be achieved supplementing the
leaching medium with a small concentration of ferrous iron. At the same time,
although cultures supplemented with ferrous iron and high pulp density did not
achieve maximum zinc recovery, zinc dissolution was significantly enhanced

and zinc could be recovered from the leachates after the biooxidation process.
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3.4 Kinetic analysis of zinc bioleaching

Dissolution of metals from sulfide ores has been mainly explained by
the shrinking core model (Brochot et al., 2004; da Silva, 2004; Fowler and
Crundwell, 1999; Ghorbani et al., 2013; Safari et al., 2009). The reaction rate
in solid-liquid heterogeneous systems (such as bioleaching) is controlled by
any of the sequential steps that occur in the solid-liquid interface: diffusion
through the liquid film, diffusion through the product layer and chemical
reaction (Kodali et al., 2004; Levenspiel, 1972). If bioleaching experiments are
carried out in shaking condition, it can be assumed that bioleaching rates are
not limited by diffusion through the liquid film (Mishra et al., 2008), and the
process can be evaluated preferably according to the other two stages.

Previous works on kinetics of sphalerite bioleaching by mesophilic
bacteria suggested that diffusion through the product layer is the rate-
controlling mechanism (da Silva 2004; Giaveno et al., 2007; Liao and Deng,
2004; Lizama, 2004). During bioleaching, elemental sulfur (due to the
oxidation of sulfide by iron(lll)) and/or iron precipitates (mainly jarosite but
probably also other ferric iron compounds such as goethite, hematite,
schwertmannite, and ferrihydrite) are formed as insoluble products. It is known
that these precipitates generate a layer over the reactant surface and increase
the path length for diffusion. If bioleaching kinetic is controlled by diffusion

through these products layer, the kinetics would be fitted by using Eq. (7):
Kp.t=1—(2/3).X - (1-X)*? (7)

where, K,= parabolic rate constant (day™); t= time (d); and X= fraction reacted
of zinc.

On the other hand, Gomez et al. (1999) established that the chemical
reaction is the controlling step of the bioleaching process, even though the
formation of a product layer as a result of jarosite precipitation and sulfur
generation was also observed. When the process is controlled by chemical

reaction, Eq. (8) must be used.
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Kot=1-(1-X)" (8)

Using the experimental zinc bioleaching data presented here, plots of
(1-2/3X-(1-X)*?) versus time and (1-(1-X)"®) versus time were constructed.
Linear fits were done using all experimental values. The colonization period of
the ore reported by Lizama (2004) was not observed.

When considering the effect of initial pH, the model of zinc dissolution
kinetic controlled by diffusion through the product layer correlates much better
than the one of kinetic limited by chemical reaction, as the correlation
coefficients were 0.97 and 0.93 respectively for initial pH value of 1.8 and 0.97
and 0.94 for initial pH value of 2.2. For the lowest initial pH value (1.5) the
regression coefficients were very similar (around 0.98) indicating that neither
diffusion nor chemical reaction were dominant on zinc dissolution kinetic.
Since jarosite, neither sulfur nor other ferric iron phase, was detected in X-ray
diffraction analysis, we assumed that jarosite constitute the layer limiting the
rate of bioleaching, in agreement with our prior suggestion in section 3.2. This
is also supported by the presence of sulfur oxidizing microorganisms that
continually consume the sulfur layer. In addition, lower pH values would
diminish the massive jarosite precipitation (although not completely as pH
increases at the beginning of the bioleaching process) justifying why the
limitation by this layer is not so important at initial pH 1.5.

The kinetic models fits obtained for different pulp density were directly
associated with the contents of mineral present in the system. At low pulp
density (1% and 2%) better linear fits were obtained for the model of diffusion
through the product layer as the limiting step (0.97 against 0.93), while
systems with higher pulp density values (5% and 10%) showed better fits for
kinetic limitation by the chemical reaction model (0.96 against 0.90). This
might be related to the increase of the exposed surface of the mineral at high
pulp densities. In this way, at low pulp densities the surface is completely
covered by jarosite making the kinetic limitation by diffusion process dominant
over the limitation by chemical reaction. At high pulp densities (equal or higher
than 5 %), the products (precipitates) formed during bioleaching would not
cover the surface completely, leaving chemical reaction as the limiting step.

This is in agreement with previous reports (Acevedo et al., 2004). In addition,
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the use of high pulp densities has other effects in the process like attrition of
microorganisms by the mineral particles, decrease in oxygen transfer, etc. All
these factors diminish microbial activity affecting zinc dissolution (Deveci et al.,
2004; Fowler and Crudwell, 1999; Mousavi et al., 2007) although these effects
are usually significant at pulp densities higher than 15 %.

Finally, the analysis of the two kinetic models showed no significant
differences with the energy sources used to supplement the inoculum (ferrous
iron or sulfur), indicating that the kinetic control of this bioleaching process is

mostly related to pulp density and assays initial pH values.
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4. Conclusions

A consortium composed of two enrichment cultures (one iron oxidizing and
one sulfur oxidizing) achieved a successful biooxidation of Hualilan ore
allowing the increase of gold recovery up to 96.4 % in the best culture
condition (low pulp density in 1K medium) with a lower cyanide consumption.
During biooxidation process, up to 86 % of zinc was solubilized through a
process whose kinetics was controlled by diffusion through a layer mainly
constituted by jarosite. Jarosite precipitation was more abundant when ferrous
iron was initially supplemented. This precipitation negatively affected zinc
bioleaching, however neither iron solubilization nor gold recovery were
affected. Summarizing, the results reported in this paper suggest that the
recovery of zinc as a subproduct of a biooxidation process could be possible
during the biooxidation of Hualilan ore using an indigenous mesophilic
consortium of iron and sulfur oxidizing-bacteria. Zinc recovery would be an
extra economical support to the increase of gold recovery obtained by
biooxidation process and in addition it would decrease the metallic charge of

the leachates and contribute to the cleanup processes.
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Figure 1. Microbial growth (a) LC-1 on ferrous iron; (b) LC-2 on elemental sulfur

Figure is *.xlIsx file (Microsoft Office Excel); the figure was later pasted in a Microsoft Office
Word file.



Figure 2. Epifluorescense microscope images of LC-1 cells stained with DAPI (a) and LF665
probe specific for L. ferrooxidans (b); LC-2 cells stained with DAPI (c) and TF539 probe
specific for A. ferrooxidans (d)

Figures are *.jpg files and were later pasted in a Microsoft Office Word file.
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Figure 3. Phylogenetic trees from 16S rRNA gene sequences of LC-1 (a) and LC-2 (b). The
numbers at the branch nodes are percentage bootstrap values based on 1000 replications.
The scale bar represents the number of fixed mutations per nucleotide positions.

Figures are *.pptx files (Microsoft Office Power Point) and were later pasted in a Microsoft

Office Word file.
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Figure 4. Evolution of pH values during biooxidation experiments in cultures with different:
(a) pulp density (b) initial pH and (c) energy sources. The inner graphs show the behavior of
the corresponding sterile.

Figures are *.xlsx files (Microsoft Office Excel) and were later pasted in a Microsoft Office
Word file.
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Figure 5. (a) Typical kinetics of zinc solubilization; (b) Percentages of zinc dissolution after
28 days

Figures are *.xlIsx files (Microsoft Office Excel) and were later pasted in a Microsoft Office
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System Pulp density 1g.L Fe(ll) 6.7 g.L™ Sulfur Initial pH value
1 1 X - 1.8
2 2 X - 1.5
3 2 X - 1.8
4 p X - 2.2
5 2 X X 1.8
6 2 - - 1.8
7 2 - X 1.8
8 5 X - 1.8
9 10 X - 1.8

Table 1. Conditions of biooxidation experiments

31




Highlights

Efficient zinc dissolution during biooxidation (up to 86 %)

Biooxidation of ore allowed the increase of gold recovery up to 96.4 %
Consortium included iron oxidizing and sulfur oxidizing species

Sulfur oxidizing species belongs to Acidithiobacillus but unable to oxidize iron
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