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ABSTRACT

The aim of this study was to study and model the bioleaching of abandoned mine tailings at
different pulp densities 1-20% w/v by using an autochthonous mesophilic microbial culture.
Because of the importance of the ferrous-iron oxidation as sub-process on the bioleaching
of sulphide mineral ores, the ferrous-iron oxidation process by the autochthonous microbial
culture was studied at different ferrous-iron concentrations. A mathematical model fitted to
the experimental results and the main kinetic and stoichiometric parameters were
determined, being the most relevant the maximum ferrous-iron oxidation rate 5.1 (mmol
Fe2*/mmol C-h) and the biomass yield, 0.01 mmol C/ mmol Fe?*, values very similar to that
of mixed cultured dominated by Leptospirillum strains. This autochthonous culture was
used in the bioleaching experiment carried out at different pulp densities, obtaining a
maximum metal recovery in the tests carried out at 1% w/v, recovering a 90% of Cd, 60%
of Zn, 30% of Cu, 25% Fe and 6% of Pb. Finally, the different leaching mechanisms were
modelled by using the pyrite as ore model obtaining a bioleaching rate of 0.316 mmol
Fe?*/(L-h) for the direct mechanisms and a bioleaching rate for the indirect and cooperative

leaching mechanisms of 0.055 Fe*/(L-h).
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1. INTRODUCTION

The metal mining sector has been an important pole of economic development around the
world. However, the accumulation of liquid and solid mining wastes after the closure of the
facilities has triggered an environmental problem mainly derived from the high
concentration of metals in soil as well as in underground and superficial water bodies
(Azapagic, 2004). One of the most representative mining wastes are the mine tailings. The
mine tailings are fine-grained minerals left-over after the extraction of the metals from the
mineral ores, being its annual production about 7 billion tons (Borja et al., 2019).

Usually, the mine tailings are stockpiled around the mines without, in most of the cases,
environmental treatment or control. This lack of control generates a great number of
problems, mainly when the tailings are accumulated in abandoned mines, because
weathering and spillage of these fine-grain minerals facilitate the dispersion of toxic metals,
causing not only environmental, but also health problems (Holden, 2015).

Some of the main problems related to the mining pollution are due to its persistence and
progressive accumulation in the ecosystems, (Akcil & Koldas, 2006; Ghorbani et al., 2016).
Because of the problems described, it is necessary to implement remediation technologies
able to remove the pollutants and, when possible, to recover the valuable resources
contained within the frame of the circular economy (Delgado et al., 2021).

An example of sustainable treatment of mining wastes is the bioleaching of sulfide minerals
by means of acidophilic bacteria able to catalyze the oxidation of ferrous iron and/or
reduction of sulfur compounds (He et al., 2007). These bacteria are able to produce soluble
oxidized metals and sulfur as well as sulfuric acid from solid mining wastes, according to

the following reactions (Eq. 1-4) (Deveci et al., 2004; Nguyen et al., 2018).



4 FeSO, + 0, + 2H,S0, » 2Fe,(S0,)5 + 2H,0 [Eq. 1]

25°+30,+2H,0 - 2 H,S0, [Eq. 2]
MS + 2Fe*3 » M*2 4 SO 4 2Fe*2 [Eq. 3]
2MS+ 0, + 2H,S0, »2M*2+2H,0 +25° [Eq. 4]

In the literature, it has been described that the bioleaching process can be carried out by
three different mechanisms: direct, indirect and cooperative (Figueroa-Estrada et al., 2020;
Sajjad et al., 2019). In the direct mechanisms, the bacteria catalyze the reaction through an
enzymatic attack that involves physical contact between the bacteria and the mineral ore
through the extracellular polymeric substances (EPS) (Huang and Li, 2014). The indirect
mechanisms take place by means of chemical reactions in which the ferric ions are reduced
to ferrous iron by oxidizing the metal sulfide and leaching it in its soluble form (Ciftci and
Atik, 2017). The cooperative mechanisms involve the dissolution of sulfur colloids, sulfur
intermediates, and mineral fragments by planktonic cells (Rawlings, 2002; Tributsch,
2001). It must be highlighted that all the mechanisms involved in the bioleaching process
are sustainable presenting low resources consumption and without toxic subproducts
generation (He et al., 2010; Jafari et al., 2019).

In the literature, the bioleaching process have been carried out by using pure and mixed
cultures. However, from an industrial biotechnology point of view, mixed culture possesses
specific advantages including no sterilization requirements, the adaptive capacity due to
microbial diversity, the capacity to transform different kind of wastes and the possibility of
implementing continuous processes (Fernandez-Morales et al., 2010; Kleerebezem and van

Loosdrecht, 2007).



The mixed microbial culture growing in acid mine drainage (AMD) is characterized by the
presence of acidophilic bacteria, being the most representative species Acidithiobacillus
thiooxidans, Acidithiobacillus ferrooxidans, Leptospirillum ferrooxidans and
Leptospirillum ferriphilum (Borja et al., 2019). The ADM is generated when sulfide-
bearing material is exposed to oxygen and water (Akcil and Koldas, 2006). This mining
effluent is characterized by its low pH, high concentration of sulfates and toxic metals
(Anawar, 2013), depending its final composition on the mineral ore characteristics and on
the microbial culture performing the mineral oxidation (Borja et al., 2019).

In order to achieve an efficient bioleaching process, there are several operational
parameters that must be taken into account. These operational parameters could be related
to the microbial metabolisms or to the transport phenomena. On the one hand, regarding to
the microbial metabolisms, it is known that they are conditioned by the operational
temperature, pH, redox potential and trace minerals concentrations. In the literature, it has
been described that acidophilic cultures operate under mesophilic, 20° - 30° C, and
thermophilic, above 45 ° C, conditions (Deng et al., 2017; Ngoma et al., 2018). Regarding
to the operational pH values, it is advisable to keep a low pH below 2.0 to avoid iron
precipitation and additional sludge formation (Demir et al., 2020). The redox potential is
also a very important operational parameter that can also be used to identify whether the
processes taking place are chemically or biologically catalyzed. The bacteria metabolisms
are also controlled by the nutrients availability. In the case of the bioleaching cultures, the
chemosynthetic acidophilic bacteria use ferrous iron as their main source of energy but also
a wide number of trace minerals. In some cases, the metabolisms could be limited by
toxicity events. In the bioleaching experiments, the presence of very high concentrations of

metals, amongst other chemical species, could cause inhibition events. These inhibition



events could be minimized by a progressive adaptation of the microorganisms culture
through successive sub-cultures in the presence of the inhibitory chemicals (Do Nascimento
etal., 2019; Guo et al., 2013). On the other hand, regarding to the transport phenomena, the
kinetics of the bioleaching processes could be enhanced by increasing the mixing and also
by increasing the external surface. A higher external surface favors the contact between the
microbial culture and the mineral ore, which facilitates the mass transport of the
microorganisms and the chemical species involved in the bioleaching process (Ospina et
al., 2011). The bioleaching process can also be enhanced by increasing the number of cells
in the microbial culture. This is because the microbial concentration acts as catalysts of the
process and, when operated under low microorganisms concentrations, could act as the
controlling stage of the process.

In this context, the aim of this work was to develop an autochthonous acidogenic mixed
culture and to study the bioleaching process of mine tailing wastes, modelling the whole
bioleaching process and identifying the individual contributions. The main novelty of the
study is the isolated analysis of the different contributions and the quantification of the

direct as well as the indirect and cooperative mechanism’s reaction rates.



2. MATERIAL AND METHODS

2.1 Microbial inoculum and mine tailings

The initial microbial inoculum, as well as the mine tailings used in this work, were taken
from real AMD of the abandoned San Quintin mine site. The San Quintin mining site is
located in Ciudad Real, Spain, and it was mainly focused on the lead, zinc and silver
obtention, being sphalerite (ZnS) and galena (PbS) the most significant ore minerals
extracted (Rodriguez et al., 2022). The mine tailings samples were collected in disposable
bags and subsequently dried at room ambient temperature for 72 hours. Then, the mine
tailing samples were homogenized with 2 mm mesh and then kept in hermetic bags. Before
the experiments the soil samples were grinded in an ultracentrifuge grind ZM 200.
Subsequently, the solids were sieved according to the Standard ASTM D6913/D6913M-17
to obtain a particle size of 45 um.

The first exploitation of the San Quintin mining site data from 1559, although the intensive
exploitation began in 1606, being the mining closure on 1934. In 1973, the increasing
prices of the metals originated a re-foundation of the mining activities, and a new froth
flotation plant was installed for re-working of approximately three million tons of mineral
from the tailings (Martin-Crespo et al., 2015). At present, the San Quintin mining site
remains abandoned, and the ruins of the mine structures, together with mine tailings and
other mining wastes resulting from the mine exploitation can be clearly recognized. These
mining wastes generates environmental problems due to the transport of solid and liquid
pollutants which causes, soil, as well as underground and superficial water bodies pollution,

such as in the brook “Arroyo de la Mina”, which crosses this mining area.



2.2 Chemical characterization of samples

Mine tailings samples pH were measured in a 1:5 soil-water (w:v) mixture using the 1SO
10390-2005 method (ISO 10390, 1994) . Electrical Conductivity (EC) was measured in a
1:5 soil-water (w:v) using a conductometer InLab 751-4mm (Mettler-Toledo, Columbus,
Ohio, EEUU). Before the metal concentrations determination, samples were digested in a
microwave oven (CEM MARS 5, Matthews, USA) following the procedure described in
the literature, EPA 3051A method (Link et al., 1998). To do that, 0.5 g of mine tailings
sample were digested with a mixture of 9 mL of 69% w:w nitric acid and 3 mL of 37% w:w
hydrochloric acid. The heating conditions consists of reaching a temperature of 175°C in
5.5 minutes, maintaining that temperature for 4.5 minutes, as required by the EPA-3051A
method. The extract obtained was filtered using 110 mm Whatman™ glass-fiber filter
paper and the filtrate was used for subsequent analysis.

The metal concentration in the liquid samples were characterized by using an inductively
coupled plasma optical emission spectrometer (ICP-OES; Varian Vista-Pro, Mulgrave,
VIC, Australia). Lead (Pb), Zinc (Zn), Cadmium (Cd), Copper (Cu) and Iron (Fe) were
analyzed according to the procedure described in the literature (llieva et al., 2018). In order
to ensure the reproducibility of the tests, all the samples were analyzed in triplicate.

The results obtained during the mine tailings characterization are presented in Table 1. The
mine tailing sampling point was, in the Universal Transverse Mercator coordinate system,

30S 0389247 UTM 4297326.

Table 1. Mine tailings characterization (standard deviation in brackets).

Pb

Zn Cu Cd Fe pH Conductivity




Ma/gdw MO/gdw Ma/gdw MO/Qdw Ma/gdw puS/cm

2507 £ (74) 687+ (15) 71.0+(3.8) 104+(0.2) 129024+ (26) 4,76+ (0.15) 180 £ (7.2)

2.3 Development of a steady-state acidophilic mixed culture

The inoculum taken from the AMD of the San Quintin mining site was growth in 250 ml
Erlenmeyer flasks fed with 100 ml of the TK medium as growth media. The TK solution
was obtained by mixing two solutions A and B. Solution A, contained in (g/L) (NH4)2SO4
(0.625), MgS04.7H20 (0.625) and KH2PO4 (0.625), the pH of this solution was adjusted
to 2.0 with a 1 mol/L H2SO4 solution and then sterilized at 121 °C for 20 min; Solution B
only contained the FeSO4.7H>0 required as energy source for the growth and activity of
the acidogenic microorganisms, its pH was adjusted to 2.0 by using a 1 mol/L H2SO4
solution. In order to sterilize the solution B, a sterilizing filtration through s a 0.2 um pore
size membrane was carried out according to the literature (Utimura et al., 2019). The
growth medium was prepared by mixing 650 mL of solution A, with 250 mL of solution B
and with 100 ml of deionized waster to reach a final volume of 1L.

In order to obtain a steady-state microbial culture, the inoculum taken from San Quintin
mining site was grown on 150 mmol Fe?*/L in the TK medium by sequential batches during
50 d. At the end of this stage, an autochthonous steady-state mixed acidophilic culture was
obtained. This process was employed to obtain a significant amount of mixed culture of
acidophilic bacteria able to oxidize ferrous iron without experiencing lag phases or
inhibitory events (Utimura et al., 2019).

The performance of every cycle was mathematically modelled and only once the most
sensitive parameter, the maximum ferrous iron oxidation rate, was constant the culture was

supposed to be under steady state conditions. With the aim to extend the kinetic and



stoichiometric characterization of the steady-state culture developed, the effect of the initial
ferrous iron concentration was studied. To do that, the steady-state culture was subjected to

different initial ferrous-iron concentrations ranging from 150 to 50 mmol Fe?*/L.

2.4 Bioleaching Experiments

Once obtained the autochthonous steady-state culture, it was used in the mine tailings
biolixiviation experiments carried out. With the aim to study the different mechanisms
taking place in the biolixiviation process, a series of experiments were carried out at
different pulp densities 1, 5, 10 and 20 % w/v. Bioleaching Experiments were carried out in
250 ml Erlenmeyer flasks in an orbital incubator (MaxQ 4000, Thermo Scientific,
Waltham, Massachusetts, EEUU) at 150 rpm agitation speed, at 303 K and containing 100
ml of TK medium. The inoculum used was the steady-state acidophilic mixed culture
previously developed during the grown of the mixed microbial population contained in the
AMD of the San Quintin mining site. 1 ml of mixed culture was used as seed in each flask
for bioleaching test. The bioleaching progress and microbial activity was on-line monitored
by measuring redox potential and pH. The redox potential was determined by using a
RedOx probe (HI 98120, Hanna Instruments, Woonsocket, Rhode Island, EEUU) the pH
was determined by using a pH probe (HI-1131B, Hanna Instruments, Woonsocket, Rhode
Island, EEUU). Additionally, discrete measurements of other parameters such as: acid and
alkali consumption, ferrous and ferric-iron concentrations as well as total concentrations of
Fe, Pb, Zn, Cu, and Cd were carried out.

Parallel to the series of bioleaching experiments, abiotic tests were carried out. These tests

were identical to the bioleaching experiments, being the only difference the absence of

10



microbial inoculum. These abiotic tests were used to isolate the chemical reactions taking
place in the system when no microbial activity took place. Comparing the biotic and the

abiotic experiments the main biological processes can be isolated.

2.5 Mathematical model

The different bioleaching experiments were mathematically modelled, and the main process
parameters were determined with the aim to evaluate the performance of the microbial
population obtained in each subculture. The model used was based on that previously
proposed in the literature (Breed and Hansford, 1999a) (Boon et al., 1999) and widely used
(Abbasi et al., 2021).

In this model, it has been proposed that the ferrous-iron oxidation can be described by a

function depending on the ferric to ferrous-iron ratio.

- TFeZ+ = quZ+ N Cx [Eq 7]

max
Qre2+

dre2+ = 3+ Eqg. 8
14 Kppz+ —£§2+ [Eq. 8]

— Tpe2+ = Tpe3+ = W ‘T + mg - Cy [Eq 9]

s/x

Where g2+ is the specific ferrous-iron oxidation rate, Cx is the biomass concentration,
qryz+ is the maximum specific ferrous-iron oxidation rate, K .2+ is the apparent affinity
constant, Y7 is the maximum biomass yield and ms is the maintenance coefficient.

In order to fit the model to the experimental results, the set of equations of the model was

solved simultaneously using the Gauss-Newton algorithm. An initial set of values was
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assigned to the model parameters and, after several iterations, the values of the parameters
that minimised of the sum of squared errors (SSE) were chosen as the best estimate (de
Lucas et al., 2007). The SSE expression used to estimate the value of the model parameters

was:

2 2 2 Eqg. 10
\/Z?=1(Zmeas,i - Zi(p)) 4 \/Z?=1(Ymeas,i - yi(p)) 4 \/Z?=1(xmeas,i - xi(p)) [ | ]

Z y X

x (p) =

Where X, y and z are the model variables ferrous, ferric-iron and biomass concentration
respectively, Xmeas1, Ymeasi and Zmeas, are the i measurement of the ferrous-iron, ferric-iron
and biomass concentrations, xi(p), yi(p) and zi(p) are the calculated values of the model
variables corresponding to the i" measurement. x, ¥ and Z are the mean between the

maximum and minimum value of the measurements and n is the number of data points.
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3. RESULTS

3.1. Steady-state microbial culture

With the aim to obtain a steady-state microbial culture from the raw AMD taken at the San

Quintin mining site, the original seed was subjected to several batch subcultures in which

the ferrous-iron oxidation was studied. In these cycles, the microorganisms were exposed to

a TK medium containing 150 mmol/L of ferrous-iron. Figure 1 presents the ferrous-iron

profile during the first culture as well as the abiotic reference test carried out.
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Figure 1. Ferrous-iron oxidation during the first acclimatization batch culture. Conditions:

pH 2.0, 303 K and 150 rpm.

As can be seen in Figure 1, the ferrous-iron oxidation in the abiotic test was negligible,

even after 12 d. However, an insignificant ferrous iron oxidation took place due to the

acidic conditions and the presence of oxygen. These reactions caused a slight change in
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color of the bulk solution, this slight color change could be associated to the production of

colloidal ferrous hydroxide sulphate generated by the abiotic reactions presented in Eq. 5-6.

4FeSO, + 0, + 2H,S0, — 4Fe(OH)(S0,) [Eq. 5]

4F€SO4 + 02 + (2 - n)H2504 i Fez(OH)n(SO4)3_n/2 + (2 - Zn)HZO [Eq. 6]

In the first culture of the biotic tests, it was observed a lag phase of about 4 d. Then, the
ferrous-iron oxidation started, being necessary 10 d to obtain the complete oxidation of the
150 mmol Fe?*/L. The full-grown microbial culture, with only logarithmic phase bacteria,
was then subcultured several times. As the microbial culture was subcultured, the microbial
population was adapted to the media and the biomass concentration increased, reducing the
length of the lag phase to a negligible value and increasing the maximum ferrous-iron
oxidation rate. The different subcultures results were mathematically modelled using the
model previously proposed. This model used was based on that proposed in the literature
(Breed and Hansford, 1999a) (Boon et al., 1999) and widely used (Abbasi et al., 2021).
From the modelling works, the kinetic and stoichiometric coefficients of the model were

max

determined. In Figure 2 it can be seen the evolution of the g2+, the most sensitive

parameter of the model, obtained in the successive subculturing.
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Figure 2. Maximum ferrous iron oxidation rates along the acclimatization period.
Conditions: pH 2.0, 303 K and 150 rpm.

As can be seen in Figure 2, the value of the g,.5% increased up to the 4th time of
subculturing, in which a constant value was observed in the ferrous-iron oxidation rate.

During the subsequent sub-culturing, after 29 d of acclimatization, the value of the g

remained constant at about 5.1 (mmol Fe**/(mmol C-h)), the K .2+ at 0.005 and the Y\

at 0.001 mmol C/ mmol Fe?*. Because of the steady-state values reached, the mixed
population culture was supposed to be under steady-state conditions.

In the literature, the microbial population of similar AMD cultures have been characterized
observing that the most frequent microbial population were Acidithiobacillus ferroxidans
and Leptospirillum ferroxidans (Edwards et al., 2000, 1999; Méndez-Garcia et al., 2015).

The Leptospirillum spp have been described to be predominant in environments with high

15



redox potentials, about 800 mV, and high acidic conditions, pH below 1.5 (Coram and
Rawlings, 2002) such as in the inoculum took from the AMD ponds almost completely
oxidated of the San Quintin Mining site. This can be explained because Leptosipirllum
strains presents a higher affinity for ferrous-iron than Acidithiobacillus ferroxidans
(apparent Km 0.25 mM Fe?* versus 1.34 mM for Acidithiobacillus ferroxidans) and a lower
affinity for ferric-iron, which according to the literature is a competitive inhibitor (Coram
and Rawlings, 2002; Rawlings et al., 1999).

Taking into account this information, and the characteristics of the AMD from where the
initial inoculum was taken, it is suggested that the microbial culture mainly contained a
combined population of Acidithiobacillus ferroxidans and Leptospirillum strains. From the
comparison of the steady-state values obtained in the modelling works for the g5+ and the
K .2+ with the values described in the literature (Ebrahimi et al., 2005), it seems that the
most relevant population was the Leptospirillum strains which, according to the literature,

max

was characterised by a g7+, @ Kp2+and a YJ7* of 6.8 mmol Fe**/(mmol C-h), 0.005 and

0.01 mmol C/mmol Fe?* respectively, values very similar to those obtained in the steady-
state mixed microbial culture of this study. These findings were ratified by means of
matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF

MS).

3.2. Study of the Fe?* oxidation

The microbial ferrous-iron oxidation kinetics must be well studied before studying a
bioleaching process since it is a critical sub-process in the bioleaching of the sulphides
minerals ore (Ojumu et al., 2009). The main roles of the ferrous-iron are its participation in

the indirect and cooperative bioleaching process, as well as the key role of the ferrous-iron
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on the biomass growth of the microbial culture performing the direct bioleaching process.
In the literature it has been studied the ferrous-iron oxidation by mixed microbial cultures.
Unfortunately, most studies were performed at a fixed total iron concentration, being in
most of the cases 10 g/L, 185 mmol Fe?*/L (Petersen and Ojumu, 2007). Recently, the
application of heap bioleaching for mining wastes, where total iron concentrations are
usually less than 100 mmol/L of ferrous-iron requires a wider study of the effect of the total
iron concentration (Coram and Rawlings, 2002; Petersen and Ojumu, 2007). Because of
that, with the aim to study the effect of ferrous-iron concentration lower than 185 mmol
Fe2*/L, three batch tests were performed operating at different initial ferrous-iron
concentrations. The concentrations studied were 150, 100 and 50 mmol/L of ferrous-iron.
The main results obtained during the ferrous-iron bioxidation tests as well as the modelling
results when operating at the different initial ferrous-iron concentrations are presented in
Figure 3. The ferrous-iron oxidation in the blank tests were negligible and the results are

not presented in the figures for the sake of clarity.
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Figure 3. Ferrous-iron, redox potential and biomass concentration along the tests carried out
at different ferrous-iron concentrations. a) 50 mmol/L, b) 100 mmol/L and ¢) 150 mmol/L

Conditions: pH 2.0, 303 K and 150 rpm. Lines indicate model fit.

In order to characterize the performance of the iron oxidizing process when operating at the
three different initial ferrous-iron concentrations, the model previously proposed in Egs. 7-
9 was fitted to the experimental results obtained. From the modelling works, accurate
predictions of the process behavior were obtained as can be seen in Figure 3. The parameter
values obtained from the modelling works were those presented in Table 2. As can be seen
in this table, the g7+ and the K2+ presented the values of the steady-state culture, 5.1
mmol Fe?*/(mmol C-h) and 0.005, being this value independent of the initial ferrous-iron
concentration, within the range of concentrations used in this study. This result indicated
that no mass transfer limitations occur when decreasing the ferrous-iron concentration from
150 to 50 mmol Fe?*/L. The maximum biomass yield on ferrous-iron decreased from
0.0100 to 0.0092 mmol C/mmol Fe?*, when the ferrous-iron was increased from 50 to 150
mmol Fe?*/L. Analogous biomass yields have been described in the literature when
operating under similar conditions (Breed et al., 1999; Breed and Hansford, 1999b; Ojumu
et al., 2009; Ojumu and Petersen, 2011; van Scherpenzeel et al., 1998). Regarding with the
maximum biomass growth rate, its value decreased from 0.040 to 0.033 h', when the
ferrous iron increased from 50 to 150 mmol Fe?*/L. This behavior could be explained by an
increase in the maintenance requirements when increasing the ferrous-iron concentration. A
similar observation has been described in the literature when operating with Leptospirillum

strains (van Scherpenzeel et al., 1998). The value obtained for the pmax, 0.04 ht, was very

similar to that presented in the literature for the range of ferrous-iron concentration and
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operational conditions of this study (Nemati and Harrison, 2000). Once determined the
value of the pmax, the doubling time (td) was determined as the quotient between Ln 2 and
Mmax. The results obtained for the pmax and the td are presented in Table 2. Similar results of
the Umax and td have been described in the literature (Ojumu et al., 2009; Ojumu and

Petersen, 2011).

Table 2. Parameters values estimation from the modelling of the ferrous-iron oxidation

process.
Ferrous-iron concentration (mmol/L)

Parameter Unit 150 100 50

qposs mmol Fe?*/(mmol C -h) 5.1 5.1 5.1
Koo+ 0.005 0.005 0.005
o mmol C/mmol Fe?* 0.0092 0.0095 0.0100
Mmax ht 0.0332 0.0390 0.0400
td h 20.88 17.74 17.30

Additionally, with the aim to ratify the values obtained for the main operational parameters
in the mathematical fitting of the model, the maximum specific iron oxidation rate as well
as the apparent affinity constant were determined by means of the Lineweaver-Burk
representation. To do that, the equation describing the ferrous-iron evolution, presented in
Eq. 8, was linearized and g2+ Was represented vs the ratio Fe3*/Fe?*. As can be seen in
Figure 4, it was possible to fit simultaneously the data corresponding to the three different
initial ferrous-iron concentrations studied in this work with a very high correlation
coefficient, 0.997. This result indicates that no significant differences were observed when
changing the initial ferrous-iron within the range studied in this work, 50-150 mmol Fe*?/L.

20



From the intercept of the representation the g3+ was determined, 5.0 mmol Fe?*/(mmol

C-h), being its value very similar to that obtained from the mathematical modelling based

on the minimization of the SSE, 5.1 mmol Fe?*/(mmol C-h).
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Figure 4. Lineweaver-Burk representation of the data obtained at the different initial

ferrous-iron concentrations.

From the slope of the representation the K2+ was determined. In this case, the K2+
value obtained from the Lineweaver-Burk representation, 1.23, was significantly different
to that obtained from the mathematical modelling based on the minimization of the SSE,
0.005. This difference can be explained because most of the data point were located at low
Fe3*/Fe?* ratios, being the number of data corresponding to high ratios scarce, which

significantly affect the fitting value of the slope. The difference in the K .2+ value could be
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also explained because the K2+ is not a sensitive parameter in the model conditions used

in this work.

3.3. Mine tailing lixiviation

Once obtained a steady-state mixed microbial culture and characterized its ability to oxidize
ferrous-iron, the biolixiviation process of the mine tailings was studied. Parallel, abiotic
tests were performed at the different pulp densities, ranging from 1, 5, 10 and 20 % w/v,
were studied. In the abiotic test it was observed a negligible metal dissolution. This can be
explained because, on the one hand, the mine tailings studied were previously stored under
environmental conditions during decades at the abandoned San Quintin mining site,
reacting and lixiviating the easily soluble fractions and, on the other hand, the lack of
microorganisms does not allow the catalyzed solubilization. Similar results have been
described in the literature (Nagar et al., 2021).

In the biotic tests carried out with the mine tailings, it was observed an increasing metal
dissolution when increasing the pulp density, see Figure 5a. However, the specific metal
dissolved presented a maximum value when operated at the minimum pulp density, 1%
wl/v, as can be seen in Figure 5b. Similar results have been described in the literature
(Cazon et al., 2014; Venkatesa Prabhu et al., 2019). This behavior can be explained taking
into account that the amount of inoculum was the same in all the cases. Under these
circumstances, the biomass concentration could act as the limiting stage of the metal
dissolution when operating at high pulp densities. In other words, the increase in the pulp
density does not increase the metal dissolution due to the limited microbial culture
available. Moreover, high pulp densities could facilitate the biofilm detachment due to the

erosion caused by the higher frictions taking place when operating at very high pulp
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densities. This detachment would affect to the direct lixiviation mechanism and therefore to
the metal dissolution. The metal recovery when performing the biolixiviation at a 1% pulp
density was about 90% of Cd, 60% of Zn, 30% of Cu and 6% of Pb. The low lead recovery
could be explained because these mine tailings were reprocessed for lead extraction,
remaining only the less available lead and because of the metal speciation remaining in the

mine tailings used in this study (Ge et al., 2022).
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Figure 5. a) Absolute metal dissolved at the end of the bioleaching experiments and b)

specific metal dissolved at the end of the bioleaching experiments.

Analyzing the iron dissolved from the mineral ore during the bioleaching process of the
mine tailings, results presented in Figure 6a, it was observed a non-proportional increase of
the total iron dissolution when increasing the pulp density. Moreover, it can be observed a
lag phase when operating at pulp densities of 5, 10 and 20 % w/v. With the aim to analyze
the process behavior, the specific total iron dissolution was also calculated, and the result

obtained are presented in Figure 6b.
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Figure 6. a) Absolute total iron dissolution along the bioleaching experiments and b)

specific total iron dissolution along the bioleaching experiments.

From the specific total iron dissolution, Figure 6 b, it can be observed that, when operating
at the lowest pulp density, 1% w/v, no lag phase took place in the bioleaching process.
However, when operating at higher pulp densities a lag phase was observed in all the cases
indicating that a limitation took place in the process. This limitation could be related to the
lack of biomass, which could act as the limiting reactant in the biolixiviation process when
operating at high pulp densities, being necessary to develop a higher biomass concentration
to increase the specific biolixiviation rate. These results ratify the results presented for the
other metals, Cd, Cu, Zn and Pb, where the maximum relative metal dissolution was also
obtained when operating at the lowest pulp density, 1% wi/v.

With the aim to deep into the knowledge of the metal lixiviation of the mine tailings and to
identify the contribution of the different mechanism during the metal dissolution, the
ferrous and ferric-iron evolution along the biolixiviation process were modelled. In the
literature, it has been described that the lixiviation process can be described by means of
three different mechanisms: direct, indirect and cooperative mechanisms (Figueroa-Estrada
et al., 2020; Sajjad et al., 2019). The model used in this work was based on the main
reactions taking place in these mechanisms.

The direct mechanism is related to the direct electron transference from the mineral to the
microorganism that are in contact with the ore, resulting the mineral dissolution due to the
electrochemical processes taking place. This mechanism requires the presence of attached
microorganisms able to directly exchange the electron with the mineral ore. The main

reactions taking place in this mechanism are the ferrous-iron dissolution and the
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subsequently microbial oxidation of the ferrous to ferric-iron, see Eq. 11 and 1 respectively
(Belzile et al., 2004).

Bacteri
2 FeSy +7 0y + 2 Hy0 ——52 Fe?* + 4 S0~ + 4 H* [Eq. 11]

The solubilization of the ferrous-iron was modelled by using the kinetic equation proposed
on Eq. 12. Once solubilized the ferrous-iron, it was oxidized to generate ferric-iron. Based
on the model previously described in Egs. 7-9, the kinetics of this oxidation process was

modelled by using the eq. 13.

dFe?* [Eq. 12]
T =Kq-Cx-Pd
dFe®  dFe®™  qpa . [Eq. 13]
dt dt 1+ K Fe3+
Fe2+ Fe2+

Where Kg is the direct reaction rate, and Pd is the pulp density.

The indirect mechanism is caused by the ferric-iron present in the liquid bulk. In acidic
conditions, the ferric-iron acts as an oxidizing and lixiviating agent that dissolve the
ferrous-iron contained in the ore. Because of that, ferrous-iron is released from the ore at
the same time that the lixiviating ferric-iron is reduced to ferrous-iron. The chemical

reaction taking place in the indirect mechanisms is presented in Eq. 14.

Ch ical
FeS + Fe,(S04)s ——5 FeSO, + 2FeSO0, + S° [Eq. 14]

The indirect bioleaching mechanisms is a chemically controlled reaction in which the

ferric-iron acts as the limiting reagent when it is in excess of ore. This is a pure chemical
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process, and its kinetics was described in this work by using a first order equation

according to the literature (McKibben and Barnes, 1986).

dFe?* dFe®t [Fe3t]05 [Eq. 15]

=K —
dt dt b [H*]9s

Where K is the indirect mechanism reaction rate.

Anyway, the microorganisms are indirectly involved because its key role on the reoxidation
of the ferrous to ferric-iron and on the acid generation according to Egs. 1-2.

Finally, the cooperative bioleaching refers to the mineral dissolution caused by sulfur
intermediates, sulfur colloids, planktonic microorganisms, etc. (Rawlings, 2002). These
mechanisms describe, in a holistic way, several mechanisms that synchronously dissolve
the mineral (Figueroa-Estrada et al., 2020; Sajjad et al., 2019). This mechanism was
described by a first order kinetics function of the pulp density. Although it is difficult to
conceptualize this mechanism in a theoretical basis, the dissolution phenomena of a solid
particle in a liquid media implies a surface action that depends on the pulp density. Because
of that, and based on the Noyes—Whitney Equation for solute dissolution (Hattori et al.,

2013) the following first order kinetics was proposed in this work:

dFe?* Eq. 16
det _ K, -Pd [Eq. 16]

where K¢ is the cooperative mechanism reaction rate.
The set of equations proposed for the bioleaching mechanisms was simultaneously fitted to

the experimental results obtained with all the pulp densities studied by minimizing the SSE
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as previously described. From the fitting of the model to the data series a very good fitting
was obtained. In Figure 7 it is presented the experimental data as well as the modelling

results obtained when operating with a pulp density of 20% w/v.
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Figure 7. Experimental results, (data points) and modelling results, lines, of the bioleaching
of iron from mine tailings at a 20% w/v pulp density. a) Ferrous and ferric iron b) Total

iron.

The values of the model parameters describing the different mechanisms are presented in
Table 3. As can be seen in this table, all the model parameter were fitted with the same
values except the maximum ferrous-iron oxidation rate. This can be explained because the
lower the the pulp density the lower the ferrous-iron concentration in the liquid bulk, which
led to an increasing the mass transfer limitations. Additionally, the value of the ferrous iron
oxidation was significantly lower to that obtained when oxidizing ferrous iron
concentrations within 50-150 mmol Fe?*/L, which can also be explained in terms of the

mass transfer limitations experienced when operating at all the pulp densities studied. From
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this modelling it was obtained that, in the case of the pyrite, the direct mechanisms account
for a 85% of the ferrous-iron dissolution and the indirect and cooperative mechanisms
account for a 15% being not possible to identify the individual contributions of the indirect
and cooperative rates because of the lack of identifiability and sensitivity of the model

equations describing these mechanisms (Brun et al., 2001).

Table 3. Parameters values estimation from the modelling of the bioleaching of the mine

tailings.
Pulp density (% wi/v)
Parameter 1 5 10 20
Qoo+ mmol Fe?*/(mmol C -h) 0.015 0.085 0.20 0.35
K o2+ 0.005 0.005 0.005 0.005
Kd mmol Fe?*/(mmol C-% wi/v-h) 0.017 0.017 0.017 0.017
Ki mmol Fe?*-(mol H*)%%/((mol Fe3*)*°.(h))  0.002 0.002 0.002 0.002
K mmol Fe?*/(% wi/v-h) 0.001 0.001 0.001 0.001

CONCLUSIONS

Based on the results obtained in this work, it can be concluded that the autochthonous
culture was able to extract most of the Cd, Fe and Zn contained in the mine tailings. The
ferrous-iron oxidation by the autochthonous culture was studied and modelled obtaining a
maximum ferrous-iron oxidation of 5.1 mmol Fe?*/(mmol C-h) and a biomass yield of 0.01
mmol C/ mmol Fe?*, values very similar to those presented by the Leptosipirrillum strains.

From the bioleaching experiment of the mine tailings, it was observed that the experiment

31



with 1% wi/v pulp density exhibit the highest efficiency of leaching as 90% of Cd, 70% Fe,
60% of Zn, 30% of Cu and 6% of Pb were extracted. When the bioleaching pulp density
increased, the efficiency decreased because of the biomass concentration acts as the
limiting stage of the biolixiviation mechanisms, thus reducing the leaching ability of the
process. Finally, the pyrite lixiviation mechanisms were studied obtaining the rates of the
direct, indirect and cooperative mechanisms, observing that about 85% of the ferrous-iron
dissolution corresponds to the direct mechanisms and 15% to the indirect and cooperative

mechanisms.
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