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Abstract: Bioleaching treatment was used to decontaminate pyrite-bearing waste rocks, mitigating the risk of acid mine
drainage (AMD) generation at source. The bioleaching results showed that nearly 82% of Fe and S could be removed
from pyrite-bearing waste within 40 d in the presence of Acidithiobacillus ferrooxidans (A. ferrooxidans). Kinetics
study showed that the removal of pyrite from waste ore was mainly in the control of the chemical reaction and internal
diffusion. The results of X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) indicated that the formed
biogenic jarosite could passivate the residual pyrite under the mediation of 4. ferrooxidans. Secondary bioleaching
experiments on the residual samples revealed no noticeable decrease in solution pH and only 8 and 160 mg/L of iron
dissolved from the two residual mine waste samples, respectively, indicating that the acid and iron release capacity of

the mine waste samples was weakened.
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1 Introduction

Acid mine drainage (AMD) is considered a
global environmental problem encountered by the
mining industry and the environmental protection
sector because of its extremely low pH (less than
pH 3) and elevated concentrations of hazardous
heavy metals (e.g., Cd, Cu, Fe, Mn, Pb, and Zn) and
toxic metalloids (e.g., As and Se) [1,2]. The
discharge of untreated AMD into the water
environment will cause acidification and heavy
metal contamination of nearby water bodies and
arable land, ultimately posing a threat to animal and
human health through the food chain [3]. It is
currently believed that the formation of AMD is
mainly related to pyrite (FeS;) [4]. Pyrite is the

most widely distributed sulfide mineral in the
Earth’s crust, and it is usually found in association
with other minerals such as copper, zinc, and
coal [5]. In the mining and beneficiation of these
minerals, pyrite, however, frequently ends up as
gangue in tailings or waste rock due to its limited
commercial value. For instance, it is estimated that
hundreds of millions of tons of pyrite-bearing waste
are generated annually due to the grinding, blasting,
and crushing of ore in Canada [6]. Large amounts
of exposed pyrite-bearing waste ores not only
occupy a lot of lands but also easily come into
contact with oxygen and surrounding water bodies
(such as streams, groundwater and stormwater) to
produce AMD [1,7].

The exposed pyrite is initially oxidized by
0, and releases Fe?*, SO; , and H* [8]. Under
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oxidizing conditions, Fe*" is further oxidized to Fe’*.

The dissolution of pyrite will be significantly
enhanced by the oxidation of Fe** [9]. However,
the regeneration from Fe®* to Fe’' is sluggish,
especially under acidic conditions [3]. In the
natural environment, though acidophilic micro-
organisms (such as Acidithiobacillus ferrooxidans
(A. ferrooxidans)) are ineluctably involved in the
dissolution of pyrite and enhance the oxidation of
Fe** to Fe** [10], the overall process of pyrite
oxidation is still relatively slow due to the low
concentration of natural bacteria. AMD will
generate continually as long as the exposed pyrite is
not totally oxidized or passivated. As a result, AMD
remediation takes a long time to complete and the
operating system is normally expensive. For
example, the total cost of AMD remediation in the
world's four largest mining countries is expected to
be US$ 3.2x10%-7.2x10° [11].

Bioleaching is a well-established technology
and is conventionally used to enhance the
dissolution of metallic ores and recover valuable
metals by artificially cultivating high concentrations
of leaching bacteria [12—16]. Recently, the
application of bioleaching in the decontamination
of mine waste also appears to be a compelling
attempt [17]. MAKINEN et al [18] used mixed
mesophilic bacteria for bioleaching of pyrite-
bearing tailings and the results showed that 51% of
Co, 100% of Zn, 69% of Cu and 59% of Fe could
be removed after 10 d. Similarly, in another study,
maximum Zn and Fe removals of 95.45% and
83.98%, respectively, were achieved after 25 d of
bioleaching of lead—zinc mine tailings in the
presence of A. ferrooxidans [19]. It is worth noting
that published work on the use of bioleaching to
decontaminate mine waste is mainly focused on
pyrite-bearing tailings, while the aspect of
pyrite-bearing waste rocks is rarely reported.
Besides, even though many reports have been made
on the bioleaching of pure pyrite [20], the
bio-dissolution behavior and kinetics of pyrite
during bio-removal from waste ore are unclear and
further studies are needed due to the complex
composition of actual waste rock.

Therefore, the purposes of this study are to
(1) use bioleaching to decontaminate exposed
pyrite-bearing waste ore, reducing the risk of AMD
generation at source and (2) provide a solution
for low-cost disposal of mine waste rocks. In this

research, bioleaching was performed on three
mine waste samples obtained from an AMD
contamination site (Shaanxi province, China) in
the presence of A. ferrooxidans. Scanning electron
microscopy (SEM), X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS) were
performed to reveal the mechanism during the
process. Secondary release tests of leaching
residues were conducted to verify the removal
effect of pyrite.

2 Experimental

2.1 Minerals

Three mine waste samples (named MWI,
MW?2 and MW?3, respectively) were collected from
an AMD contaminated site in Shaanxi province,
north-west China (Figure S1 in  Supporting
Information (SI)). All samples were ultrasonically
cleaned with deionized water three times in order to
remove the mud and other impurities. Samples were
ground and sieved to a particle size of 38—74 um
after air drying naturally at room temperature for
subsequent measurements and experiments. The
chemical elemental analysis results showed that
MW1 contained 2.68% Fe, 2.56% S, 45.30% O and
21.86% Si, and MW2 contained higher contents of
14.42% Fe and 13.12% S (Table S1 in SI). Among
the three samples, the largest iron and sulfur content
was observed in MW3, with 25.93% Fe and 22.88%
S. X-ray diffraction (XRD) was used to identify the
mineral phase in three mine waste samples, and the
results are shown in Fig. S2 in SI. Major mineral
compositions in MWI1 were quartz (SiO»),
clinochlore ((Mg,Fe*")s[Al,Si3010](OH)s), dolomite
(CaMg(CO3),), muscovite (KAl (AlSi3010)(OH,F),)
and gypsum (CaSQO4-2H,0). In addition to peaks of
quartz, clinochlore and muscovite, characteristic
peaks of pyrite were also found in the XRD patterns
of MW2. In contrast, the XRD pattern of MW3
showed the strongest pyrite peaks among other
samples with relatively weak quartz and muscovite
intensities. The results of XRD showed that the
order of pyrite content in the three samples was as
follows: MWI<MW2<MW3.

2.2 Strains and culture conditions
A. ferrooxidans ATCC 23270 strain used in
this study was provided by the Key Lab of
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Biohydrometallurgy, Ministry of Education, Central
South University (China). The bacteria were
aerobically cultivated at 30 °C and 170 r/min in
9K medium that consisted of (NH4),SOs 3.0 g/L,
K>HPO4-3H,0 0.5 g/L, MgS04-7H,0 0.5 g/L, KCl1
0.1 g/, Ca(NOs): 0.01 g/L and FeSO4 7H,O
44.7 g/L. Dilute sulfuric acid of 0.1 mol/L was used
to adjust initial pH of the medium to 2.0. Prior to
centrifugation, the bacteria in the mid-exponential
growth phase were initially filtered through a
Whatman 42 filter paper to remove precipitates
and metabolites. Then, the cell suspension was
centrifuged in a centrifuge (Beckman Coulter, Inc.
Avanti j-E) at 14400g and 4 °C for 15 min to
remove the supernatant and obtain cell pellets. In
order to obtain metabolite-free cells, the original
cell pellets were washed with sterile iron-free 9K
medium (pH=2) and recentrifuge three times. The
metabolite-free cells were then resuspended and
diluted in a sterile iron-free 9K medium (pH=2) for
subsequent bioleaching experiments.

2.3 Bioleaching experiments

Firstly, bioleaching batch experiment of three
mine waste samples was carried out in 250 mL
flasks containing 99 mL sterile iron-free 9K
medium, 1 mL concentrated metabolite-free cells of
A. ferrooxidans and 2 g mine waste samples for
40 d. The initial pH was set to be 2.0, which was
suggested as the optimal growth pH for
A. ferrooxidans [21]. Initial inoculum concentration
of A. ferrooxidans was 1.0x107 cell/mL. The shake
flasks were placed in a rotary shaker at 30 °C and
170 r/min. Batch experiment was carried out in
triplicate under the same conditions to guarantee the
dependability of the experimental results. At the
end of batch experiment, the residues were filtered
through Whatman 42 filter paper and washed with
deionized water for three times prior to vacuum
drying for subsequent analyses and AMD release
risk experiments of leached residues.

The risk for secondary AMD release of three
leached residues was investigated by another
bioleaching experiment.
250 mL flasks containing 1 g leached residues and
50 mL sterile iron-free 9K medium for 56 d with
initial pH of 2.0 adjusted by 1 mol/L H,SOs,
inoculation of 1.0x107cells/mL, temperature of
30 °C and rotational speed of 170 r/min. The batch

It was conducted in

experiment was performed in duplicate under the
same conditions to increase the reproducibility.

In all bioleaching experiments, deionized
water was added to supplement the evaporation
loss, while an iron-free 9K medium with a pH of
2.0 was added to the system to offset the sampling
loss. During the experiment, 200 pL solution
samples were regularly extracted as well as pH,
oxidation—reduction potential (ORP), cell and iron
concentrations were measured.

2.4 Analytical techniques

The concentrations of iron ions in the
solution were determined by o-phenanthroline
spectrophotometry and the correlation coefficient R
of the standard curve was greater than 0.999.
Chemical element analysis of mineral samples was
carried out with X-ray fluorescence (XRF), using
an X-ray fluorescence S4 Explorer spectrometer
(Bruker AXS, Germany). The number of free cells
was counted using optical microscopy (CX31) with
a hemocytometer (MUHWA Scientific MH—805142,
China). A pH meter (PHS—3C) and an ORP meter
(BPP—-922) were used to measure the pH value and
the ORP value of the solution, respectively. The
residues after bioleaching were filtered through
Whatman 42 filter paper, then rinsed with deionized
water three times and dried in a vacuum drying
oven (DZF-6050) for analysis. The component
phase and surface morphology of the pristine
samples and leached residues were examined using
X-ray diffractometer (Bruker D8, Germany) and
scanning electron microscope (Quanta 650 FEG),
respectively. The X-ray photoelectron spectroscopy
(XPS) analyses were conducted by a Thermo
Fisher Scientific ESCALAB 250Xi photoelectron
spectrometer. The C 1s with binding energy at
284.8 eV was used for calibration. Due to spin-orbit
splitting, the 2p peak of Fe and S existed in the
form of a double peak (Fe 2ps», Fe 2pi2, S 2ps2 and
S 2pin), and the peak intensity of Fe/S 2ps» was
twice that of the Fe/S 2pi» peak. The splitting
energies of the spin-orbit doublets of Fe and S were
13.6 and 1.2eV, respectively. The Gaussian—
Lorentzian function was used for fitting the Fe
and S2p spectrum. The background fitting was
performed using the Smart method. Only Fe/S 2p;,
peaks were shown in the figures in order to simplify
the graph.
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3 Results and discussion

3.1 Bio-dissolution of pyrite from waste rocks
Variations in iron dissolution, solution pH,
ORP and cell concentration during bioleaching of
three mine waste samples for 40 d are shown in
Fig. 1. According to the results of XRD (Fig. S2 in
SI), Fe in MW2 and MW3 is mainly present in
the pyrite; therefore, it is reasonable to use the
dissolution of iron to judge the removal of pyrite in
wastes roughly. Iron dissolution in MW1 remained
constant at zero during the whole period of
bioleaching (Fig. 1(a)), which meant that Fe in
MW1 was insoluble and it possibly existed in the
crystal structure of clinochlore [22]. In comparison,
iron gradually dissolved from MW2 and MW3 and
iron removal could reach around 82% after
bioleaching for 40 d. As a result, most of the pyrite
in the waste rocks was removed, which could
significantly reduce the release of AMD into the
environment at source. The solution pH of MW1
soared from an initial 2.0 to 6.5 within 2 d and then
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remained constant at around 6.1 during the period
of bioleaching (Fig. 1(b)), which was related to the
presence of acid-consuming substances in MW,
such as dolomite. MW2 and MW3 showed the same
variations in pH with a gradual decline from an
initial 2.0 to approximately 1.3 as the dissolution
of pyrite was suggested as an acid-producing
process [23].

The solution redox potential in the sulfides
bioleaching system was suggested to be mainly
determined by the concentration ratio of ferric ion
to ferrous ion, and could be justifiable by the Nernst
equation (Eq. (1)) [24]:

(er3+ ]
CFe2+ (1)

where ¢ is the reaction potential (mV), ¢°is the
standard electrode potential (mV), 7T is the
temperature (K), R is the molar gas constant
equal to 8.314J/(K'mol), F is the Faraday’s
constant and equal to 96.485 C/mol. (Cre/Cre) is
the ratio between the concentrations of ferric and
ferrous ions.
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Fig. 1 Variations in iron dissolution (a), pH (b), ORP (c) and cell concentration (d) during bioleaching of three mine

waste samples for 40 d in presence of A. ferrooxidans
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The solution of ORP in MWI1 fluctuated
around 105 mV (vs SHE) throughout the leaching
period (Fig. 1(c)). The solution of ORP in MW2
and MW3, however, dramatically increased to over
355mV on Day 6 and remained at this level
thereafter, which attributed to the oxidation
of Fe** to Fe*" by A. ferrooxidans. The bacterial
concentration of MW1 decreased from initial
inoculation level to hardly detected level within 2 d
until the end of leaching (Fig. 1(d)). The suggested
pH range of A. ferrooxidans was 1.3-3.5 [25].
Thus, the sharp increase in pH was detrimental
to the growth and reproduction of bacteria. The
bacterial concentrations of MW2 and MW3 rapidly
increased to 8.0x10%cells/mL and 1.0x10° cells/mL,
respectively, on the 15th day. Because of the higher
content of iron and sulfur in MW3 (Table S1 in SI),
bacterial growth and reproduction were better.

3.2 Kinetics study

The kinetics of pyrite removal from mine
waste samples during bioleaching process was
studied by using the shrinking-core model (Fig. 2),
which is often used to analyze the kinetics data
for mineral particles that are usually considered
spherical particles [26]. According to the theories
with different rate-controlling steps, the copper
extraction and reaction time were fitted using the
internal diffusion controlling reaction equation
(Eq. (2)) and the chemical reaction controlling
reaction equation (Eq. (3)) [27]:

1-20/3—(1-a)**=Kt ()
1-(1—a)*=Kt (3)

where « is the leaching yield of Fe from mine waste
sample; K. and K are the rate constants; ¢ is the
bioleaching time.

The detailed fitting coefficients are given in
Table 1. Apparently, by comparing the linear
correlation coefficient (R?), the dissolution of pyrite
during bioleaching was mainly controlled by the
chemical reaction process. It is worth noting that
fitting result of R? in internal-diffusion control was
very close to that of chemical reaction process,
which meant that the removal of pyrite was also
affected by possible secondary products formed
on the surface of pyrite, such as jarosite ((KFe3(SOa)-
(OH)s)) [28]. Jarosite was reported to be a very
common secondary product during bioleaching
of sulfide minerals, which was suggested to have
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Fig. 2 Kinetics models of pyrite dissolution during
bioleaching (data from Fig. 1): (a) Fitting of internal
diffusion control; (b) Fitting of chemical reaction control

Table 1 Correlation coefficients of two kinetics models

1-20/3—(1—0))*? 1- (1-a)'?
Sample
K R? K.
MW2 0.978  3.83x107° 0.987 1.21x1072
MW3 0.980 4.15x1073 0.982 1.28x1072

passivation effect on the further dissolution of
sulfide minerals [10].

3.3 Mineralogical phase analysis

XRD was conducted to investigate the
mineralogical phase changes and the secondary
products formation of three samples after
bioleaching. The results are shown in Fig. 3. No
additional phases were found in XRD pattern of
residual MW1 in addition to quartz, clinochlore,
dolomite, muscovite and gypsum (Fig. 3(a)).
However, it was observed that the intensity of
gypsum increased, which was related to the
reactions between dolomite and sulfuric acid [29].
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Fig. 3 XRD patterns of MW1 (a), MW2 (b) and MW3 (c)
before and after bioleaching for 40 d in presence of

A. ferrooxidans

This was also the main reason for the rapid increase
in pH (Fig. 1(b)). New peaks, recognized as jarosite,
were detected in the patterns of residual MW2
and MW3 (Figs. 3(b, c)), which was consistent with
the deduction of the kinetics study. It has been
reported that jarosite was easily formed in the
presence of A. ferrooxidans during the bioleaching
of sulfide minerals [30], which was suggested to be

able to cover the surface of minerals and form a
“passivation” film.

For the bioleaching of copper sulfide, the
formation of jarosite is unavoidable and a nuisance,
as it hinders the efficient extraction of copper [31].
However, the bio-dissolution of pyrite in nature can
lead to AMD contaminating the environment, and it
is more desirable to passivate pyrite [32]. Therefore,
the generated jarosite may passivate the pyrite
which is not totally dissolved due to the poor
kinetics in the later stage of bioleaching, and thus
achieve the bio-passivation of the residual pyrite.
However, the morphology of jarosite is considered
to be a key factor in bio-passivation, i.e., the denser
the jarosite is formed, the better the bio-passivation
effect is [10,33]. Thus, further characteristics are
needed to determine the passivation of jarosite layer
on pyrite surface.

3.4 Morphology

SEM was further carried out to verify whether
the formed jarosite had a bio-passivation effect on
residual pyrite. The surface morphologies of three
mine waste samples (MWI1, MW2 and MW3)
before and after bioleaching were presented in
Fig. 4. No significant change could be seen in
the SEM images of original and residual MW1
(Figs. 4(a, d)), indicating that MW1 was hardly
dissolved. Additionally, a large number of flaky
muscovite could be observed in the original MW1
and residual MW 1. Quartz and gypsum detected in
XRD of MWI1 could also be recognized as
sharp-edged lumps and tiny sticks, respectively.
However, pyrite particles were observed in the
SEM image of MW2 in addition to substances
detected in MW 1. The surface of pyrite in original
MW2 was relatively smooth with the exception of a
few scrapes and defects associated with sample
grinding (Fig. 4(b)). The EDS results proved that
there were no other impurities on the pyrite surface
(Fig. 4(g)). It was worth noting that a large number
of fine and granular particles with less than 1 um
were found to be formed on the mineral surfaces in
the SEM images of residual MW2 (Figs. 4(e, f)).
The formation of these fine particles did not appear
to be selective; it can also be found on the surfaces
of other gangues, such as quartz and gypsum. The
formation of jarosite layer of pyrite was mainly
related to the oxidized Fe(Ill) on pyrite surface,
while when there was an excess of Fe(IIl) in the
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Fig. 4 SEM images of original MW1 (a), MW2 (b) and MW3 (c), residual MW1 (d), MW2 (e) and MW3 (f) after
bioleaching for 40 d, and EDS results of original MW2 (g) and bioleaching residue of MW2 (h)

solution, the unsaturated O bonds on the surface of
quartz and gypsum due to grinding might provide
extra binding sites for the formation of jarosite.

As shown in Fig. 4(h), elements on the pyrite
surface in residual MW2 at this time consisted of O,
S, K and Fe with the atomic fraction of 63.74%,
19.70%, 01.91% and 14.65%, respectively, which
indicated that the fine substances corresponded to
the jarosite found in XRD [34], and a relatively
dense layer was formed to cover the surface of
pyrite. As for MW3, more pyrite particles could be
found in the original SEM images (Fig. 4(c)), which
was consistent with the order of pyrite content
in the three samples. However, pyrite distinctly
disappeared after bioleaching and was replaced by
large amount of jarosite that was also observed in
residual MW2, which could be proven by the
results of EDS mapping in Fig. S3 in SI. The result
was similar to a former study where biogenic
jarosite was able to form an inhibitory layer to
immobilize heavy metal from sulfide tailings [35].

3.5 Surface elemental composition

Elemental composition analysis on the surface
of sample was conducted to further verify the
results of XRD and SEM. Figure 5 depicts Fe 2p
and S 2p spectra of the original and bioleaching
residues of MW1, MW2 and MW3. Deconvolution
of Fe 2ps» spectrum illustrated three types of Fe
coordination and oxidation states present in the
original and residual MW1 (Fig. 5(a)): (1)
iron-oxide species (Fe(Il)—O, 710-710.5 eV) [36],
(2) iron—oxyhydroxide species (Fe(Ill) — OH,
711.4-712.5 eV) [37] and (3) iron—sulfate species
(Fe(Ill)—S—O0, 713.5-715.5 ¢V) [38]. Furthermore,
Fe 2ps» peak located at 717.8-720.2eV was
attributed to the satellite peak of Fe(Ill) [36]. The
surface iron (III) species were in relation to the
clinochlore in MW1 [22]. After bioleaching for 40 d,
the proportion of these iron species did not change
significantly, with a slight increase in Fe(II)—O
coordination and a decrease in Fe(Ill) —S—O
and Fe(III)—OH. Four iron species, i.e., Fe(I[)—S,
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Fig. 5 XPS spectra of Fe 2p3,» (a—c) and S 2p3,» (d—f) of original and residual MW1 (a, d), MW2 (b, e) and MW3 (c, f)

samples

Fe(III)—S, Fe(III)—OH and Fe(II1)—S—O species,
were fitted in the spectrum of original MW2
and MW3 (Figs. 5(b, ¢)). Specifically, Fe(I)—S
coordination was related to the ferrous iron in bulk
and on the surface of pyrite [39]. Fe(Ill)—S and
Fe(IlI)—S—O structure might correspond to the
oxidation of ferrous iron on the surface of pyrite.
Clinochlore might be responsible for the existence
of the Fe(Il)~OH species [22]. On the surface
of MW2 residues, the increase in Fe(IIl)—OH
and Fe(Ill)—S—O proportions and decrease in
Fe(II)—S proportion related to the formation of
jarosite [37]. Fe(Ill) on pyrite surface may be
bonded with jarosite, forming a passivated layer
for residual pyrite. On the other hand, Fe(I)—S
species could no longer be detected (Fig. S4 in SI),
indicating that pyrite was largely dissolved and
covered, which was consistent with the results of
the bioleaching experiments and SEM observation.
As for S species on the original surface of
MW1, only a sulfate peak with a binding energy of
168.5eV was detected (Fig.5(d)), which was
attributed to the gypsum in the MW1 sample [40].
A wide peak with binding energy at 163.9-164.5 eV
was reported as the energy loss feature [41]. In the
bioleaching residues of MW1, S was also present in

the form of SO; accounting for 90%, which is
slightly higher than that of the original proportion
(Fig. S4 in SI). This result was attributed to the
formation of gypsum in MWI1, which was
consistent with the results of XRD. S 2ps» peaks
with the binding energy of 161.05 and 161.8 eV
were related to the surface and bulk monosulfide of
pyrite, respectively (Figs. 5(e, f)) [42], which
corresponded to Fe(I1)—S coordination in the result
of Fe 2ps5. Elemental sulfur or polysulfide (S%S,,
163.0-164.7 ¢V) could be considered to be the
result of slight oxidation of pyrite in original MW2
and MW3 [43,44]. Furthermore, gypsum was also
responsible for SO; in the original MW2 and
MW?3. After bioleaching, S* of pyrite disappeared
and SO species were notably increased to account
for over 93%, and 75% on the surface of residual
MW?2 and MW3, respectively (Fig. S4 in SI), which
confirmed the dissolution of pyrite and the
formation of jarosite. With the transformation of S*~
to the more stable SO;~, the MW2 and MW3 would
no longer produce AMD. It is worth noting that
SO;3 ™ species were detected as a new sulfur species
on the residual MW, which was mainly caused by
the difference in the degree of oxidation between
MW?2 and MW3.
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3.6 AMD generation risk of leached residues
Another batch of bio-oxidation experiment
was conducted on three kinds of leaching residues
to examine the ability of mine waste rocks to
produce AMD after bioleaching treatment. Figure 6
shows the wvariations in pH and total iron
concentration of the three leaching residues over the
period of 8 weeks biooxidation. In line with the
bioleaching results of raw ore, the pH of MW1 rose
to 6.0 rapidly and stabilized afterward, suggesting
that the leaching residue of MW1 still had strong
acid-consuming properties. The pH of the leaching
residues of MW2 and MW3 was relatively stable
and remained with the initial value of about 2.0
throughout the period, indicating that the acidity did
not continue to be generated. According to the
results in Fig. 1, about 18% of pyrite theoretically
remained in the leaching residues and about 550
and 1000 mg/L total iron were not dissolved from
MW?2 and MW3, respectively. However, total iron
concentrations in solution of MW2 and MW3 were
8 and 160 mg/L after 56d of the experiment,
indicating 98% and 84% pyrite in residual MW?2
and MW3 was effectively passivated, respectively.

@
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Fig. 6 Variations in pH (a) and total iron concentration (b)
during bioleaching of three residue mine waste samples
for another 56 d in presence of A. ferrooxidans

Therefore, the acid and iron release capacity of the
pyrite-bearing waste rock is significantly reduced
after bioleaching treatment which could reduce the
risk of AMD formation for later storage.

3.7 Model and mechanism of bio-oxidation and
bio-passivation for synergistic disposal of
pyrite-bearing mine waste to inhibit AMD
generation at source
In nature, AMD generated from pyrite-bearing

waste ores is a relatively slow process, which
leads to long-term persistent contamination of
surrounding water bodies and soils by AMD. In
contrast to previous approaches to inhibiting pyrite
oxidation, a treatment was proposed in this work
using bioleaching to remove pyrite from waste ores
in the short term and could mitigate the risk of
AMD generation, as shown in Fig. 7. During the
bioleaching process, pyrite can be significantly
removed in the presence of A. ferrooxidans.
Although the pyrite is not completely removed due
to the reaction kinetics, biogenic jarosite generated
from ferric iron and sulfate under the mediation of
A. ferrooxidans can passivate the surface of the
residual pyrite in mine waste. Thus, bio-oxidation
and bio-passivation can synergistically inhibit the
subsequent AMD release from the waste rocks.
With this method, the mine waste can be
decontaminated without worrying about the
long-term release of AMD in nature. According to
the latest report, the disposal of leachate should not
be a problem because it can be collected and used
for bioleaching of other higher valuable minerals,
such as copper sulfide [45]. Therefore, the approach
can also be used to reduce the long-term operating
cost of conventional AMD treatment to a certain
extent.

4 Conclusions

(1) The bioleaching results showed that nearly
82% of pyrite could be removed from mine waste
samples (MW2 and MW3) within 40 d. During the
process, the bio-dissolution of pyrite-bearing waste
ores was mainly in the control of chemical reaction
as well as internal diffusion.

(2) During the bioleaching process, S* on the
surface of waste ore would transform to a more
stable state of SO; , forming biogenic jarosite on
the surface of residual pyrite in mine waste.
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Fig. 7 Model of bio-oxidation and bio-passivation for synergistic disposal of pyrite-bearing mine waste to inhibit AMD

generation at source

(3) The secondary bioleaching experiment of
residue waste ore proved that the bio-passivation
layer was stable and effective with only 8 and
160 mg/L Fe released from MW2 and MW3,
respectively, indicating that the risk of AMD
production from pyrite-bearing waste was
significantly reduced.
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