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Abstract: Bioleaching and electrochemical experiments were conducted to evaluate pyrrhotite dissolution in the presence of pure L. 
ferriphilum and mixed culture of L. ferriphilum and A. caldus. The results indicate that the pyrrhotite oxidation behavior is the 
preferential dissolution of iron accompanied with the massive formation of sulfur in the presence of L. ferriphilum, which 
significantly hinders the leaching efficiency. Comparatively, the leaching rate of pyrrhotite distinctly increases by 68% in the mixed 
culture of L. ferriphilum and A. caldus at the 3rd day. But, the accumulated ferric ions and high pH value produced by bioleaching 
process can give rise to the rapid formation of jarosite, which is the primary passivation film blocking continuous iron extraction 
during bioleaching by the mixed culture. The addition of A. caldus during leaching by L. ferriphilum can accelerate the oxidation rate 
of pyrrhotite, but not change the electrochemical oxidation mechanisms of pyrrhotite. XRD and SEM/EDS analyses as well as 
electrochemical study confirm the above conclusions. 
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1 Introduction 
 

Pyrrhotite (Fe1−xS) is one of the most common and 
abundant sulfide minerals presented in mining wastes 
from the processing of base-metals or precious metal 
ores [1−2]. The exposure of pyrrhotite to the 
environment results in release of weathering products 
containing acid due to the oxidation and hydrolysis 
reactions in soil and geological materials under earth 
surface conditions [3−5]. Recently, the technique of iron 
bioleaching has been developed due to its advantages 
such as short flows, simple operation, low investment 
and friendly environment [6−8]. However, the 
bottlenecks of bioleaching, such as low leaching rate and 
efficiency, limit its development [9−10], because the 
insoluble passivation layer on the surface of the 
pyrrhotite significantly hinders the leaching efficiency 
[11−12]. 

STEGER [13] and SANTOS et al [14] reported that 
the predominant oxidation products of pyrrhotite were 
elemental sulfur (Eqs. (1) and (2)). BUCKLEY et al [15] 
studied the pyrrhotite dissolution at pH 4.6, 9.2, and 13.0 
employing cyclic voltammetry, and the results 

demonstrated that elemental sulfur was the main product 
of the mineral oxidation and sulfate yield depended on 
pH. There are also a great number of surface analytical 
investigations of pyrrhotite [16−18], many of which 
related to the nature of the reactions occurring at the 
interface between pyrrhotite and air or water during 
weathering. However, there is no depth study on the 
factors blocking the reactivity of pyrrhotite in the 
presence of bacteria by application of electrochemical 
and spectroscopic techniques. 

In this work, the formations of passive film during 
pyrrhotite bioleaching by pure L. ferriphilum and mixed 
culture of L. ferriphilum and A. caldus were studied in 
detail. The investigation on bioleaching efficiency and 
the change of products elaborates the reason of pyrrhotite 
passivation and offers some insights into the mechanism 
of pyrrhotite bioleaching. Electrochemical technique was 
also applied to investigating the initial oxidation and 
passivation of pyrrhotite. 
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2 Experimental 
 
2.1 Pyrrhotite preparation 

The samples of pyrrhotite used in the bioleaching 
tests were from Dabaoshan in Guangdong Province, 
China. The samples were splintered into small fragments 
and dry ground in a porcelain ball milling, and then were 
sieved to obtain suitable size less than 0.074 mm for 
bioleaching experiments. Chemical analyses showed that 
the pure pyrrhotite contained 58.28%Fe, 37.7%S (mass 
fraction) and there was also a small amount of quartz in 
it. 

The electrodes of pyrrhotite used in this work were 
prepared from high-purity pyrrhotite samples. To fit 
specially designed electrode sets and expose only one 
side, all electrodes were cut into about d12 mm×5 mm 
cylinders. The effective area of pyrrhotite electrode was 
0.75 cm2. 
 
2.2 Microorganisms and culture media 

L. ferriphilum (DQ343299) and A. caldus 
(DQ256484) used in the experiments were provided by 
the Key Laboratory of Biometallurgy in Central South 
University, China. They were grown in medium using 
rotary shakers at 160 r/min with the initial pH 1.6 and 2.0 
and the temperatures of 40 °C and 45 °C, respectively. 
The medium consisted of (NH4)2SO4 3.0 g/L, KCl 0.1 
g/L, K2HPO4 0.5 g/L, MgSO4·7H2O 0.5 g/L and 
Ca(NO3)2 0.01 g/L. FeSO4·7H2O 44.7 g/L and S 10 g/L 
were added separately to support the growth of L. 
ferriphilum and A. caldus. When the bacteria reached the 
logarithmic growth period, cells were harvested by 
centrifugation and washed three times with distilled 
water. 
 
2.3 Bioleaching tests 

Bioleaching tests were carried out in 250 mL 
Erlenmeyer flasks containing 100 mL medium at initial 
pH 1.6 and 40 °C. The flasks were placed in a rotary 
shaker at 160 r/min. The mineral concentration was 1% 
(w/v) and the inoculation was 5×107 cell/mL. The 
parallel experiment without cells, but with the same 
culture medium and pyrrhotite, was run as abiotic control. 
The solution pH was adjusted periodically to the target 
pH value with diluted sulfuric acid. 

Periodically, water evaporation was restored; pH 
and redox potential were recorded; a 3 mL sample was 
removed from the liquid to obtain the levels of Fe2+ and 
total iron in solution. The redox potentials were 
measured using a platinum electrode combined with an 
Hg/HgCl2 reference electrode. The concentration of 
ferrous ion in the solution was determined by titration 
with potassium dichromate (K2Cr2O7). Ferric iron 

concentration is the concentration of total iron minus the 
concentration of ferrous irons. The pH value in the 
leaching solution was measured with a pH-meter (SJ− 
4A). 
 
2.4 XRD and SEM/EDS analyses 

The leaching residues were filtered and air dried for 
XRD and SEM/EDS analyses. XRD tests were 
conducted using an X-ray diffractometer (Model 
D/Max2500PC) with Cu Kα radiation (λ=1.54056 Ǻ) in 
the range of 2θ from 5° to 80°. A scanning electron 
microscope (JSM−6360LV) equipped with an EDS was 
used to determine the pyrrhotite surface changes during 
bioleaching. 
 
2.5 Electrochemical study 

The electrochemical measurements were performed 
using a three-electrode system with the following three 
electrodes: the working electrode (pyrrhotite), the 
counter electrode (graphite) and the reference electrode 
(Ag/AgCl). The electrochemical experiments were 
carried out in electrolyte solution, consisting of 
(NH4)2SO4 3.0 g/L, KCl 0.1 g/L, K2HPO4 0.5 g/L, 
MgSO4·7H2O 0.5 g/L and Ca(NO3)2 0.01 g/L. Before 
each electrochemical test, the electrode was polished by 
1000# silicon carbide paper in order to keep the working 
face being clean, smooth and fresh. 
 
3 Results and discussion 
 
3.1 Bioleaching experiments 

Comparisons of pyrrhotite leached by pure L. 
ferriphilum and mixed culture of L. ferriphilum and A. 
caldus are shown in Fig. 1. In the case of mixed culture 
of L. ferriphilum and A. caldus, the total iron extraction 
reaches 85.68% just at the 3rd day, and thereafter the 
leaching rate begins to decline and the total iron 
extraction is descended to 58.65% at the 9th day. 
Comparatively, the leaching process is strongly restricted 
in the pure culture of L. ferriphilum: the total iron 
extraction is only 31.11% at the end of leaching, which is 
a little higher than that in abiotic control. The results 
imply that the addition of sulfur oxidizing bacteria 
significantly increases the leaching rate of pyrrhotite. 

Figure 1(b) demonstrates that ferric ion extraction in 
mixed culture rises rapidly from the beginning to the 3rd 
day, at which the ferric mass concentration in solution is  
3.99 g/L. And then, it reduces to 1.73 g/L at the 9th day, 
confirming that the ferric ions have been consumed due 
to ferric ion reduction via pyrrhotite oxidation (Eq. (2)) 
or the precipitation of the soluble ferric ions as jarosite 
(Eq. (3)). Interestingly, the leaching rate of ferric ion for 
the exposure to L. ferriphilum medium almost stays 
around zero during the leaching period, and it is 
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noticeable that the bioleaching efficiency has a close 
connection with the ferric ion concentration. It is 
generally accepted that ferric ions as oxidants are 
effective for leaching pyrrhotite [19]. Therefore, the 
leaching process is inhibited when the concentration of 
ferric ion in solution is low. 

 
+ 3+ 2 +

4 2 3 4 2 6K +3Fe +2SO +6H O KFe (SO ) (OH) +6H   

(3) 
 

Referring to the redox potential curves, it is found 
that the changed trend of redox potential is very similar 
to that of ferric ion concentration after leaching for one 
day, for redox potential is corresponding to the Fe3+-to- 
Fe2+ mole ratio. The results show that the redox potential 
in the presence of mixed culture initially decreases from    
399 mV (vs. SCE) to 325 mV (vs. SCE) after leaching 
for one day. It is because iron preferentially dissolved 
from pyrrhotite (Eq. (1)), which results in the increase of 
the Fe2+/Fe3+ ratio. The redox potential, afterwards, rises 
sharply to 642 mV (vs. SCE) after leaching for 5 d, and it 
declines slightly in the end. However, the value of the 
redox potential at the 9th day is not less than 580 mV (vs. 
SCE) due to the consumption of ferric ions. As 
anticipates, the redox potential in pure culture of L. 
ferriphilum reaches a plateau around 220 mV (vs. SCE) 
after one day, which is close to that in abiotic system. 

The solution pH was adjusted periodically to the 

target pH value with diluted sulfuric acid. Figure 1(d) 
indicates that the pH value in mixed culture changes 
dramatically from the beginning to the 3rd day. This 
could be explained by the protonic attack during acidic 
dissolution of pyrrhotite (Eqs. (1) and (4)). Later on, pH 
tends to decline from the 4th day to the 9th day, and 
finally decreases to 1.22, demonstrating that the 
oxidation of elemental sulfur (Eq. (5)) and the formation 
of jarosite (Eq. (3)) exceed the oxidation of pyrrhotite. In 
the case of the pure culture of L. ferriphilum and abiotic 
control, the changed trend of pH value is slightly obvious 
in the first 3 d, and then increases slowly until the end of 
leaching. The results imply that extending leaching time 
results in a gradual passivation of pyrrhotite where iron 
dissolution leveled off. 

 

OH2Fe2H0.5O2Fe 2
3Bacteria

2
2          (4) 

 

42
Bacteria

22 SOHOH3/2OS                 (5) 

 
3.2 XRD and SEM/EDS analyses of bioleaching 

residues 
In order to examine the role of passivation film of 

pyrrhotite during bioleaching by pure L. ferriphilum and 
mixed culture of L. ferriphilum and A. caldus, XRD and 
SEM/EDS analyses of bioleaching residues were 
conducted. Figure 2(a) shows that the residues leached 

 

 
Fig. 1 Total iron extraction rate (a), ferric ion concentration (b), redox potential (c) and pH value (d) changes during bioleaching of 

pyrrhotite at pH 1.6 and 40 °C  
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for different leaching time in abiotic control consist 
mainly of pyrrhotite and sulfur. It indicates that sulfur is 
the predominant oxidation product of pyrrhotite under 
acidic leaching condition. 

Figure 2(b) presents the XRD patterns of the 
residues after leaching for 3, 6, 9 d in the pure culture of 
L. ferriphilum. The XRD pattern of the residue leached 
for 3 d shows peaks corresponding to sulfur, confirming 
the formation of passivation film of pyrrhotite at the 
initial of pyrrhotite bioleaching (Eqs. (1) and (2)). As 
bioleaching process continues, no peaks corresponding to 
new product appear after 6 or 9 d of bioleaching. 

From Fig. 2(c), it can be observed that the main 
 

 
Fig. 2 XRD patterns of pyrrhotite residues leached for 3, 6 and 

9 d under different leaching conditions: (a) Abiotic control;  

(b) L. ferriphilum; (c) L. ferriphilum and A. caldus 

compositions of the residues are pyrrhotite, sulfur   
(Eqs. (1) and (2)) and jarosite (Eq. (3)) after leaching for 
3 d in the mixed culture of L. ferriphilum and A. caldus. 
Thus, it is obvious that jarosite is prone to be generated 
within a short time during pyrrhotite bioleaching by 
mixed culture. After leaching for 6 d, the main 
compositions of the residue are sulfur and jarosite. 
Furthermore, pyrrhotite is not detected in the residues 
because of the cover of sulfur and jarosite. The XRD 
results show that the composition after 9 d remains the 
same as that after 6 d; nonetheless, peaks of sulfur are 
weakened. It indicates that sulfur is gradually oxidized 
by A. caldus at the end of bioleaching (Eq. (5)), and 
jarosite is the primary passivation film blocking 
continuous iron extraction in the later stage of 
bioleaching process. 

Scanning electron micrographs of the pyrrhotite 
surface leached in abiotic control for 3, 6, 9 d are shown 
in Figs. 3 ((a1), (a2), and (a3)). It can be found that the 
pyrrhotite surface has no significant difference after 
different leaching time. The surface exhibits insignificant 
dissolution features, since it is relatively smooth and 
there are few deposits on it. 

The surface morphology exposed to L. ferriphilum 
is obviously different from that in abiotic control. From 
Figs. 3 ((b2) and (b3)), numerous of leaching products are 
adsorbed on the mineral surface. In addition, the EDS 
analysis of the residues leached by L. ferriphilum for 3 d 
listed in Table 1 shows that the mass fractions of Fe and 
S were 65.38% and 33.61%, respectively. After 
bioleaching for 9 d, the mass fraction of Fe falls to 
56.12%, and conversely, the mass fraction of S rises to 
42.79%. The results indicate that the surface sulfur 
element is relatively rich after bioleaching of pyrrhotite. 
It can be seen in Fig. 2(b) that only sulfur is the product 
generated after 9 d of bioleaching. Hence, it further 
illustrates that the formation of elemental sulfur is the 
main factor hindering the leaching effect of pyrrhotite 
bioleached by L. ferriphilum. 

The morphologies of pyrrhotite residues leached by 
mixed culture of L. ferriphilum and A. caldus for 3, 6,  
9 d are shown in Figs. 3 ((c1), (c2), and (c3)). Obviously, 
sulfur and jarosite identified by XRD analysis as shown 
in Fig. 2(c) have coated on the pyrrhotite surface after 
bioleaching for 3 d. Subsequently, the dense reaction 
products (sulfur and jarosite) after being bioleached for  
6 d almost wrap pyrrhotite all up. After 9 d, a 
considerable amount of precipitates containing jarosite 
and sulfur are still on pyrrhotite surface. Also, the shape 
and morphology of the particles are similar 
corresponding with jarosite. Furthermore, the EDS 
analysis listed in Table 2 indicates that S compound is 
enriched on the surface of pyrrhotite after 3 d, which 
implies that the dominating passivation film is sulfur in 
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Fig. 3 SEM images of pyrrhotite residues leached under different conditions: (a1) Abiotic control for 3 d; (a2) Abiotic control for 6 d; 

(a3) Abiotic control for 9 d; (b1) L. ferriphilum for 3 d; (b2) L. ferriphilum for 6 d; (b3) L. ferriphilum for 9 d; (c1) L. ferriphilum and A. 

caldus for 3 d; (c2) L. ferriphilum and A. caldus for 6 d; (c3) L. ferriphilum and A. caldus for 9 d 

 

Table 1 Results of EDS microanalysis for pyrrhotite residues 

leached by pure culture of L. ferriphilum at different leaching 

time 

Time/d 
w/% x% 

S Fe O S Fe O 

3 33.61 65.38 0.5 46.22 51.61 1.37 

6 40.49 58.44 1.06 53.27 43.94 2.8 

9 42.79 56.12 1.09 55.42 41.74 2.84 

 

Table 2 Results of EDS microanalysis for pyrrhotite residues 

leached by mixed culture of L. ferriphilum and A. caldus at 

different leaching time 

Time/

d 

w% x/% 

S Fe O K S Fe O K 

3 56.23 36.00 4.53 3.23 63.54 23.24 10.24 2.99

6 49.56 40.28 5.70 4.45 56.5 26.24 13.00 4.16

9 24.84 59.16 6.12 9.87 31.45 42.80 15.50 10.25

the initial stage. However, as the leaching time is 
extended, Fe compound is enriched and jarosite is the 
primary passivation film instead of sulfur, which blocks 
continuous iron extraction in the presence of mixed 
culture of L. ferriphilum and A. caldus. 

 
3.3 Electrochemical analysis 

As mentioned in the materials and methods section, 
the electrodes were stabilized in the electrolyte for 20 
min before starting each electrochemical test. Figure 4 
shows the cyclic voltammograms obtained from the 
pyrrhotite electrode in the presence of pure L. 
ferriphilum and mixed culture of L. ferriphilum and A. 
caldus. Cycles were performed from −500 mV (vs. SHE) 
to 1200 mV (vs. SHE), then to −500 mV (vs. SHE). All 
cyclic voltammograms were carried out at a scan rate of     
20 mV/s. 

The curve obtained is similar to that obtained by 
ALMEIDA and GIANNETTI [18]. Three anodic peaks 
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(A1, A2 and A3) and three cathodic peaks (C1, C2 and 
C3) are detected in the L. ferriphilum medium. The 
anodic peak A1 is attributed to the formation of 
elemental sulfur [18]   (Eq. (6)). During this step, as 
ferrous ions go to the solution, the accumulation of sulfur 
on the electrode surface is expected to occur. This 
accumulation could be interpreted by the formation of 
elemental sulfur layer [18]. It is evident that peak A2 
appears at 600−800 mV (vs. SHE), and BIEGLER and 
HORNE [20] and NAVA et al [21] attributed this peak to 
the oxidation of Fe2+ to Fe3+ (Eq. (7)). When potential 
continues forward scanning, anode oxidation peak A3 is 
found at around 1000 mV (vs. SHE), which represents 
the oxidation of sulfur to sulphuric acid [21], based on 
the reaction of  Eq. (8). 

In the inverse scan, there is a series of reduction 
peaks between 600 mV (vs.SHE) and −400 mV (vs.SHE). 
Peak C1 has usually been assigned to the reduction of 
ferric ions [22−23] (Eq. (9)). The sulfur/intermediate 
possibly reduces in peak C2, acting as a precursor for the 
formation of elemental sulfur [15]. A tiny cathodic peak 
C3 at about −300 mV (vs. SHE) is observed, which is 
assigned to the reduction of elemental sulfur to H2S [15] 
(Eq. (10)). 

 
2 0

1Fe S (1 )Fe S 2(1 )ex x x
                   (6) 

 
2 3Fe Fe +e                                (7) 

 

e68HSOO4HS 2
42                     (8) 

 
3 2Fe +e Fe                                (9) 

 

2S+2H 2e H S                             (10) 
 

By comparison, Fig. 4 also shows that the anodic 
peaks and cathodic peaks of pyrrhotite have no 
significant difference with or without involvement of A. 
caldus. It can be illustrated that the mechanisms of 
pyrrhotite oxidation are identical in the culture with 
 

 
Fig. 4 Cyclic voltammetry curves of pyrrhotite electrode in 

medium with pure and mixed culture of L. ferriphilum and    

A. caldus at pH 1.6 and 40 °C 

different types of bacteria. But the current density of 
peaks A2′ and A3′ are obviously higher when A. caldus 
is added in the presence of L. ferriphilum, verifying that 
A. caldus can effectively eliminate the elemental sulfur 
layer covered on the pyrrhotite electrode, which is 
beneficial to the pyrrhotite bioleaching. In addition, the 
results also confirmed that sulfur is the main product of 
pyrrhotite oxidation. 
 
4 Conclusions 
 

1) The low iron extraction rate in the presence of L. 
ferriphilum is due to the elemental sulfur layer covering 
on pyrrhotite surface. 

2) The elemental sulfur layer can inhibit the 
diffusion of reactants (such as Fe3+ and bacteria) to the 
pyrrhotite surface. 

3) A. caldus can effectively eliminate the 
passivation layer, but high rate of pyrrhotite oxidation 
results in the accumulation of ferric ions and high pH 
value and thus accelerates the rapid formation of jarosite 
at the early stage of pyrrhotite bioleaching process. 

4) Jarosite is the primary passivation film hindering 
iron extraction during pyrrhotite bioleached by mixed 
culture of L. ferriphilum and A. caldus. 
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