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Abstract: Electrochemical measurements were carried out to elucidate decomposition mechanism of pentlandite using modified
powder microelectrode with Acidithiobacillus ferrooxidans attached or without on the mineral powder surface. Cyclic voltammetry
(CV) results show that at a low potential of about —0.2 V (vs SCE), the pentlandite was transformed to an intermediated phase like
Fey5-yNiy s-,Sg-. when Fe and Ni ions were evacuated from mineral lattice; when the potential was changed from —0.2 V to 0.2 V, the
unstable violarite (Fe;NizS,) and FeNi,S,; were formed which was accompanied by element sulfur formed on the mineral surface;
when the potential increased over 0.2 V, the unstable intermediated phase decomposed entirely; at a higher potential of 0.7 V, the
evacuated ferrous ion was oxidized to ferric ion. The presence of Acidithiobacillus ferrooxidans made the oxidation peak current
increase with initial peak potential negatively moving, and the bacteria also contributed to the sulfur removing from mineral surface,
which was demonstrated by the reduction characteristic at potential ranging from —0.75 to —0.5 V. Leaching experiments and

electrochemical results show that the solution acidity increasing when pH<2 may impede the oxidation process slightly.
Key words: pentlandite; Acidthiobacillus ferrooxidans; bioleaching; powder modified microelectrode

1 Introduction

The bioleaching method has been extended to nickel
extraction from sulfide minerals. There have been
several pilot projects of heap bioleaching established in
Australia, Finland, and China in recent years, while the
bioleaching process still gives slow kinetics and limited
recovery [1-3]. Different influencing factors have been
tested from different views, such as solution pH to get a
maximum dissolution rate of nickel sulfide minerals
[4,5], but it needs further studies on nickel sulfide self-
oxidation decomposition behavior, especially oxidation
in the presence of bacteria.

Most of metallic sulfide minerals are semiconductor
and dissolved by the electrochemical mechanism to act
anode. So, using the electrochemical method to elucidate
their oxidation mechanism is reasonable [6—8]. At
present, there are a number of studies on the anode
dissolved mechanism of other metal sulfides, such as
chalcopyrite in different media [9—11], while few
measurements were conducted in the presence of

microorganism [12,13]. Similar study has been focused
on the pentlandite for the reason of hardly getting pure
mineral crystal to be work electrode, even it is very
abundant as the main nickel sulfide in the nature.
WARNER et al [14] synthesized pentlandite (Fe4sNigsSg)
artificially by vacuum technique, and wused the
electrochemical technique to clarify the dissolution
mechanism of pentlandite in acidic iron(IIT) chloride
solution. However, the tests were conducted in the
absence of bacteria. The previous used massive sulfide
electrode could not guarantee the affective attachment of
microorganism on the polished crystal surface of sulfide
mineral under quick scanning. So, in the present work, a
novel bacteria modified powder microelectrode (PME) is
provided as work electrode, which is in favor of
detecting transient intermediate reaction under quick
scanning [15—17].

2 Experimental

2.1 Mineral
The nature pentlandite (Fe, sNig sSg) mineral sample
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was obtained from Hunan Geology Museum, China, with

a small quantity of pyrrhotite, magnetite and chalcopyrite.

The massive specimen was crushed and milled to 50 pm
(300 mesh) in N, ambience in order to prevent surface
from oxidation, then separated with dry magnetic tube.
Wet magnetic separation was used for deep separation.
So, the ferromagnetism of pyrrhotite and other weakly
magnetic minerals like chalcopyrite were removed with.
Table 1 shows the chemical element composition of the
purified mineral.

Table 1 Chemical element composition of purified mineral
wNi)/%  w(Fe)/%  w(S)/%  w(Cu)/%  w(Other)/%
32.12 31.26 33.25 0.87 1.78

X-ray diffraction analysis was implemented to
determine crystal composition and the result is shown in
Fig. 1. Over 96% is pentlandite, only trace amount of
chalcopyrite is included, which is approximate to the
results of synthesized pentlandite powder by WARNER
et al [14] by dry vacuum techniques with purity of 95%.
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Fig. 1 XRD pattern of purified mineral sample
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2.2 Bacterial culture

The mixed acidophilic bacteria were sampled from
Jiangxi Yongping copper mine, China. Acidithiobacillus
ferrooxidans were isolated from the mixed cultured
bacteria in laboratory. The isolation method used was
strictly abided by typical ones [16,18]. The abundance of
Acidithiobacillus ferrooxidans species was obtained by
sampling bacteria cultivated in 9K medium, and the
nutritive composition of the 9K medium was as follows:
3.0 g/L (NH4),SOy4, 0.1 g/L KCl, 0.5 g/L K,HPO,, 0.5
g/l MgSO,7H,O, 0.01 g/L Ca(NOs), [19]. The
inoculated bacteria was then incubated in a water-bath
shaker at 30 °C, and 125 r/min. Sulphate, biomass
concentration and pH were measured over time for
consecutive subcultures. The pH value of the culture
medium was adjusted to 2 which shows the most
appropriate  environment  for  Acidithiobacillus
ferrooxidans’s growth with 5 mol/L sulphuric acid
[20,21]. After cultivating, the active and robust bacteria
were obtained and selected by their growth curves on
pentlandite at pH=2 and 30 °C. All adaption experiments
were performed under optimum conditions as proposed
by MAKAMOTO and TAKAHASHI [22] and MASON
AND RICE [23].

2.3 Electrode and electrochemical measurements

The flowchart of preparing powder microelectrode
is shown in Fig. 2. The first step was making a cavity
microelectrode (CME) (Fig. 2(a)), then the powders of
mineral grains were packed in. CME was made of a glass
tube (5 mm in diameter and a total length of 100 mm)
containing a Pt-wire (with diameter of 100 pm and
length of 3 cm), with the latter corroded and ended at the
near bottom of the glass tube providing a micro
cylindrical cavity (Fig. 2(b)) with depth less then 100 pm.
The cavity was obtained by a controlled dissolution of
the Pt-wire in a highly concentrated hot solution of
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Fig. 2 Flowchart of preparing bacteria modified powder microelectrode: (a) Preparation of cavity microelectrode; (b) Packing

mineral grains into microelectrode; (¢) Compressing bacteria into micro-cavity
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HCI+HNO; for about 30 min. The diameter of the wire
and the depth of the micro-cavity were measured with a
microscope. The usual height — diameter ratio was
between 0.4 and 1 to make grains well contact and
prevent powder grains from easily escaping out of the
cavity. Typically the whole resistance of prepared PME
was less than 10 Q [15,24]. The prepared pentlandite
powders were saturated sufficiently by cultivated
bacteria with micro cells of 10"/L to keep enough
bacteria attaching on the powder surface absolutely, then
pentlandite powders with and without bacteria attached
were compressed respectively into the electrode cavity,
as shown in Fig. 2(c).

Such a thin electrode could provide more
information about intermediate reaction during
electrochemical decomposition process of sulfide anode
as well as the kinetics process which needs to reduce the
electrochemical interface area dramatically [25]. The
electrochemical measurements were performed in a
typical electrochemical cell (500 mL) with three
electrode shown in Fig. 3, the working electrode PME
(WE, with or without bacteria modified), the counter
electrode (CE, Pt plate), and the reference electrode (RE,
KCl-saturated calomel electrode). The cell temperature
was kept at constant by connecting a circulating
thermostatically controlled water loop. The electrolyte
used in the experiment was standard 9K media without
ferrous ion. The electrochemical measurements were
carried out by Solartron 1287 with analyzing software.
The first scan was started a few seconds after the
electrode was immersed in the electrolyte solution. All
the potentials value was vs SCE.
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Fig. 3 Scheme of electrochemical measurement system
3 Results and discussion

3.1 Intermediate oxidation process of pentlandite
Pentlandite can be viewed as an alloy of iron, nickel
and sulphur with an excess molar ratio of metal. In the
acid leaching system there is extensive delocalization of
electrons throughout the mineral lattice. So, assigning a
formal valence state to various components is not valid.
If a formal valence of —2 was assigned to sulfur in the
phase, then this would arithmetically give both iron and
nickel a mean formal valence less than +2 [14]. To
investigate the occurrence of oxidation process of

pentlandite at different potentials, a series of cyclic
voltammetric (CV) experiments were performed in
sulfuric acid media of pH 2, because around pH=2
usually is used as a proper solution system for sulfide
[4,5]. The initial sweep potential started at rest potential
of about 0.25 V. Figure 4 shows the CV results of anode
oxidation and cathode reduction process
progressively. Apparently several anode oxidation peaks,
A, B, C and H, and reverse cathode reduction peaks, D, E,
F and G, are presented. Intuitively, the oxidation process
of pentladite includes multi-intermediate steps implied
by peaks 4, B and C.

reverse
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Fig. 4 Cyclic voltammograms of pentlandite in sulphuric acid

of pH=2 (Microelectrode dish radius of 5x107> m, sweep speed

of 5 mV/s, T=298 K, initial anode scan): 1—The first cycle;

2—The second cycle, 3—The third cycle

As shown in Fig. 4, at a low potential of about —0.2
V, the pentlandite begins to transform to an intermediated
phase (Fess Niys Sg.), referring the thermodynamic
stability of pentlandite by ¢y — pH diagrams of
iron—nickel—sulphur aqueous system [26]. At peak A4, the
precarious violarite (Fe;Ni3S4) and (FeNi,S,) are formed
with Fe and Ni ions evacuating from mineral lattice, and
the originally possible oxidation reaction is as follows:

2Fe, {Ni, sSg — 2Fe;Ni;S, +3Fe? +3Ni*" +88° (1)

When potential increases approximately up to —0.15
V, Fe;Ni;S, will transfer to intermediated ones, and the
form of intermediate phase and the proportion of
Ni—Fe-S released or still left in the lattice will depend on
the anode oxidation potential and the solution
composition, especially pH. It is referred that FeNi,S,
may be possible as further intermediate following
reaction:

Fe;Ni,S, — FeNi,S, + 2Fe?* + Ni*" ()
When oxidation reaction goes further with more

Fe’" released, there will occur:

3FeNi,S, — 2Ni,;S, +3Fe?* +4S° 3)
When anode scan potential is up to 0.2 V, the
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unstable compounds begin to decompose entirely with
the appearance of peak B:

2Ni,S, — 2NiS, + 4Ni** +48" 4
Subsequently the following reaction occurs
NiS,—Ni**+28° (5)

Apart from Ni and Fe ions released from pentlandite,
the mechanism of S transforming has aroused more
discussion rather than metallic ions evacuated from
sulfide minerals during their decomposition process.
WOLFGANG et al [27] considered that metal sulfides
are degraded by a chemical attack of iron (III) ions
and/or protons on the crystal lattice. However, the
mechanism and chemistry of the degradation are
determined by the mineral structure. The disulfides
pyrite (FeS,), molybdenite (MoS,), and tungstenite (WS,)
are degraded via the main intermediate thiosulfate.
Exclusively, iron (III) ions are the oxidizing agents for
the dissolution. Thiosulfate is, consequently, degraded in
a cyclic process to sulfate, with elemental sulfur being
only a side product not rooted in sulfide lattice. If the
dissolved molecular oxygen or oxidants like ferric ion is
provided, the sulfur transform process can be described
as:

S (lattice) — S,03 (aq) — SO; ™ (aq) +S° (6)

In such degraded process, there is no intermediate
multi-metallic sulfide phase formed other than the sulfur
transform. Sulfide would be oxidized directly to liberate
metal ion like iron or copper simultaneously with
thiosulfate formed. However, some groups of metal
sulfides like galena (PbS), sphalerite (ZnS), chalcopyrite
(CuFeS,), hauerite (MnS,), orpiment (As,S;), and realgar
(As4Sy), are degradable by attack of iron (III) ion and
proton during leaching in acid solution. The main
intermediates are polysulfides and elemental sulfur
[27,28], and the sulfur transforms along the process:

S~ (lattice) — S*~ (surface) — S (surface) — SO3~ (aq)
(7
From results of Fig. 4, we could assume that the
pentlandite anode oxidized along polysulfides process.
The difference from thiosulfate process is that during
such process the intermediates polysulfides could be
formed as well as element sulfur accumulated on the
surface; however, formed sulfur is not crystalline but
shows plastic and elastic properties, indicating that it
comprises one or more allotropes [14]. On the process of
chalcopyrite oxidation into polysulfides, many works
have been done, including electrochemical tests and
leached residues analysis, and the results demonstrated
that the formation of element sulfur on the surface during

the oxidation process in acid solution was a actual
process [9,29—34]. In acid medium, the proton H" in the
solution would combine with intermediate S* on the
surface to form hydrogen sulfide:

s~ (surface) + 2H" (aqueous) — H,S (8)

According to the results of WARNER et al [14], the
oxidation of pentlandite with the evolution of hydrogen
sulfide occurs at a potential up to about 0.2 V in the acid
solution, and the peak B in Fig. 4 represents the
formation reaction of hydrogen sulfide [14]. However,
only partial S*” was transferred to hydrogen sulfide, part
formed element sulfur, and the exact proportion of them
is hard to be determined. It can further indicate that when
potential is over 0.7 V at peak C, the formed intermediate
polysulfide will continue to oxidize, and the element
sulfur will also be transferred to sulfate, at the same time
the released ferrous ion adsorbed on the minerals surface
will be oxidized to higher valence state:

Fe?* (surface) —e — Fe®* (surface) 9)

The majority of iron ion will continue to diffuse into
solution if the concentration of solution is not high.
There are four obvious reduction wave peaks, D, E, F
and G in Fig. 4, implying that during reverse cathode
scanning the sulfur of different valence state will be
reduced. The cathodic peaks mean the reduction of a
sulfur-rich layer to form different amorphous metal
sulfides [35]. But it is hard to determine that which metal
sulfide has been produced during such instantaneously
scanning, and the formation of NiS;, Ni,S;, FesNizSy
inferentially happened with potential varying from 0.5 V
to —0.5 V. However, according to results WARNER et al
[14,26] that the synthesis of pentlandite during cathode
process is impossible, and the predominant cathode
current below —0.5 V is due to the reduction of
hydronium ions with the evolution of hydrogen gas
shown by broad peak G:

2H" (surface) +2e — H, (10)

During positive scanning when potential is not up to
—0.5 V, there is hardly other wave peak except peak H,
because at this potential range the pentlandite is
impossible to decompose. So, the hydrogen evolution is
possible.

Multi-CV has been developed in order to get more
information. The similar prewave indicated that the
pentlandite decomposition steps were not changed, but
the peak currents were intensified and initial reaction
potential negatively moved and the oxidation reaction
resistance changed especially at potential of peak C,
further implying that the element sulfur was accumulated
on the electrode surface with scanning repeatedly.
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3.2 Effect of Acidithiobacillus ferrooxidans on
pentlandite decomposition

Figure 5 shows multi-CVs with Acidithiobacillus
ferrooxidans attached on the PMME surface. Compared
with Figure 4, there is no significant change in the anode
oxidation course of pentlandite decomposition and
reverse cathode reduction, besides anode oxidation
reactions occurring at more negative initial potential.
Overall process was conducted at higher reaction
currents, and the results are summarized in Table 2. The
attachment of Acidithiobacillus ferrooxidans on the
mineral surface did not change the step of reaction with
only intensified pentlandite.

From Table 2, the current densities of anode
oxidation and cathode reduction were increased and
initial potentials of anode process were negatively
removed, which demonstrates that the presence of
Acidithiobacillus ferrooxidans enhanced anode reactions
and made them happen more easily and drastically.
Although anode oxidation course of pentlandite was not
changed, the presence of Acidithiobacillus ferrooxidans
could be attributed to the intermediate process enhanced
and the kinetics resistance factors eliminated, especially
the ploysulfide process accelerated and element sulfur
removed.

The role of bacteria during the sulfide bioleaching
and the interaction of bacteria with sulfide have been
discussed a lot in past decades, especially on the
controversy of direct or indirect effect of bacteria on the
sulfide surface. Gradually, the indirect effect was proved
and recognized as the only way for bacteria reaction on
the sulfide decomposition during bioleaching process [6,
27-29]. According to viewpoint of SCHIPPER and
SAND [28], metal sulfides are degraded by a chemical
attack of iron (III) ions and/or protons on the crystal
lattice. The primary iron (III) ions are supplied by the
bacterial extracellular polymeric substances (EPS),

where they are complex to glucuronic acid. The
mechanism and chemistry of the degradation were
determined by the mineral structure in two ways,
thiosulfate and polysulfides processes [27,36].
Acidithiobacillus ferrooxidans could oxidize ferrous to
ferric ions to get energy for metabolism, as well as
oxidize element sulfur, thiosulphate and tetrathionate
[37]. The ferrous oxidation can be illustrated by chemical
reaction as following pathway:

Acidithiobacillus ferrooxidans

4Fe* +0, +4H" 4Fe** +2H,0

(1)

The sulfur oxidation is more complex, includes
many steps and cannot be depicted by concise chemical
equations. But this does not hinder to determine the
pentlandite oxidation process even in the presence of
Acidithiobacillus ferrooxidans if indirect mechanism of
bacteria is possible. However the results from Fig. 5 and
Table 2 were conducted that iron ion in the solution was

-1.0 -0.5 0 0.5 1.0
o/V

Fig. 5 Cyclic voltammograms of pentlandite with bacteria on
surface (Microelectrode dish radius of 5x107° m, sweep speed
of 5 mV/s, 7=298 K, pH=2, initial sweep direction of anode):
1—The first cycle; 2—The second cycle; 3—The third cycle

Table 2 Scanning results of peak current density and initial potentials during the first cycle

A B C H
Direction  Medium Peak cgrrent Initial Peak cgrrent Initial Peak cgrrent Initial Peak cgrrent Initial
density/ otential/V density/ otential/V density/ otential/V density/ otential/V
(nA-cm?) P (rAa-em?) P (rAem?) P (nA-cm?) P
With At.f 0.231 -0.26 0.582 0.16 0.485 0.63 0.019 -0.6
Positive i
Wf;;m 0.067 0.06 0.099 0.30 0.168 0.66 0.012 -0.6
D E F G
Direction  Medium Peak cgrrent Initial Peak cgrrent Initial Peak cgrrent Initial Peak cgrrent Initial
density/ otential/V density/ otential/V density/ otential/V density/ otential/V
(pA-cm?) P (rAa-em?) P (rAem?) P (nA-cm?) P
With At.f —-0.051 0.50 —-0.108 0.24 -0.215 -0.11 -1.25 -0.53
Negati i
egative Without 0.50 ~0.18 0.24 ~0.043 ~0.19 ~0384 048

Atf
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free, which excludes the possibility of iron (III) attacking
on pentlandite by ion adsorption on the mineral surface.
At pH=2 during the enhancement of
pentlandite  decomposition in the presence of
Acidithiobacillus ferrooxidans was mainly contributed to
the element removed and surface ion diffusion
accelerated. Although the bacteria were washed many
times before they were modified on the electrode, there

scanning,

were still many iron ions concentrated on the cell surface.

During the scanning, the released iron ion from
pentlandite could be oxidized to iron (III) and
accumulated in EPS instantaneously, due to the
additional supply of protons by EPS which has —SH
group to liberate H' when bacteria absorbed on the
sulfide surface [27,29,36]. The effects of all these above
reasons could enhance pentlandite decomposition
obviously.

3.3 Effect of pH

Due to pentlandite as metal sulfide oxidized process
in the light of chemical attack of iron (III) ions and/or
protons on the crystal lattice in acid solution as
polysulfides process, the increase of concentration of
protons or iron (III) ions could enhance the pentlandite
oxidation and resolution processes. Figure 6 shows the
CVs of the pentlandite in the presence of bacteria under
more intensive acid conditions of pH from 2 to 1.5. The
decrease of pH means the increase of protons. Because
the more extensive acid system is not proper to bacteria
living, the scanning under lower pH was not conducted.
From Fig. 6 the anode reaction peak, like peak C at
pH=L.5, is obviously broader than that at pH=2,
especially at potential over 0.65 V. However, during the
cathode process it is much different, the peaks £ and F'
were intensified while peak G at the potential under
—0.65 V was reduced significantly. The enlarged peak C
revealed that the process of element sulfur previously

2

J(pAm™2)
=

@/V
Fig. 6 Cyclic voltammograms of pentlandite with bacteria at
different pH values (Microelectrode dish radius of 5x107° m,
sweep speed of 5 mV/s, =298 K, pH=2, initial sweep direction
of anode): 1—pH=2; 2—pH=1.5

formed on the pentlandite surface transforming to sulfide
hydrogen is intensively strengthened:

S (surface) + 2H" (aqueous) — H,S (12)

The width of the peak G was shrunk apparently,
because the sulfur hydrogen formed during anode
oxidation process escaped and could not be reduced on
the penlandite surface. And the change of peaks C and G,
further illustrated that the step of sulfur hydrogen
formation has appeared during pentlandite anode
oxidation process in the presence of bacteria, and with
decreasing the solution acidity the sulfur hydrogen
generated increases. The enlarged peak E means the
enhancement of intermediate steps of anode process, that
is to say, the increase of H' concentration including the
liberated EPS of Acidithiobacillus ferrooxidans would
enhance pentlandite oxidation reactions, and H,S would
be generated more heavily.

3.4 Effect of ferric ion

Figure 7 shows the CVs of pentlandite with ferric
jons (Fe’") of different concentrations. After ferric ions
are added, CV was changed a lot with increase of anode
and cathode peak currents. Some anode intermediate
oxidation reactions were enhanced as well as their
reverse reduction cathode process. Peaks 4 and B were
enhanced much than peak C which is the most obviously
enhanced anode peak when solution H' concentration
increased. The increase of acidity was mainly contributed
to the surface sulfur transformation to sulfide hydrogen,
while the increase of ferric ion would dedicate to
oxidation process as equations (2) and (4).

Especially, the remarkable current increase of peak
A demonstrates that the addition of ferric ion enhanced
the initial oxidation reaction, and made intermediate
phase of Fe;Ni;S,, NizS, or NiS, transform more quickly.
This is consistent with the point view of SCHIPPERS

5.0

2.5

Ji(pA m™?)
=

I
(=]
L

1.0

@V
Fig. 7 Cyclic voltammograms of pentlandite with bacteria and

different ferric concentrations (Microelectrode dish radius of
5x107° m, sweep speed of 5 mV/s, 7=298 K, pH=2, initial
sweep direction of anode): 1—c(Fe*")=0.050 mol/L; 2—
¢(Fe*"=0.150 mol/L?
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and SAND [28]. They thought that the ferric ion is the
primary reagent which broke down the pentlandite
crystal with metallic ion released and intermediate matter
formed including element sulfur. If the element sulfur
could not be removed promptly, it would accumulate on
the surface acting as the diffusion kinetic resistant.

So, increasing ferric ion is obviously more effective
to enhance the oxidation reaction than decreasing pH
with Acidithiobacillus ferrooxidans attached under such
quick electrochemical scanning. Under this condition it
can be considered that the ferric ion is the key factor to
break down the chemical bond of lattice of pentlandite.
Although SCHIPPERS and SAND [28] have shown that
the EPS of attached bacteria concentrated a lot of ferric
ions on the minerals surface during bioleaching process.
The above results show that the attached
Acidithiobacillus ferrooxidans are not more active than
ferric ion added in electrolyte, especially to the oxidation
reaction represented by peaks 4 and B. The possible one
of reasons is that the attached bacteria have no abundant
iron source during quick anode scanning, which is
different from bacterium cultivation or practical
bioleaching process. In the process the ferrous ion is
abundant. So, we know that the ferric ion plays a pivotal
role in the oxidative resolution process of pentlandite,
which would be accelerated dramatically with ferrous
iron for sulfide was oxidized to ferric ones with
Acidithiobacillus ferrooxidans:

Fe’" +e — Fe?*

then Fe’* —e

cidithiobacillus ferrooxidans Fe3+ ( 1 3)

That is demonstrated by the increase of current
density of reverse direction scanning corresponding to
the anode oxidation reaction and positively moving of
the initial potentials.

3.5 Bioleaching and XRD analysis

The bioleaching experiments were carried out to
further illustrate the effect of Acidithiobacillus
ferrooxidans and ferric ion on the penlandite oxidation
process. During leaching process, Acidithiobacillus
ferrooxidans attached on the mineral or suspended in
solution, and ferric ion was added in the solution. In
order to make bacterium strains separate and not adsorb
on the mineral surface when suspension condition for
bacteria was needed, a cellulose dialysis bag was used
with molecular entrapment 8000 which has been bag
immersed with 50% ethanol and washed with deionized
water and 1 g sterilized pentlandite mineral powders
were packed in the bag. The pulp density was 1% (mass
fraction), temperature was 25 °C, and pH was 2. Under
those conditions, leaching solution was contained in the
flask and put in shake incubator (HZQ-F160) and shaken
at 150 r/min. The leaching results are shown in Fig. 8.

60

50r

40t

30r

20F

Ni leachring rate/%

101

|
a b ¢ d

Fig. 8 Leaching pentlandite results under conditions of pH=2,

25 °C, shake speed of 150 r/min, pulp density of 1% (mass
fraction): a—At.f suspension in solution without ferric ion; b—
At.f attached on mineral without ferric ions in solution; c—At.f
suspension in solution with ferric ions of 2.5 g/L; d—Atf
attached on mineral with ferric ions on 2.5 g/L

When Acidithiobacillus ferrooxidans suspended in
the solution without ferric ions, the leaching rate is only
2% after leaching for 4 d. Under this condition, the
oxidation of pentlandite only relies on the proton of
sulfate acid, and the released ferrous ions spread through
the dialysis bag into solution and will be oxidized to
ferric ions, ferric ions will rediffuse back to the mineral
surface and attack on the mineral. But this process is
relatively  slow. However, if Acidithiobacillus
ferrooxidans have attached on the mineral surface
without ferric ions in the solution for 4 d, the leaching
rate of pentlandite reaches 35%. It is demonstrated that
the Acidithiobacillus  ferrooxidans are mnot only
contributed to the oxidation of ferrous ions to ferric ions
but also contributed to the oxidation of intermediate
phase like element sulfur produced on the surface, and
bacteria can also supply some organic acidity and
protons by EPS. They are also able to break down
chemical bond of pentlandite surface structure in the
polysulfides process [28]. When ferric ion was added
with concentration up to 2.5 g/L and bacteria were also
suspended in the solution but separated to the mineral
surface, after 4 d, the leaching rate of pentlandite was up
to 15%, much lower and nearly half leaching rate when
Acidithiobacillus ferrooxidans attached on the mineral
surface. So, the role of bacteria is only to regenerate
ferric ion. When Acidithiobacillus ferrooxidans attached
on mineral surface and ferric ions were added in the
solution, the 4 d-leaching rate reaches 55%, higher than
in the case of only Acidithiobacillus ferrooxidans
attached or suspended with ferric ions. It demonstrates
that the combination of Acidithiobacillus ferrooxidans
and ferric ions is the crucial way to accelerate the
pentlandite decomposition and leaching.
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Figure 9 shows XRD pattern of leached residue
with Acidithiobacillus ferrooxidans attached on the
surface. By comparing with Fig. 1, after bioleaching, a
large number of structure of pentlandite surface has been
destroyed, especially the left range in the figure. In this
range there is no element sulfur detected, meaning that
the element sulfur on the mineral surface has been taken
away by Acidithiobacillus  ferrooxidans. 1f the
mechanism of pentlandite oxidation follows the
polysulfides process proposed by SAND et al [28,36], it
should be detected the results of WARNER et al [14] to
leaching pentlandite in ferric chloride. This is consistent
with the electrochemical results that we got above. XRD
result also shows the existing of intermediate nickel
sulfides, such as Ni;S, and NiS, on the mineral surface,
meaning that in the given sufficient time the surface with
bacteria has adequately oxidized
pentlandite decomposition. That is unlike using the
electrochemical scanning to get detail simultaneous
information of intermediate reaction during nickel
sulfide oxidation process.

intermediate for

o—Pentlandite
©—Chalcopyrite
o

| o |
W A l o I |
w Mo 8
¥ | o o a]
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20/(%)

Fig. 9 XRD pattern of leached residue of pentlandite mineral
sample

4 Conclusions

1) With powder micro electrode, CV tests show that
pentlandite decomposes in many intermediate steps with
nickel, iron and sulfur complex compounds formed and
existed on the mineral surface.

2) The formation of precarious intermediate metal
sulphide like violarite (Fe;Ni3;S,) or (FeNi,Sy) is possible,
and the sulfur transforms along polysulfides process:

S?~ (lattice) — S*~ (surface) — Sg (surface) — SOi_ (aq).

3) In acid medium, partial intermediate S*~ on the
surface would combine with absorbed proton H' to form
hydrogen sulfide at a lower potential:

S (surface) + 2H" (aqueous) — H,S.

4) Ferrous ions are released when pentlandite

decomposes, and oxidize to ferric ions at a higher

potential. This reaction will be strengthened by
Acidithiobacillus ferrooxidans attached on the sulfide
mineral surface. The significant important role of
Acidithiobacillus ~ ferrooxidans 1is oxidation of the

intermediate element sulfur formed.
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