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Abstract: The variation of microbial community structure was investigated for the tank bioleaching process of Pb—Zn—Sn
chalcopyrite concentrate in the presence of mixed moderately thermophilic bacteria. The parameters, such as pH value, solution
potential and concentrations of metal ions, were determined by the method of polymerase chain reaction-restriction fragment length
polymorphism (PCR—RFLP) to analyze the succession of microbial community. The results showed that a final copper extraction rate
of 85.6% could be obtained after tank bioleaching for 30 d. The Acidithiobacillus caldus was the dominant population with
abundance of about 73.80% in the initial stage, then Sulfobacillus thermosulfidooxidans dominated from the 18th day to the end of
bioleaching, while the abundance of Leptospirillum ferriphilum changed slightly. A higher solution potential within a certain range

and appropriate concentration of ferric ions were essential for this tank bioleaching of chalcopyrite.
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1 Introduction

Chalcopyrite (CuFeS,) accounts for about 70% of
copper reserves in the world [1-3], but due to its special
crystal structure, the extraction rate of copper using
traditional hydrometallurgy process is too low.
Compared with the conventional processes, bioleaching
technology possesses many advantages, such as mild
reaction conditions, environmental benefits, low energy
consumption, low cost and short flow process [4,5].
Therefore, bioleaching technology capable of extracting
copper from low-grade chalcopyrite is becoming
increasingly important.

Tank leaching is one of the commonly used
processes in the industrial bioleaching, due to its
advantages of mass transfer effect (stirring, ventilatory,
etc). This process can be effectively controlled, the
parameters of leaching in the process can be regulated,
and then accurate experimental data can be obtained [6].
Large amounts of elemental sulfur, polysulfides, jarosite
and other substances would form on the surface of

chalcopyrite, which could cause passivation phenomenon
in the leaching process [7,8], especially by mesophilic
microorganisms [9,10]. Using moderately thermophilic
bacteria for leaching chalcopyrite, not only reaction rate
can be accelerated, but also excessive chalcopyrite
passivation can be avoided to some extent [11—13]. More
and more researchers are interested in applying
moderately thermophilic bacteria to the bioleaching of
chalcopyrite due to their resistance to high pulp density
and high metal concentration [14]. And many researchers
found that mixed culture could accelerate the rate of
bioleaching process and increase the copper extraction
rate of chalcopyrite [15—17]. However, the variation of
microbial community structure and the corresponding
influence in tank bioleaching of chalcopyrite are not
explicit enough as well as the relationship between
microbial community structure and bioleaching process.
In this work, a mixed culture of three kinds of
moderately thermophilic bacteria (Acidithiobacillus
caldus,  Leptospirillum  ferriphilum,  Sulfobacillus
thermosulfidooxidans) was used for the bioleaching of
chalcopyrite, PCR—RFLP technique was used for the
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research of community succession, and the parameters,
such as pH, solution potential (¢;) and concentrations of
metal ions were determined to analyze the bioleaching
process.

2 Experimental

2.1 Minerals

The minerals used in the test were collected from
Meizhou of Guangdong province in China. The samples
were crushed, ground and screened to be less than 75 um.
X-ray diffraction (XRD) and chemical elements analyses
showed that the mineral samples consisted of 61.7%
chalcopyrite, 29.7% ZnggysFeq175S, 3.9% blende, 3.7%
lead sulfate, and 1.1% seligmannite.

2.2 Microorganisms

Three strains of bacteria used in this work were
obtained from the Key Laboratory of Biometallurgy of
Ministry of Education, Central South University, China.
The mixed culture was composed of Acidithiobacillus
caldus, Leptospirillum ferriphilum and Sulfobacillus
thermosulfidooxidans. The medium for the domestication
of mixed microorganisms was composed of (NH4),SO4
(3.0 g/L), MgSO47H,0 (0.5 g/L), K,HPO, (0.5 g/L),
KCI (0.1 g/L), Ca(NO3), (0.01 g/L) and 5% chalcopyrite
concentrate. The domestication process was conducted in
a stirred tank at 45 °C, pH value was adjusted to1.5—-1.7,
and stirring rate was adjusted to 300 r/min.

2.3 Bioleaching

The leaching experiment was conducted in a stirred
tank with a volume of 10 L, which was connected with
an inflatable equipment, and water of 45 °C was used for
heat preservation (Fig. 1). Strains were inoculated into
the stirred tank with 10% pulp density, and the
concentration of inoculated strains was 2.5%10° mL L,
which was domesticated before. The whole bioleaching
time was 30 d. Leaching conditions were as follows: the
temperature 45 °C, pH value 1.5—1.7 and stirring speed
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Fig. 1 Tank bioreactor used for bioleaching of chalcopyrite

LSS s

Air pump

concentrate

300 r/min. During the bioleaching process, the variation
of pH values and potentials was recorded regularly, as
well as the concentration of copper, iron ions and the
bacteria concentration in the bioleaching solution. All the
potential values were expressed against the Ag/AgCl
electrode (3 mol/L KCl).

2.4 Restriction fragment
analysis (RFLP)

Total DNA of the bacteria was extracted from 2 mL
leaching solution every 6—8 d, and the primers 27f and
1492r were used in 16S-rDNA amplification system:
ddH,O 36 pL, 10xPCR buffer 5 pL, dNTPs 4 pL,
primers 27f 1 pL and 1492r 1 pL, TagDNA polymerase 1
pL, DNA template 2 pL, total 50 pL. The amplification
program was as follows: 94 °C (5 min); 94 °C (5 s), 55
°C (45s), 72 °C (90 s, 32 cycles); 72 °C (10 min). Plastic
cutting recovery kit was used on 16S-rDNA. The
pGEM-T vector connection was in a water bath at 16 °C
overnight, and then transformed into E. coli ToplO
competent cells. Coated tablet by a blue—white screening
method was used to pick out the positive clones, amplify
gene fragment after transferring tablet, then the
restriction enzymes Msp [ and Rsa [ digestion of the
amplified fragment was digested at 37 °C for 18 h.
Finally, 3% agarose gel for restriction analysis was used
to obtain the macrorestriction map, sequencing to show
the different types of clones (OTU), and the
identification of bacterial species.

length polymorphism

3 Results and discussion

The mechanism of chalcopyrite bioleaching is
mainly to oxidize insoluble chalcopyrite and form metal
ions of Cu?" and Fe?" dissolved into the leaching solution
[18]. The oxidation process begins with the oxidation of
chalcopyrite by Fe*" and Fe*" accepts electrons released
by S* as rupture of chemical bonds. In this process, the
role of bacteria in the bioleaching process is to oxidize
Fe** to Fe** (Eq. (3)), and S’ to SO3 (Eq. (4)). The
dissolution of chalcopyrite during bioleaching can be
represented as the following reactions [19]:

CuFeS, +4Fe’" —hemiel , o2+ | 5pe2 428" (1)
CuFeS, + 0, + 4H* —Chemical

Cu®" +Fe** +28° +2H,0 )
4Fe® +4H* +0, —Bologieal , 4pe3* 4 2H,0 (3)
S° +3/20, + H,0—2elgel 4 50, (4)

3.1 Bioleaching
The growth curve of bacteria is shown in Fig. 2.
The bacteria concentration grew steadily from the 1st to
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the 13th day, and reached a stable state of 10° mL " in the
subsequent leaching time. The bacteria grew rapidly to
the logarithmic growth phase, and no obvious lag phase
could be found. Bacteria with high activity were obtained
after a long period of domestication before bioleaching.
The bacteria concentration then steadily increased to 10
mL ™" after 13 d. In the subsequent bioleaching process, a
large number of metabolites and metal ions were
obtained because of consumption of energy substances,
which led the bacteria to be stable.
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Fig. 2 Growth curve of moderate thermophile in tank
bioleaching

The variation of potentials is shown in Fig. 3. The
potential increased sharply from the 1st to 3rd day, and
reached a peak of 540 mV, and then sharply decreased to
390 mV in the following 4 d. Finally, a steady trend of
growth was obtained in the subsequent leaching process.
In the initial stage of bioleaching, ferrous ions were
rapidly oxidized, so the ferric ions concentration in the
leaching solution increased (Eq. (3)), resulting in a sharp
rise of potentials. Then the ferric ions were reduced to
ferrous ions (Eq. (1)), and a large number of ferrous
ions were released from eroded chalcopyrite surface
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Fig. 3 Variation of solution potential (vs Ag/AgCl) during tank
bioleaching

(Eq. (2)), resulting in a sharply decline of potentials in a
short time. In the subsequent bioleaching process, with
the increase of the bacteria concentration, the oxidation
rate of ferrous ions gradually accelerated, and potential
gradually increased, accompanied by a decline of pH
values with the hydrogen ions produced in the process of
bioleaching (Eq. (4)). Potential was mainly determined
by c(Fe’")/c(Fe*"), and c(H")/c(OH)).

Figure 4 shows the variation of ferrous ion, ferric
ion and total iron concentrations in the chalcopyrite
bioleaching. In the bioleaching process, the iron ion
concentration of the bioleaching solution is an important
leaching parameter, and ferrous iron concentration and
ferric iron concentration can directly affect the
bioleaching of chalcopyrite. Figure 4 shows that the total
iron concentration decreased significantly from the 6th to
14th day, which may mainly attribute to the formation of
precipitates in this period [20]:

M* +Fe** +S02™ + H,0—Chemical

M[Fe;(SO,4),(OH)4]s +H" (5)

where M is a monovalent cation, such as H;O", Na", K"
and NHj . The passivation phenomenon is a major
affecting factor in the chalcopyrite bioleaching.
Passivation layer coated on the surface of chalcopyrite
can inhibit the leaching reactions, and most of the
precipitate appears in the form of jarosite [21].
PINCHES et al [22] considered that jarosite layer formed
in the leaching process had a compact structure, slowing
down the chalcopyrite bioleaching rate. KINNUNEN et
al [23] discovered that jarosite mainly formed on the

surface of sulfur-rich layer.
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Fig. 4 Variation of ferrous iron, ferric iron and total iron

concentration during tank bioleaching

Figure 5 shows the wvariation of copper ions
concentration in 30 d. It increased to 9.20 g/L in the first
8 d, and then remained at a stable state of about 9.00 g/L
from the 8th to 16th day. The concentration of copper
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started to increase again along with the increase of ferric
ions concentration and solution potential, and reached
17.36 g/L finally, with a final copper extraction rate of
85.6%. The results indicated that a relatively higher
potential within a certain potential range was beneficial
for  chalcopyrite  bioleaching, and appropriate
concentration of ferric ions was also essential for the
bioleaching of chalcopyrite in this work.
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Fig. 5 Copper extraction during tank bioleaching

3.2 Microbial community succession

RFLP technique [24] was used to analyze the
proportion of various bacteria in the tank bioleaching.
The results showed that the Acidithiobacillus caldus (At.
caldus) was the dominant population with an abundance
of 73.80% in the initial stage, the Sulfobacillus
thermosulfidooxidans became the dominant population
with an abundance of 54.2% from the 18th day, and
gradually increasing to the abundance of 66.70% on the
28th day, while the abundance of Leptospirillum
ferriphilum just changed slightly, which always kept at a
low value (Fig. 6). Equations (1) and (2) show that S°
can form on chalcopyrite surface in the initial stage of
bioleaching [25], which might prevent the contact
between chalcopyrite and leaching solution, and then
inhibit the leaching process. Acidithiobacillus caldus
could oxidize elemental sulfur to form sulfuric acid (Eq.
(4)), so it dominated in the initial stage of bioleaching.
When sulfur layer was dissolved, the ferric ions could
erode chalcopyrite, and were reduced to be ferrous ions,
which could provide energy substances for Sulfobacillus
thermosulfidooxidans and Leptospirillum ferriphilum.
Additionally, with the low resistance of Acidithiobacillus
caldus to the metal ions like ferric ions and zinc ions, the
of  Acidithiobacillus gradually
decreased in the subsequent bioleaching process, while
Sulfobacillus thermosulfidooxidans dominated in the
final stage of bioleaching.
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Fig. 6 Microbial
bioleaching

community succession during tank

4 Conclusions

1) A high leaching efficiency with copper extraction
rate of 85.6% could be obtained in tank bioleaching of
Pb—Zn—Sn chalcopyrite concentrate in the presence of
mixed moderately thermophiles.

2) In the
Acidithiobacillus caldus was the dominant population in
the initial stage. The Sulfobacillus thermosulfidooxidans
dominated from the 18th day, while the abundance of
Leptospirillum ferriphilum just changed slightly.

3) The total iron decreased
significantly from the 6th to 14th day, which may be
mainly attributed to the formation of iron precipitates in
this period.

4) A relative high potential within a certain potential
range was beneficial for chalcopyrite bioleaching, and
appropriate concentration of ferric ions was essential for
chalcopyrite bioleaching.

tank bioleaching process, the

concentration
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