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Effect of moderately thermophilic bacteria on metal extraction and
electrochemical characteristics for zinc smelting slag in bioleaching system
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Abstract: The effects of moderately thermophilic bacteria on the extraction of metals from zinc smelting slag and electrochemical
characteristics of zinc smelting slag carbon paste electrode in bioleaching process were studied. The results show that the extraction
rates of Fe, Cu and Zn from the slag reach 86.7%, 90.3% and 66.7% after adsorbed bacteria sterilize, while those with adsorbed
bacteria are 91.9%, 96.0% and 84.5% in conditions of pulp density 2%, pH 1.0, temperature 65 °C and stirring rate 120 r/min,
respectively. Some stretching peaks of functional groups from bacterial secretes on the bioleached residue surface, such as 1007 cm™'
and 1193 cm™', turn up through FI-IR analysis and indirectly reveal the presence of the adsorbed bacteria on the slag particles surface.
Besides, the corrosion of zinc smelting slag is enhanced by bacteria according to the characteristics of cyclic voltametry and Tafel

curves in bioleaching system.
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1 Introduction

Zinc smelting slag from metallurgical industries
contains relatively high levels of metals and poses a
potential threat to environment [1]. Chemical leaching
processes for disposal of the slag have been widely
investigated. For example, the extraction rates of Cd, Ni
and Zn from a zinc plant residue could excess 95% by
using 1.22 mol/L H,SOy, at 25 °C for 60 min, but with
negligible dissolution of Pb [2]. The extraction rates of
Zn and Pb from a zinc leached residue can exceed 71.9%
and 91.0% through both acid leaching and brine leaching,
respectively [3]. However, secondary contamination and
the waste of leaching agent would be produced by these
hydrometallurgical methods [4]. Bioleaching has been
employed in sulfide minerals, which is potentially
applied in treatment of smelting slag [5,6].

With the application of bioleaching in waste solid
disposal, the mechanism of bioleaching was focused to
enhance the feasibility of bioleaching. The mechanisms
of bioleaching are usually considered as non-contact,
contact interaction of microorganism as well as
electrochemical mechanism [7]. In the non-contact

mechanism, Fe*' is depleted through the oxidation of
mineral, can significantly recover Cu from enargite in
bioleaching process and the extraction rate reaches
90.9% [8]. While the adhesion of bacteria to sulfide
minerals surface and mineral dissolution referring to the
contact mechanism are definitely concerned [9].
Especially, the dissolution behavior of sulfide minerals in
bioleaching can be known through electrochemical
technologies. For instance, the electrochemical responses
of massive chalcopyrite electrodes bioleached for various
periods up to 20 d using cyclic voltametry showed that
the oxidation peak of chalcopyrite disappeared at the late
stage of bioleaching while those of intermediate species
(Cu,S (1<x<2)) existed in whole bioleaching process,
and the complex biochemical reactions in bioleaching
chalcopyrite system existed [10]. Based on the study of
pyrite using Tafel curves, the corrosion potential (@cor)
sharply lowered while the corrosion current (J o) rapidly
increased when L-cysteine adsorbed to pyrite surface,
and suggested that cysteine can significantly accelerate
oxidation rate of pyrite [11].

The bioleaching mechanism of zinc smelting slag
by moderately thermophilic microorganisms, however, is
ambiguous. The electrochemical responses were analyzed
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based on the similar behaviors of some compounds like
Cu,S, FeS, and ZnS containing in chalcopyrite and pyrite
ores during bioleaching [10,11], the electrochemical
behavior of zinc smelting slag electrode in bioleaching
also remains enigmatic. The aims of this work are to
determine the effect of adsorbed bacteria on Fe, Cu and
Zn solubilization and the adsorption characteristics of
bacteria on zinc smelting slag surface by FT-IR analysis
and, to elucidate the electrochemical behaviors between
zinc smelting slag carbon paste electrode and moderately
thermophilic bacteria through cyclic voltametry and
Tafel curves in bioleaching system.

2 Experimental

2.1 Zinc smelting slag and microorganism

Zinc smelting slag, a historical solid waste, was
collected from an abandoned pile in Hengyang district,
Hunan Province of China. The slag was dried at 60 °C
and crushed using ball mill and then passed through a
0.25 mm The chemical composition and
characterization of the slag are listed in Table 1 and
Fig. 1.

sieve.

Table 1 Element compositions of zinc smelting slag
w(As)/% w(Cd)/% w(Cr)/% w(Cu)/% w(Ag)/% w(Pb)/%
0.06 0.08 0.11 0.84 0.02 0.59

w(Al)/% w(Fe)/% wMn)/% w(S)/% w(Zn)/%
4.19 18.5 1.70 3.28 2.53
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Fig. 1 XRD pattern of zinc smelting slag

Based on the results of chemical analysis, the
contents of Fe, Cu and Zn in smelting slag are 18.5%,
0.84% and 2.53%. The mineralogical phases of zinc
smelting slag mainly included SiO,, FeS, Fe,Zn0,, FeS,,
Fe,03, ZnO and ZnS by XRD analysis.

The indigenous moderate thermophilic bacteria in
biological system are mainly affiliated with Bacillus spp.,
Sporosarcina spp. and Pseudomonas spp. [6]. The

bacteria were conducted by centrifugation with velocity
of 1157 g for 5 min to isolate slag from solution. Then,
the bacteria in solution were separated with velocity of
12587 g for 20 min, which was conducted repeatedly
until bacteria concentration reached 10° cells/mL, then
the bacteria can be inoculated. The culture medium
included 0.5 g/ (NH4),SO4 0.2 g/L NaCl, 0.3 g/L
MgS0,47H,0, 0.2 g/L KH,PO4, 0.07 g/L Ca(NOs),4H,0
and 0.2% yeast extract.

2.2 Experimental
2.2.1 Zinc smelting by bioleaching

First, slag was leached in the system of pH 1.0, pulp
density 2%, inoculation 10% with bacteria concentration
of 10* cell/mL at 65 °C during the first 12 h. Then, the
slag and liquid were separated by centrifugation with
velocity of 1157 g for 5 min. The separated slag was
boiled in deionized water at 100 °C for 5 min in order to
detach adsorbed bacteria from slag surface. Whereas the
separated supernatant was added back to the boiled slag
and the mixture was adjusted to pH 1.0 again. The
bioleaching was continued for an additional 72 h. The
whole leaching process sustained for 84 h to observe the
changes of Fe, Cu and Zn extraction rates. Accordingly,
two control experiments accompanied in the process, one
was pH 1.0 with bacteria leaching for 84 h, another was
bacteria-free, which was sterilized in an Oualtex
autoclave at 121 °C for 20 min and added 2 mL saturated
HgCl, for sterilization during bioleaching process.
Deionized water was added to the erlenmeyer flasks to
compensate for evaporation losses. The concentrations of
Fe, Cu and Zn in leachates were periodically analyzed.
The first sample collected was 12 h, the second was 18 h
and the third was 36 h, the remainders were taken for 12
h interval. Each experiment was triplicates.
2.2.2 Electrochemical experiments using

voltametry and Tafel curves

Carbon paste electrode was prepared according to
the method of CRUZ et al [12]. Working electrodes were
prepared with zinc smelting slag (0.075 mm), graphite
powder and paraffin wax and the mass ratio was
7(slag):1(graphite =~ powder):1(paraffin  wax). Zinc
smelting slag and graphite powder were mixed and
stirred homogeneously. The molten paraffin wax was
added into the mixture immediately and was stirred in
water bath at 65 °C. Finally, the mixture with zinc
smelting slag, graphite powder and paraffin wax was
molded into a cylinder with diameter of 13.5 mm and
height of 8 mm using the bead machine (YP—250, China).
The electrode surface was polished on 1200-grit silicon
carbide paper, as far as possible, with no visible
imperfections. It was sequentially cleaned by acetone,
ethanol and deionized water, respectively.

A three-electrode

cyclic

system was used for the
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electrochemical determination. The cell consisted of a
zinc smelting slag carbon paste electrode, a platinum
counter electrode and a saturated calomel reference
electrode. The electrochemical experiments were carried
out at 30 °C and pH 1.0 using an electrochemical
workstation (LK2005, China). All scannings were
initiated from the open circuit potential (ocp). The
electrode was immersed in solution for approximately 30
min in order to reach a constant ocp value before any
voltammetric perturbation. Cycles of Tafel curves were
performed from 0 to 800 mV (positive-going potential
scan), then to —800 mV (negative-going potential scan),
and back to 0 mV (positive-going potential scan) with
scanning rate of 20 mV/s. Tafel curves were performed
from 200 to 500 mV with scanning rate of 1 mV/s.

2.3 Analysis

Concentrations of Cu, Fe and Zn in leachates were
determined by an inductively coupled plasma optical
emission spectrometer (ICP-OES, IRIS Intrepid II XSP,
USA). The residues from bioleaching and acid leaching
were dried in vacuum desiccator, and characterized by
FT-IR [13], respectively.

3 Results and discussion

3.1 Effect of adsorbed bacteria on metal solubilization

The effects of adsorbed bacteria on the extraction
rates of Fe, Cu and Zn from zinc smelting slag during
bioleaching are shown in Fig.2. The extraction rates of
Fe, Cu and Zn were significantly increased in the first 12
h. After adsorbed bacteria sterilized, the extraction rates
of Fe and Cu slowed down compared with those
adsorbed bacteria and maintained steady after 12 h. The
extraction rates of Fe and Cu were 86.7% and 90.3%,
while those of leaching with adsorbed bacteria reached
91.9% and 96.0% after leaching for 36 h, respectively.
However, Zn extraction rate after adsorbed bacteria
sterilized slightly changed leaching for 18—36 h and only
reached 66.7%, while that of leaching with adsorbed
bacteria significantly increased after 12 h and reached as
high as 84.5%. Zn extraction rate gradually increased
after 36 h in bioleaching system after adsorbed bacteria
sterilized. The results showed that the solubilization of
Fe and Cu only had a slight change after adsorbed
bacteria sterilized, so it could be implied that free
bacteria played a vital role in dissolving Fe and Cu in
zinc smelting slag. Zn, however, was definitely linked to
adsorbed bacteria and the extraction rates were 21.0%
and 17.8% with both free and adsorbed bacteria,
respectively, suggested that both adsorbed and free
bacteria were fairly significant in solubilization of Zn in
the slag.
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Fig. 2 Extraction rates of Fe (a), Cu (b) and Zn (c) with or
without adsorbed bacteria

3.2 FT-IR spectroscopy of leached residues

The FT-IR spectrum of leached residue is helpful to
reveal the characteristic functional groups of bacterial
secretes. The interpretation of infrared spectra involves
the correlation of absorption bands in the spectrum of an
unknown compound with the known absorption
frequencies for different types of bonds. It is critical to
note that new absorption peaks of functional groups from
bacterial secretes on the bioleached residue surfaces,
such as 1007 cm ' and 1193 ¢cm™', turn up in comparison
with those from the acid leached residue (Fig. 3(a)). The
frequency range of 10001200 cm ' was assigned to
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C—O—~C and C—O stretching, corresponded to the
presence of carbohydrates [14]. The frequency range of
3570-3120 cm ' was assigned to O—H and absorption
peak centered at 3500-3300 cm ™' corresponded to N—H
stretching of amide relative to polysaccharide [15,16].
The results suggested that FT-IR spectrum of functional
groups from bacterial secretes on bioleached residue
confirmed the possible presence of abundant
carbohydrates, polysaccharide, polysaccharide and
protein, which could be inferred that the bacteria existed
on the slag particle surfaces.

Residue from bioleaching

1193 1007

Residue from acid leaching 1635 1087

4000 3400 2800 2200 1600 1000 400
Wavenumber/cm™

Fig. 3 FT-IR spectra of bioleached residue and acid leached
residue

3.3 Cyclic voltammetry

The electrochemical behaviors of the electrode in
different leaching systems are shown in Fig. 4. Four
anodic peaks, such as (a), (b), (c) and (d), and a cathodic
peak (e) turned up. New anodic peaks of (a), (b) and (c)
appeared and sharply increased in the potential range
from —0.25 to 0.5 V. In varied electrolytes, the anodic
reactions of pyrite and chalcopyrite were fairly well
discussed [10,16]. The anodic peak at —0.25 V was
associated with reaction (1).

Cu,S——Cu, 9S+0.08Cu*'+0.16¢ (1)

As voltage increased above 0 V, the peaks of (b) and
(c) ranging from 0 to 0.5 V, were related to a series of
reactions as follows:

Cuy 9:S==Cu 5S+0.32Cu’"+0.64e )
Cuy 5S==CuS+0.60Cu’'+1.20e 3)

Some reactions, however, existed simultaneously
due to the complexity of zinc smelting slag. When the
potential value was kept at 0-0.6 V, pyrite began to
oxdize and a series of Fe,S oxidation reactions occurred
as follows:

FeS,+8H,0—> 2S0;™ +Fe’"+16H +15¢ 4)
FeS, ;,—>2Fe’ +1.16S+2¢ (5)

FeSy+Fe’ ' +4.48H,0—> 1.12802™ +2Fe**+8.96H'+7.72¢

(6)
FeS,+4.48H,0—> 1.12S0%™ +Fe?*+8.96H"+8.72¢  (7)

When the voltage exceeded 0.5 V, peak of (d)
attributed to the oxidation of ZnS.

ZnS—>Zn*"+S+2e 8)

Inversely, a peak of (e) arose, which was expected
to associate with the Fe*" reduction:

Fe’'+e—>Fe*" 9)

When the potential value was less than 0.6 V, peak
(f) after bacteria sterilized was observed, indicating that
the reactions of bioleaching were irreversible compared
with acid leaching. The results showed that some
substances could be solubilized in bioleaching according
to the cyclic voltammetry of zinc smelting slag electrode
in the presence or absence of bacteria, and the
moderately thermophilic microorganisms can positively
influence the metal oxidation of zinc smelting slag.

8
— Acid leaching system
— Bioleaching system
4
- @
g ©
= or
=%
_4 -
i @ ©

-0.75 050 -025 0 025 050 075
@ (vs SCEYV
Fig. 4 Cyclic voltammetry curves of zinc smelting slag
electrode of bioleaching and control system

3.4 Tafel curves

Tafel curves of zinc smelting slag carbon paste
electrode were carried out to examine the corrosion
kinetics of the electrode (Fig. 5). A series of kinetic
parameters, such as corrosion potential, corrosion current
and Tafel slope (anodic b, and cathodal b.), were
calculated and listed in Table 2 according to the linear
polarization of equation (10):

2.303(p-
1= oy (exp {—(Z) Feon )} -

a

exp|:_2303(¢_¢coﬂ‘):|J (10)

b

C

It can be observed obviously that corrosion potential
and corrosion current increased, whereas the anodic and
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cathodic Tafel slope decreased in bioleaching compared
with that of the control (Table 2). With the increase of
electron transfer coefficient, Tafel slope decreased and
indicated that electron transfer and exchange enhanced in
bacteria system. The results show that the corrosion
kinetics of zinc smelting slag oxidation is accelerated by
bacteria and improves the dissolution of metals from the
slag.
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Fig. 5 Tafel curve of zinc smelting slag electrode in presence (a)
or absence (b) of bacteria

Table 2 Tafel parameters of zinc smelting slag electrode in

presence or absence of bacteria

Bacteria  @con/mV Jeo/(mA-cm™>)  by/mV  b/mV
Presence 410 0.166 0.444 0.050
Absence 300 0.124 0.771  0.059

4 Conclusions

1) The extraction rates of Fe, Cu and Zn from a zinc
smelting slag with adsorbed bacteria are 91.9%, 96.0%
and 84.5% while those after adsorbed bacteria sterilized
are 86.7%, 90.3% and 66.7%, respectively. The
solubilization of Fe and Cu in the slag is heavily affected
by the free bacteria while that of Zn is significantly
affected by both adsorbed and free bacteria.

2) Based on the FI-IR spectroscopy of functional
groups from bacterial secretes on bioleached residues,
the stretching peaks of C—0O—C, C—0O, O—H and
N—H corresponded to carbohydrates, polysaccharide,
polysaccharide and protein infer that the bacteria exist on
the slag particles surface. At the same time, the cyclic
voltammetry and Tafel curves conclude that bacteria
enhance the corrosion of zinc smelting slag during
bioleaching.
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