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Abstract: The bioleaching of two different types of low-grade copper tailings, acid-leaching tailings (ALT) and copper flotation
tailings (CFT) by mixed moderate thermophiles, and the variation of mineralogical and microbiological characteristics during their
dissolution processes were comparatively investigated. Results showed that bioleaching behaviors of the two types of tailings were
significantly different. In ALT bioleaching, lower redox potential, higher [Fe**]/[Fe*'] ratio and higher cell density in solution were
obtained. These resulted in higher total copper, primary copper sulfide and secondary copper sulfide extractions, compared with CFT
bioleaching. X-ray diffraction analysis suggested that gypsum and some metal organic complexes were detected in CFT bioleaching,
which could cause the sluggish oxidation of sulphide minerals. The shifts of microbial community in the leachates and leaching
residues varied greatly between ALT and CFT bioleaching. The percentage of iron-oxidizing bacteria in ALT bioleaching was higher
than that of CFT, but the sulfur-oxidizing bacteria percentage was the opposite. The archaeon F. thermophilum L1 was detected in

ALT but not in CFT.
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1 Introduction

The metallurgy industry accumulates approximately
100 million tons of tailings resulted from floatation,
agitation, pyrometallurgy and tank leaching operations
per year worldwide. Their disposal causes potential
environmental contaminations and human health
problems due to the toxic metals or compounds existing
in tailings [1,2]. At the same time, the great contrast
between the constant decrease of valuable mineral
resources and the remaining valuable metals such as Cu,
Co, Ni and Zn in tailings endows recovery of these
metals from the tailings as secondary sources with an
attractive issue in recent years [3]. Therefore, recycling
of the tailings is a necessary subject not only with respect
to treatment of hazardous wastes but also from the
viewpoint of recovering valuable metals.

Bioleaching is convincing
technology for the extraction of metals from tailings due
to low cost and simple infrastructure compared with

considered as a

conventional metallurgy methods [4]. Moreover,
bioleaching is also widely used for the remediation of
sludge contaminated by toxic heavy metals and recovery
of precious base metals from urban and industrial
wastes [5,60]. Bioleaching is characterized by dissolution
of metals from solid matrices into aqueous solution
under the mild conditions using acidophilic iron-/sulfur-
oxidizing bacteria with contact and/or non-contact
mechanisms [6]. Many efforts have been made to explore
the bioleaching mechanisms and improve the dissolution
kinetics during tailings bioleaching process. The low
dissolution rates of tailings during the bioleaching
process are mainly caused by the toxicity of tailings
(e.g., heavy metal, alkaline substance, organic matter and
gangue) and the formation of passivation layer such as
jarosite, sulfur layer and gypsum [7-9]. However, the
specific dissolution mechanism of tailing bioleaching is
still under debate. The inconsistence of different
studies may be attributed to various tailings with diverse
physicochemical properties.

The understanding of the mineralogy, metal
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speciation transformation and microbial community
succession in tailing dissolution process is essential to
illuminate bioleaching mechanisms. Several reviews
focused on the geochemical [10], mineralogical [11] and
microbiological [12] aspects of sulfide mine tailings have
been published. However, we still have a relatively
limited understanding of the correlations among ore
mineralogy, reaction chemistry, microbial ecology and
leached residue mineralogy. Therefore, mineralogical
and microbiological studies should be taken into
consideration comprehensively to evaluate bioleaching
of different types of low-grade copper tailings.

In this study, two typical low-grade copper tailings
including acid-leaching tailings (ALT) and copper
flotation tailings (CFT) were subjected to comparative
bioleaching using mixed moderate thermophiles. It
aimed to assess the difference of bioleaching behaviors
and mineralogy changes in the dissolution process of two
low-grade copper tailings and to investigate the effects of
different tailings on microbial community succession.

2 Experimental

2.1 Mineral components

The acid-leaching tailings (ALT) and copper
flotation tailings (CFT) were obtained from Chambishi
Copper Mines in Zambia. Two tailings were crushed and
sieved to less than 75 pm before using for leaching
experiments. The element analysis was carried out
by inductively coupled plasma-atomic emission
spectrometry (ICP-AES), which showed that ALT
contained 0.47% Cu, 2.74% Fe, 0.22% S, 0.016% Co,
8.30% Al, 0.43% Ca and 1.77% Mg (mass fraction), and
CFT contained 0.26% Cu, 2.22% Fe, 0.48% S, 0.012%
Co, 4.88% Al, 2.58% Ca and 1.92% Mg (mass fraction).
The copper phase analysis showed that ALT contained
0.04% free copper oxide (FCO), 0.18% combined copper
oxide (CCO), 0.18% secondary copper sulfide (SCS) and
0.07% primary copper sulfide (PCS) (mass fraction), and
CFT contained 0.02% FCO, 0.08% CCO, 0.13% SCS
and 0.03% PCS (mass fraction).

2.2 Microorganisms and culture conditions

Four strains (Leptospirillum ferriphilum YSK,
Ferroplasma thermophilum L1, Acidithiobacillus caldus
S1 and Acidithiobacillus thiooxidans AO1) isolated from
extreme acid mine drainage were used in this study. All
strains were subcultured semimonthly and maintained in
the basal salt medium at our laboratory. The basal
salt medium contained 3.0 g/L (NH4),SO, 0.5 g/L
MgS0,4 7H,0, 0.5 g/L K,HPO,, 0.1 g/L KCIl, 0.01 g/L
Ca(NOs),. The pH values of the medium were adjusted
with 10 mol/L sulfuric acid. L. ferriphilum YSK was
maintained in basal salt medium at initial pH of 1.6 and

40 °C and supplemented with 44.7 g/L. FeSO,4 - 7H,0; F.
thermophilum L1 was cultivated at initial pH of 1.0 and
45 °C and supplemented with 44.7 g/L. FeSO,-7H,0 and
0.01% (w/v) yeast extract; 4. caldus S1 was grown in
basal salt medium at initial pH of 2.0 and 45 °C and
supplemented with 10 g/L S° 4. thiooxidans AO1 was
maintained at initial pH of 2.0 and 30°C and
supplemented with 10 g/L S°.

2.3 Bioleaching experiments

Bioleaching performed in
Erlenmeyer flasks with a total volume of 250 mL. The
experiment conditions were as follows: work volume,
100 mL (basal salt medium); pulp density, 5% (W/v);
rotation rate, 175 r/min; temperature, 40 °C and pH, 1.8.

Four acidophilic microorganisms were harvested
individually by centrifugation at 1x10* r/min for 10 min
and equal cell concentration of each of the four
microorganisms was pooled. Then, the collected cells
were inoculated into Erlenmeyer flasks with an
approximately initial population of 4x10" cell/mL.
Besides, acid leaching control experiments were also
carried out in parallel without adding microorganisms.
The pH values in the solution of acid leaching and
bioleaching tests were kept constant at 1.8+0.2 with
10 mol/L sulfuric acid or sodium hydroxide throughout
the experiments. All experiments were run in triplicate.

experiments were

2.4 Physicochemical and XRD analysis

The copper concentrations in solution and elemental
analysis of two tailings were determined by ICP-AES
(America Baird Co., Ltd., PS—6). The Fe*" and total iron
concentrations were measured with phenanthroline
spectrophotometry method, while Fe®* concentration was
the difference between the concentrations of total iron
and Fe*'. The pH values were measured with a pH meter
(INESA Scientific Instrument Co., Ltd., pHS—25). The
redox potentials in solution were measured using a Pt
electrode with reference to an Ag/AgCl -electrode
(BPP-922). Solid samples after bioleaching were
collected for mineralogical analysis by X-ray diffraction
(XRD) (Model DX-2700). The microbial concentration
in solution was counted with a blood cell counting
chamber under an optical microscope (Olympus
Instrument, BX41).

2.5 Microbial community dynamics analysis

Leachate (50 mL) containing tailing residues and
microorganisms was collected regularly and centrifuged
at 3000 r/min for 5 min, then the liquid phase was
transferred into a new centrifuge tube to collect free cells
with a further centrifugation at 1x10* r/min for 10 min.
Attached microorganisms were detached from tailing
residues according to the previous study [13]. Total DNA
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extraction of free and attached cells and real-time
quantitative PCR were as described previously [14].

3 Results and discussion

3.1 Bioleaching of two low-grade copper tailings

The chemical elements analysis showed that two
tailings had similar characteristics although ALT had
higher Cu content than CFT. However, the S content in
ALT (0.22%) was lower than that of CFT (0.48%).
Concerning the copper phase analysis, two tailings
contained a little bit more sulfide copper but less oxide
copper (shown in Section 2.1).

The leaching experiments of ALT and CFT at pulp
density of 5% by mixed moderate thermophiles were
carried out over a period of 16 d. As shown in Fig. 1(a),
in the first 4 d, the copper extractions by acid leaching
were 52.4% for ALT and 48.4% for CFT, respectively.
After 8 and 4 d, no more copper from AFT and CFT was
dissolved by acid leaching, respectively. The final copper
extractions of acid leaching were 57.5% (ALT) and
49.8% (CFT) in 16 d, respectively. However, 70.7% Cu
and 58.7% Cu were dissolved in ALT and CFT by
bioleaching in 16 d, which were 13.2% and 8.9% higher
than the dissolved copper by acid leaching, respectively.
These results indicated that copper recovery from both
tailings was more efficient by means of bioleaching
instead of acid leaching. Furthermore, the copper
recovery of ALT bioleaching had superiority to that of
CFT.

Figure 1(b) presents the changes of redox potentials
in leaching processes of two tailings. The redox
potentials of ALT and CFT from acid leaching reached
approximately 440 and 400 mV, respectively, and then
the copper extractions were stationary after the 4th day.
For ALT and CFT bioleaching, the redox potentials
increased sharply in 6 d, and the copper extractions still
increased when the redox potentials maintained within a
high range at 560 and 600 mV for a long period of time,
respectively. Figure 1(c) shows that the ratio of
[Fe’')/[Fe’"] increased rapidly in the first 8 d, and then
kept stable in bioleaching process, which was in
accordance with the copper extractions of ALT and CFT.
The [Fe’']/[Fe’'] ratio was near zero in acid leaching.
The variation trend of [Fe’']/[Fe’'] ratio indicated the
increase of ferric iron could improve the copper recovery
rate.

In two low-grade copper tailings leaching process,
different bioleaching behaviors were observed. The
variations of physicochemical parameters (redox
potential and [Fe’']/[Fe’’] ratio) in solution were
consistent with copper extractions. Improved copper
bioleaching efficiency was presented in bioleaching
groups, which could be mainly attributed to the increase
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Fig. 1 Variation of copper extraction (a), redox potential (b)
and [Fe*")/[Fe®"] ratio (c) in solution during acid leaching and
bioleaching processes of acid-leaching tailings (ALT) and
copper flotation tailings (CFT)

of redox potentials. The redox potential was considered
as a determining factor in the leaching of sulphide ores.
Numerous researchers had confirmed that high redox
potentials in bioleaching facilitated the effective
dissolution of sulphide ores compared with acid
leaching [15]. Furthermore, it was well known that the
[Fe’*)/[Fe*'] ratio was partially correlated to redox
potential, and had a close connection with copper
extraction. It was generally accepted that Fe** as oxidant
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was effective for dissolving sulfide minerals [16]. Higher
Fe*'/Fe’" ratio resulted from Fe®' released from tailings
and oxidized to Fe’ rapidly was observed in ALT
bioleaching (Fig. 1(c)). As a consequence, higher copper
extraction of ALT was obtained, although low redox
potential values were observed in ALT bioleaching

group.

3.2 Mineralogical analysis of two low-grade copper

tailings and bioleached residues

The copper phase of low-grade copper tailings
and bioleached residues was analyzed (Fig. 2). The
mineralogical forms of copper remained in residues were
quite noteworthy between acid leaching and bioleaching
processes. It showed that primary copper sulfide (PCS)
and secondary copper sulfide (SCS) extractions in
bioleaching were improved by 6.35% and 15.08% from
ALT, and 8.44% and 8.14% from CFT in the early 4th
day compared with acid leaching. In the 16th day, PCS
and SCS extractions reached 66.43% and 65.60% in ALT,
and 34.85% and 57.17% in CFT, respectively. While
there is no more copper dissolved from free copper oxide
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Fig. 2 Copper extractions of tailings in residues during acid

leaching and bioleaching processes of acid-leaching tailings
(ALT) (a) and copper flotation tailings (CFT) (b) (TCu: Total
copper; PCS: Primary copper sulfide; SCS: Secondary copper
sulfide; FCO: Free copper oxide; CCO: Combined copper
oxide)

(FCO) and combined copper oxide (CCO) of two tailings
since the 4th day. This indicated that bioleaching had
more evident advantage in copper recovery from copper
sulfide than copper oxide.

It was worth noting that PCS (31.58%) and SCS
(8.43%) extractions were greatly improved from ALT
compared with those from CFT, which were connected
with the low redox potentials in bioleaching solution of
ALT. Previous studies reported that low redox potentials
were in favor of the bioleaching of copper sulfide
minerals especially for chalcopyrite in the presence of
bioleaching bacteria. Additionally, at low redox potential,
less passivation layer which was mainly composed of
disulfide (si‘), polysulfide (Si_), elemental sulfur
(S%) and jarosite could be formed, which slightly slowed
down bioleaching performance [7,17]. Previous study
also indicated that high redox potentials caused the rapid
deterioration of ion diffusion performance of
extracellular polymeric substances (EPS) [18]. Hence,
many efforts had been made to control the redox
potential in an appropriate range to improve copper
sulphide bioleaching efficiency [19,20].

Raw minerals and bioleached residues collected
after bioleaching were analyzed by XRD (data not
shown). The results showed that quartz and silicon
sulfide were the main components in the two tailings.
ALT was composed of microcline, mackinanite,
aluminum iron silicide, iron silicide, potassium disulfate,
wollastonite and diopside. Wollastonite and diopside
were undetectable after 16 d while other components
were difficult to be dissolved. In addition, CFT contained
microcline, silicon sulfide, lead iodate and murdochite,
which were undetectable after bioleaching, while quartz
was unchanged. Gypsum and some metal organic
complexes (C,H;;FcHfN¢; and C¢HgMgO, 4H,0) were
detected after bioleaching, which were prone to combine
with copper-containing minerals, making them immobile
and refractory. Sulphur layer or jarosite, which could
hamper further oxidation of sulphide minerals, was not
discovered in bioleached residues.

The most important parameters affecting the tailings
dissolution processes were the amount of gangue, the ore
size as well as the nature of the oxide rock, temperature
and pH [21]. It was reported that hydrion in leach liquor
attacked gangue minerals, e.g., carbonate and silicate,
leading to the loss of rock integrity [22]. Then, the
copper oxide minerals were quickly dissolved by the
hydrion entering the rock pores, producing a leached rim
or shell surrounding an unaffected core of the rock. It
accelerated acidophilic bacteria to attach to the ores and
produce hydrion, which benefited the liberation of
copper oxides and copper sulfides inside.

It was interesting that gypsum and some metal
organic complexes were present in CFT after bioleaching.
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It has been proposed that Ca®" and SOi_ within the
gypsum from the sulfide-rich environments were derived
from pH-buffering reactions between pore water and
Ca-bearing carbonates and the oxidation of sulfide
minerals, respectively. Indeed, gypsum has been
considered as a common initial cementing phase within
the cemented layers in sulfide-bearing environments
where mineral oxidation occurs naturally [23]. It should
be noted that secondary minerals (such as gypsum,
jarosite, and goethite) were prone to combine with
copper-containing minerals, making them immobile and
refractory. Therefore, no jarosite or sulphur was detected
by XRD in bioleached residues, and gypsum was a
principal control on the transport of sulfide-mineral
oxidation products [24,25].

3.3 Microbial community dynamics analysis during

ALT and CFT bioleaching processes

In this study, four strains were mixed, such as
sulfur- and iron-oxidizing bacteria, autotrophs and
heterotrophs. L.  ferriphilum YSK was strictly
chemoautotrophy and gained energy from ferrous
iron-oxidation but unable to oxidize sulfur, while A.
caldus S1 and A. thiooxidans A0l had the opposite
abilities. F.  thermophilum L1 was capable of
chemomixotrophic growth on ferrous iron and organic
matters such as yeast extract, glucose and sucrose.
Therefore, it could relieve the toxicity of organic matters
to autotrophic bacteria [26].

The variation of bacterial concentration in solution
during two tailings bioleaching processes is shown in
Fig. 3. The growth of bacteria in ALT and CFT
bioleaching showed lag time of 2 and 4 d, respectively. A
higher cell density was measured in ALT bioleaching
compared with CFT, indicating that flotation reagents
existing in CFT might have an inhibitory effect on
microbes [27]. In addition, the formation of gypsum and
metal organic complexes could disturb the flourish and
colonization of bacteria onto tailing surface in CFT
bioleaching, which restrained the growth of bioleaching
microorganisms.

Microbial community dynamics analysis showed
that L. ferriphilum YSK, A. caldus S1 and A. thiooxidans
AO1 flourished in two tailings bioleaching processes
although different microbial populations were identified,
and F. thermophilum L1 in ALT bioleaching process was
also quantifiable (Fig. 4).

In ALT bioleaching system, L. ferriphilum YSK was
the dominant species throughout the bioleaching process
(43.48%, 61.86% and 68.61% on days 5, 10 and 16,
respectively). In the initial stage, 4. caldus S1 was
accounted for 28.36%, and subsequently decreased to
24.99% and 11.80% on day 10 and 16, respectively. A.
thiooxidans A0l and F. thermophilum L1 held relatively

fixed proportions although continuously descend. During
CFT bioleaching, A. caldus S1 was over 50% as the
predominant species on day 5, then L. ferriphilum YSK
displaced 4. caldus S1 and became the dominant species
in the middle (40.59%) and final bioleaching stages
(47.88%), and A. thiooxidans AO1 held a gradually
increasing trend.
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Fig. 4 Microbial community dynamics analysis of mixed
moderate thermophiles on days 5, 10 and 16 during bioleaching
processes of acid-leaching tailings (ALT) and copper flotation
tailings (CFT)

Bioleaching of sulphide ores was affected by the
structure and dynamics of microbial community [26].
Ferrous iron and reduced inorganic sulfur compounds
(RISCs) were released from tailings dissolution, and
were the main intermediates of tailings bioleaching. The
oxidation of RISCs by sulphur oxidizers yielded
considerably more energy than the oxidation of ferrous
iron [28]. Thus, 4. caldus S1 and A. thiooxidans AO1,
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which could utilize RISCs as energy source, grew better
and had higher proportions in the initial stage. However,
S oxidizers were unable to oxidize sulfide minerals
directly. Therefore, the copper extractions did not
increase significantly in initial bioleaching stage
compared with acid leaching. As bioleaching of tailings
progressed, the [Fe*']/[Fe*'] ratio increased rapidly, and
iron oxidizers gained a competitive advantage and
became the predominant species in the middle and final
stages. The increased proportion of L. ferriphilum YSK
resulted in an enhanced capacity for ferrous iron
oxidation, further promoted the copper extractions. The
microbial diversity during ALT bioleaching was
relatively high, and F. thermophilum L1 from the original
mixed inoculums was detected but not existed in CFT
bioleaching. The absence of F. thermophilum L1 seemed
to have more important effect on bioleaching
performance, as indicated by the differences in copper
extractions of 70.7% from ALT and 58.7% from CFT
(Fig. 1(a)).

Our results also showed that the proportions of four
species in mixed moderate thermophiles varied greatly in
two tailings bioleaching. In ALT bioleaching, the
percentage of iron-oxidizing bacteria (L. ferriphilum
YSK and F. thermophilum L1) was higher than that of
CFT bioleaching, but contrary to sulfur-oxidizing
bacteria. The reason might be that ALT contained a little
bit more iron but less sulfur. In addition, flotation
reagents existing in CFT also changed the microbial
community succession. OKIBE and JOHNSON [27]
investigated the toxicity of 15 flotation reagents to five
species of mineral-oxidizing, moderately thermophilic
and acidophilic microorganisms. The results showed that
different microorganisms presented multiple sensitivities
to the flotation reagents, and the Leptospirillum and
Ferroplasma were the most sensitive to the acidophilic
microorganisms.

4 Conclusions

1) Low redox potential, high [Fe*"]/[Fe*'] ratio and
high copper extraction of more than 70% were obtained
in bioleaching of acid-leaching tailings (ALT). However,
low copper extraction (58.7%) was achieved in
bioleaching of copper flotation tailings (CFT).

2) Primary copper sulfide and secondary copper
sulfide extractions were greatly improved from ALT than
those from CFT resulted from lower redox potential in
ALT bioleaching.

3) ALT and CFT affected microbial community
dynamics greatly. The percentage of iron-oxidizing
bacteria in ALT bioleaching was higher than that in CFT
bioleaching, but the sulfur-oxidizing bacteria percentage
was lower. In addition, the archaeon F. thermophilum L1
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was not detected in CFT bioleaching.
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