
Contents lists available at ScienceDirect

Bioresource Technology

journal homepage: www.elsevier.com/locate/biortech

A new strategy on biomining of low grade base-metal sulfide tailings

Xiaojian Liaoa, Shuiyu Suna,b, Siyu Zhoua, Maoyou Yec, Jialin Lianga, Jinjia Huanga, Zhijie Guana,
Shoupeng Lia,⁎

aGuangzhou Key Laboratory Environmental Catalysis and Pollution Control, Guangdong Key Laboratory of Environmental Catalysis and Health Risk Control, School of
Environmental Science and Engineering, Institute of Environmental Health and Pollution Control, Guangdong University of Technology, Guangzhou 510006, China
bGuangdong Polytechnic of Environmental Protection Engineering, Foshan 528216, China
c College of Environmental Science and Engineering, Zhongkai University of Agriculture and Engineering, Guangzhou 510006, China

A R T I C L E I N F O

Keywords:
Low grade base-metal sulfide tailings
Biomining
Designed microbial consortia
EPS
3DEEM-PARAFAC

A B S T R A C T

This study investigated the effect of designed microbial consortia on biomining of low grade base-metal sulfide
tailings. The results show the amount of recycled metals were equal if the tailings were leached by mixed
cultures of Leptospirillum ferriphilum and Acidithiobacillus thiooxidans at three different ratios or by pure culture of
L. ferriphilum, which was better than the pure culture of Acidithiobacillus ferrooxidans. qPCR (quantitative
polymerase chain reaction) demonstrated only L. ferriphilum functioned in the mixtures at initial stage. The
results of extracellular polymeric substances (EPS) via three-dimensional excitation-emission matrix combined
with parallel factor analysis (3DEEM-PARAFAC) collected from mixed or pure cultures indicated there were no
interactions between two strains. Secondary minerals were formed, but did not influence the leaching process. A
new strategy for tailings biomining was proposed: only ferrous oxidizers should be added during the initial and
middle biomining stage, while sulfur oxidizers should be added at the end.

1. Introduction

The dissolution, migration and transformation of heavy metals in
lead–zinc sulfide mine tailings can cause persistent acid mine drainage
(AMD) pollution to the surrounding environment, such as water re-
sources and soil. As of June 1, 2019, China has stipulated a special
limiting value on the discharge of heavy metal water pollutants in
Northern Guangdong Province, where mining and mineral resources
are concentrated. This has introduced a greater need for technology to
control heavy metal pollution. Therefore, it is imperative to develop
techniques to reduce the heavy metal content and leaching toxicity of
tailings, while at the same time improving the comprehensive utiliza-
tion rate of tailings.

The recovery of metals from mine tailings by designed microbial
consortia, known as biomining, is a way to facilitate sustainable mining
and prevent AMD. It can transform insoluble heavy metals in poly-
metallic sulfide tailings into soluble heavy metals through microbial
oxidation (Ahmadi and Mousavi, 2015). In recent years, this technique
has become a popular technology for recovering heavy metals from
tailings and it is widely used for the treatment of sulfide minerals, such
as pyrite and chalcopyrite, due to its low cost, mild reaction and

environmental friendliness (Ahmadi and Mousavi, 2015; Huang et al.,
2019; Li et al., 2014; Ma et al., 2019). Current research on bioleaching
of lead–zinc sulfide mine tailings is not deep enough and focuses on
pure cultures of bacteria. Use of the highly efficient Acidithiobacillus
ferrooxidans creates a bottleneck due to a long leaching cycle and low
extraction efficiency. For example, when the leaching rate of zinc
reaches 90%, at least 40 days is required for the leaching process (Ye
et al., 2017). However, the selection of microorganisms with a strong
oxidation capacity for bioleaching is expected to solve the above pro-
blems. Leptospirillum ferriphilum is the key ferrous oxidizer within the
biooxidation community and has the highest oxidation rate of ferrous
ion (Edward et al., 2018). The pH and temperature range of its growth
are 0.5–2.5 and 25–50 °C, respectively. Compared to At. ferrooxidans, L.
ferriphilum has a strong ability to withstand extreme conditions, such as
low pH, high oxidation-redox potential (ORP) and high temperature,
and thus, a higher adaptability (Jafari et al., 2018; Ma et al., 2017;
Zhang et al., 2010). At present, L. ferriphilum is considered the preferred
ferrous oxidizer for bioleaching (Edward et al., 2018). However, a
ferrous oxidizer does not eliminate the sulfur passivation layer that
forms on the mineral surface and hinders bioleaching (Liu et al., 2011).
Compared with pure cultures of ferrous oxidizers, the mixed cultures of
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ferrous and sulfur oxidizers exhibit a better leaching ability because
they can tolerate higher concentrations of heavy metal ions; fix carbon
dioxide or use organic carbon; resist environmental stress; eliminate the
sulfur passivation layer; adapt to environmental disturbance; and
handle many complex biochemical processes (Ma et al., 2019;
Mahmoud et al., 2017). Unlike ferrous oxidizers, Acidithiobacillus
thiooxidans (a sulfur oxidizer) is acidophilic, chemolithoautotrophic,
gram-negative and rod-shaped. It uses elemental sulfur and polysulfide
as an energy source and its growth temperature and pH range is
25–35 °C and 1.0–4.0, respectively. It can remove elemental sulfur or
polysulfide on mineral surfaces and has a stronger capacity for sulfur
oxidation than At. ferrooxidans (Fu et al., 2008; Wang et al., 2018c; Yin
et al., 2014). Thus, when compared to the mixed cultures with At.
ferrooxidans, the mixtures of L. ferriphilum and At. thiooxidans may en-
hance acid resistance, improve the balance between biological and
iron/sulfur metabolism; effectively eliminate the sulfur passivation
layer; have stronger oxidation capacity; and improve the leaching ef-
ficiency (Ma et al., 2019). Therefore, in this study, L. ferriphilum and At.
thiooxidans were used for leaching lead–zinc sulfide mine tailings and
the effect of the initial proportions of the two strains on leaching was
investigated.

Bioleaching is a polyphase interfacial interaction process between
minerals, microorganisms and the solution. EPS plays a unique and
important role in the bioleaching process, which can connect micro-
organisms with minerals. First, EPS can mediate the adsorption of mi-
croorganisms to the mineral surface. Second, glucuronic acid or other
residues in EPS can concentrate Fe3+ on the mineral surface through
complexation, which favors an Fe3+ attack on sulfide (Sand and
Gehrke, 1999; Wang et al., 2018a). EPS can be divided into soluble EPS
(S-EPS) and bound EPS (B-EPS), of which B-EPS can be further divided
into loosely-bound EPS (LB-EPS) and tightly-bound EPS (TB-EPS) (Guo
et al., 2014). The sequential extraction and analysis of EPS are helpful
for further studying the structure and function of EPS during the
leaching process. The development of 3DEEM-PARAFAC makes it pos-
sible to describe and quantify the physicochemical properties of organic
matter in different EPS layers. This technique has many advantages,
such as high sensitivity, good selectivity, requirement of less sample
and preservation of the sample structure (Xu et al., 2013; Zhu et al.,
2015). Thus, this study utilized 3DEEM-PARAFAC for the first time to
analyze the components and structural characteristics of EPS during
bioleaching, which was conducive to gaining a deeper understanding of
the complex biological process involved in the interaction between
microorganisms and minerals.

In this experiment, L. ferriphilum and At. thiooxidans were designed
into microbial consortia to leach lead–zinc sulfide mine tailings, recover
valuable metals and reduce the leaching toxicity of the tailings. A
comparative investigation of the different initial proportions of the two
strains was systematically conducted to measure the leaching of zinc.
The variations in microbial composition, EPS components, and mineral
surface were determined by qPCR, 3DEEM-PARAFAC and X-ray dif-
fraction (XRD) combined with field emission scanning electronic mi-
croscopy (FESEM), respectively. The mechanism of microbial action
was analyzed to facilitate a better understanding of the designed me-
chanism and leaching process to effectively improve the leaching of
lead–zinc sulfide mine tailings.

2. Materials and methods

2.1. Mineral component

The lead–zinc sulfide mine tailings, used in this study were obtained
from Fankou Lead-Zinc Mines, Shaoguan city, Guangdong Province.
Minerals with a particle size of 75 μm accounted for 85% of the total.
Physical analysis showed that the lead–zinc sulfide mine tailings were
composed of pyrite, sphalerite, galena, silica, calcite, etc. The tailings
were first dissolved using a high performance microwave digestion

system (ETHOS One, Milestone, Italy) and then the concentrations of
iron, lead and zinc ions in the solution were determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES; 7500, Agilent,
United States). The results showed that the tailings contained 15.80%
iron, 1.08% lead and 0.62% zinc.

2.2. Microorganisms cultivation

L. ferriphilum DX-m and At. thiooxidans A01 were provided by the
Key Lab of Bio-hydrometallurgy of Ministry of Education, Central South
University. The culture conditions for the microorganisms are listed in
Table 1. Prior to the bioleaching experiment, L. ferriphilum and At.
thiooxidans were cultured at 30 °C and 170 rpm in 9 K basal medium
containing 3.00 g/L (NH4)2SO4, 0.10 g/L KCl, 0.50 g/L K2HPO4, 0.50 g/
L MgSO4·7H2O and 0.01 g/L Ca(NO3)2. During the logarithmic phase,
the cell suspension was centrifuged at 955g for 5min to remove sedi-
ment. The supernatant was then centrifuged (10619g) for 20min to
collect the free cells. The microorganisms attached to the centrifuge
bottle wall were suspended in 9 K basal medium for bioleaching.

2.3. Bioleaching experiment

Sterilized 9 K basal medium (100mL) and lead–zinc sulfide mine
tailings (5 g) were added to 250-mL flasks for the bioleaching experi-
ment. Before inoculation, acid pre-leaching was introduced until the pH
was adjusted to 1.8 by 1:1 H2SO4. The bioleaching experiment was
carried out in two steps. For the first time, a pure culture of L. ferri-
philum was used for bioleaching at 30 °C and 170 rpm, referred to as
group I. For the second step, based on different initial proportions, the
two strains were mixed for bioleaching at different L. ferriphilum:At.
thiooxidans ratios, specifically 10:1 (group II), 1:1 (group III) and 1:10
(group IV). Each group was performed in duplicate with the same initial
concentration of cell (1× 107 cells/mL). Abiotic control was also per-
formed under the same conditions. During bioleaching, evaporation
loss and sampling loss were compensated for with sterile water and 9 K
medium, respectively.

2.4. Analytical methods

2.4.1. Analysis of physicochemical parameters
During bioleaching, the leaching solution was extracted every two

days to measure the pH, ORP and metal ion concentrations. The pH and
ORP were respectively measured with a digital pH meter (STARTER
2100, OHAUS, United States) and an oxidation reduction potential
(STORP1, OHAUS, United States) with Ag/AgCl as reference electrode.
Before the concentration of metal ions was measured, the samples were
filtered through 0.45 μm acetate cellulose membranes. The ferric ion
concentration [Fe3+] and total iron concentration [TFe] were measured
by 5-sulfosalicylic acid spectrophotometry (Karamanev et al., 2002).
The ferrous ion concentration [Fe2+] was equal to [TFe] minus [Fe3+].
The zinc concentration was determined by ICP-OES (7500, Agilent,
United States). The cell density was determined by the direct-counting
method using a binocular biological microscope (B203LED, OPTEC,
China).

Table 1
The culture conditions of microorganisms used in this study.

Species Strains Energy type Growth requirements

pH Temp (°C) Media (g/L)

L. ferriphilum Dx-m Ferrous
oxidizer

1.6 30 9 K+FeSO4
(44.7)

At. thiooxidans A01 Sulfur oxidizer 2.0 30 9 K+S (10)
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2.4.2. Analysis of community succession in group III
Mineral pulp from group III was centrifuged at 955g for 5min to

facilitate solid–liquid separation and then the supernatant was cen-
trifuged (10619g) for 20min to collect free cells. According to the re-
ported procedures, cells attached on mineral surfaces were collected by
vortices with 0.2 mm glass beads (Ma et al., 2017). The free and ad-
sorbent cells were mixed for DNA extraction by Ipure SYBR Green qPCR
Master Mix (Meige Biotech Co. Ltd, Guangzhou, China) and then DNA
concentration was measured by Qubit 2.0 Flurometer (Life Technolo-
gies, Invitrogen, Germany) applying the Qubit® dsDNA HS Assay. Fi-
nally, the obtained DNA was stored at −20 °C or used immediately.
qPCR primers were designed by primer primier5.0 software (Premier
Companies, Canada) based on gene sequences in NCBI, and gDNA was
used as template for qPCR detection. Detailed information about the
primers is shown in Table 2. qPCR was performed on a StepOne™
fluorescence quantitative PCR instrument (StepOne™, Applied Biosys-
tems, United States). The detailed steps for qPCR analysis were as de-
scribed by Ma et al. (2017). All tests were conducted in triplicate.

2.4.3. EPS extraction and analysis
2.4.3.1. EPS extraction during bioleaching. During bioleaching, EPS was
extracted from the pure culture of L. ferriphilum (group I) and mixed
culture (group III) every 4 days by referring to the extraction method of
EPS from sludge to analyze the composition. The extraction of EPS is
divided into three steps (Liang et al., 2019). Firstly, 35mL mineral pulp
was centrifuged in a 50mL centrifuge tube at 4000g for 10min. The
supernatant, containing S-EPS, was collected for further analysis.
Secondly, the residue in the tube was resuspended in 35mL 0.05%
NaCl at 70 °C. The residue suspension was mixed for 2min using a
vortex mixer (Maxi Mix II, Thermolyne, USA) and then centrifuged at
4000g for 10min. The supernatant, which contained some organic
matter easily extracted from EPS, was collected as LB-EPS. Thirdly, the
residue was resuspended in 35mL 0.05% NaCl, heated in a water bath
at 60 °C for 30min and then centrifuged at 4000g for 15min. The
resulting supernatant contained the TB-EPS. To remove of the insoluble
impurities, the three EPS layers were filtered through 0.45 μm acetate
cellulose membranes prior to analysis.

2.4.3.2. DOC and polysaccharide measurements. The contents of
dissolved organic carbon (DOC) and polysaccharide from the S-EPS,
LB-EPS and TB-EPS samples were respectively analyzed with a TOC
analyzer (TOC-VCPH, Shimadzu, Japan) and by the Anthrone method
with glucose as the standard (Sheng et al., 2005).

2.4.3.3. 3DEEM fluorescence measurement and PARAFAC modeling. The
EPS samples (pH 3.2) were scanned with a fluorescence
spectrophotometer (F-4600, Hitachi, Japan) at a scanning speed of
2400 nm/min and at room temperature (25 °C). The 3DEEM
fluorescence spectra were collected at scanning emission (Em) spectra
from 250 to 500 nm at 5 nm increments by varying the excitation (Ex)
wavelength from 200 to 500 nm at 5 nm increments under the same slit
bandwidths (5 nm). Blank scans were performed with water under the
same conditions. The fluorescence intensity of the blank was subtracted
from the sample to eliminate Raman scattering peaks of water (Xu
et al., 2013).

Parallel factor (PARAFAC) modeling in MATLAB software (Math

Works, Natick, Massachusetts, USA) was used to analyze the 3DEEM
fluorescence spectra to identify the variation in the EPS components.
The peak position, maximum fluorescence intensity fraction (Fmax) and
other parameters in the 3DEEM fluorescence spectra were obtained (Xu
et al., 2013; Zhu et al., 2015). The composition of EPS can be de-
termined according to the peak position. Based on the Fmax, the varia-
tion in the fluorescence component concentration can be approximately
determined because it has been reported that Fmax is proportional to the
concentration of the corresponding fluorescence component (Stedmon
and Bro, 2008; Yu et al., 2019). For a thorough description of PARA-
FRAC, refer to Stedmon and Bro (2008).

2.4.4. Mineral morphology and mineral phase analysis
At the end of the experiment, the leaching residues were washed

4–5 times with distilled water and then dried at 45 °C under nitrogen for
SEM and XRD analysis. The surface morphology of the lead–zinc sulfide
mine tailings in the bioleaching and abiotic leaching treatments were
observed by FESEM (SU8220, Hitachi, Japan). The change of phase was
analyzed by XRD (D8ADVANCE, Bruker, Germany).

2.4.5. Mineral utilization
Sphalerite, pyrite and galena were used to replace sublimed sulfur

(S), sodium thiosulfate (Na2S2O3) or potassium tetrathionate (K2O6S4),
respectively, as energy substances for At. thiooxidans cultivation. The
density of cells and sulfate were determined by binocular biological
microscopy and ion chromatography (882, Metrohm AG, Switzerland),
respectively.

3. Results and discussion

3.1. Variation of physicochemical parameters during bioleaching

The trends in pH, ORP, [Fe2+] and [TFe] in groups II, III and IV
were similar to the trends in group I. During the early stage (0–12 days),
the pH and [Fe2+] decreased from 1.85 and 0.57 g/L, respectively, to
1.28 and 0.10 g/L, respectively. At the same time, the ORP, [TFe] and
zinc leaching rate increased from 492mV, 0.57 g/L and 32.25%, re-
spectively, to 817mV, 6.18 g/L and 89.88%, respectively. During the
later stage (12–20 days), the pH (1.28) and [Fe2+] (0 g/L) were the
lowest, while the ORP (822mV) and [TFe] (7.39 g/L) reached the
maximum. However, the zinc leaching rate only increased from 89.88%
to 94.68%. The above results reveal that the obvious changes in the
physicochemical parameters were observed during the early stage.

Fig. 1a shows the variations of pH during bioleaching. The pH was
stable at around 1.8 in the abiotic control group, while during bio-
leaching, the pH decreased and then stabilized at about 1.25. This ob-
vious decline is attributed to the dissolution of metal sulfide mineral
that produces sulfuric acid, as shown in Eqs. (1)–(4). MS represents
sphalerite, galena, while MS2 represents pyrite (Mahmoud et al., 2017;
Nguyen et al., 2015).

+ → +
+MS 2O M SO(s) 2

Bacteria 2 
4
2 - (1)

+ + → + +
+ +4MS 4H O 14O 4M 8SO 8H2 2 2

Bacteria 2 
4
2 - (2)

+ → + +
+ + +MS 2Fe M 2Fe S3 2 2 0 (3)

Table 2
The designed primers used for qPCR in this study.

Target species Target gene Primer name Primer sequences (5′–3′) Amplicon length (bp)

L. ferriphilum 16SRNA forB-S CCATGGCCCATCAGCTAGTT 70
forB-A TCCTCTCAGACCAGCTACCC

At. thiooxodans gyrB A01-F GACCCGTACCCTCAATCA 175
A01-R CGGTTTCACTTCACTGGA
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+ → + +
+ + +MS 2Fe M  2Fe 2S2

3 2 2 0 (4)

+ + → +
+ + +2Fe 0.5O 2H 2Fe  H O2 

2
Bacteria 3 

2 (5)

+ + →2 S 3O 2H O 2H SO0
2 2

Bacteria
2 4 (6)

Based on the above equations, the Fe2+ that originates from the
oxidation of metal sulfide mineral by microorganisms or Fe3+ can be
utilized by L. ferriphilum (Eq. (5)), possibly guaranteeing continuous
leaching (Mahmoud et al., 2017). After inoculation of At. thiooxidans
into the leaching system, the elemental sulfur intermediate product that
is produced by mineral dissolution could be used as an energy source by
A. thiooxidans, which then forms sulfuric acid (Eq. (6)) and significantly
accelerates the pH decrease (Ahmadi and Mousavi, 2015; Mahmoud
et al., 2017). However, the maximum difference in pH between the
bioleaching groups was 0.12, indicating that the initial proportions of
the two strains had no significant effect on the pH of the leaching
system.

ORP is one of the most important factors during bioleaching. It is
closely related to the leaching efficiency of tailings and reflects the
oxidation rate and activity of microorganisms (Zhao et al., 2015). It can
be expressed using the Nernst equation (Eq. (7)) (Zhao et al., 2015).

= +

+

+
E E RT

F
ln [Fe ]

[Fe ]
o

3 

2 (7)

It can be seen that the ORP is mainly determined by the ratio of
[Fe3+] and [Fe2+] (Kawatra, 2017). A higher ORP means that [Fe3+] is
much larger than [Fe2+]. In the abiotic control group, few iron ions
were produced and the ORP value remained at about 493mV due to a
lack of microbial oxidation. The results revealed that pyrite is insoluble
under acidic conditions. The ORP increased from 492mV to 822mV
when [Fe2+] decreased from 0.57 g/L to 0 g/L and [Fe3+] increased
from 0 g/L to 7.39 g/L under the oxidation of L. ferriphilum in group I
(Fig. 1b–d). A possible explanation is that L. ferriphilum could oxidize
Fe2+ in the pyrite to Fe3+, thereby increasing the ORP until dynamic
equilibrium (Wang et al., 2018b). When the initial proportions of At.
thiooxidans in groups II, III and IV increased, the rate of decrease for
[Fe2+] and the rate of increase for the [TFe] and ORP slowed down.
However, the [Fe2+] (0 g/L), [TFe] (6.87–7.39 g/L) and ORP
(820–822mV) were consistent with group I at the end of the experi-
ment (Fig. 1b–d). Previous studies have found that Fe3+, as a strong
oxidant, can oxidize sphalerite and pyrite into soluble states (Priya and
Hait, 2018). In this test, the ORP (492–822mV) and high [Fe3+] were
favorable for oxidation of sphalerite and pyrite by microorganisms,
among which sphalerite is the preferred substrate (Gu et al., 2018;
Heidel et al., 2013; Sun et al., 2015).

Sphalerite dissolves and releases zinc ions through the direct oxi-
dation of microorganisms or the attack of Fe3+ and protons, con-
tinuously increasing the leaching rate (Mahmoud et al., 2017; Nguyen
et al., 2015; Wong et al., 2015), as shown in Eq. (1), (3) and (8).

+ + → + +
+ +ZnS 0.5O 2H Zn H O S2

2 
2

0 (8)

Fig. 1e reveals that a zinc leaching rate of 94.5% was achieved in
group I when the lead–zinc sulfide mine tailings was leached by L.
ferriphilum after 20 days. This result, which was 43% higher than abiotic
control group, implies that L. ferriphilum was more effective at pro-
moting zinc leaching from tailings than acid leaching. At the same time,
a significant promotion of zinc leaching by microbial oxidation was also
proven by the low pH and high [Fe3+]. The deep yellow line in Fig. 1e
was the zinc leaching rate of previous result, which found that when a
zinc leaching rate of 87.97% was achieved with the oxidation of in-
digenous At. ferrooxidans, the required leaching time was 32 days (Ye
et al., 2017). In this experiment, it only took 12 days to obtain the same
leaching rate with the oxidation of L. ferriphilum, thereby reducing the
leaching time by 62.5%. However, no obvious improvement in the zinc
leaching rate was observed in groups II, III and IV with the increased
initial proportions of A. thiooxidans, when compared with group I.

Variance analysis of the zinc leaching rate in the different bio-
leaching groups was conducted in IMB SPSS Statistics 20 (Table 3). The
results show that there was no significant difference in the zinc leaching
rates between the bioleaching groups.

The number of cells showed the same trend for the different bio-
leaching systems (Fig. 1f). L. ferriphilum can obtain energy for growth
and reproduction by oxidizing pyrite (Wang et al., 2018b). Thus, the
cell number significantly increased from 1.0× 107 cells/mL to
31× 107 cells/mL and then began to decline after 18–20 days in group
I. After an increase in the initial proportions of At. thiooxidans in groups
II, III and IV, there was a decrease in the number of cells. This might be
closely associated with the ability of microorganisms to use the energy
material itself. Fig. 1g shows the community succession in group III.
The percentage of L. ferriphilum increased from 50% to 97% at the
beginning of the experiment, while by the end, the percentage of At.
thiooxidans increased to 98%, which indicated that L. ferriphilum might
play an important role in bioleaching at the early stage. The reasons for
the above phenomenon could be reflected in the following description.
L. ferriphilum could have become dominant by oxidizing pyrite to obtain
energy for growth (Wang et al., 2018b). However, after 20 days, when
most of the Fe2+ in the mineral was oxidized to Fe3+ by microorgan-
isms, L. ferriphilum would have become apoptotic due to a lack of en-
ergy substances. Furthermore, metal sulfide mineral might not be di-
rectly oxidized by At. thiooxidans (Fu et al., 2008). When more
elemental sulfur was produced by mineral dissolution via oxidation by
L. ferriphilum, At. thiooxidans could begin to propagate during the later
stage, becoming the dominant strain after 20 days. However, Fig. 1e
shows that the zinc leaching rate increased by 57.63% in group III
during this early stage, while the zinc leaching rate only increased by
4.8% during this later stage. The above results indicate that zinc
leaching in the mixed cultures might be mainly attributed to the oxi-
dation of L. ferriphilum.

3.2. The characteristic changes of EPS during bioleaching

During bioleaching, EPS plays a unique and important role in the
interface interactions of microorganisms, minerals and solutions, and
has become a popular research topic in the field of bioleaching. In order
to determine why the zinc leaching rate failed to be significantly pro-
moted after At. thiooxidans inoculation, the EPS characteristics in the
pure culture of L. ferriphilum (group I) and the mixed culture (group III)
were studied, because the equal ratio of inoculation of L. ferriphilum and
At. thiooxidans could better represent the change of physiological
characteristics in the mixed cultures.

Figs. 2 and 3 show the 3DEEM fluorescence spectra of EPS in groups
I and III. According to the Guo et al. (2014), Wang and Zhang (2010),
Xu et al. (2019) and Zhu et al. (2015), the 3D-EEM fluorescence spectra

Fig. 1. The variation in physicochemical parameters during bioleaching. (a) pH; (b) ORP; (c) ferrous concentration; (d) total iron concentration; (e) zinc extraction
rate; (f) cell density; (g) microbial community succession in group III.

Table 3
The result (P value) of variance analysis of zinc leaching rate under different
bioleaching group.

Bioleaching group I II III IV

I 0.000 0.959 0.830 0.927
II 0.959 0.000 0.870 0.968
III 0.830 0.870 0.000 0.902
IV 0.927 0.968 0.902 0.000

Note: P≤ 0.05 means significant difference; P > 0.05 means no difference.
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of EPS were divided into five peaks: peak A (Ex/Em=275/445 nm),
peak B (Ex/Em=350/445 nm), peak C (Ex/Em=255/350 nm), peak
D (Ex/Em=285/380 nm), and peak E (Ex/Em=225/410 nm). More-
over, the humic acid-like substances are characterized as peaks A, B,
and D. The tryptophan protein substances and the fulvic acid-like
substances are characterized as peak C and peak E, respectively. Humic
acid-like substances and fulvic acid-like belong to humus-like sub-
stances. Additionally, polysaccharides were detected in the different
EPS layers. Therefore, EPS was mainly composed of humus-like sub-
stances, tryptophan proteins and polysaccharides.

The variation of EPS components in group I was consistent with
group III. As the reaction progressed, the total content of humus-like
substances continuously increased, while the total concentration of
polysaccharides first increased and then decreased in both S-EPS and B-
EPS. The total content of tryptophan protein decreased continuously in
S-EPS, whereas it first increased and then slightly decreased in B-EPS.
The production of EPS peaked after 16 days; however, the content of
EPS components in group III was slightly lower than group I. These
results indicate that although the content of EPS components decreased
slightly, no obvious change in the composition and structure of EPS
could be observed after At. thiooxidans was inoculated into the leaching
system.

The content of humus-like substances increased continuously during
the leaching process due to the apoptosis of cells and the degradation of
macromolecular organics, such as proteins and polysaccharides, that
were produced by the cells (Fig. 4a) (Chu et al., 2015). Although the
increasing concentration of metal ions in the leaching solution could
inhibit the activity of microorganisms, the accumulated humus-like
substances can provide protection for microorganisms through com-
plexation, thereby reducing the toxicity of metal ions and enabling the
leaching process to proceed smoothly (Koukal et al., 2003; Li and Sand,

2017). In addition, humus-like substances can significantly affect
electron transfer between microorganisms and extracellular electron
receptors, becoming the medium for communication between micro-
organisms and minerals (Smith et al., 2015; Xiao et al., 2019). Although
the content of humus-like substances in group III was slightly lower
than group I, the distribution characteristics in different EPS layers was
consistent (Fig. 4a). Humus-like substances were mainly distributed in
S-EPS, followed LB-EPS, and finally TB-EPS. Therefore, it was specu-
lated that the humus-like substances were primarily involved in pro-
tecting free cells. In addition, it can be seen from Figs. 2 and 3 that the
fluorescence intensity of a polyaromatic-type humic acid (peak A) was
the strongest, indicating that this compound was the most abundant of
the humus-like substances (Wang and Zhang, 2010). Therefore, it was
concluded that a polyaromatic-type humic acid might play an im-
portant role in bioleaching.

Extracellular proteins play an important role in many processes,
such as the adhesion of cells to a cell matrix; biofilm formation and
stability; redox reactions in EPS biofilms; and sulfur activation (He
et al., 2014; Li and Sand, 2017; Yu et al., 2017). Although the content of
tryptophan protein in group III was slightly lower than that of group I,
its distribution characteristics in the different EPS layers were coin-
cident (Fig. 4b). The tryptophan protein was mainly distributed in the
B-EPS, with TB-EPS exhibiting the larger proportion. This phenomenon
might be because attached cells produce more protein than free cells
(Yu et al., 2017), which likely enhances biofilm formation. However,
during bioleaching, the content of the tryptophan protein first increased
and then slightly decreased in the B-EPS, which could be closely related
to the propagation and activity of microorganisms (Xu et al., 2013).
These results are consistent with previous study (Yu et al., 2017).

During bioleaching, the total polysaccharide concentrations in
groups I and III initially increased and then gradually decreased

Fig. 2. The 3DEEM fluorescence spectra of EPS (S-EPS, LB-EPS, TB-EPS) at different leaching times in group I.
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(Fig. 4c). This trend is similar to the results of Yu et al. (2017). When
microorganisms were inoculated into the leaching system, they began
to propagate, which significantly enhanced the oxidation activity and
increased the production of polysaccharides. Yu et al. (2017) found that
polysaccharide production decreased after the logarithmic phase,
which was also confirmed by the result of this study. This might be
explained by the lower metabolic capacity of the cells or the hydrolysis
of glucose bonds in polysaccharides (Michel et al., 2009; Xiao et al.,
2016). Although the polysaccharide concentration in group III was
slightly lower than group I, its distribution characteristics in the dif-
ferent EPS layers were the same (Fig. 4c). Polysaccharides were mainly
located in the S-EPS, followed by LB-EPS and finally TB-EPS. This might
be related to the role of polysaccharides in the different EPS layers.
Firstly, free cells secret more polysaccharides into the S-EPS to resist the
harsh environment of the solution, such as the high metal concentration
and low pH. Secondly, polysaccharides on the LB-EPS and TB-EPS could
complex Fe3+, which is beneficial for accumulating a large amounts of
Fe3+ between the EPS and mineral surface, thus effectively promoting
Fe3+ to attack and dissolve minerals (Wang et al., 2018a; Yu et al.,
2017).

DOC includes carbon from proteins, polysaccharides and other or-
ganics. Thus, the variation in DOC concentrations could be used to infer
changes in the total amount of EPS (Zhao et al., 2019). Fig. 4d shows
that the DOC concentration increased constantly, which revealed the
EPS yield peaked at 16 days; however, from days 16–20, the DOC
concentration slightly decreased. This could be attributed to the con-
sumption and biodegradation of EPS by some acid tolerant micro-
organisms or the breakdown of EPS components by some enzymes, such
as proteases, amylases, DNases and RNases (Wong et al., 2015). The
death and lysis of cells can release intracellular materials, such as lipids
proteins, polysaccharides, DNA and RNA, which could contribute to the

obvious increase in the total DOC concentration (Wong et al., 2015).
However, compared with group I, the DOC concentration slightly de-
creased by 0.7–1.7mg/L in group III, but its distribution in different
EPS layers was similar (Fig. 4d). This result suggests that there may be
no antagonism between L. ferriphilum and At. thiooxidans. During
0–4 days of bioleaching, the initial DOC concentration was higher in the
S-EPS than the B-EPS. This might be because when the microorganisms
were inoculated into the leaching system, there were more micro-
organisms in the planktonic state, resulting in the generation of more
free EPS. However, as the experiment progressed of 4–20 days, the DOC
concentration in the B-EPS was slightly higher than that in the S-EPS.
The above phenomenon is attributed to the fact that cells attached to
the mineral surface produced more EPS than the free cells in the
leaching solution, thereby significantly mediating the ability of cells to
attach to mineral surfaces (Noel et al., 2010).

3.3. Effects of microorganisms on tailings

The effect of the pure culture of L. ferriphilum (group I) and mixed
culture (group III) on the mineral surface was studied by SEM and XRD.
This analysis was used to determine why the leaching process of
lead–zinc sulfide mine tailings was not significantly facilitated after At.
thiooxidans inoculation.

3.3.1. Effects of microorganisms on mineral morphology
The surface morphology of bioleaching and acid leaching residues

was observed during leaching. The original mineral surface was flat,
smooth and dense and remained relatively smooth after 20 days of acid
leaching, which is characteristic of a poor capacity to destroy minerals
and weak leaching. On the contrary, an obvious change in the mineral
morphology could be observed in groups I and III, which is consistent

Fig. 3. The 3DEEM fluorescence spectra of EPS (S-EPS, LB-EPS, TB-EPS) at different leaching times in group III.
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with a high zinc leaching rate and indicates a fairly strong bioleaching
reaction. This might be because Fe3+ could be concentrated on the EPS
through the complexation of glucuronic acid or other residues, thereby
facilitating mineral corrosion by Fe3+, which then changed the mineral
morphology (Wang et al., 2018a). Thus, the mineral surface changed
from smooth to rough and that the lamellar secondary minerals ad-
sorbed on the mineral surface gradually increased during bioleaching.
Fortunately, the mineral surface was not completely covered by sec-
ondary minerals, such elemental sulfur and jarosite. Therefore, L. fer-
riphilum could continue to oxidize the minerals, which made the role of
At. thiooxidans less obvious.

3.3.2. Effects of microorganisms on the mineral phase
XRD showed that lead–zinc sulfide mine tailings contained minerals

such as pyrite, sphalerite, quarte and calcite. Compared with the ori-
ginal tailings, the diffraction peak intensities of pyrite and sphalerite
did not significantly decrease in the abiotic control group, which meant
that most of the pyrite and sphalerite still existed in tailings. This result
indicates that the ability of acid leaching pyrite and sphalerite was
limited. On the contrary, there was a significant change in the mineral
phase during bioleaching, but there was no significant difference in the

phase change between groups I and III. The diffraction peak intensities
of sphalerite and pyrite obviously decreased under microbial oxidation
and became very weak after 12 days. Finally, only a weak pyrite dif-
fraction peak existed, while the sphalerite diffraction peak completely
disappeared. The above results indicate that the minerals were con-
tinuously leached, releasing oxidation products, such as Fe3+, Zn2+

and SO4
2− into the solution. It was reported that bioleaching could be

hindered by secondary minerals adhered to the mineral surface, such as
elemental sulfur produced by a ferrous oxidizer oxidizing minerals and
jarosite formed during leaching (Huang et al., 2019). However, sulfur
and jarosite were not detected in the leaching system. The reasons are
speculated to be as follows: SO4

2− was consumed by reacting with
Pb2+ dissolved from galena and Ca2+ (Eq. (12)); and a low K+ content
in the tailings, and a low pH in leaching system, inhibited the formation
of jarosite (Eq. (13)). K represents Na+, K+ and NH4

+ (Huang et al.,
2019). Thus, L. ferriphilum could continue to oxidize minerals.

+ →
+M SO MSO2 

4
2 -

4(s) (12)

+ + + → +
+ + +M 3Fe 2SO 6H O MFe (SO ) (OH) 6H3 

4
2 -

2 3 4 2 6

(13)

Fig. 4. The variation in the organic matter content in EPS (S-EPS, LB-EPS, TB-EPS). (a) the Fmax of humus-like substances; (b) the Fmax of tryptophan protein; (c)
polysaccharide concentration; (d) DOC concentration. The left part of each picture represented the variation in group I. The right part of each picture represented the
variation in group III.
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3.4. Utilization of monomer minerals by microorganisms

In order to further investigate the reason that At. thiooxidans had no
obvious influence on the bioleaching process, the oxidation utilization
of monomer minerals by At. thiooxidans would be explored as follows.

At. thiooxidans could grow with S, Na2S2O3 or K2O6S4 as substrates;
however, its physiological characteristics were poor when the sub-
strates were replaced with pyrite, sphalerite and galena. This result
indicates that At. thiooxidans might have a weak oxidation capacity for
pyrite and other metal sulfide mineral (Fu et al., 2008; Mahmoud et al.,
2017; Panda et al., 2015). When mixed with a ferrous oxidizer, At.
thiooxidans began to propagate after elemental sulfur was formed by the
dissolution of minerals with the oxidation of the ferrous oxidizer.
Therefore, At. thiooxidans grew slowly at the early stage and then grew
rapidly only after more sulfide and elemental sulfur were produced in
the later stage, which is consistent with the results presented in Fig. 1g.
It was considered that At. thiooxidans mainly eliminated the sulfur
passivation layer to promote bioleaching in the leaching system (Liu
et al., 2011). However, qPCR analysis show that L. ferriphilum played a
major role in bioleaching by the mixed cultures at the early stages and
data on analysis of the FESEM and XRD illustrate that mineral surface
incompletely covered by secondary minerals. Thus, L. ferriphilum,
which has a strong ferrous-oxidizing ability, was not inhibited during
the leaching of minerals and played a leading role in the leaching by the
mixed cultures. As a result, the effect of At. thiooxidans on bioleaching
by eliminating the sulfur passivation layer was not obvious.

4. Conclusion

In this study, it was found that metal recovery depended on ferrous
oxidizers during the leaching of low grade base-metal sulfide tailings,
because passive layers, such as jarosite or elemental sulfur, were not
present to hinder the leaching process. Thus, the function of ferrous
oxidizers was highlighted during biomining such tailings. Finally, a new
strategy to use only ferrous oxidizers during the first part of leaching,
especially those with a strong ferrous-oxidizing ability, and then add
sulfur oxidizers at the end of the leaching process, was proposed.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

This work was supported by National Key R&D Program of China
(No. 2018YFD0800700), Natural Science Foundation of Guangdong
Province (No. 2015A030308008) and Science and Technology Planning
Project of Guangdong Province (No. 2016A040403068).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biortech.2019.122187.

References

Ahmadi, A., Mousavi, S.J., 2015. The influence of physicochemical parameters on the
bioleaching of zinc sulfide concentrates using a mixed culture of moderately ther-
mophilic microorganisms. Int. J. Miner. Process. 135, 32–39.

Chu, H., Yu, H., Tan, X., Zhang, Y., Zhou, X., Yang, L., Li, D., 2015. Extraction procedure
optimization and the characteristics of dissolved extracellular organic matter (dEOM)
and bound extracellular organic matter (bEOM) from Chlorella pyrenoidosa. Colloids
Surf. B 125, 238–246.

Edward, C.J., Kotsiopoulos, A., Harrison, S.T.L., 2018. Low-level thiocyanate concentra-
tions impact on iron oxidation activity and growth of Leptospirillum ferriphilum
through inhibition and adaptation. Res. Microbiol. 169 (10), 576–581.

Fu, B., Zhou, H., Zhang, Q., Qiu, G., 2008. Isolation and identification of three strains of
thiobacillus thioxide. J. Microbiol. 289 (1), 12–19.

Gu, T., Rastegar, S.O., Mousavi, S.M., Li, M., Zhou, M., 2018. Advances in bioleaching for
recovery of metals and bioremediation of fuel ash and sewage sludge. Bioresour.
Technol. 261, 428–440.

Guo, L., Lu, M., Li, Q., Zhang, J., Zong, Y., She, Z., 2014. Three-dimensional fluorescence
excitation–emission matrix (EEM) spectroscopy with regional integration analysis for
assessing waste sludge hydrolysis treated with multi-enzyme and thermophilic bac-
teria. Bioresour. Technol. 171, 22–28.

He, Z., Yang, Y., Zhou, S., Hu, Y., Zhong, H., 2014. Effect of pyrite, elemental sulfur and
ferrous ions on EPS production by metal sulfide bioleaching microbes. Trans.
Nonferrous Metals Soc. China 24 (4), 1171–1178.

Heidel, C., Tichomirowa, M., Junghans, M., 2013. Oxygen and sulfur isotope investiga-
tions of the oxidation of sulfide mixtures containing pyrite, galena, and sphalerite.
Chem. Geol. 342, 29–43.

Huang, T., Wei, X., Zhang, S., 2019. Bioleaching of copper sulfide minerals assisted by
microbial fuel cells. Bioresour. Technol. 288, 121561.

Jafari, M., Shafaei, S.Z., Abdollahi, H., Gharabaghi, M., Chelgani, S.C., 2018. Effect of
Flotation Reagents on the Activity of L. Ferrooxidans. Miner. Process. Extr. Metall.
Rev. 39 (1), 34–43.

Karamanev, D.G., Nikolov, L.N., Mamatarkova, V., 2002. Rapid simultaneous quantitative
determination of ferric and ferrous ions in drainage waters and similar solutions.
Miner. Eng. 15 (5), 341–346.

Kawatra, S.K., 2017. Mineral processing and extractive metallurgy review. Miner.
Process. Extr. Metall. Rev. 38 (6), 1.

Koukal, B., Gueguen, C., Pardos, M., Dominik, J., 2003. Influence of humic substances on
the toxic effects of cadmium and zinc to the green alga Pseudokirchneriella sub-
capitata. Chemosphere 53 (8), 953–961.

Li, Q., Sand, W., 2017. Mechanical and chemical studies on EPS from Sulfobacillus
thermosulfidooxidans: from planktonic to biofilm cells. Colloids Surf., B 153, 34–40.

Li, S., Zhong, H., Hu, Y., Zhao, J., He, Z., Gu, G., 2014. Bioleaching of a low-grade
nickel–copper sulfide by mixture of four thermophiles. Bioresour. Technol. 153,
300–306.

Liang, J., Huang, J., Zhang, S., Yang, X., Huang, S., Zheng, L., Ye, M., Sun, S., 2019. A
highly efficient conditioning process to improve sludge dewaterability by combining
calcium hypochlorite oxidation, ferric coagulant re-flocculation, and walnut shell
skeleton construction. Chem. Eng. J. 361, 1462–1478.

Liu, Y., Yin, H., Zeng, W., Liang, Y., Liu, Y., Baba, N., Qiu, G., Shen, L., Fu, X., Liu, X.,
2011. The effect of the introduction of exogenous strain Acidithiobacillus thiooxidans
A01 on functional gene expression, structure and function of indigenous consortium
during pyrite bioleaching. Bioresour. Technol. 102 (17), 8092–8098.

Ma, L., Wang, H., Wu, J., Wang, Y., Zhang, D., Liu, X., 2019. Metatranscriptomics reveals
microbial adaptation and resistance to extreme environment coupling with bio-
leaching performance. Bioresour. Technol. 280, 9–17.

Ma, L., Wang, X., Feng, X., Liang, Y., Xiao, Y., Hao, X., Yin, H., Liu, H., Liu, X., 2017. Co-
culture microorganisms with different initial proportions reveal the mechanism of
chalcopyrite bioleaching coupling with microbial community succession. Bioresour.
Technol. 223, 121–130.

Mahmoud, A., Cezac, P., Hoadley, A.F.A., Contamine, F., D'Hugues, P., 2017. A review of
sulfide minerals microbially assisted leaching in stirred tank reactors. Int.
Biodeterior. Biodegrad. 119, 118–146.

Michel, C., Beny, C., Delorme, F., Poirier, L., Spolaore, P., Morin, D., d'Hugues, P., 2009.
New protocol for the rapid quantification of exopolysaccharides in continuous culture
systems of acidophilic bioleaching bacteria. Appl. Microbiol. Biotechnol. 82 (2),
371–378.

Nguyen, V.K., Lee, M.H., Park, H.J., Lee, J.-U., 2015. Bioleaching of arsenic and heavy
metals from mine tailings by pure and mixed cultures of Acidithiobacillus spp. J. Ind.
Eng. Chem. 21, 451–458.

Noel, N., Florian, B., Sand, W., 2010. AFM & EFM study on attachment of acidophilic
leaching organisms. Hydrometallurgy 104 (3–4), 370–375.

Panda, S., Akcil, A., Pradhan, N., Deveci, H., 2015. Current scenario of chalcopyrite
bioleaching: a review on the recent advances to its heap-leach technology. Bioresour.
Technol. 196, 694–706.

Priya, A., Hait, S., 2018. Extraction of metals from high grade waste printed circuit board
by conventional and hybrid bioleaching using Acidithiobacillus ferrooxidans.
Hydrometallurgy 177, 132–139.

Sand, W., Gehrke, T., 1999. Analysis and Function of the EPS from the Strong Acidophile
Thiobacillus ferrooxidans. In: Wingender, J., Neu, T.R., Flemming, H.-C. (Eds.),
Microbial Extracellular Polymeric Substances: Characterization, Structure and
Function. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 127–141.

Sheng, G., Yu, H., Yu, Z., 2005. Extraction of extracellular polymeric substances from the
photosynthetic bacterium Rhodopseudomonas acidophila. Appl. Microbiol.
Biotechnol. 67 (1), 125–130.

Smith, J.A., Nevin, K.P., Lovley, D.R., 2015. Syntrophic growth via quinone-mediated
interspecies electron transfer. Front. Microbiol. 6.

Stedmon, C.A., Bro, R., 2008. Characterizing dissolved organic matter fluorescence with
parallel factor analysis: a tutorial. Limnol. Oceanogr. Meth. 6, 572–579.

Sun, H., Chen, M., Zou, L., Shu, R., Ruan, R., 2015. Study of the kinetics of pyrite oxi-
dation under controlled redox potential. Hydrometallurgy 155, 13–19.

Wang, J., Tian, B., Bao, Y., Qian, C., Yang, Y., Niu, T., Xin, B., 2018a. Functional ex-
ploration of extracellular polymeric substances (EPS) in the bioleaching of obsolete
electric vehicle LiNixCoyMn1-x-yO2 Li-ion batteries. J. Hazard. Mater. 354, 250–257.

Wang, X., Liao, R., Zhao, H., Hong, M., Huang, X., Peng, H., Wen, W., Qin, W., Qiu, G.,
Huang, C., Wang, J., 2018b. Synergetic effect of pyrite on strengthening bornite
bioleaching by Leptospirillum ferriphilum. Hydrometallurgy 176, 9–16.

Wang, Y., Chen, X., Zhou, H., 2018c. Disentangling effects of temperature on microbial

X. Liao, et al. Bioresource Technology 294 (2019) 122187

9

https://doi.org/10.1016/j.biortech.2019.122187
https://doi.org/10.1016/j.biortech.2019.122187
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0005
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0005
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0005
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0010
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0010
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0010
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0010
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0015
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0015
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0015
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0020
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0020
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0025
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0025
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0025
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0030
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0030
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0030
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0030
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0035
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0035
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0035
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0040
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0040
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0040
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0045
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0045
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0050
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0050
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0050
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0055
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0055
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0055
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0060
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0060
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0065
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0065
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0065
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0070
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0070
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0075
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0075
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0075
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0080
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0080
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0080
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0080
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0085
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0085
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0085
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0085
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0090
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0090
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0090
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0095
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0095
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0095
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0095
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0100
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0100
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0100
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0105
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0105
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0105
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0105
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0110
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0110
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0110
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0115
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0115
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0120
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0120
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0120
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0125
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0125
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0125
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0130
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0130
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0130
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0130
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0135
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0135
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0135
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0140
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0140
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0145
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0145
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0150
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0150
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0155
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0155
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0155
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0160
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0160
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0160
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0165


community and copper extraction in column bioleaching of low grade copper sulfide.
Bioresour. Technol. 268, 480–487.

Wang, Z., Zhang, T., 2010. Characterization of soluble microbial products (SMP) under
stressful conditions. Water Res. 44 (18), 5499–5509.

Wong, J.W.C., Zhou, J., Kurade, M.B., Murugesan, K., 2015. Influence of ferrous ions on
extracellular polymeric substances content and sludge dewaterability during bio-
leaching. Bioresour. Technol. 179, 78–83.

Xiao, K., Chen, Y., Jiang, X., Tyagi, V.K., Zhou, Y., 2016. Characterization of key organic
compounds affecting sludge dewaterability during ultrasonication and acidification
treatments. Water Res. 105, 470–478.

Xiao, N., Chen, Y., Zhou, W., 2019. Effect of humic acid on photofermentative hydrogen
production of volatile fatty acids derived from wastewater fermentation. Renew.
Energy 131, 356–363.

Xu, H., Cai, H., Yu, G., Jiang, H., 2013. Insights into extracellular polymeric substances of
cyanobacterium Microcystis aeruginosa using fractionation procedure and parallel
factor analysis. Water Res. 47 (6), 2005–2014.

Xu, L., Xia, W., Yu, M., Wu, W., Chen, C., Huang, B., Fan, N., Jin, R., 2019. Merely
inoculating anammox sludge to achieve the start-up of anammox and autotrophic
desulfurization-denitrification process. Sci. Total Environ. 682, 374–381.

Ye, M., Yan, P., Sun, S., Han, D., Xiao, X., Zheng, L., Huang, S., Chen, Y., Zhuang, S., 2017.
Bioleaching combined brine leaching of heavy metals from lead-zinc mine tailings:
transformations during the leaching process. Chemosphere 168, 1115–1125.

Yin, H., Zhang, X., Li, X., He, Z., Liang, Y., Guo, X., Hu, Q., Xiao, Y., Cong, J., Ma, L., Niu,

J., Liu, X., 2014. Whole-genome sequencing reveals novel insights into sulfur oxi-
dation in the extremophile Acidithiobacillus thiooxidans. BMC Microbiol. 14 (1),
179.

Yu, H., Wu, Z., Zhang, X., Qu, F., Wang, P., Liang, H., 2019. Characterization of fluor-
escence foulants on ultrafiltration membrane using front-face excitation-emission
matrix (FF-EEM) spectroscopy: fouling evolution and mechanism analysis. Water Res.
148, 546–555.

Yu, Z., Yu, R., Liu, A., Liu, J., Zeng, W., Liu, X., Qiu, G., 2017. Effect of pH values on
extracellular protein and polysaccharide secretions of Acidithiobacillus ferrooxidans
during chalcopyrite bioleaching. Trans. Nonferrous Metals Soc. China 27 (2),
406–412.

Zhang, R., Xia, J., Peng, J., Zhang, Q., Zhang, C., Nie, Z., Qiu, G., 2010. A new strain
Leptospirillum ferriphilum YTW315 for bioleaching of metal sulfides ores. Trans.
Nonferrous Metals Soc. China 20 (1), 135–141.

Zhao, H., Wang, J., Yang, C., Hu, M., Gan, X., Tao, L., Qin, W., Qiu, G., 2015. Effect of
redox potential on bioleaching of chalcopyrite by moderately thermophilic bacteria:
an emphasis on solution compositions. Hydrometallurgy 151, 141–150.

Zhao, J., Liu, S., Liu, N., Zhang, H., Zhou, Q., Ge, F., 2019. Accelerated productions and
physicochemical characterizations of different extracellular polymeric substances
from Chlorella vulgaris with nano-ZnO. Sci. Total Environ. 658, 582–589.

Zhu, L., Zhou, J., Lv, M., Yu, H., Zhao, H., Xu, X., 2015. Specific component comparison of
extracellular polymeric substances (EPS) in flocs and granular sludge using EEM and
SDS-PAGE. Chemosphere 121, 26–32.

X. Liao, et al. Bioresource Technology 294 (2019) 122187

10

http://refhub.elsevier.com/S0960-8524(19)31417-8/h0165
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0165
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0170
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0170
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0175
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0175
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0175
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0180
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0180
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0180
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0185
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0185
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0185
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0190
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0190
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0190
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0195
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0195
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0195
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0200
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0200
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0200
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0205
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0205
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0205
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0205
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0210
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0210
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0210
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0210
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0215
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0215
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0215
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0215
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0220
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0220
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0220
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0225
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0225
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0225
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0230
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0230
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0230
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0235
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0235
http://refhub.elsevier.com/S0960-8524(19)31417-8/h0235

	A new strategy on biomining of low grade base-metal sulfide tailings
	Introduction
	Materials and methods
	Mineral component
	Microorganisms cultivation
	Bioleaching experiment
	Analytical methods
	Analysis of physicochemical parameters
	Analysis of community succession in group III
	EPS extraction and analysis
	EPS extraction during bioleaching
	DOC and polysaccharide measurements
	3DEEM fluorescence measurement and PARAFAC modeling
	Mineral morphology and mineral phase analysis
	Mineral utilization


	Results and discussion
	Variation of physicochemical parameters during bioleaching
	The characteristic changes of EPS during bioleaching
	Effects of microorganisms on tailings
	Effects of microorganisms on mineral morphology
	Effects of microorganisms on the mineral phase

	Utilization of monomer minerals by microorganisms

	Conclusion
	mk:H1_23
	Acknowledgement
	Supplementary data
	References




