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A B S T R A C T   

Unwieldy fine sulfide ores are produced during mining; without being appropriately disposed of, they can cause 
environmental pollution and waste resources. This study investigated the leaching performance of a moderately 
thermophilic consortia (Leptospirillum ferriphilum + Acidithiobacillus caldus + Sulfobacillus benefaciens) for fine 
lead-zinc sulfide raw ore. The results showed this microbial community created a low pH, high ORP, and high 
cell concentration environment for mineral leaching, improving bioleaching efficiency. Under the action of this 
consortia, the zinc leaching rate reached 96.44 in 8 days, and reached 100% after 12 days. EPS analysis indicated 
that the consortia could mediate the secretion of more polysaccharides to ensure leaching efficiency. EPS levels 
and amino acids were the main factors affecting bioleaching. An analysis of mineral surface characteristics 
showed the consortia effectively leached pyrite and sphalerite from the fine sulfide ore, and prevented the 
mineral surface forming the jarosite that could hinder bioleaching. This study found that bioleaching reduced the 
potential environmental toxicity of the minerals, providing an important reference for guiding the bioleaching of 
unwieldy fine sulfide raw ore.   

1. Introduction 

Over-grinding and secondary processes occur during mining, 
generating large amounts of fine sulfide ore. Compared with traditional 
foam-floatable minerals (at approximately 40 μm or larger), fine sulfide 
ore has a small mass, large specific surface area, and high activation 
energy (Mikhlin et al., 2016). This makes it difficult to utilize the fine 
sulfide raw ore, because it creates a series of problems for mineral 
concentration, sedimentation, and sorting; and makes it difficult to 
efficiently recover metal using flotation (Xue et al., 2021). In addition, 
common tailings treatments have been used to treat fine sulfide ore, 
causing them to be entered into tailings dumps. This has resulted in the 
loss of large amounts of valuable metals, along with fine particle ores. 
Further, this treatment occupies a large treatment area, and produces 
acid through oxidation. Heavy metal ions then easily migrate, possibly 
polluting the surrounding environment. Therefore, developing 
comprehensive technology for utilizing fine sulfide ore is a significant 

step in protecting the environment, rationally using resources, and 
promoting economic development. 

Compared with physical and chemical methods, bioleaching has 
been widely used to treat a variety of sulfide ores, because of its envi
ronmental friendliness, simple operation, strong oxidation ability, and 
low cost (Gu et al., 2018; Srichandan et al., 2019). Bioleaching has been 
investigated as a method for recovering valuable metals from pyrite (Yin 
et al., 2020), chalcopyrite (Panda et al., 2015), lead-zinc ore (Liao et al., 
2021), uranium ore (Kaksonen et al., 2020) and other minerals. More 
than 40 microbial species with leaching capabilities have been found in 
bioleaching systems (Panda et al., 2015). Based on their functional 
categories, acidophilic microorganisms can be divided into ferrous/
sulfur oxidizers, ferrous oxidizers, and sulfur oxidizers (Mendez-Garcia 
et al., 2015). Acidophiles are further divided into three groups according 
to their suitable growth temperature: mesophilic (20–40 ◦C), moder
ately thermophilic (40–60 ◦C), and extremely thermophilic (above 
60 ◦C) (Mahmoud et al., 2017). The oxidation of sulfide ore is an 
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exothermic reaction, causing the temperature of the leaching system to 
rise to 50 ◦C or higher (Zhu et al., 2013). Moderately thermophilic 
bacteria (40–60 ◦C) have a strong oxidation capacity and high surviv
ability under adverse conditions. This leads them to perform better 
compared to mesophilic organisms (20–40 ◦C) (Castro et al., 2019), 
which are mostly used in bioleaching. However, long leaching cycles are 
a problem during bioleaching; and studies have found that bioleaching 
required approximately 20 days to reach a high metal removal rate 
(Nguyen et al., 2021). This highlights the need to significantly increase 
bioleaching efficiency. 

Studies have shown that the synergistic effect of different microbial 
functional types can contribute to the higher metabolism of iron and 
sulfur, further improving extraction efficiency compared to a pure cul
ture (Ma et al., 2017). The ferrous oxidizer Leptospirillum Spp and sulfur 
oxidizer Acidithiobacillus Spp are dominant moderately thermophilic 
bacteria that have been found in leaching systems (Mahmoud et al., 
2017). Leptospirillum ferriphilum may have become dominant by 
oxidizing pyrite to obtain energy for growth (Wang et al., 2018a). 
However, ferrous oxidizer does not eliminate the sulfur passivation layer 
formed on the mineral surface, which hinders bioleaching (Liao et al., 
2019). Further, the sulfur oxidizer Acidithiobacillus caldus may transform 
sulfide to sulfite, producing acid that further dissolves minerals and 
avoids the formation of a passivation layer (Mangold et al., 2011). 
Introducing Sulfobacillus Spp can change the community structure to 
ensure the functioning of dominant bacteria during leaching, benefitting 
the bioleaching process (Bryan et al., 2011; Nancucheo and Johnson, 
2010). Therefore, three types of bioleaching microorganisms described 
above were selected to construct moderately thermophilic consortia, 
with the goal of improving the leaching of fine lead-zinc sulfide raw ore. 

Extracellular polymeric substances (EPS) serve as a significant me
dium for the interaction between microorganisms and minerals, and can 
promote biofilm formation. The biofilm that forms on cell and mineral 
surfaces provides a reaction site for mineral dissolution and cell energy 
metabolism, playing an essential role during bioleaching (He et al., 
2014; Priya and Hait, 2018). Microbial-mediated EPS can be divided 
into soluble EPS (S-EPS) and bound EPS (B-EPS); B-EPS is further 
divided into loosely bound EPS (LB-EPS) and tightly bound EPS 
(TB-EPS) (Zhang et al., 2019). Studies have shown that the components 
and structural characteristics of EPS can significantly impact the bio
leaching process (Cai et al., 2018; Wang et al., 2018b). Liao et al. (2019) 
first studied bioleaching with Leptospirillum ferriphilum and Acid
ithiobacillus thiooxidans at 30 ◦C; they developed an EPS extraction 
method to facilitate an analysis using 3DEEM-PARAFAC. Ye et al. (2021) 
analyzed the correlation between variations in LB-EPS and TB-EPS and 
leaching behavior during bioleaching; they confirmed that EPS 
composition was related to the metal leaching rate. However, few 
studies have examined characteristic variations of EPS in the process of 
fine sulfide lead-zinc raw ore bioleaching. Analyzing the characteristic 
variations in EPS may help reveal the leaching mechanism. 

This study focused on assessing the leaching performance of a 
designed moderately thermophilic consortia. The research also identi
fied the action and mechanism involved in the leaching of fine lead-zinc 
sulfide raw ore, by examining the bioleaching parameters in the solu
tion, mineral surface characteristics, and EPS characteristics. In addi
tion, the study analyzed the relationship between EPS and leaching 
behavior using a Pearson correlation. This analysis of the action mech
anism was used to analyze the relationship between microbial behavior 
and mineral dissolution mechanisms. Briefly, the study was designed to 
improve our understanding of bioleaching and the potential for 
comprehensively using fine sulfide raw ore from mining. 

2. Materials and methods 

2.1. Mineral component and characteristics 

For this research, fine lead-zinc sulfide raw ore was collected in 

Shaoguan City in Guangdong Province, China. The XRD result indicated 
that the fine lead-zinc sulfide raw ore mainly consisted of pyrite, quartz, 
calcite, sphalerite, and galena. Samples were digested in a microwave 
(MARS6, CEM, United States). Then, the Fe and Zn concentrations were 
determined using ICP-OES (7500, Agilent, United States). The sulfur 
concentrations were detected using an elemental analyzer (Vario EL 
cube, Elemantar, Germany). Particle size distributions were measured 
with a laser diffraction particle size analyzer (Mastersizer 3000, Malven, 
United Kingdom). The results are shown in Table 1. 

2.2. Microorganisms cultivation and domestication 

Three typical bioleaching strains were used in this research, based on 
their different energy utilization types. The ferrous oxidizer 
L. ferriphilum DX-m, sulfur oxidizer A. caldus DSM 8584T, and ferrous/ 
sulfur oxidizer S. benefaciens DSM 2705T were provided by Key Lab of 
Bio-hydrometallurgy of Ministry of Education, Central South University. 
The microbial culture conditions are provided in Table 2. The 
L. ferriphilum, A. caldus and S. benefaciens were grown as pure cultures in 
a 9K basal medium containing 0.50 g/L MgSO4⋅7H2O, 0.10 g/L KCl, 
3.00 g/L (NH4)2SO4, 0.01 g/L Ca(NO3)2, and 0.50 g/L K2HPO4 at 40 ◦C 
conditions. The medium was stirred at 170 rpm. Next, the microor
ganisms were domesticated, by growing them on mineral pulp. After 
adapting to the fine lead-zinc sulfide ore, the cell-containing pulp was 
centrifuged for 7 min to separate the sediment (955×g). Then, the su
pernatant was centrifuged for 20 min to obtain the suspended cells at 
10,619×g. Fresh 9K basal medium (25 mL) was added to suspend the 
sediment. Next, 1 g of 0.2 mm glass beads were added, and the sample 
was exposed to a vortex for at least 5 min to collect the attached cells 
(Feng et al., 2016). The microorganisms that adhered to the wall of the 
centrifuge tube were then resuspended in 9K basal medium, and were 
used as the bacterial materials for experiments. 

2.3. Bioleaching experiments 

For the bioleaching experiment, 100 mL of the 9K basal medium was 
added to 250 mL flasks containing 5 g fine lead-zinc sulfide raw ore. 
These were sterilized by autoclaving. Before inoculation, the initial pH 
of the pulp was adjusted to 1.8, using 50% H2SO4. The sample was 
bioleached at 40 ◦C and 170 rpm using an inoculation method, where 
L. ferriphilum+A. caldus+S. benefaciens were mixed in equal proportions, 
with a total of 107 cells/mL. An abiotic control group was assessed 
without adding bacteria. The two experimental groups were as follows: 
(I) raw ore - abiotic; (II) raw ore - bioleaching. During bioleaching, flasks 
were periodically supplemented with distilled water and the 9K basal 
medium to mitigate evaporation and sampling loss. 

2.4. Analytical methods 

2.4.1. Analysis of leaching parameters 
In the bioleaching experiment, the pH, ORP value, metal ion con

centration, and microbial count were measured once every two days. 
The ORP and pH were measured several times using an oxidation 
reduction potential meter, with Ag/AgCl as a reference electrode 
(STORP1, OHAUS, USA) and a digital pH meter (STARTER 2100, 
OHAUS, USA). Each sample was filtered through a 0.45 μm filter before 
measuring the ferric [Fe3+], total iron [TFe], and zinc ion 

Table 1 
Mineral properties.  

Mineral species Concentration of main element 
(%) 

Particle size (μm) 

Fe Zn S DV(10) DV(50) DV(90) 

Fine raw ore 13.93 3.42 17.73 2.18 8.30 30.3  
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concentrations. The ferric ion and total iron concentrations were 
measured using 5-sulfosalicylic acid spectrophotometry (Liao et al., 
2019). The zinc concentration was determined using ICP-OES (720ES, 
Agilent, USA). The number of suspended cells and attached cells were 
counted using a binocular biological microscope (B203LED, OPTEC, 
China) (Feng et al., 2016). The Zeta potential and particle size were 
determined using a research grade light scattering system (BI-200SM, 
Brookhaven, USA) and laser diffraction particle size analyzer (Master
sizer 3000, Malven, United Kingdom). 

2.4.2. Extraction and analysis of EPS 

2.4.2.1. Extraction of EPS during bioleaching process. During the exper
iment, the bound EPS fractions were extracted from the leaching system 
of the biological group once every 4 days. This was done using a pre
viously published method for extracting EPS from tailings pulp (Liao 
et al., 2019). Before analysis, 0.45 μm acetate cellulose membranes were 
used to filer the EPS layers; the EPS composition and structure were then 
analyzed. 

2.4.2.2. Fluorescence EEM measurement and FRI technique. Each layer of 
EPS was analyzed using a three-dimensional excitation emission matrix 
fluorescence spectrophotometer (F-4600, Hitachi, Japan) at a scan speed 
of 2400 nm/min. The scan range of the emission (Em) spectra ranged 
from 250 to 500 nm; the excitation (Ex) spectra ranged from 200 to 500 
nm. The spectra were recorded at an Em and Ex sampling interval of 5 
nm, under identical slit bandwidths (5 nm). Water was used for blank 
scans at equivalent conditions. The fluorescence intensity of the blank 
sample was subtracted from the experimental sample to eliminate water 
Raman scatter peaks (Xu et al., 2013). To determine the variation in EPS 
components, FRI was used to resolve the EEM data using Origin 96 
software (Math Works, Natick, Massachusetts, United States). The 
fluorescence spectra were decomposed into independent fluorescence 
components; this allowed for the determination of the maximum fluo
rescence intensity fraction peak position and other parameters (Han 
et al., 2018; Xu et al., 2013). The FRI technique was performed to 
quantify the dissolved organic matter, by quantitatively using all 
wavelength-dependent fluorescence intensity data in EEMs (Chen et al., 
2003). This step involved integrating the volumes within each EEM 
region. 

2.4.2.3. Polysaccharide and DOC of EPS measurement. The poly
saccharide concentrations in each EPS layer sample were analyzed using 
the phenol-sulfuric acid method, using glucose as the standard (Li and 
Sand, 2017). The levels of dissolved organic carbon (DOC) in the S-EPS, 
LB-EPS, and TB-EPS were measured using a TOC analyzer (Multi N/C 
3100, Analytik Jena, Germany). 

2.4.2.4. Correlation analysis of EPS and solution medium. A Pearson 
correlation analysis was used to evaluate the relationship between the 
changes in EPS fractions and the bioleaching parameters. Statistical 
analyses were performed using SPSS (SPSS 22.0; SPSS, Munich, 
Germany). 

2.4.3. Mineral solid phase characteristics 
For the final experiment, the leaching residues were freeze-dried in a 

vacuum at low temperature after being washed in distilled water. The 
variations in the solid phase of the fine lead-zinc sulfide ore during 
bioleaching were observed using a Fourier Transform infrared spec
troscopy (FTIR) (Nicolet 6700, Thermo-Filsher, USA), X-ray Diffrac
tometer (XRD) (D8 ADVANCE, Bruker, Germany), and scanning electron 
microscope (SEM) (Sigma300, ZEISS, Germany). 

3. Results and discussion 

3.1. Variation in the bioleaching parameters 

The pH, ORP, [Fe3+], [TFe], microbial count, and zinc extraction 
rate were investigated to evaluate the leaching performance of fine 
sulfide lead-zinc raw ore during bioleaching. Fig. 1(a) shows the change 
in pH during leaching for the different groups. The variations in pH 
resulted from competition between acid production by microbial 
oxidation and acid consumption by mineral dissolution. The pH of the 
abiotic control group remained stable at approximately 1.80, while the 
biological group experienced a decline in pH as the metal sulfides dis
solved. In the adaptive phase (0–4 days), the pH slowly declined, likely 
due to the weak oxidation capacity of the microorganisms. Subse
quently, from days 4–10, there was a rapid decline in pH from 1.80 to 
approximately 1.13, given that the microbial count rapidly increased. 
The increase in the microbial count was accompanied by the oxidation 
of ferrous and sulfide ions. This in turn facilitated the gradual dissolu
tion of fine sulfide ore, as shown in (Eqs. (1)–(7)). Fine sulfide raw ore 
was characterized as having small particle sizes and a large specific area, 
providing more active sites for reaction. Therefore, the fine sulfide raw 
ore was favorable for producing acid during bioleaching compared with 
ores with larger particle sizes (pH value of 1.13 compared to 2.0 at 10 
days) (Ahmadi and Mousavi, 2015). The lower pH value facilitated the 
dissolution of the fine sulfide ore. 

4FeS2+4H2O + 14O2 bacteria
̅̅̅̅→

4Fe2++8SO2−
4 +8H+ (1)  

MS(s)+2O2 bacteria
̅̅̅̅→

M2++SO2−
4 (2)  

MS2+2Fe3+→ M2++2Fe2++2S0 (3) 

Table 2 
The culture conditions of microorganisms used in this study.  

Species Strains Energy type Growth requirements 

pH Temp 
(◦C) 

Media (g/ 
L) 

Leptospirillum 
ferriphilum 

Dx-m Ferrous 
oxidizer 

1.6 40 9K +
FeSO4 

(44.7) 
Acidithiobacillus 

caldus 
DSM 
8584T 

Sulfur 
oxidizer 

2.5 40 9K + S (10) 

Sulfobacillus 
benefaciens 

DSM 
2705T 

Ferrous/ 
Sulfur 
oxidizer 

2.5 40 9K + S (10)  

Table 3 
Analysis of correlations between each EPS component and leaching parameters.   

Polysaccharides DOC Protein Amino acids Humic acids Fulvic acids 

Zinc extraction rate 0.954* 0.963* − 0.920 − 0.994** 0.943 0.060 
pH − 0.955** − 0.964* 0.917 0.977* − 0.920 − 0.170 
ORP 0.958* 0.959* − 0.913 − 0.933** 0.949 0.052 
Fe3+ 0.979* 0.873 − 0.797 − 0.903 0.915 0.255 
TFe 0.904 0.749 − 0.658 − 0.756 0.792 0.454 
Microbial count 0.999** 0.833 − 0.749 − 0.915 0.981* 0.028 

Note: *. The correlation was significant at 0.05 level (2-tailed). 
**. The correlation was significant at 0.01 level (2-tailed). 
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MS + 2Fe3+ → M2++2Fe2++S0 (4)  

4Fe2++O2+4H+bacteria
̅̅̅̅→

4Fe3++2H2O (5)  

2S0+3O2+2H2O bacteria
̅̅̅̅→

4H++SO2−
4 (6)  

2ZnS + O2+4H+→2Zn2++2H2O + 2S0 (7) 

Fig. 1(b)–(d) shows the variations in ORP, [TFe] and [Fe3+] as a 

result of leaching for the different groups. The ORP value is an important 
factor reflecting leaching efficiency, and is significantly related to the 
ratio of [Fe3+] to [Fe2+] (Zhao et al., 2015). In the abiotic group, the 
ORP, [TFe] and [Fe3+] remained stable; the ORP value remained at 
approximately 390–400 mv; and [TFe] and [Fe3+] remained at 
approximately 0.51 g/L and 0.05 g/L, respectively. For the bioleaching 
of raw ore, the ORP value increased sharply from 389 mv to 799 mv in 8 
days, with the enrichment of [TFe] and [Fe3+]. Additionally, [TFe] 
increased from 0.51 g/L to 3.55 g/L, and [Fe3+] increased from 0.05 g/L 

Fig. 1. The variations in media parameters during bioleaching: (a) pH, (b) ORP, (c) total iron concentration, (d) ferric concentration, (e) microbial count, (f) zinc 
extraction rate. 

S. Zhou et al.                                                                                                                                                                                                                                    



Journal of Environmental Management 303 (2022) 114192

5

to 2.55 g/L in the biological group. 
There are two likely reasons for the increase in ORP. One explanation 

is that L. ferriphilum and S. benefaciens directly utilized Fe2+, continu
ously oxidizing Fe2+ to Fe3+, as shown in (Eq. (5)). A second explanation 
is that A. caldus, a sulfur-oxidizer, used sulfur to produce acid, as shown 
in (Eq. (6)). The efficient use of sulfur benefitted the high redox potential 
of the bioleaching (Gan et al., 2015). The results show there was an 
increase in [Fe3+] and a high ORP during bioleaching by the moderately 
thermophilic consortia. This led to an increase in the oxidation rate of 
pyrite and sphalerite (Gan et al., 2015; Sun et al., 2015). 

The microbial count of moderately thermophilic consortia is an 
important index in bioleaching, due to the correlation with the leaching 
rate. An increase in microbial count supports the oxidation of sulfide ore 
and facilitates metal dissolution. Bioleaching occurs through the com
bined action of suspended and attached cells. In this study, the dissolved 
metals continuously increased through the oxidation of growing mi
croorganisms. Fig. 1(e) shows that the microbial count of suspended 
cells increased slowly in the first 4 days, due to the environmental 
adaption of microorganisms. During this period, microorganisms grad
ually adhered to the mineral surface. After 4–10 days, suspended cells 
continuously obtained energy from the fine sulfide ore to grow and 
reproduce. The microbial count of suspended cells sharply rose from 
4.08 × 107 cells/mL to 3.17 × 108 cells/mL between 4 and 10 days. The 
attached cells remained at approximately 2.20 × 107 cells/mL. The 
attachment behavior of microorganisms was limited by mineral particle 
size; a fine particle size did not benefit the attachment to the mineral 
surface. Days 10–16 represented the late leaching stage. The total mi
crobial count remained stable at 10–14 days; however, microorganisms 
began to decline after 14 days, due to a lack of energy. Compared to 
sulfide tailings with low metal concentrations, microorganisms main
tained a higher level of microbial activity when exposed to raw ore with 
high metal concentrations (total microbial count of 3.39 × 108 cells/mL 
compared to 2.10 × 108 cells/mL at 10 days) (Liao et al., 2019). These 
results indicated that the moderately thermophilic consortia 
(L. ferriphilum+A. caldus+S. benefaciens) showed strong environmental 
adaptability for fine sulfide lead-zinc ore at high metal concentrations. 

In bioleaching, the metal extraction rate is an important index 
reflecting leaching performance. Fig. 1(f) shows that over 16 days, the 
zinc extraction rate remained at approximately 31.83% for the abiotic 
control group. There were significant differences between the biological 
group and the abiotic group. The zinc extraction rate sharply increased 
to 96.44% for biological group after 8 days, and then asymptotically 
reached nearly 100% at 12 days. The results showed a superior zinc 
extraction rate by the consortia, shortening the required time by 6–42 
days, compared to previous research (Liao et al., 2021; Ye et al., 2017a; 
Zahiri et al., 2021) (Table 4). This increased zinc extraction can be 
attributed to microbial oxidation (Eq. (2)). Sphalerite was dissolved by 
ferric ion, but was also found to be an acid-consuming mineral (Eq. (4) 
and (7)). The zinc extraction rate of nearly 100% was attributed to the 
lower pH, the higher ORP value and [Fe3+] level, and higher microbial 
activity level in the biological group. Therefore, using moderately 
thermophilic consortia (L. ferriphilum+A. caldus+S. benefaciens) bio
leaching enabled the efficient recovery Zn from fine lead-zinc sulfide 
raw ore. 

3.2. The change in the EPS characteristics in bioleaching 

To further explore the bioleaching behavior of moderately thermo
philic consortia, specifically with respect to variations in the EPS during 
the leaching process, fluorescence EEM measurement with the FRI 
technique was used to generate detailed information about the EPS 
composition (Guo et al., 2014). The 3DEEM fluorescence spectra of 
biological group are shown in Fig. 2. Based on several studies (Wang and 
Zhang, 2010; Wei et al., 2017), the 3DEEM fluorescence spectra were 
divided into 4 regions: Region I (Ex/Em = 275/310 nm) represented 
tyrosine/tryptophan protein substances; Region II (Ex/Em = 220/310 
nm) represented tyrosine/tryptophan substances; Region III (Ex/Em =
290/380 nm) represented humic acid-like substances; and Region IV 
(Ex/Em = 225/400 nm) represented fulvic acid-like substances. The 
fluorescence region integration (FRI) of the above-mentioned substances 
in the EPS is shown in Fig. 3(c)–(f). The appearance and fluorescence 
intensity of the 4 regions varied during bioleaching. 

Fig. 3(a) shows the trend in DOC, which was similar to the Zn 
extraction rate (Fig. 1(f)). DOC contains carbon from polysaccharides, 
proteins, humic substances, and other organics from EPS fractions; this 
can be used to infer the variations in total EPS (Zhao et al., 2019). During 
days 4–8 of leaching, the total DOC concentrations in the biological 
group initially increased from 11.48 mg/L to 27.92 mg/L. As the bio
leaching continued and the microbial count grew, the increased EPS 
ensured the nutrient-adsorbing capacity of the biofilm and enabled 
microbial survival in the unfavorable environment. This was charac
terized by a lower pH and higher metal ion concentrations (Li and Sand, 
2017). There was a slight drop of the total DOC content between day 8 
and day 12, followed by an increase in the total DOC concentration from 
day 12 to day 16. Cell death released intracellular substances, such as 
DNA, RNA, lipids proteins and polysaccharides (Wong et al., 2015). This 
explained the increased total DOC during the late stage. Moreover, 
during the bioleaching process, S-EPS mainly contributed to the DOC, 
produced by the suspended cells. EPS plays an important role in pro
moting microbial attachment (Flemming and Wingender, 2010). How
ever, the DOC concentration of B-EPS remained stable at approximately 
4.65 mg/L after 4–12 days, with the microbial count of attached cells 
remaining at approximately 2.20 × 107 cells/mL. The suspended cells 
mainly produced the EPS available for action during bioleaching. 

Fig. 3(b) shows the variation in polysaccharides. During bioleaching, 
the total polysaccharide levels first increased and then decreased. The S- 
EPS layer contributed the main component. The polysaccharides level 
was higher in the S-EPS compared to the B-EPS, because microorganisms 
secreted polysaccharides into the S-EPS to fight the unfavorable envi
ronment of high heavy metal concentrations and a low pH (Yu et al., 
2017). When the microorganisms were introduced into the leaching 
system, polysaccharide production accompanied the proliferation of 
microorganisms. The polysaccharide levels in the EPS fractions signifi
cantly increased from 49.73 mg/L to 390.38 mg/L in the first 12 days. A 
large number of polysaccharides were seen during bioleaching, and the 
polysaccharide level changed in a similar way as the microbial count 
(Fig. 1(e)). Polysaccharides played an important role in bioleaching. 
First, polysaccharides and protein mainly participated in the EPS matrix 
structural components, ensuring microbial adhesion (Flemming and 
Wingender, 2010). Other, polysaccharides complexed Fe3+ to create a 
positive charge and facilitate attachment to the negatively charged 
mineral surface. This supported the accumulation of a large amount of 
Fe3+ between the mineral surface and the EPS. This effectively promoted 
the erosion and dissolution of the mineral and enhancing the metals 
extraction rate (Li and Sand, 2017; Wang et al., 2018b). In the late 
leaching stage, with the hydrolysis of polysaccharide glucose bonds or 
lower microbial metabolic capacity (Xiao et al., 2016), the poly
saccharide levels declined from 390.38 mg/L to 298.52 mg/L after 12 
days. As noted above, the increased polysaccharide promoted the 
leaching process. 

Extracellular proteins played an important role in the oxidation- 

Table 4 
Recent bioleaching research.  

Microorganism Time Leaching 
rate 

Reference 

L. ferriphilum, A. caldus and S. benefaciens 8 days 96.44% – 
A. ferrooxidans 50 

days 
96.42% Ye et al. 

(2017b) 
A. ferrooxidans and S. 

thermosulfidooxidans 
14 
days 

94.2% Liao et al. 
(2021) 

A. caldus, Sulfobacillus sp, Ferroplasma sp, 
and Leptospirillum sp 

30 
days 

72.25% Zahiri et al. 
(2021)  
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reduction process of EPS biofilm. This ensured the mechanical stability 
of the biofilm, and facilitated the adhesion between cell-matrix and cells 
(Flemming and Wingender, 2010). There was a similar trend with 
respect to the fluorescence intensity for protein-like and amino acid-like 
substances (Fig. 3(c)–(d)). In the adaptive phase (0–4 days), the fluo
rescence intensity of protein-like and amino acid-like substances rapidly 
increased to 3.62 × 106 RU and 0.95 × 106 RU, respectively. Microor
ganisms adsorbed on the mineral surfaces and adapted to the unfavor
able environments following secretion of protein-like substances and 
extracellular enzymes (Liao et al., 2019). However, the fluorescence 
intensity of protein-like and amino acid-like substances sharply declined 
to 2.12 × 106 RU and 0.29 × 106 RU, respectively, at 12 days. Therefore, 
the secretion of protein-like and amino acid-like substances mainly 
played an important role in the adaptive phase of bioleaching. After 
that, with the decline in total microbial count, the secretion of proteins 
further decreased at 16 days. 

Humic substances complexed with metal ions and modified the 
speciation of metals through oxidation reduction reactions; this played 
an important role in bioleaching (Castro et al., 2013). Fig. 3(e) shows 
that the S-EPS layer contributed the main component, indicating that 
suspended cells play a major role in producing humic acid. The humic 
acid level first rose and later fell. The fluorescence intensity of humic 
acids increased continuously, from 3.38 × 105 RU to 7.17 × 105 RU 
within 12 days. The increase in dissolved metal ions during bioleaching 
resulted in the accumulation of humic acid-like substances (Ye et al., 
2021). This occurred because humic acids and metal ions combined, 
affecting the transfer and transformation of metals, and protecting the 
microorganisms (Koukal et al., 2003). Further, humic acid substances 
form stable complexes with extracellular enzymes, and are highly 
resistant to heat changes, dehydration, and the hydrolysis of proteins. In 
addition, they act as a communication medium between minerals and 
microorganisms, significantly affecting electron transfer between 
extracellular electron acceptors and microorganisms (Koukal et al., 
2003; Xiao et al., 2019). However, from 12 to 16 days, the fluorescence 
intensity for humic acids slightly decreased, from 7.17 × 105 RU to 5.85 
× 105 RU. This decrease may be attributed to the increased degradation 
of dead microorganisms from the fine sulfide lead-zinc ore bioleaching 
(Ye et al., 2021). 

In the first 4 days, a large of fulvic acids were produced due to their 

initial exposure to the unsuitable environment of fine sulfide raw ore 
(Chu et al., 2021). The fluorescence intensity of fulvic acid-like sub
stances rapidly increased to 1.22 × 106 RU (Fig. 3(f)). After that, the 
intensity sharply declined to 0.28 × 106 RU in 8 days. Finally, the 
fluorescence intensity continuously increased to 2.14 × 106 RU in 16 
days. The increased fulvic acids may have separated and released iron 
from the mineral surfaces into the water phase, by forming a fulvic 
acid-iron complex or through reduction (Xie et al., 2017). At the same 
time, fulvic acids can also complex with other metals, such as lead 
(Novikova and Gas’kova, 2013). However, as the heavy metal levels 
increased in the solution, fulvic acid production increased. 

The EPS fractions changed in different ways during bioleaching. 
However, the suspended cells were the main driver for producing EPS 
fractions, which was limited by fine particle size. In the early stage, the 
environmental adaption capacity of moderately thermophilic consortia 
promoted the production of more protein-like, amino acid-like sub
stances, and fulvic acid-like substances. As the bioleaching process 
proceeded, the EPS content, polysaccharides, and humic acids gradually 
increased to ensure bioleaching. These outcomes were correlated with 
the variation of bioleaching parameters, which facilitated the leaching 
of metals. 

3.3. Correlation analysis of EPS and bioleaching performances 

Bioleaching is a dynamic process involving constant changes; the 
EPS components also vary during the process. As such, a Pearson cor
relation analysis was conducted to further determine the relationship 
between EPS components and fine sulfide ore bioleaching performance. 
Table 3 shows that polysaccharides, DOC, and the amino acids of EPS 
fractions were strongly correlated with bioleaching performance. 

The data in Table 3 show that polysaccharides were strongly corre
lated with microbial count and pH (R = 0.999, − 0.955, respectively, p <
0.01). The Pearson’s correlation coefficient between the polysaccharide 
levels and the zinc extraction rate, ORP, and [Fe3+] were 0.954, 0.958 
and 0.979, respectively, (p < 0.05). The polysaccharide levels were 
significantly correlated with fine sulfide lead-zinc ore bioleaching per
formance. DOC was also highly correlated with bioleaching perfor
mance. The Pearson’s correlation coefficient between DOC and the pH 
and ORP levels were − 0.964 and 0.959 respectively, (p < 0.05); the 

Fig. 2. The 3DEEM fluorescence of each EPS layer at different leaching times for raw ore - bioleaching. (I, II, III, IV represent different fluorescent substance region).  
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correlation with the zinc extraction rate was 0.963, (p < 0.05). There 
was a highly significant correlation between amino acids and bio
leaching performance. Amino acids were strongly negatively correlated 
with the zinc extraction rate and ORP (R = − 0.994 and − 0.933, 
respectively, p < 0.01), and were positively correlated with pH (R =
0.977, p < 0.05). However, there were few significant correlations 
among protein, humic acid, and leaching parameters; the absolute value 
of the correlation coefficients were above 0.6, (|R| > 0.6, p > 0.05). The 
absolute value of the correlation coefficient between fulvic acids and 
leaching parameters were below 0.5, (|R| < 0.5, p > 0.05). 

Overall, these results indicate that polysaccharides, DOC, and amino 

acids of the EPS fractions were strongly correlated with bioleaching 
performance, compared with protein, humic acid, and fulvic acids. This 
result further reveals that polysaccharides, DOC, and amino acids played 
significant roles during fine sulfide ore bioleaching. 

3.4. Variations in the mineral surface characteristics 

3.4.1. FTIR analysis of fine sulfide lead-zinc ore 
Fig. 4(a) identifies the FTIR spectrum of the fine sulfide ore during 

bioleaching. FTIR analysis shows that the peaks at 600 and 3560 cm− 1 

during the bioleaching of the sample represented gypsum; the change in 

Fig. 3. The variation in the organic matter in the EPS. (a) DOC, (b) Polysaccharides, (c) Tyrosine/Tryptophan protein, (d) Tyrosine/Tryptophan, (e) Humic acid, (f) 
Fulvic acid. 
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absorbance frequency was attributed to the calcite reacting with sulfate 
to form gypsum (Ye et al., 2017b). The strong infrared absorption peak 
of SO4

2− at 670 cm− 1 indicated continuous oxidation to sulfate (Liu 
et al., 2020). Peaks were also observed at approximately 1000–1200 
cm− 1, which were assigned to C–O–C and C–O, and which corresponded 
to the presence of carbohydrates (Jiang et al., 2012). The change at 
1130 cm− 1 represented the change in polysaccharides (Wang et al., 
2018b). Polysaccharides were produced on the mineral surface during 
bioleaching, which corresponded with the trend in EPS fractions (Fig. 3 
(b)). During bioleaching, a broad stretching vibration at 1620-1680 
cm− 1 and 3400 cm− 1 related to the characteristic absorption bands of 
gypsum (Huang et al., 2019; Ye et al., 2017b). The absorption peak at 
2400 cm− 1 is generally closely associated with jarosite (Feng et al., 
2021), but jarosite was not created during the bioleaching of fine sulfide 
ore. Adding moderately thermophilic consortia inhibited jarosite for
mation, and these results confirm that no jarosite was formed during 
bioleaching. In contrast, polysaccharides were found on the mineral 
surface, which benefitted bioleaching. 

3.4.2. Surface charge analysis of fine sulfide lead-zinc ore 
Fig. 4(c) shows the surface charge characteristics of the fine sulfide 

lead-zinc ore. The figure shows that the zeta potential rose sharply from 
− 10.96 mV to 7.08 mV in 2 days. The surface charge of fine sulfide lead- 
zinc ore then remained positive and stable after 2 days. The variation in 
the zeta potentials occurred in the same order as the count of attached 
microbes on the fine sulfide lead–zinc ore. The FTIR and zeta potential 
results indicate that the surface charge remained positive during bio
leaching due to a complex of polysaccharides and Fe3+, supporting the 

leaching process (Zhu et al., 2015). 

3.4.3. XRD analysis of fine sulfide lead-zinc ore 
XRD spectra revealed that the fine lead-zinc sulfide ore mainly 

consisted of pyrite, quartz, calcite, sphalerite, and galena (Fig. 4(b)). 
After bioleaching, the absorption peaks of pyrite, quartz, calcite, 
sphalerite, galena in mineral residues weakened, while new absorption 
peaks appeared. Jarosite did not appear to be formed by pyrite disso
lution. The microorganisms continuously oxidized the pyrite, sphalerite, 
and galena in the mineral, generated a large number of ferric and sulfate 
ions to dissolve the sulfide ore, and facilitated metals dissolution. 
Finally, when the pyrite, sphalerite, and galena diffraction peak dis
appeared, the calcite further reacted with sulfate to form gypsum. There 
was also a strong diffraction peak representing anglesite in bioleaching 
residues, which was attributed to the lead released from galena, which 
reacted with sulfate to become anglesite. 

3.4.4. SEM analysis of fine sulfide lead-zinc ore 
SEM images were used to observe the mineral surface morphology 

during bioleaching (Fig. 5(a)–(e)). The figure shows that, at first, the fine 
sulfide ore surface was smooth, with no evident fragments. As bio
leaching progressed, the mineral surface gradually appeared to be 
slightly corroded, with a few fragments in the early stage. This was due 
to the cycle of Fe2+- Fe3+ attachment and the continuous oxidation of 
minerals under the microbial action, and continuous acid production to 
oxidize elemental sulfur. As biological oxidation proceeded, the mineral 
surface gradually became rough, and a fragment mass emerged after 8 
days. The smaller fine ores appeared to be clustered at the bigger fine 

Fig. 4. (a) The FTIR of fine sulfide raw ore during bioleaching, (b) XRD spectrograms of fine sulfide raw ore at different leaching times, (c) Zeta potential variation 
with different leaching time. 
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ores. Microorganisms commonly attach in corrosion pits or grooves, 
benefitting the preferential oxidation of the edge erosion area of mi
croorganisms (Ndlovu and Monhemius, 2005). EPS was produced when 
microorganisms attached to the mineral surface, facilitating the gath
ering of fine ores. 

In addition, the variations in particle size distribution further illus
trated the gathering phenomenon (Fig. 5(f)). DV(10), DV(50) and DV 
(90) (volume median diameter) represent the size below which 10, 50 
and 90%, respectively, of the sample volume exists. Fine sulfide ore 
continually dissolved in 4 days, due to oxidation by microorganisms; this 
represented a declining trend in the DV(90) and DV(50). However, the 
particle size distribution of DV(50) and DV(10) increased after 8 days. 
These results indicated that the volume fraction of smaller fine ores 
decreased, while the volume fraction of bigger fine ores increased during 
the late stage. This illustrated the gathering action of fine sulfide ores, 

confirming the SEM results. 

4. Conclusions 

A novel designed moderately thermophilic consortia 
(L. ferriphilum+A. caldus+S. benefaciens) had a high level of microbial 
activity and achieved a leaching environment at a high oxidation- 
reduction potential and low pH, which benefits the oxidation of fine 
lead-zinc sulfide raw ore. These consortia realized a zinc extraction rate 
of up to 96.44% after 8 days and 100% after 12 days. Polysaccharides, 
EPS level, and amino acids of the consortia mainly affected the bio
leaching of this fine sulfide raw ore. The mineral surface analysis 
showed that no jarosite was formed to hinder the bioleaching process at 
a low pH in the leaching system. The novel designed moderately ther
mophilic consortia was able to recover valuable metals in the minerals, 

Fig. 5. (a)–(e) SEM images of fine sulfide raw ore at different leaching times, (f) Particle size distribution of fine sulfide raw ore with different leaching times.  
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reducing potential pollution by the minerals. In summary, this research 
expands the opportunities available to apply bioleaching to treat un
wieldy fine sulfide ore. 
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