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efficiency.
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alogical characteristics.
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Temperature is considered to be one of the main factors affecting bioleaching, but few studies have assessed the ef-
fects of diurnal temperature range (DTR) on the bioleaching process. This study investigates the effects of different
bioleaching temperatures (30 and 40 °C) and DTR on the bioleaching of metal sulfide ores by microbial communi-
ties. The results showed that DTR had an obvious inhibitory effect on the bioleaching efficiency of the artificial mi-
crobial community, although this effect was mainly concentrated in the early and middle stages (0–18 days) of
exposure, gradually decreasing until almost disappearing in the late stage (18–24days). Extracellular polymeric sub-
stance (EPS) analysis showed that DTR did not change the composition of the EPS matrix (humic acid-like sub-
stances, polysaccharides and protein-like substances), but had a significant effect on the generative behavior of
EPS, inhibiting the secretion of EPS during the early andmiddle stages of the bioleaching process. However, the con-
tinual increase in EPS secretion in the bioleaching system gradually reduced the adverse effects of DTR on mineral
dissolution. X-ray diffraction (XRD), Fourier transform infrared (FTIR) and Scanning electron microscopy- energy
dispersive spectrometry (SEM-EDS) analysis of the bioleached residue showed that DTR had no obvious effect on
the mineralogical characteristics of sulfide ore. Therefore, in industrial sulfide ore bioleaching applications, in
order to accelerate the artificial microbial community start-up process, temperature control measures should be in-
creased in the bioleaching process to reduce the adverse effects of DTR on mineral dissolution.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Bioleaching technology refers to the use of acidophilic microbial ox-
idation to convert metals contained inminerals, such as sulfide ore, into
free metal ions (Brierley and Brierley, 2001). Due to its low operational
costs, mild reaction conditions and low environmental impact, this pro-
cess has beenwidely used for metal recovery from sulfide ores in recent
years (Muravyov and Panyushkina, 2020). However, the low efficiency
of bioleaching technology has limited its widespread development
and application (J.F. Li et al., 2021; Li et al., 2013). Many efforts have
been made in recent decades to increase the efficiency of bioleaching
processes, with the use of artificial microbial consortia achieving good
results in laboratory level studies (Liao et al., 2019; Ma et al., 2019).
The typical bioleaching microorganisms, including Leptospirillum
ferrooxidans, Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans,
Ferroplasma acidiphilum, Sulfobacillus thermosulfidooxidans and
Acidithiobacillus caldus, were widespread in bioleaching systems
(Brierley, 2008; Panda et al., 2015). A high-efficient bioleaching system
was generally performed by artificial microbial consortia constructed in
a collaborative way (Liao et al., 2019). Therefore, the six above
bioleaching microorganisms were selected to construct an artificial mi-
crobial consortia based on the characteristics of sulfide ore and the types
of bioleaching microorganisms, which achieved high bioleaching effi-
ciency for the target minerals.

However, temperature is a key factor affecting bioleaching effi-
ciency, with varying temperatures having a significant impact on the
microbial behavior and bioleaching effect (Boxall et al., 2017; Yu et al.,
2019). Under natural conditions a large difference exists between day-
time and night-time temperatures, with the global daily average tem-
perature difference being more than 10 °C (Zhuang and Zhang, 2020).
Therefore, effect of diurnal temperature range (DTR) on bioleaching ef-
ficiency is an important aspect that must be accounted for in the indus-
trial application of bioleaching systems developed under laboratory
conditions (J.F. Li et al., 2021). Most previous studies have been carried
out under constant temperature conditions (Camacho et al., 2020; Ye
et al., 2017), with few studies investigating the effect of DTR on micro-
bial behavior and mineral dissolution during bioleaching. Therefore, in
the present study, DTR was simulated to explore its impact on the
bioleaching process.

Pyrite is the most widely distributed natural metal sulfide ore and
pyrite oxidation is one of the key reactions in the bio-oxidation of bare
metal sulfide deposits, especially in low-grade metal sulfide ore
bioleaching (Banerjee et al., 2017; Sethurajan et al., 2018; Tabelin
et al., 2020). Therefore, high pyrite sulfide ore (HPSO) was selected as
the research object in this study, to establish the influence of DTR on
bioleaching. During the bioleaching process, sulfide minerals are dis-
solved continuously due to the action of bacteria. However, a passiv-
ation layer can be formed on the surface of minerals, which can
consist of elemental sulfur, jarosite or secondary minerals, inhibiting
sulfide mineral dissolution (Xia et al., 2018; Yang et al., 2015). In addi-
tion, previous studies have shown that an increase in temperature is
conducive to the formation of jarosite (Jia et al., 2018; Yang et al.,
2015). However, little is known about whether DTR affects the forma-
tion of a passivation layer and hence, the dissolution of minerals. There-
fore, detailed analyses of the mineralogical characteristics and surface
speciation of sulfide minerals under DTR conditions, help further our
understanding of the effect of DTR on the bioleaching process, promot-
ing the industrial application potential of this technology.

Bioleaching of sulfide ores involves interaction between themineral
phase, leachate phase andmicrobial phase. Extracellular polymeric sub-
stances (EPS) are high molecular weight polymer mixtures secreted
in vitro bymicroorganisms to protect cells against harsh environmental
conditions (Hu et al., 2020), playing an important role in almost all mi-
crobial interface activities (Tian, 2008). EPS is not only conducive to the
adsorption of acidophils onmineral surfaces, but can also enrich Fe3+ in
mineral ore via complexation, resulting in the continuous oxidation and
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dissolution of minerals (Bellenberg et al., 2019; Li and Sand, 2017).
Bound EPS on the surface of minerals and bacteria, has been shown to
have a major influence on bioleaching (Ye et al., 2021). The dynamic
double-layer structure of bound EPS is composed of loosely bound EPS
(LB-EPS) and tightly bound EPS (TB-EPS) (Liang et al., 2019; Ye et al.,
2021). However, most previous studies have focused on EPS as a
whole single component (Li and Sand, 2017; Yu et al., 2018), with few
studies investigating the dynamic relationship between the two EPS
layer types. In addition, the composition of EPS is dynamic, continually
changing both physically and chemically under varying bioleaching
conditions (Hu et al., 2020; Li and Sand, 2017). Temperature has a sig-
nificant influence on the production and generative behavior of EPS
(More et al., 2014; Premnath et al., 2021). Most previous studies have
focused on EPS production under constant temperature conditions (Yu
et al., 2019) and few reports have assessed the effect of DTR on EPS pro-
duction during the metal sulfide bioleaching process. Therefore, estab-
lishing the influence of DTR on the dynamic change in LB-EPS and TB-
EPS components and concentrations during the bioleaching process, is
important for the effective industrial application of bioleaching technol-
ogies.

In conclusion, DTR is an important influencing factor in the process
of promoting bioleaching from laboratory level to industrial application.
However, the effect of DTR on bioleaching is still unclear at present,
which needs further study and verification. Therefore, based on previ-
ous studies, themain objectives of this studywere as follows: (1) to ex-
plore the effect of DTR on bioleaching of sulfide ore by an artificial
microbial consortium; and (2) to reveal the mechanism by which DTR
inducing inhibition of the bioleaching efficiency. Three-dimensional ex-
citation emission matrix (3D-EEM) fluorescence spectroscopy, X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy and
Scanning electron microscopy-energy dispersive spectrometry (SEM-
EDS) were used to determine the EPS components and the mineralogi-
cal characteristics, respectively, during bioleaching. Based on this analy-
sis of the mechanism of microbial action on minerals, the effect of DTR
on EPS generative behavior and mineral dissolution mechanisms were
established, which had important guiding significance for the industrial
application of bioleaching.

2. Materials and methods

2.1. Mineral samples

Mineral samples were obtained from Renhua county, Guangdong
Province, China. All mineral samples were crushed and 85% of the
masswas passed through a 200-mesh sieve to obtain powderswith par-
ticle sizes of <74 μm.Mineralogical analysis of themineral samples was
performed by XRD, showing that themain componentswere pyrite, cal-
cite and quartz (Fig. 1). The chemical composition of the minerals was
analyzed by XRF, showing that the mineral was mainly composed of
33.96% Fe, 19.59% S, 17.96% Ca, 15.92% Si, 6.22% Al, 2.06% K, and 1.67%
Mg, with a 2.62% content of other trace elements.

2.2. Microbial strains and culture conditions

Six typical microbial bioleaching strains, including Leptospirillum
ferrooxidans DX-m, Acidithiobacillus ferrooxidans DX-m, Acidithiobacillus
thiooxidans A01, Ferroplasma acidiphilum DSM 28986, Sulfobacillus
thermosulfidooxidans DSM 9293T and Acidithiobacillus caldus DSM
8584T, were provided by the Key Lab of Bio-hydrometallurgy of the
Ministry of Education (Central South University, China). The culture
conditions for the six typical strains are listed in detail in Table S1 (Sup-
plementary information). The culture medium was 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 (Ma et al., 2019). When the
bacterial cultures were in logarithmic phase they were centrifuged at
955 ×g for 5 min to remove the sediment and then at 10,619 ×g for



Fig. 1. The XRD spectra of the original mineral ore material.
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20 min to obtain live cell pellets, which were resuspended in fresh 9 K
basal medium for subsequent bioleaching experiments.

2.3. Bioleaching experiments

Bioleaching experiments were conducted in 250-mL flasks contain-
ing 100 mL of sterilized 9 K basal medium, with 5 g of mineral samples
added and bioleached at 170 rpm for 24 days. Before the start of
bioleaching experiments, sulfuric acid was used to adjust the pH of
the medium to 1.8, with the adjustment repeated continually until the
pH remained stable. The six typical bioleaching strains were inoculated
into the culture medium at equal cell number ratios, resulting in a total
inoculation concentration of 1 × 107 cells/L. To assess the effect of differ-
ent bioleaching temperature conditions and to simulate DTR, three ex-
perimental groups were established, with bioleaching performed at a
constant temperature of 30 °C (group A), 40 °C (group B), or with a
DTR of 40 °C for 16 h and 30 °C for 8 h (group C). Sterile control groups
were compared under each temperature condition without any inocu-
lum addition. Sterile water and 9 K basic culture medium were added
to supplement water evaporation and sampling loss during the
bioleaching process, respectively.

2.4. EPS extraction and analysis

During the bioleaching process, the modified heat extraction
method was used to extract bound EPS (including LB-EPS and TB-EPS)
every 6 days (Liang et al., 2019; Yu et al., 2008). Detailed descriptions
of the extraction process are provided in Text S1 (Supplementary infor-
mation). 3D-EEM (F-4600, Hitachi, Japan) was used to scan the EPS
samples from each group at different bioleaching times at a speed of
2400 nm/min, assessing excitation (Ex) wavelengths from 200 to
400 nm and emission (Em) wavelengths from 300 to 500 nm at 5 nm
scan intervals. All samples were determined at pH 4.0 and 25 °C. In
order to eliminate the Raman peak scattering influence of water, the
fluorescence intensity of distilled water samples were used for back-
ground correction of the scan results.

Fluorescence regional integration (FRI)was used for the quantitative
analysis of soluble organic matter in 3D-EEM fluorescence spectroscopy
(Chen et al., 2003; Ye et al., 2021), with the specific FRI calculation
method provided in Text S2 (Supplementary information).

2.5. Analytical techniques

During the bioleaching process, supernatant samples were collected
every 48 h. The ORP and pH of extracts were determined using an ORP
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meter (STORP 1, OHAUS, US) with an Ag/AgCl reference electrode and a
digital pH meter (STARTER 2100, OHAUS, US), respectively. The
ferric ion [Fe3+] and total iron [TFe] concentrations in the bioleaching
solution were determined by 5-sulfosalicylic acid spectrophotometry
(Karamanev et al., 2002). Each data point and error bar represents the
mean value and standard deviation, respectively. Variance analysis was
performed using IMB SPSS Statistics v.26.

The total organic carbon (TOC) concentration in EPS samples was
measured using a TOC analyzer (Japan Shimadzu TOC-VCPH, Japan).
The polysaccharide concentration in EPS samples was measured by the
anthronemethod (Liang et al., 2019). The detailed introduction of analyt-
ical techniques was provided in Table S2 (Supplementary information).

2.6. Mineralogical analysis

After the leaching experiment, mineral residue samples were col-
lected, washed with ultrapure water and dried in a freeze dryer (LGJ-
10C, Sihuan, China) for subsequent analysis. The phase change of min-
erals was analyzed by XRD (SmartLab 9 Kw, Rigaku, Japan) and changes
in the surface functional groups ofmineralswere analyzed by FTIR spec-
troscopy (Nicolet 6700, Thermo-Fisher, US). The changes in surface
characteristics of minerals were analyzed by SEM-EDS (Gemini 300,
Zeiss, Germany).

3. Results and discussion

3.1. Bioleaching of sulfide ore under different temperature conditions

Fig. 2 shows the relationships among [TFe], [Fe3+], pH and ORP in the
process of bioleaching and acid leaching under different temperature con-
ditions. Comparedwith the abiotic control groups, significantmetal disso-
lution was observed in the bioleaching groups, indicating that the
presence of microorganisms significantly promoted mineral oxidation.
According to the changes in physical and chemical parameters, the
bioleaching process can be divided into early (adaptation period, 0–6th
day), middle (growth period, 6–18th day) and late (stable period,
18–24th day) stages.

In the early stage of bioleaching, the minerals in group A dissolved
first, with the [TFe] increasing rapidly to 2.35 g/L, while the minerals
in group B and group C treatments dissolved more slowly, with the
[TFe] increasing to 1.20 g/L and 1.14 g/L, respectively (Fig. 1a). After
18 days of treatment, the [TFe] of group A and B increased sharply to
12.09 g/L and 12.23 g/L, respectively, while the [TFe] of group C only in-
creased to 9.75 g/L. In the late stage, the [TFe] of groupA and B increased
slowly, while the [TFe] of group C continued to increase until it
remained flat. According to variance analysis, there were no significant
differences observed in [TFe] among the three bioleaching treatment
groups after 24 days (p > 0.05), with final [TFe] of 13.09 g/L, 13.42 g/L
and 13.57 g/L, respectively. In the early stage, the rapid increase in
[TFe] in group A can be attributed to efficient microbial community ad-
aptation to the extreme environment of the oligotrophic bioleaching
system, after inoculation from the eutrophic cultivation system (Ma
et al., 2019). In contrast, the increased temperature in group B and
DTR conditions of group C were not conducive to rapid microbial com-
munity adaptation to the extreme environment. In the middle stage of
bioleaching, the adverse effect of DTR on bioleaching system signifi-
cantly increased, resulting in the slow dissolution of minerals. In the
late stage, the adverse effect of DTR onmineral dissolution gradually de-
creased until almost disappeared and therefore, subjection to a DTR in-
duced no significant effect on the final bioleaching results.

Fig. 2b shows the trend in [Fe3+] in each treatment group. In the abi-
otic control groups, due to the absence of microbial oxidation, the rise of
[Fe3+]was slow, indicating that pyrite dissolution under acidic conditions
is limitedwithoutmicrobial oxidation.When bacteriawere present to ox-
idize and decomposeminerals, the [Fe3+] in the three bioleaching groups
increased continuously, finally stabilizing in the late treatment stage. The



Fig. 2. Variation in physicochemical parameters during the 24 days bioleaching treatment. (a) Total iron concentration; (b) ferrous ion concentration; (c) ORP; (d) pH.
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observed increase in ferric ion concentrationwas similar to the increasing
trend of [TFe]. It is generally believed that ferric ion can be used as oxidant
to promote the dissolution of pyrite (Eq. (1)) (Liao et al., 2019). Therefore,
an increase in ferric ion is conducive to the continuous dissolution of
minerals. In the first 6 days of treatment, the [Fe3+] in group A, B and C
increased to 1.45 g/L, 0.28 g/L and 0.22 g/L, respectively. In the first
18 days of treatment, the [Fe3+] in group A and B increased sharply to
7.59 g/L and 7.69 g/L, respectively, while the [Fe3+] in group C only in-
creased 6.05 g/L. indicating that theDTR significantly inhibited themiddle
stage release of Fe3+, resulting in a lower total iron dissolution rate.
However, the [Fe3+] of group C continued to increase and reached similar
results with the other two bioleaching groups in the late stage of
bioleaching.

FeS2 þ 2Fe3þ ! 3Fe2þ þ 2S0 ð1Þ

ORP is a major parameter in the bioleaching process, playing a key
role in mineral bio-oxidation efficiency (Liao et al., 2019). During the
whole dissolution process, the ORP of sterile control systems remained
below 470 mV. However, the ORP of all bioleaching treatment groups
increased rapidly, becoming relatively stable in the late treatment
stage (Fig. 2c). In the first 6 days, theORP of group A increasedmost rap-
idly, reaching to 591 mV, while the ORP's of group B and C increased to
491mV and 484mV, respectively. The ORP is closely related to the ratio
of [Fe3+] to [Fe2+] (Ma et al., 2019), with the higher ORP in group A
being due to its higher ferric ion concentration (Fig. 2b). In addition, it
has previously been reported that the biological oxidation of pyrite is
slower when the ORP is lower than 540mV (Blight et al., 2000). There-
fore, the lower ORP's in group B and C in the early stage of treatment
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were not conducive to the dissolution of minerals. In the middle stage,
the slowest rise in ORP in group C could be attributed to lowest micro-
bial adaptation to the extreme environment under DTR conditions,
indicating that the inhibition of DTR onmineral dissolution significantly
increased. By the end of the experimental period, all three bioleaching
groups exhibited similar ORP's, at around 820 mV.

A key index of sulfide ore oxidation is the pH of the bioleaching
system. The pH of the abiotic groups decreased slowly, with the highest
decrease in pH observed at 40 °C, indicating that an increase of temper-
ature could promote the abiotic dissolution of minerals to some extent,
although the effect was negligible compared with the equivalent
bioleaching group. During the process of bioleaching the pH continually
decreased, finally stabilizing at about 0.87 (Fig. 2d). The reason for this
obvious decrease can be attributed to microbial promotion of the disso-
lution of pyrite fromHPSO and the continual production of acid (Eq. (2))
(Igarashi et al., 2020). In the first 6 days of treatment, the pH of group A
decreased fastest, from 1.8 to 1.49, while the pH of group B and C de-
creased to only 1.60 and 1.61, respectively. After 18 days of treatment,
the pH of group A, B and C reduced to 0.91, 0.89 and 0.99, respectively.
In early stage, the pH value of group C was higher than that of group A
and equal to group B, which may be due to the activity of microorgan-
isms being inhibited under higher temperature and DTR conditions,
resulting in slow mineral dissolution and a lower rate of acid release.
In themiddle stage, the pHof group C showed the slowest drop, indicat-
ing that the adverse effect of DTR condition significantly increased.
However, the adverse effect of DTR condition gradually decreased
until it almost disappeared on pH observed in the late stage.

2FeS2 þ 2H2Oþ 7O2!Bacteria 2Fe2þ þ 4SO2−
4 þ 4Hþ ð2Þ
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Based on these results, it can be concluded that in the early stage,
subjection to a DTR or higher temperature conditions may inhibited
mineral bio-oxidation, resulting in the formation of less acid and
metal ions. In the middle stage, the mineral dissolution rate obviously
slow down in the DTR bioleaching group and the DTR inhibition signif-
icantly increase. Finally, DTR condition had little effect on the
bioleaching results in the late stage.

3.2. Effect of DTR on EPS during bioleaching

Based on the physicochemical properties of the leachate, subjection
to a DTRwas found to have different degrees of influence on each stage
of the bioleaching process. EPS protects bacteria from extreme environ-
mental conditions and is closely related to the interaction between bac-
teria and minerals (Hu et al., 2020; Li and Sand, 2017). Therefore, in
order to further establish the effect of DTR on the bioleaching process,
the variation in EPS characteristics of groups A, B and C were assessed
at different bioleaching times. Fig. 3 shows the 3D fluorescence spectra
of LB-EPS and TB-EPS extracted at different time-points from the
bioleaching pulp from group A, B and C, respectively. According to pre-
viously published literature (Chen et al., 2003; Ye et al., 2021), the 3D
fluorescence spectra can be divided into five regions. Regions I, II and
III show humic acid-like substances, while regions IV and V show
protein-like substances, with further details provided in Table S3 (Sup-
plementary information).

Results show that the formation of EPS was greatly affected by sub-
jection to a DTR, with the generation of EPS being closely related to the
reaction temperature in the bioleaching system (Fig. 3). As the
bioleaching process proceeded, the total EPS in group A, B and C exhib-
ited a similar trend of increasing initially and then significantly decreas-
ing (Aguirre et al., 2018; Ye et al., 2021). However, the fluorescence
intensity of group A EPS samples reached a maximum level on the
12th day, while those from group C reached a maximum level on the
18th day (Fig. 3). These results are consistentwith the variation in phys-
icochemical parameters observed during the bioleaching process
(Fig. 2). In the first 12 days, group A microorganisms secreted a large
amount of EPS, rapidly reaching the EPS concentration required to pro-
tect them from the extremely harsh conditions, resulting inmineral dis-
solution in group A occurringmost rapidly. However, group C exhibited
the lowest level of early and meddle EPS production, with subjection to
a DTR having an inhibitory effect on microbial EPS release in the early
and meddle stage of treatment, indicating that a DTR is not conducive
to microbial community adaptation to extreme conditions, resulting in
the lowest mineral dissolution rate. However, on the 18th day of treat-
ment, the fluorescence intensity of group C reached a maximum level,
eventually providing a good leaching environment for the microbial
community, achieving the further dissolution of minerals in group C.
Therefore, all three groups achieved similar bioleaching effects at the
end of the treatment period. In the early stage of bioleaching, protein-
like substances are the main components of EPS, which play a critical
role in the construction and mechanical stability of biofilms
(Flemming and Wingender, 2010). However, with progression of the
bioleaching reaction, the content of humic acid-like substances gradu-
ally increased due to bacterial apoptosis and organic matter degrada-
tion, which was consistent with the results of previous studies (Li and
Sand, 2017). Meanwhile, the fluorescence intensity of the LB-EPS layer
was more intense than that of the TB-EPS layer at the same bioleaching
time, indicating that most of the total EPS was enriched in the LB-EPS
layer. It is of note, that although EPS formation by group A, B and C
microbes changed greatly with varying reaction temperature condi-
tions, subjection to a DTR did not alter the composition or three-
dimensional structure of the EPS matrix. This may a relevant factor in
the recovery of theminerals dissolution effect by group C, which gradu-
ally increased and achieved the same level of mineral dissolution as
group A and group B in the late stage. Previous studies have not system-
atically analyzed the relationship between subjection to a DTR and EPS
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formation (Li and Sand, 2017; Yu et al., 2018); therefore, these findings
provide a more comprehensive understanding of the effect of DTR con-
ditions on microbial responses during the bioleaching process.

Humic acid is a commonly occurring dissolved organic compound in
nature and its role in the bioleaching process has been well established
(Hu et al., 2020; Zhang et al., 2020). In order to quantify the fluorescent
signal of humic acid-like substances in the 3D fluorescence spectra
(Fig. 3), the FRI of humic acid-like substanceswas calculated and the re-
sults are provided in Table S4 (Supplementary information). It can be
seen from Table S3 and Fig. 4a that the trend of change in humic acid-
like substances in EPS samples was similar for all three bioleaching
groups, exhibiting an initially gradual increase and then a significant de-
creasing trend. However, the concentration level of humic acid-like sub-
stances in EPS in each treatment group was significantly different at the
same treatment time. On the 12th day of bioleaching, the concentra-
tions of humic acid-like substances in the EPS of groups A, B and C
were 147.10 × 104 RU, 51.34 × 104 RU and 30.94 × 104 RU, respectively.
Obviously, the concentration of protein-like substances of group C was
significantly lower than that of group A and B. These results follow a
similar trend to the changes in physicochemical parameters during
bioleaching (Fig. 2). Humic acid-like substances are formed during bac-
terial degradation and gradually accumulate throughout the
bioleaching process. In the late stage of bioleaching, the concentration
of humic acid-like substances decreased gradually in all treatment
groups, which may be due to the low metabolic ability of bacteria or
the increase in acid stress causing cell membrane abscission (Feng
et al., 2015; Zhang et al., 2019). High levels of humic acid production
can improve the resistance of cells to heat denaturation, proteolysis
and dehydration (Flemming et al., 2016). In addition, amino, carboxyl,
phenol, and sulfhydryl functional groups in humic acids can be used as
potential binding sites for toxic metal ions (Rashid et al., 2018; Zhang
et al., 2020), reducing the toxicity induced by high concentrations of
metal ions. In the early and middle stages of treatment, subjection to a
DTR was not conducive to the formation humic acid-like substances,
resulting in lower bioleaching efficiency. By the 18th day of treatment,
there was a rapid increase in the formation of humic acid-like sub-
stances in group C, providing protection against extreme environmental
conditions and increasing the rate of mineral dissolution and finally, all
three bioleaching groups achieved similar bioleaching effects. Mean-
while, polyaromatic-type humic acid II was found to exhibit the most
obvious change in humic acid-like substance concentrations, indicating
that these substances may contribute significantly to the bioleaching
process.

Extracellular proteins are important components of EPS matrix,
which are closely related to maintaining the mechanical stability of
cells and determining the structure of biofilms (Flemming and
Wingender, 2010; Li and Sand, 2017). It can be seen that, as a func-
tion of bioleaching time, the generation behavior of protein-like sub-
stances was relatively different between different treatment
conditions (Fig. 4b). Similar phenomena had been found in previous
studies (Chu et al., 2021). These results might be due to a combina-
tion of protein secretion and degradation during bioleaching
(Flemming and Wingender, 2010). In addition, on the 12th day of
bioleaching, the FRI values of protein-like substances in the EPS of
group A, B and C were 113.70 × 104 RU, 85.53 × 104 RU and
64.06 × 104 RU, respectively. It can be clearly observed that the
group C FRI value of protein-like substances was significantly lower
than that of group A and B, indicating that subjection to a DTR signif-
icantly inhibited the secretion of protein-like substances by mi-
crobes in the early and middle stages. It is generally believed that
the increase of protein content is beneficial to bioleaching process
(Yu et al., 2019; Zhang et al., 2019). The lack of protein in the initial
stage of DTR group resulted in its low mineral dissolution efficiency.
However, by the 18th day, the protein-like substances of group C
exhibited a sharp increase, leading to the rapid dissolution of min-
erals (Fig. 2).



Fig. 3. The 3D-EEM fluorescence images of EPS (LB-EPS, TB-EPS) in different bioleaching treatment groups: (a) group A; (b) group B; (c) group C.
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Fig. 4. The variation in organic matter concentrations in different EPS fractions: loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) during the bioleaching treatment process.
(a) Humic acid-like substances; (b) protein-like substances; (c) polysaccharides; (d) TOC. In each sub-figure, the results for groups A (30 °C), B (40 °C), and C (DTR) are presented.
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With the progression of bioleaching, the polysaccharides in EPS
samples from all three groups also exhibited an initial gradually increas-
ing trend, followed by a rapid decrease, with all three treatment groups
reaching maximum values on the 18th day (Fig. 4c). However,
significant differences were observed in the polysaccharide concentra-
tions produced under different treatment conditions. On the 12th day,
the EPS polysaccharide concentrations of group A, B and C were
13.49 mg/L, 5.26 mg/L and 3.03 mg/L, respectively. By the 18th day,
the polysaccharide concentration of group C exhibited a sharp increase,
leading to the rapid dissolution of minerals. These results indicate that
although DTR conditions were not conducive to the secretion of poly-
saccharides by microbial communities in the early and meddle stage
of treatment, the continuous production of polysaccharides resulted in
a gradual decrease in the effect of DTR inhibition on microbial commu-
nities and finally, all three bioleaching groups achieved a similar
bioleaching efficiency. It can be seen that the pattern of change in poly-
saccharide levels followed a similar trend to the changes in physico-
chemical properties observed in the leachate (Fig. 2). Polysaccharides
are associated with the interaction and attachment of bacteria to min-
eral surfaces (Mitsunobu et al., 2016; Zhang et al., 2019). Therefore, an
increase in polysaccharide content is beneficial for bacterial adherence
to mineral surfaces, promoting mineral dissolution. Anionic functional
groups from polysaccharides, such as carboxyl groups, can combine
with Fe3+, resulting in the formation of Fe3+-EPS complexes onmineral
surfaces (LaVars et al., 2018;Muravyov andPanyushkina, 2020). A large
amount of Fe3+ accumulation between the mineral surface and EPS
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matrix, increases the rate of oxidative attack and therefore, enhances
mineral dissolution (Huang et al., 2019).

TOC is used to express the total amount of organic matter such as
proteins, humic acids and polysaccharides in the bioleaching solu-
tion (Zhao et al., 2019). Therefore, a change in TOC content can re-
flect changes in the total EPS content during the bioleaching
process, to a certain extent. As shown in Fig. 4d, the TOC content in-
creased continuously in all bioleaching groups, reaching maximum
levels by the 18th day of treatment, indicating that EPS secreted by
bacteria increased rapidly at this period. In contrast, during the late
stage of bioleaching (from 18 to 24 days), the TOC content decreased
significantly, which may be due to the continual deterioration in the
environment leading to detachment of the biofilm from mineral sur-
faces (Feng et al., 2015). On the 12th day of bioleaching, the TOC con-
centrations of group A, B and C were 9.31 mg/L, 5.50 mg/L and
3.91 mg/L, respectively. It can be clearly observed that the group C
TOC concentration was significantly lower than that of group A and
B, indicating that subjection to a DTR significantly inhibited the se-
cretion of EPS by microbes in the early and middle stages. However,
by the 18th day, the TOC concentration of group C exhibited a sharp
increase, leading to the rapid dissolution of minerals (Fig. 2a). These
results indicate that the continuous production of EPS provided
protection for microbial communities in extreme environments,
resulting in a gradual decrease in the effect of DTR inhibition on
microbial communities, and finally, all three bioleaching groups
achieved a similar bioleaching efficiency.
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In addition, most organics were mainly enriched in LB-EPS layer
under different treatment conditions (Fig. 4). LB-EPS is diffused
from TB-EPS surrounding the cell (Li and Yang, 2007). It has been re-
ported that LB-EPS can enhance the aggregation process of cells and
improve the adhesion to sediment particles through greater hydro-
phobic interaction (Zhao et al., 2015). Meanwhile, the adsorption ca-
pacity of LB-EPS for heavy metal ions is higher than that of TB-EPS (Y.
Li et al., 2021; Sun et al., 2009). In this study, the content of LB-EPS
was higher than that of TB-EPS (Fig. 4). Y. Li et al. (2021) reported
similar results in the study on EPS yield of Enterobacter sp. FM-1
(FM-1). Therefore, it was speculated that in the bioleaching of
metal sulfide ore, the higher content of LB-EPS was conducive to
the bacteria adhesion on the mineral surface and enhanced the
adsorption capacity of metal ions, which promoted the mineral
dissolution.

Based on these results, it can be concluded that subjection to a
DTR did not change the composition of the microbial EPS matrix
(humic acid-like substances, polysaccharides and protein-like sub-
stances). In contrast, DTR conditions had a major effect on the pro-
duction of EPS in the bioleaching process, initially inhibiting EPS
secretion and reducing the rate of mineral bio-oxidation. However,
continual EPS production in the bioleaching system gradually in-
creased EPS concentrations, reducing the adverse effects of DTR con-
ditions on mineral dissolution.
Fig. 5. XRD spectra of the acid leaching residue from the (a) abiotic control group treated at 30
(d) group C bioleaching treatment under DTR.
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3.3. Effect of DTR conditions on the mineralography of sulfide ore

To establish whether DTR conditions affect mineral bio-oxidation,
the mineralography of sulfide ore were studied by XRD, FTIR and
SEM-EDS.

3.3.1. Mineralogical phase analysis
XRD patterns showed that the leaching residues were mainly com-

posed of gypsum, calcite and pyrite (Fig. 5). Compared with the original
mineralmaterial (Fig. 1), the pyrite peak in thematerial subjected to the
abiotic treatment was not obviously weakened, indicating that the ef-
fect of acid leaching on mineral dissolution was negligible. In contrast,
compared with the abiotic group, the pyrite peaks in the XRD spectra
for bioleaching treatment groups were obviously reduced, indicating
that pyrite in HPSOwas greatly oxidized and destroyed by themicrobial
community during the bioleaching process, resulting in the release of
iron ions. However, there was no obvious difference in the phase
composition of the final bioleaching residues of groups A, B and C, indi-
cating that subjection to DTR condition had little impact on the final
bioleaching results. According to previous reports, the dissolution of py-
rite leads to the formation of a large amount of jarosite, which inhibits
the further dissolution of minerals (Yang et al., 2020). Interestingly,
jarosite was not detected in the bioleaching residues from all three
treatment groups, which may be due to the low pH conditions of the
°C; (b) group A bioleaching treatment at 30 °C; (c) group B bioleaching treatment at 40 °C;



Fig. 6. FTIR spectrograms of (a) the original HPSO mineral; (b) the acid leaching residue
from the abiotic control experiment at 30 °C; (c) the bioleaching residue from group A
at 30 °C; (d) the bioleaching residue from group B at 40 °C; (e) the bioleaching residue
from group C under DTR.
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bioleaching system (Fig. 2d), preventing the formation of jarosite (Chen
et al., 2015). The results of XRD analysis showed that DTR did not affect
the mineral dissolution mechanism, with low pH conditions inhibiting
the formation of jarosite, supporting the continual bacterial oxidization
of minerals.

3.3.2. FTIR analysis of sulfide ore
In order to better understand the mechanism of metal dissolution,

FTIR was used to systematically study the composition change of acid
treated ores and to establish the process of ore configuration change
Fig. 7. SEM-EDS images of the (a) original mineral; (b) acid leaching residue from the abiotic c
residue from group C under DTR; (e) bioleaching residue from group A at 30 °C.
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by the acidophilic bacterial communities under different reaction tem-
perature conditions. The FTIR spectrogram results shown in Fig. 6
were basically consistent with the XRD spectrograms shown in Fig. 5.
The peaks at 1425, 875 and 712 cm−1 represent calcite and were only
observed in the original mineral (Li et al., 2020; Shirsath et al., 2016),
as calcite rapidly reactswith hydrogen ions and dissolves in the leaching
system. The peak in the range of 798–779 cm−1 was mainly attributed
to Si-O-Si inter-tetrahedral bridging bonds in quartz (Partyka et al.,
2014), while the peaks at 3556, 3406, 1620, 1152, 661, and 601 cm−1

were attributed to gypsum and its crystal water (Ashfaq et al., 2020;
Ennaciri et al., 2019;Maet al., 2020). Stronger and sharper characteristic
gypsum peaks were observed in the FTIR spectrograms of bioleaching
residues, indicating that bacteria promoted sulfur oxidation and pro-
duced more sulfate ions for the formation of gypsum. The peak at
420 cm−1 was attributed to the presence of pyrite in leaching residues
(Tang et al., 2021). Compared with the original HPSO mineral material,
the peak at 420 cm−1 was only slightly weakened in the acid leaching
residue, indicating that acid leaching alone had a minor effect on pyrite.
However, the peak at 420 cm−1 almost completely disappeared in the
bioleaching residue, indicating that most pyrite in HPSO was bio-
oxidized and dissolved. The residues of all three bioleaching groups ex-
hibited similar peak changes, reflecting that DTR condition did not alter
the final mechanism of mineral dissolution.

3.3.3. Microstructure and elemental composition of sulfide ore
SEMwas used to assess the surfacemorphology of the original HPSO

mineral, acid leaching residues and bioleaching residues (Fig. 7). Results
show that the original HPSO mineral surface was clean and smooth,
with only a few surface bound particles (Fig. 7a). In the abiotic control
systems, the surface of the treated mineral remained smooth and
dense, with some debris present on the surface (Fig. 7b), indicating
ontrol experiment at 30 °C; (c) bioleaching residue from group B at 40 °C; (d) bioleaching
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that acid leaching had a weak capacity for mineral degradation. After
treatmentwith themicrobial community, themineral surfaces changed
obviously, with a large number of loose sheet structures observed, indi-
cating that the mineral was degraded and dissolved significantly under
the action of bacteria. A large number of loose gaps on the bioleaching
residue surface could be used as microbial adsorption sites, which is
conducive to the complete utilization of minerals by bacteria (Huang
et al., 2019). In addition, the surface of bioleaching residueswas covered
by bioleaching products, verifying that the bacterial treatment changed
the surface morphology of minerals (Fig. 7c–e). Interestingly, there
were no significant differences observed in the surface corrosion of
bioleaching residues from group A, B and C, indicating that the variation
in culture temperature had little effect on the final bioleaching results.
In order to determine the composition of the products bound to the
mineral surface, EDS was performed on the original HPSO mineral and
group A bioleaching residue to establish the proportions of elements
on the mineral surfaces. Compared with the original HPSO mineral,
the concentration of Fe in the group A residue was greatly reduced, in-
dicating that bacteria can effectively promote the dissolution of pyrite
from HPSO, which is in agreement with the bioleaching (Fig. 2) and
XRD (Fig. 5) results. In addition, N, O, K, and P increased significantly
on the mineral surface after bioleaching. These elements are typical bi-
ological elements and therefore, it may be speculated that biofilms or
EPS may adhere to the mineral surface (Liu et al., 2020; Zeng et al.,
2020), promoting mineral dissolution. The results of SEM-EDS analysis
show that EPS secreted by bacteria adhere to the mineral surface, facil-
itating the effective bioleaching of minerals, with subjection to a DTR
having little effect on the final bioleaching result.

3.4. Potential value for industrial application

This study investigated the effect of DTR on bioleaching of sulfide ore
by an artificial microbial consortium. The result showed that EPS was
closely related to bioleaching efficiency, whichwas consistentwith previ-
ous study (Hu et al., 2020; Li and Sand, 2017). However, DTR induced in-
hibition of the EPS secretion, leading to low bioleaching efficiency in the
early and middle stages. In addition, DTR had no obvious effect on the
mineralogical characteristics of sulfide ore. Temperature is a key factor af-
fecting bioleaching efficiency (Boxall et al., 2017; Yu et al., 2019), andDTR
is a practical aspect that will be encountered in the industrial application
of bioleaching by artificial microbial community (J.F. Li et al., 2021).
However, few studies investigated the effect of DTR on bioleaching.
Therefore, this study helps to improve our understanding of the effect of
DTR on bioleaching and has important guiding significance for promoting
artificial microbial community from laboratory level studies to industrial
application. For effective industrial application, in order to accelerate the
start-up process of artificial microbial community treatment systems,
enhanced temperature control measures were recommended in the
bioleaching process to reduce the adverse effects of DTR conditions.

4. Conclusions

This is the first study of the effect of DTR conditions on bioleaching of
sulfide ore. The main conclusions are as follows:

(1) DTR had an obviously inhibitory effect on the sulfide ore
bioleaching efficiency of an artificial microbial community, but
this effect was mainly concentrated in the early and middle
stages of treatment (0–18 days), gradually decreasing until al-
most disappearing in the late stage (18–24 days).

(2) DTR inhibited the production of microbial EPS in the early and
middle stages of treatment, with the continuous increase in EPS
in the bioleaching system being beneficial for reducing the inhi-
bition of DTR conditions on mineral dissolution.

(3) The results of XRD, FTIR and SEManalysis confirmed that theDTR
had no obvious effect on the mineralography of sulfide ore.
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(4) For effective industrial application, in order to accelerate the
start-up process of artificial microbial community treatment
systems, temperature control measures should be increased
in the bioleaching process to reduce the adverse effects of
DTR conditions.
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