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ABSTRACT
By simulating the mining environment, the potential of the selected mixed bacteria (Pseudomonas 
putida, Lysinibacillus xylanilyticus, Lysinibacillus macroides, Bacillus simplex, Brevibacillus agri) 
to control Fe and Mn pollutants in mining environment were explored. The results showed that the 
selected bacteria could inhibit the release of Fe and Mn from ore into the aquifer, and the inhibition 
effect on Mn was significantly stronger than that on Fe. At the same time, these processes also have a 
certain degree of impact on the external environment, including the gradual increase of pH, the gradual 
decrease of oxidation-reduction potential, and the decrease of dissolved oxygen concentration. The 
changes of these external environmental factors will once again directly affect the degradation and 
immobilization of Fe and Mn. The selected mixed bacteria can also enhance the adsorption of free Fe 
and Mn, improve the adsorption efficiency and capacity of Fe and Mn, and slow down the desorption 
of Fe and Mn to water.    

INTRODUCTION

Coal plays an important role in energy generation, and 
approximately 27% of the world’s energy consumption 
originates from the incineration of coal (Bhuiyan et al. 2010). 

Industrial production and exploitation of mineral resources 
are important sources of heavy metal pollution in soil 
(Bermudez et al. 2012). Heavy metals in coal or coal wastes 
are released and accumulated in the soil through various 
processes (leaching, weathering, combustion, and biological 
reaction) (Shafer et al. 2012, Zhou et al. 2014). Coal mining 
has resulted in Fe and Mn contamination in mining areas, 
which has become a key issue in terms of soil ecological 
environment protection (Guo et al. 2012). By examining 
heavy metals in mine drainage soil and surrounding farmland 
in northern Bangladesh, Bhuiyan et al. (2010) discovered 
that Mn came from human sources, particularly coal mining 
activities. Zhang & Wang (2009) found that the oxidation 
of heavy metal sulfide was the main way for coal gangue 
to release Fe and Mn into the environment. Wang et al. 
(2005) found that Aha Lake has been polluted by coal mine 
wastewater for a long time, and Fe and Mn were brought into 
the lake through this wastewater. Herndon et al. (2019) found 
that mine spoil continues to produce Mn contamination. Liu 
et al. (2020) showed that Fe and Mn pollution of the surface 

water environment around the centralized mining area of 
Guizhou Province mainly comes from abandoned coal mines. 
A high Fe and Mn content will have a significant impact on 
people’s lives and production (Sorensen et al. 2010, Vazquez 
et al. 2014, Zerling et al. 2008).

Fe and Mn belong to transition metal elements and have 
similar properties. The common methods to remove Fe and 
Mn in groundwater include chemical precipitation (Patil et 
al. 2016), reverse osmosis (Fan et al. 2018), ion exchange 
(Zhang et al. 2008), and so on. Super enrichment plants are 
the key technical direction for Fe and Mn soil remediation 
(Kovácik et al. 2014), chelating agents (Hauck et al. 2006), 
and microbial remediation (Sasaki 2009). The emerging 
microbial oxidation method has become a key research 
direction (Wang et al. 2012). Compared with animals or 
plants growing in the same soil, microbial activity is more 
sensitive to heavy metals (Giller et al. 1998). Zhang et al. 
(2017) tried to use Fusarium oxysporum sp. ZHH2-starch-
alfalfa to repair the polluted soil in the coal mine area, and 
achieved good removal effect. Hou et al. (2020) isolated a 
microbial mixture, which can remove 99.8% and 98.6% of 
Fe and Mn in an acid mine drainage system, respectively. 
Krishnan et al. (2007) found that autotrophs and heterotrophs 
work in tandem, and can mitigate the concentration of Mn 
and related metals in mangrove sediments. Ling et al. (2011) 
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screened out three strains of microorganism with strong 
manganese resistance, and the removal rate was more than 
90% when the concentration of Mn2+ was 200 mg.L-1.

At present, the Fe and Mn resistant microbial resources 
are very limited, and the microbial resources have been 
found to be less applied in the actual remediation process 
(Chen et al. 2017). The identified potential organism for 
bioconcentration/biotransformation/biosorption is of great 
significance for the remediation of metals in a polluted 
environment (Sharma & Fulekar 2009). The development 
of the Yimin opencut coal mine in Inner Mongolia of China 
has caused serious damage to the local ecology (Guo et al. 
2014). The soil microorganism used in this paper was derived 
from directional domestication of Fe and Mn tolerance in the 
Yimin opencut coal mine, and the potential of the selected 
mixed bacteria for the prevention and control of Fe and Mn 
pollution was discussed by simulating the internal environ-
ment of the mining area. It can provide some help for the 
study of microorganisms to assist in the restoration of coal 
mine ecological environment, and the prevention and control 
of Fe and Mn pollution (Cui et al. 2010). 

MATERIALS AND METHODS

Study Area

Yimin open-pit coalfield (119°39′20″-119°46′35″E, 48°33′ 
00″-48°36′24″N) is located in the alluvial plain of the middle 
reaches of Yimin River in the north of Inner Mongolia, under 
the jurisdiction of Hulun Buir city. The most important basic 
feature of its hydrogeological conditions is that the coal seam 
is the main aquifer and strong conductive aquifer.

Experimental Design

Two immersion conditions, bacteria mixed solution, and 
blank medium were used to carry out the immersion test 
of Fe and Mn ores in the coal seam aquifer of the mining 
area to explore the response mechanism of the Fe and Mn 
immersion process of minerals to the selected bacteria. At 
the same time, pH, oxidation-reduction potential (ORP), and 
dissolved oxygen (DO) of leaching solution were determined 
to explore the influence on external environmental factors.

To study the interaction between the adsorption and 
desorption behavior of Fe and Mn in the soil medium of the 
mining area and the selected bacteria, the soil samples of 
the mining area were used to make the soil column, and the 
selected mixed bacteria were fixed in it. Different concen�-
trations of Fe and Mn solutions were prepared to carry out 
the leaching test on the soil column, dynamically simulating 
the migration process of Fe and Mn in the high background 
soil medium. The leaching test of Fe solution was divided 

into three rounds, which were irrigated with the leaching 
solution with Fe concentration of 5 mg.L-1, 10 mg.L-1, and 20 
mg.L-1 respectively. Each round of leaching test included the 
adsorption stage (6 days) and the desorption stage (4 days). 
The leaching experiments were carried out with Mn concen�-
trations of 5 mg.L-1, 10 mg.L-1, and 20 mg.L-1 respectively. 
Each round of leaching test included the adsorption stage (6 
days) and the desorption stage (3 days).

At the end of each adsorption experiment cycle, the 
desorption test was completed by rinsing with deionized 
water with pH = 5.0 until the concentration of Fe/Mn in the 
penetration liquid drops to 0 mg.L-1.

Research Method

The concentration of Fe in the solution was determined by 
the MR method. Fe was reduced to ferrous ion by Fe MR 
reagent and then reacted with 1,10-Phenanthroline to form 
an orange compound. The color produced by the reaction 
reflects the concentration of Fe in the water sample, which 
can be directly measured by the photometer (Palintest 8000).

The concentration of Mn in the test solution was de�-
termined by potassium permanganate spectrophotometry 
(National Standard of the People’s Republic of China 1990), 
and it was calculated according to the regression equation 
obtained from the standard curve of the absorbance ratio of 
the measured sample.

Source and Treatment of Experimental Materials

Soil samples from Yimin open-pit mine will be used for 
isolation and screening of Fe and Mn resistant bacteria. After 
two months of irrigation and domestication of Fe and Mn 
solution, it was determined that the selected mixed bacteria 
in this study were: Pseudomonas putida, Lysinibacillus xy-
lanilyticus, Lysinibacillus macroides, Bacillus simplex, and 
Brevibacillus agri. Five strains were purified and cultured 
in a 4°C refrigerator for cold storage. 2 mL of each pure 
microorganism solution was inoculated into beef extract 
peptone culture medium, which was cultured at constant 
temperature for 18hr at 30°C, and then used for the experi�-
ment after activation.

The Fe and Mn ore used in the leaching test was provided 
by the State Key Laboratory of Biochemistry, Institute of 
Process Engineering, Chinese Academy of Sciences, with a 
particle size of 400 mesh.

In the leaching experiment, the soil of 50 cm below the sur�-
face near the Yimin open-pit coal mine, which is not affected 
by Fe and Mn pollution, was selected and preserved naturally 
after being dried. The sample soil and quartz sand were mixed 
in a ratio of 2:1 to increase the porosity of the leaching test 
soil. The grain size of quartz sand is 100-200 mesh.
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RESULTS AND DISCUSSION

Immersion Experiment

With the increase of the immersion time, the concentrations 
of Fe and Mn in the solution under both immersion  
conditions were increasing. In addition, the precipitation rate 
of Fe and Mn was gradually slowing down (Fig.1). Compared 
with the two immersion conditions, the concentrations of 
Fe and Mn in the blank medium solution increased faster. 
On the 30th day, the concentrations of Fe and Mn in the 
microorganism immersion solution decreased by 4% and 
48.6% respectively compared with those in the blank 
medium. The mixed microorganism liquid can slow down 
the increase of Fe and Mn concentrations in simulated coal 
mine aquifer.

The action mechanism of Fe and Mn resistant 
microorganisms on Fe and Mn is basically similar, which 
is mainly reflected in two aspects: Fe and Mn resistant 
microorganisms can actively promote the enrichment of 
various elements in cells and generate active compounds, 
which have strong control on the ORP of the surrounding 
environment. In addition, Fe and Mn resistant microorganisms 

can also produce enzymes or other specific factors to catalyze 
related oxidation reactions.

The pH of the two immersion solutions increased slowly 
with the increase of time (Fig.2a). Compared with the blank 
medium, the pH of immersion solutions was slightly higher. 
When the time reaches 23 days, the pH of the two conditions 
was basically the same, the average value was 9.0. The pH 
gradually increased from 23 to 31 days, and it remained 
essentially synchronized. The pH level has a significant 
impact on the removal of Fe and Mn. The increase or decrease 
of pH can reflect the influence of microorganisms on Fe and 
Mn (An et al. 2006). Generally speaking, the higher the pH 
is, the faster the oxidation speed of Fe2+ and Mn2+, and the 
easier the removal of Fe and Mn. When the pH is more than 
5.5 and the pH is increased by 1.0, the oxidation reaction 
speed of Fe2+ will increase by 100 times, and the oxidation 
reaction speed of Mn2+ will also increase significantly 
when the pH is more than 9.0 (Chen et al. 2015, Yu et al. 
2004). From the viewpoint of microbiology, the isoelectric 
point of the microorganism is at pH = 2 - 5. In general, the 
surface charge of microorganisms living in a neutral and 
alkaline environment is always negatively charged, which 
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is conducive to the adsorption of cations in water, such as 
Fe2+, Mn2+, and so on. When the pH of the microorganism 
culture environment varies, the surface charge of the 
microorganisms changes as well, affecting cation absorption 
and reducing bacteria’ ability to utilize these ions. In addition, 
if the pH in the environment is too high or too low, it will 
affect the catalytic ability of the microbial enzyme system 
(Kulandaivel et al. 2015). The biological enzyme can only 
play its maximum activity under the optimal pH condition, 
and the extreme pH condition will reduce the microbial 
enzyme activity, thus affecting the biochemical process in 
the biological cells, and even cause the destruction and death 
of the microbial cells.

ORP of immersion solution decreased slowly with 
the increase of time (Fig.2b). Compared with the blank 
medium, the ORP of the microorganism immersion solution 
was slightly higher. ORP of the microorganism immersion 
solution and the blank medium decreased to 0 mV for 21 
days and 28 days, respectively. On day 31, ORP in the 
solution both reached the lowest. The form of Mn in nature 
was closely related to ORP. In the water with neutral pH, 
the ORP of Mn2+ is generally less than 400 ~ 450mv. When 

looking at Mn removal from the perspective of oxidation-
reduction, the objective is to maximize the ORP of the water 
environment to the point where Mn2+ can no longer exist in 
a stable state. The groundwater environment in the Yimin 
Coalfield has strong reducibility, which is very unfavorable 
to the oxidation reaction of Mn2+, resulting in the high 
concentration of Mn2+ in water.

DO of the immersion solution decreased sharply with 
the increase of time (Fig.2c). DO of microbial immersion 
solution and blank medium immersion solution decreased 
to 0.03mg.L-1 on the 4th and 9th day respectively, and then 
remained unchanged. A decrease in DO generally leads 
to a decrease in ORP. Because the selected bacteria were 
aerobic microorganisms, and the conical bottle mouth was 
sealed with a cotton cloth during the cultivation process, 
microorganisms will consume a lot of DO until it reaches 
the equilibrium state.

Leaching Experiment

The concentration of Fe in penetration liquid increased 
with the increase of penetration liquid volume (Fig. 3a). In 
general, compared with the soil column without microbial 
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assistance, the soil column with microbial assistance has a 
stronger adsorption capacity for Fe and a lower concentra-
tion of Fe in the penetration liquid. In the first round of the 
adsorption experiment, with the help of the selected bacteria, 
the adsorption capacity of the soil column to Fe increased by 
2.82%. In the second round of adsorption experiment, with 
the help of the selected bacteria, the adsorption capacity of 
soil column to Fe increased by 9.89%, and in the third round 
of adsorption experiment, with the help of the selected bac-
teria, the adsorption capacity of soil column to Fe increased  
9.07%.

The main reason for this phenomenon was that the ad-
sorption of heavy metal ions depends on the surface energy 
and local negative charge of soil particles. With the help of 
the selected bacteria, the adsorption of heavy metal ions in 
soil includes not only physical adsorption but also biological 

adsorption of microorganisms and adsorption of microbial 
metabolites.

Furthermore, the experiment revealed that reaching 
the saturation state of Fe adsorption in the leaching solu-
tion was difficult. The reason may be that Fe will form Fe 
(OH)3 colloid and Fe (OH)2 precipitate in the environment 
when pH > 3.5, and then stay in the soil. To simulate the 
neutral and alkalescent mining system, the pH value of the 
leaching solution was not adjusted to an acidic environment. 
Therefore, Fe in the leaching solution was largely retained 
in the soil column during the leaching process, which also 
explained the phenomenon of low concentration of Fe in the 
penetration liquid.

The concentration of Fe in the penetration liquid de-
creased with the desorption process, and in this experiment, 
Fe adsorbed in the three-round desorption test soil column 
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can be completely eluted into the penetration liquid (Fig. 
3b). In addition, compared with the soil column assisted 
by microorganisms, the Fe in the soil column without the 
assistance of selected bacteria are more likely to be des-
orbed and eluted. In the first round of desorption test, in 
the case of selected bacteria or not, the penetrant of Fe on 
the soil column is 7 L and 5 L respectively. In the second 
round of the desorption test, the penetrant of Fe on the soil 
column is 11 L and 9 L respectively. In the third round of 
the desorption test, the penetrant of Fe on the soil column 
is basically eluted. The finished penetration liquid is 15L 
and 11 L respectively. In sum, the presence of the selected 

bacteria can slow down the desorption and elution of Fe in  
the soil.

With the increase of the penetration liquid volume, the 
concentration of Mn in the penetration liquid is on the rise 
and can reach the adsorption saturation state (Fig. 4a). At 
the same time, with the assistance of the selected bacteria, 
the adsorption capacity of soil for Fe in penetration liquid 
was improved. The adsorption of Mn on the soil column 
without the assistance of microorganisms would reach the 
saturation state faster. In the first round of the adsorption 
experiment, under the condition of selected bacteria or not, 
the breakthrough liquid of saturated adsorption of Mn was 14 
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L and 7 L respectively. In the second round, the breakthrough 
liquid was 18 L and 13 L respectively. In the third round, the 
breakthrough liquid was 21 L and 15 L respectively (Fig. 4b). 
It can be seen that the selected bacteria also have a certain 
degree of synergistic effect on the adsorption of Mn in the 
leaching liquid. 

In addition, three rounds of adsorption tests in this 
experiment have reached the adsorption saturation state, 
which shows that Mn in the leaching solution is more easily 
absorbed by the soil than Fe. Mn differs from Fe in that it 
is easy to form hydroxide colloid or settle in the soil. When 
the adsorption of Mn by the soil reached the saturation state, 
the concentration of Mn in the leaching liquid would not be 
reduced.

With the desorption process, the concentration of Mn in 
the penetration liquid decreased, and Mn adsorbed in the final 
soil column would be completely eluted into the desorption 
liquid. In addition, compared with the soil column assisted 
by microorganisms, Mn in the soil column without microbial 
assistance was more likely to be desorbed and eluted. In the 
first round of desorption test, in the case of selected bacteria 
or not, 8 L and 6 L of penetration liquid were basically eluted. 
In the second round, 10 L and 7 L of penetration liquid were 
basically eluted. In the third round, the finished penetration 
liquid was 10 L and 8 L respectively. It can be seen that 
the selected bacteria in the soil column slowed down the 
desorption rate of Mn in the soil column to a certain extent.

Compared with the desorption experiment of Fe, Mn 
adsorbed in soil was easier to be eluted. The reason may be 
that under the condition of pH > 3.5, Fe formed the colloid or 
precipitate of hydroxide easily, and Fe desorbed at the upper 
end of the soil column will form the hydroxide again and be 
detained in the process of migration to the lower end of the 
soil column. The adsorption of Fe on the soil column has 
not reached the adsorption saturation state in the adsorption 
process, so the desorption accompanied by the re-adsorption 
process was obvious. In contrast, the desorption process of 
Mn was easier, because Mn was more easily leached by 
amino acids, organic acids, and other metabolites secreted 
by microorganisms. 

CONCLUSIONS

Through the simulation experiment, it is found that the 
selected bacteria (Pseudomonas putida, Lysinibacillus 
xylanilyticus, Lysinibacillus macroides, Bacillus simplex, 
Brevibacillus agri) has a certain degree of inhibition on the 
increase of Fe and Mn concentration in the Fe and Mn ore 
immersion liquid, and the inhibition on Mn was significantly 
stronger than that on Fe. The selected bacteria could improve 
the adsorption efficiency and capacity of free Fe and Mn in 

soil, and the desorption of soil iron and manganese by water 
was alleviated. Therefore, free Fe and Mn in coal aquifer and 
soil medium could also be immobilized by mixed bacteria 
The external environment was influenced by the interaction 
between the selected bacteria, Fe and Mn, including an in-
crease in pH, a drop in ORP, and a decrease in DO. These 
external environmental factors would directly affect the 
dissolution and redox reaction of Fe and Mn.

To sum up, Fe, Mn, the selected mixed bacteria, and the 
external environment have a complex mutual response mech-
anism in the coal mine system. It is clear that the selected 
bacteria have a positive effect on the fixation of free Fe and 
Mn. The mineral field may be a rich source of microorgan-
isms, which have evolved various mechanisms to resist heavy 
metal stress and have other metabolic potentials, which can 
be used for repair and other processes of biotechnological 
significance. Consequently, suitable growth conditions can 
be provided for the mixed bacteria to improve the degradation 
and fixation of free Fe and Mn in the mining environment. 
It has a lot of implications for future research on iron and 
manganese pollution prevention and control.
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