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Abstract: In view of the characteristics of the high content of SO4%~, Fe?* and Mn?* in acid mine
drainage (AMD) and low pH value, based on adsorption and biological methods, coal gangue was
combined with sulfate-reducing bacteria (SRB). On this basis, four dynamic columns, including
Column 1 (SRB combined with spontaneous combustion gangue from the Gaode coal mine), Column 2
(SRB combined with spontaneous combustion gangue from Haizhou), Column 3 (SRB combined with
gangue from Haizhou), and Column 4 (SRB combined with gangue from Shanxi), were constructed.
The efficacy of four columns was compared by the inflow of AMD with different pollution load.
Results showed that the repair effect of four columns was: Column 3 > Column 2 > Column 1 >
Column 4. In the second stage of the experiment, the repair effect of Column 3 was the best. The
average effluent pH value and oxidation reduction potential (ORP) value were 9.09 and —262.83 mV,
the highest removal percentages of chemical oxygen demand (COD) and SO4%~ were 84.41% and
72.73%, and the average removal percentages of Fe?*, Mn?* were 98.70% and 79.97%, respectively. At
the end of the experiment, when deionized water was injected, the fixed effect of AMD in the four
columns was stable and no secondary release appeared.
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1. Introduction

Coal mining destroys underground aquifers and produce a series of solid, liquid and gas pollutants
such as coal gangue, acid mine drainage (AMD) and greenhouse gases [1]. AMD has low pH value,
a high concentration of heavy metal ions and sulfate, and its pollution to the mine environment is
one of the common problems in the world [2-4]. AMD is mainly formed by a series of biochemical
and physicochemical reactions of metal sulfide in the mining area under the synergistic action of
microorganisms, air and water, with low pH value and high content of Fe?*, Fe3*, AI**, Mn?*, and
sulfate [5,6]. AMD pollution has seriously damaged water resources in mining areas. Therefore,
a large number of scholars have studied the pollution problem of AMD, and proposed methods
of adsorption, neutralization, ion exchange, biological, coagulation and precipitation [7,8]. Among
them, the adsorption method is to adsorb part of substances in AMD on the surface of porous solids.
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The adsorption material has good adsorption effect on metal cations, but is not ideal on sulfate.
Therefore, the treatment of mining wastewater containing a large amount of sulfate is faced with
severe challenges [9]. Sulfate-reducing bacteria (SRB) in microbial methods can use organic matter
or H, as an electron donor and reduce sulfate to sulfide under anaerobic conditions [10]. SRB is a
kind of prokaryotic microorganism living in an anaerobic environment, which can reduce SO4>~ by
using organics such as lactic acid [11]. First, in an anaerobic environment, lactic acid is degraded to
pyruvate by lactate dehydrogenase in SRB, electrons and H* [11-13]. Second, pyruvate is fermented
in different ways, passing electrons and protons through the electron transport chain step by step to
form acetate [11,12,14,15]. Third, C3 cytochrome transports the electrons produced by the oxidation of
formic acid and Hj in the previous stage to reduce 5042 [11,12,16]. Finally, SO42" is activated to form
5’-phosphosulfate (APS), which is reduced to sulfide (Equations (1)-(3)) [11,17,18].

AMP*™ +S0,%> + H" - APS*™ + HP,O,*~ D
APS?™ +2¢%” + H" — HSO3™ + AMP?", Ey’ = 60 mV 2
HSO;™ + 6e*~ + 6H" — HS™ + H,0, Ey’ = 116 mV €)

However, microorganisms are susceptible to environmental pH and heavy metal ion concentration.
Coal gangue is a kind of black gray rock with lower carbon content and harder than coal in the process
of coal formation, which is produced in the process of tunneling, mining and coal washing [19]. Coal
gangue production accounts for about 10%-15% of raw coal production, but the utilization rate of
coal gangue is low and needs to be further improved [20,21]. It is found that coal gangue modified by
physical or chemical methods can improve its adsorption and can be used for the pre-treatment of
industrial wastewater [22]. Ruifang Qiu [23] modified the microstructure of coal gangue by a new
calcination method, making coal gangue a low-cost adsorbent that can remove Mn?* from industrial
wastewater. Preliminary test results show that the spontaneous combustion coal gangue of Gaode
coal mine in Fuxin has a certain adsorption effect on Fe and Mn in AMD, and the removal effect is as
follows: SRB combined with spontaneous combustion coal gangue > NaOH modified spontaneous
combustion coal gangue > unmodified spontaneous combustion coal gangue [24]. SRB combined with
coal gangue from Gaode coal mine can remove Fe, Mn and SO, in AMD effectively, but the repairing
effect of SRB combined with different kinds of coal gangues on AMD is not clear. In addition, the
ability of SRB with different kinds of coal gangues to resist AMD pollution load change is not clear.

Therefore, in view of the problem of AMD pollution, based on the mineral material adsorption
method and microbial remediation technology, different types of coal gangue were combined with SRB
to repair AMD. By changing the pH value, metal ion concentration and nutrient content of AMD, the
repairing effect of SRB with different kinds of coal gangue on AMD and the ability of anti-pollution load
change were studied. The mechanism of SRB combined with coal gangue to remove AMD pollutants
was further revealed by low-temperature nitrogen adsorption, a scanning electron microscope equipped
with an energy-dispersive X-ray spectroscopy probe (SEM/EDS), X-ray fluorescence (XRF), Fourier
transform infrared spectroscopy (FTIR) and an X-ray diffractometer (XRD). In this study, a kind of SRB
synergistic coal gangue material with high treatment efficiency, convenient, cheap materials and strong
impact resistance will be obtained, which will provide a scientific foundation for its field application in
mining areas.

2. Materials and Methods

2.1. Experimental Materials

Coal Gangue 1 is a spontaneous combustion coal gangue from the Gaode open-pit mine, Fuxin
City, Liaoning Province; Coal Gangue 2 is a spontaneous combustion coal gangue from Haizhou
open-pit mine, Fuxin City; Coal Gangue 3 is an original coal gangue from Haizhou open-pit mine;
Coal Gangue 4 is an original coal gangue from a coal mine in Jincheng City, Shanxi Province. Four
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kinds of coal gangues were broken separately, sieved to a particle size of 0.42-6.70 mm, washed three
times with distilled water, and dried at 80 °C. After drying, the four kinds of coal gangue were broken
and screened to 0.074 mm in diameter respectively. The coal gangue samples with a diameter of
0.074 mm were placed in the sample storehouse of a XRF-1800 (Shimadzu, Kyoto, Japan). The samples
were analysed under the conditions of X-ray tube, 4 kW thin window, Rh target and ultra-high speed
scanning at 300 °/min. The chemical composition of four kinds of coal gangues are shown in Table 1.

Table 1. Chemical composition of Coal Gangue 14 (%).

Constituent SiO; Al,O3 Fe;O3 MgO CaO NaO KO TiO, MnO P,05 SO3 CO,
Gangue 1 58.287 16.239 7.05 2114 3.187 1.838 3.086 0.699 0.156 0.19 1.998 2.504
Gangue 2 63.265 16.117 4.393 1.602 0.821 2392 3.055 0.761 0.048 0.164 0.193 0.645
Gangue 3 62.008 16.889 5.353 2.85 1931 1492 2655 0.807 0.082 0.208 0.231 1517
Gangue 4 42992 36.091 6.61 0.751 0294 0.137 0221 0896 0.017 0.045 7.19 0.231

SRB: in order to improve the repair effect of SRB-combined coal gangue, wet mud at the foot
of gangue piles of Haizhou open-pit mine in Fuxin City was taken as seed mud. According to the
enrichment and culture method of SRB, the seed mud was inoculated into the sterilized Starkey medium
for anaerobic culture [25]. When H;S and black precipitate appear, SRB is cultured [26]. Then the SRB
with strong activity was enriched. Among them, the main components of the Starkey medium are: 0.5 g
Na,SOy, 1.0 g NH,C], 0.5 g K,HPOy, 0.1 g CaCly-HyO, 2.0 g MgSO4-7H,0, 1.2 g (NHy4),Fe(SO4),-6H,O,
0.1 g ascorbic acid, 4.0 mL sodium lactate solution, 1.0 g yeast extract, 1 L distilled water, pH = 7.0,
sterilized at 121 °C for 30 min [25].

AMD: according to the measured AMD water quality index of a coal mine in Hulunbuir City,
Inner Mongolia Autonomous Region, and combined with the Fe?*, Mn?*, SO42~ concentration and pH
value of AMD simulated by Guo et al. [24]. In this experiment, AMD with different ion concentrations
was simulated in the laboratory to study the treatment effect of SRB combined with coal gangue on
AMD with different pollution concentration. Water quality indexes of simulated AMD are shown in
Table 2.

Table 2. Water quality index of dynamic experimental influent.

Project pH S0,42- Fe?* Mn?2+ CcoD PO43- NH,*
(mg/L)  (mg/L)  (mg/lL)  (mgl)  (mgL)  (mg/L)
First stage 5.5 1000 50 15 1000 191 118
Second stage 3.5 1200 75 20 1000 191 118
Third stage 3 1300 125 25 1000 191 118
Fourth stage 3 1300 125 25 550 191 118

2.2. Experimental Method and Apparatus

A dynamic leaching experiment of four kinds of coal gangues: Four plexiglass tubes were used as
leaching experiment device, with an inner diameter of 56 mm and a height of 500 mm. 40 mm of glass
beads, 320 mm of Coal Gangue 1 and 40 mm of glass beads were filled from top to bottom in Leaching
Column 1; 40 mm of glass beads, 320 mm of Coal Gangue 2 and 40 mm of glass beads were filled from
top to bottom in Leaching Column 2; 40 mm of glass beads, 320 mm of Coal Gangue 3 and 40 mm of
glass beads were filled from top to bottom in Leaching Column 3; and 40 mm of glass beads, 320 mm of
Coal Gangue 4 and 40 mm of glass beads were filled from top to bottom in Leaching Column 4. Glass
beads are used to fix coal gangue. At the beginning of the experiment, four leaching columns were
washed with deionized water from top to bottom, and the influent was set as 12 mL/h. The leachate
of four leaching columns were collected once a day, and the pH value, ORP value and COD, SO,2-,
Fe?™ and Mn?*concentrations were measured. When the test indexes of leachate from four leaching
columns tended to be stable, the experiment was finished.
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The dynamic experimental method of SRB was combined with four kinds of coal gangues to
repair AMD: four plexiglass tubes were used as the dynamic reaction column, with an inner diameter
of 56 mm and a height of 500 mm; 40 mm of glass beads and 320 mm of Coal Gangue 1 were filled
from bottom to top in Column 1; 40 mm of glass beads and 320 mm of Coal Gangue 2 were filled
from bottom to top in Column 2; 40 mm of glass beads and 320 mm of Coal Gangue 3 were filled
from bottom to top in Column 3; and 40 mm of glass beads and 320 mm of Coal Gangue 4 were filled
from bottom to top in Column 4. Then, 200 mL SRB bacteria solution and 150 mL Starkey medium
were added to the coal gangue layers of the four dynamic reaction columns, respectively. Finally, the
upper of the four dynamic reaction columns were filled with a height of 40 mm of glass beads as the
protective layer. The four dynamic reaction columns were placed in a 35 °C biochemical incubator for
a week to realize SRB implantation growth and form SRB combined coal gangue materials. According
to Table 2, the simulated AMD was injected into the four columns from the lower end of the column at
the rate of 12 mL/h, and out from the upper end to ensure an anaerobic environment in the column.
The test device is shown in Figure 1. The water samples of inlet water and outlet water of the four
dynamic reaction columns were collected at 8:00 every morning, and the pH value, ORP value, 5042_
concentration, COD concentration, Fe?* concentration and Mn?* concentration were measured. The
removal percentages of SO4%>~, COD, Fe>* and Mn?* were calculated and analyzed. When the removal
effect tended to be stable, AMD with higher concentration was injected in the next stage to study the
efficacy of four dynamic columns to repair AMD and their ability of anti-pollution load change. At the
end of the experiment, deionized water was injected into four dynamic columns to analyze its fixation
effect on AMD and whether there was secondary release of pollutants.

Removal percentage = ((Co — C;)/Cp) x 100%, where, Cy and C; are the ions concentration before
and after the treatment respectively (mg/L).
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Figure 1. System diagram of testing device.
2.3. Detection and Analysis Methods

The water sample to be tested was left to stand for a while, and its supernatant was filtered with a
0.22 pum filter membrane. The pH value, ORP value, S0,4%~ concentration, COD concentration, FeZ*
concentration and Mn2* concentration of filtrate were measured according to the Water and wastewater
monitoring and analysis method [27]. The pH value was determined by the glass electrode method
(GB 6920-86); ORP value was measured by the potential method (SL 94-1994); SO4%~ was measured by
barium chromate spectrophotometry (HJ/T 342-2007); COD was measured by the potassium dichromate
method (HJ/T 399-2007); Fe?* was measured by phenanthroline spectrophotometry (HJ/T 345-2007);
Mn?* was measured by potassium periodate spectrophotometry (GB 11906-89) [27]. A low-temperature
nitrogen adsorption experiment was conducted by the ASAP 2020 automatic specific surface and
porosity analyzer. The chemical substances of coal gangue were analyzed using XRF-1800. The
morphology of the sample was observed by ZEISS Sigma 500 scanning electron microscope, and the
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chemical substances on the surface of the sample were measured by EDS. Stage analysis was carried
out by Bruker D8 Advance X-ray Diffraction with a scan step of 5°-90°. The infrared spectrum test was
conducted with Nicolet iS50 FTIR, and the test range was 4000-350 cm™".

3. Results and Discussion

3.1. Dynamic Leaching Experiment Results of Four Kinds of Coal Gangues

From Figure 2, on 1-16 days, the average pH values of the effluent of four leaching columns
were 7.33, 7.95, 8.79 and 4.58, and the average ORP values were 30 mV, 21 mV, 18 mV and 199 mV,
respectively. The effluent pH of Coal Gangue 2 was lower than that of Coal Gangue 3, which is
consistent with the research results of Wang Xingming [28]. The effluent COD concentrations of four
leaching columns decreased from 123, 239, 127 and 56 mg/L to 6, 1, 2 and 4 mg/L, and the average
concentrations of released COD were 24, 33, 24 and 13 mg/L, respectively. The SO4%~ concentrations
of the effluent of four leaching columns decreased from 527, 534, 320, and 543 mg/L to 97, 13, 10 and
258 mg/L, and the average concentrations of released SO42~ were 327, 60, 5 and 341 mg/L, respectively.
The amount of SO4%~ released by four leaching columns were different. The main reason for this
difference was that the sulfur content in four kinds of coal gangues varied greatly. According to Table 1,
the sulfur content in four kinds of coal gangues was Coal Gangue 4 > Coal Gangue 1 > Coal Gangue
3 > Coal Gangue 2. In addition, Coal Gangue 2 released more sulfate than Coal Gangue 3, which is
consistent with the research results of Ran Zhou [29]. The average concentrations of Fe?* released by
four leaching columns were 0.07, 0.11, 0.04 and 21.32 mg/L, respectively. The average concentrations of
Mn?* released by four leaching columns were 0.39, 0.39, 0.39 and 2.42 mg/L respectively. Among them,
the Mn?* concentration of Coal Gangue 4 decreased from 10.45 mg/L to 2.42 mg/L.
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Figure 2. Changes of dynamic leaching indexes of Coal Gangue 1-4. (a) pH and oxidation reduction
potential (ORP) values; (b) chemical oxygen demand (COD) and 50,42~ concentrations; (c) Fe?* and
Mn2* concentrations.
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3.2. Dynamic Experimental Results of Sulfate-Reducing Bacteria (SRB) Combined with Four Coal Gangues to
Repair Acid Mine Drainage (AMD)

3.2.1. Changes in pH and Oxidation Reduction Potential (ORP) Values

From Figure 3a,b, the average pH of the effluents of 4 columns were improved significantly, while
the average ORP value decreased rapidly in the first stage. The average pH value of the effluent from
the 4 columns were 8.38, 8.21, 9.32 and 7.70, and the average ORP value were —61.92 mV, —207.92 mV,
—236.67 mV and —61.83 mV respectively. The changes in the effluent pH and ORP values of the
4 columns indicated that SRB-combined gangue could promote the growth of SRB and increase the
pH of AMD. Previous studies have shown that the activity of anaerobic bacteria such as SRB can
reduce the ORP value, and the sulfate metabolism process of SRB is accompanied by an increase in
pH [30,31]. The difference of effluent pH and ORP values of the 4 columns were related to the four
kinds of coal gangues. The leaching solution of Coal Gangue 1-3 was neutral or weak alkaline, and the
leaching solution of Coal Gangue 4 was acidic. Neutral pH can promote SRB growth [32], accelerate
the metabolic activity of SRB, increase pH and reduce ORP. In the second stage, the average pH values
of the effluent from the 4 columns were 7.93, 7.86, 9.09 and 8.02, and the average ORP value were
—204.33 mV, —236.92 mV, —262.83 mV and —112.83 mV, respectively. The highest pH values were 8.09,
8.2,9.57 and 8.51, respectively. The lowest ORP values were —240 mV, —277 mV, —294 mV and -168
mV, respectively. Generally speaking, SRB organisms dominate when ORP < —100 mV and 5 < pH <9
in the microbial growth environment [33]. Therefore, the pH value of the effluent from the 4 columns
fluctuated steadily, and the ORP value decreased slightly. In the third stage, the average pH value
of the effluent from the 4 columns were 7.44, 7.94, 9.49 and 6.10, and the average ORP value were
—-96.89 mV, —178.58 mV, —191.47 mV and —75.79 mV, respectively. The effluent pH of Column 1, 2 and
4 decreased first and then increased, while ORP increased first and then slowly decreased, indicating
that a high concentration of metal ions and low pH in AMD inhibited the growth of SRB. With the
extension of time, SRB gradually adapted to the environment with high metal ion concentration and
low pH value, and could use its metabolism to improve pH value and precipitate metal ions, so that
pH value increased and ORP decreased. The effluent pH of Column 3 fluctuated steadily in the trend,
mainly because Coal Gangue 3 released more alkaline substances, which could neutralize the acidity
of AMD and reduce the toxic effect of AMD on SRB. In the fourth stage, the average pH value of the
effluent from the 4 columns were 6.86, 7.82, 9.20 and 6.64, and the average ORP value were —71.89 mV,
—105.33 mV, —130.78 mV and —49.67 mV, respectively. The effluent pH of Column 1, 2 and 4 decreased
first and then increased, and the ORP value showed an overall upward trend. It indicates that under
the conditions of high acidity and high metal ions content, reducing the amount of carbon source
would seriously affect the growth of SRB, and even lead to the death of SRB. Especially the average
ORP values of Column 1 and 4 effluent were higher than —100 mV. Chang [34] reported that when ORP
< =100 mV, SRB can grow normally, but when ORP value continues to increase, its reduction activity
will decrease. In the fifth stage, deionized water was introduced instead of AMD. The effluent pH of
the 4 columns decreased first and then stabilized, and the ORP value increased first and then decreased
and finally stabilized. The average pH value of the effluent from the 4 columns were 7.64, 7.78, 8.36
and 7.57, and the average ORP value were 20.43 mV, 23.79 mV, 34.07 mV and 33.50 mV, respectively.
In general, the effects of pH increase and ORP decrease of effluent of the 4 columns were as follows:
Column 3 > Column 2 > Column 1 > Column 4. With the inflow of AMD, the average ORP values of
Column 2 and 3 in the four stages were all < -100 mV.
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Figure 3. Changes of pH and ORP values of sulfate-reducing bacteria (SRB) combined with Coal
Gangue 14 to repair acid mine drainage (AMD). (a) pH value; (b) ORP value.

3.2.2. Analysis of Chemical Oxygen Demand (COD) Removal Effect

As can be seen from Figure 4a,b, in the first stage, the average COD removal percentage of the
effluent from the 4 columns were 31%, 43%, 41% and 24%, respectively. The removal of COD from the
4 columns mainly relied on SRB growth and utilization. The process by which SRB converts S?~ to
SO, in an anaerobic environment requires COD consumption [35]. In addition, the surface of gangue
has pores, which can remove COD in AMD. In the second stage, the average COD removal percentages
of effluent of Columns 1-4 were 46%, 47%, 59% and 33% respectively. The highest removal percentages
of COD in effluent of Columns 1-4 were 60.41%, 60.41%, 84.41% and 49.27%, respectively. At this
stage, the COD concentration only increased slightly, indicating that the increased concentrations of
Fe?*, Mn?* and SO,2~ in this stage had little influence on the removal effect of COD in the dynamic
columns. The results were consistent with the change of pH and ORP values. Coal gangue could
adsorb COD [36], ensuring the removal of COD by the dynamic column. It was reported that the
reduction of 1 g sulfate by SRB consumes at least 0.67 g COD [37]. At this stage, the dynamic column
can remove COD stably, indicating that SRB can be metabolized normally. In the third stage, the
average COD removal percentages of the effluent of Columns 1-4 were 19%, 37%, 78% and 23%,
respectively. The removal effect of Column 3 on COD was significantly higher than that of the other
three columns, indicating that the SRB metabolic activity in the Column 3 was stronger. According
to the changes of pH and ORP, it is indicated that SRB in Column 3 dominates at this time and can
effectively convert SO42~ and consume COD [33,35]. The percentages of COD removal of Column 1, 2
and 4 fluctuated greatly, mainly because the increased concentrations of Fe?*, Mn?* and SO,2~ in this
stage had an impact on the growth of SRB. The ability of SRB to metabolize COD decreased, and the
adsorption of COD by coal gangue tended to be saturated. At the same time, sulfur compounds were
accumulated in SRB metabolism in the early stage, and the removal efficiency of COD would drop
sharply when the dissolved sulfur compounds were of high concentration [38]. In the fourth stage, the
initial COD concentration in AMD was reduced, leading to a small increase in the removal of COD
by some dynamic columns. Among them, the average COD removal percentages in the effluent of
Columns 1-4 were 35%, 41%, 77% and 34%, respectively. When the deionized water was injected in
the fifth stage, when the COD concentration released from the effluent of Columns 1-4 reached a stable
level, COD concentration of Columns 1-3 was maintained at around 45 mg/L, and COD concentration
of Column 4 maintained around 91 mg/L. Overall comparison of Columns 1-4 on COD removal effect
was as follows: Column 3 > Column 2 > Column 1 > Column 4.
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Figure 4. Changes of COD removal effect of SRB combined with Coal Gangue 1-4 to repair AMD.
(a) COD removal percentage; (b) COD concentration.

3.2.3. Analysis of SO42~ Removal Effect

From Figure 5a,b, on the first day, the SO4%~ removal percentages of the effluent of Columns 1-4
were —177%, —=50%, 23%, —209%, respectively. Among them, Column 1, Column 2 and Column 4
have a negative removal percentage of SO42~, while Column 3 is positive. According to Figure 2, the
SO4%~ concentrations in the leachate of Coal Gangues 1-4 on the first day were 415 mg/L, 534 mg/L,
320 mg/L and 543 mg/L, respectively. In the early stage of the experiment, coal gangue released a
large amount of SO,427, resulting in a higher concentration of SO4% in the effluent of Columns 14,
even higher than that in AMD. Over time, SRB in Columns 14 gradually adapted to the wastewater
environment, and SO42~ in the system was reduced to S>~ by self-metabolism. In the first stage, the
average SO,42~ removal percentage of the effluent from Columns 1-4 were 16.82%, 40.95%, 56.32% and
—2.55%, respectively. In the first stage of the experiment, the removal effect of SO4>~ by Columns 2 and
3 was significantly better than that by Columns 1 and 4, indicating that the SRB at the initial stage of
the reaction was more suitable for the alkaline environment provided by coal gangue of Fuxin Haizhou
open-pit mine (Coal Gangue 2 and Coal Gangue 3). In the second stage, the average SO42~ removal
percentage of the effluent from Columns 1-4 were 47.84%, 45.26%, 56.60% and 32.79%, respectively,
and the corresponding residual SO42~ removal concentration were 625 mg/L, 656 mg/L, 520 mg/L and
806 mg/L, respectively. The highest removal percentages of SO,?~ from Columns 1-4 were 66.32%,
61.90%, 72.73% and 58.11%, respectively. The 5042_ concentration in the effluent of Columns 1-4
all showed a small increase first and then a decrease. It shows that the sudden increase of metal ion
concentration in AMD had a slight effect on the AMD repairing effect of SRB combined with coal
gangue. In the third stage, the average SO4>~ removal percentages of the effluent from Columns 1-4
were 24.65%, 48.03%, 53.80% and 16.69%, respectively. At this stage, the removal effect of Column 1, 2
and 4 on SO42~ were lower than that in the second stage, because the H,S, low pH value and high
concentration of metal ions accumulated in the early stage in the dynamic column affected the further
metabolism of SRB. It was reported that when H,S concentration is too high, with the increase of HyS
concentration, not only are the kinetic parameters of sulfate reduction inhibited proportionally, but
also the biological diversity in the reactor is greatly reduced [39,40]. The effect of Column 3 on SO42~
removal was better than the other three columns and higher than that of the second stage. The main
reason was that Coal Gangue 3 released more alkaline substances, which promoted the transformation
of H,S to S?~ and accelerated the formation of FeS and MnS precipitation between S?>~ and Fe and
Mn ions. In the fourth stage, the average SO,>~ removal percentages of the effluent of Columns 1-4
were 2.42%, 19.80%, 24.60% and 10.93%, respectively. The removal effect of Columns 14 on S0,2-
was significantly reduced, mainly because the continuous high concentration of metal interfered with
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the biological removal of sulfate by SRB [41]. It was reported that the reduction of 1 g sulfate by SRB
consumes at least 0.67 g COD [37,42]. At this stage, the content of COD was reduced, leading to the
reduction of carbon source and limiting the reduction of SO,2~ by SRB metabolism. In addition, the
toxicity of sulfide to SRB is one of the reasons why SRB cannot effectively reduce SO42~ [43,44]. In the
fifth stage, deionized water was introduced instead of AMD. The release of 8042_ tended to be stable,
Columns 1-3 were stable around 5 mg/L, and Column 4 was stable around 8.6 mg/L. A comparison
of the SO4%~ concentration (97 mg/L, 13 mg/L, 10 mg/L, 258 mg/L) released from Coal Gangue 1-4 at
the end of the dynamic leaching experiment in Figure 2 showed that there was no secondary SO4%~
release after SRB combined with coal gangue to repair AMD. The overall comparison of Columns 1-4
on SO42~ removal effect was as follows: Column 3 > Column 2 > Column 1 > Column 4.
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Figure 5. Changes of SO~ removal effect of SRB combined with Coal Gangue 1-4 to repair AMD.
(a) SO4%~ removal percentage; (b) 5042~ concentration.

3.2.4. Analysis of Fe2t Removal Effect

From Figure 6a,b, in the first stage, the average Fe?* removal percentages of the effluent of
Columns 14 were 95.45%, 94.77%, 96.98% and 72.76%, respectively. On days 1-6, the metabolic activity
of SRB in Columns 1-4 was weak, and the removal of Fe?* in AMD mainly relies on coal gangue to
release alkaline precipitation, surface pore adsorption and ion exchange reaction [45]. On days 7-12,
Fe removal in Columns 1-4 mainly relied on coal gangue to release alkalinity to form precipitation
and SRB metabolic activity to form sulfide precipitation. The removal effect of Column 4 on Fe?* was
significantly lower than that of the other three columns, mainly because Coal Gangue 4 released more
Fe. In addition, the initial water pH of Column 4 was acidic, which inhibited the growth of SRB and
the formation of metal hydroxide. In the second stage, the average Fe?* removal percentages of the
effluent of Columns 1-4 were 97.72%, 96.33%, 98.70% and 93.39%, respectively, and the corresponding
residual Fe?* removal concentration were 1.71, 2.75, 0.98 and 4.96 mg/L, respectively. The initial
pH = 3.5 of AMD had little effect on the removal of Fe in Columns 1-4, and the maximum removal
percentage could reach 100%, indicating that the coal gangue could release alkalinity, pore adsorption
and ion exchange at this time. Comparing Figure 5a,b and Figure 6a,b, it can be seen that the dynamic
columns had different effects on the removal of Fe>* and SO,2~ at this stage. It was reported that the
presence of metals interferes with the biological removal of sulfates by SRB, but the resulting sulfide
concentration is sufficient to remove more than 90% of metals from the environment [41]. Zhuxiang
Liu [37] showed that under the conditions of [pH]y = 6.0, [SO4% ]y = 2000 mg/L, hydraulic retention
time = 15 h, liquid upflow velocity = 4.0 m/h, the removal efficiency of SRB on Fe was 95.2%—-100%,
and these high level removal effects could be attributed to the low solubility of FeS. Compared with
the above results, SRB combined with coal gangue can repair AMD with higher acidity while ensuring
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high Fe removal percentage. In the third stage, the average Fe?* removal percentage of the effluent of
Columns 1-4 were 66.17%, 88.36%, 98.63% and 46.77%, respectively. Among them, the Fe removal
percentage of Column 3 was stable at between 95.13% to 99.72%, indicating that both coal gangue
and SRB could adapt to AMD with pH = 3 and a high concentration of metal ions at this stage. At
the beginning of this stage, the Fe removal percentage of the other three columns was decreasing.
This trend was consistent with the trend of pH, ORP and SO4%~ removal percentage, indicating that
high concentration of metal ions and acidic pH inhibited SRB. At the later stage of this stage, basicity,
adsorption and ion exchange generated by coal gangue reduced the inhibition of SRB by AMD, and
the removal percentage of Fe increased first and then was stable. In the fourth stage, the average
FeZ* removal percentages of the effluent of Columns 1-4 were 51.36%, 88.59%, 99.14% and 29.67%,
respectively. The removal efficiency of Fe?* in Column 1, 2 and 4 decreased significantly first and then
increased, indicating that under low pH and high metal concentration, reducing COD concentration
had a greater impact on SRB. However, Fe removal percentage was maintained stable in Column 3,
mainly because the relatively high alkalinity released by Coal Gangue 3 (average pH = 8.79), metal ions
were removed in the form of hydroxide, and the acidity of AMD was neutralized and the toxic effect
on SRB was reduced. In the fifth stage, when the release of Fe2* tended to be stable, Columns 1 and 4
were stable around 1 mg/L, Column 2 was stable around 0.03 mg/L, and Column 3 was stable around
0.3 mg/L. The effluent Fe?* concentration of Column 4 was significantly lower than that released by
the dynamic leaching equilibrium of Coal Gangue 4 (21.32 mg/L), indicating that a small amount of
SRB still existed in the device at the end of the test, ensuring the fixed effect of Fe in the system. The
overall comparison of Columns 1-4 on Fe?* removal effect was as follows: Column 3 > Column 2 >
Column 1 > Column 4. The removal percentage of Fe>* by Column 3 was between 92.72% and 100%,
which was not affected by low pH value, high concentration of metal ions and low COD concentration
in AMD influent of the first 4 stages.
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Figure 6. Changes of Fe?* removal effect of SRB combined with Coal Gangue 1-4 to repair AMD.
(a) FeZ* removal percentage; (b) Fe?* concentration.

3.2.5. Analysis of Mn?* Removal Effect

From Figure 7a,b, in the first stage, the Mn?Z* concentration in the effluent of Columns 1-4 first
decreased and then tended to be stable. The average percentages of Mn?* removal were 50.04%,
55.90%, 73.81% and 28.36%, respectively. The main removal of Mn is that SRB reduces SO~ to S*~,
and S?~ reacts with Mn2* to form Mn$S precipitation [46]. At the same time, SRB adhered to the surface
of coal gangue, formed a biofilm, and secreted a large amount of extracellular polymeric substances
(EPS). The hydroxyl and carboxyl groups contained in the EPS on the surface of SRB combined with
the metals in AMD to improve the repair effect [47—49]. From the removal percentage, the removal
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effect of Mn?* by Columns 1-4 was lower than that of Fe?*. Some studies have shown that there is
exchange adsorption between metal sulfides, and metal sulfides with larger solubility can form metal
sulfides with smaller solubility product [50]. Because Ks,(MnS) > Ksp(FeS) [51], it was not easy for
Mn?* to form stable and insoluble sulfide in the presence of Fe?*. In the second stage, the average
Mn?2* removal percentages of the effluent of Columns 1-4 were 42.07%, 53.41%, 79.97% and 40.74%,
respectively, and the corresponding residual Mn?* removal concentration were 11.66, 9.39, 4.02 and
11.92 mg/L, respectively. The highest removal percentages of Mn?" of Columns 1-4 were 67.57%,
68.79%, 87.86% and 68.10%, respectively. On 18-24 days, the removal of Mn?2+ by Column 1, 2 and 4
decreased in varying degrees, indicating that the adsorption-desorption of Mn?* occurred after the
coal gangue reached saturation [52]. In addition, the decrease of removal percentage may be due to the
reduction of adsorption sites of effective substances, which prevents H,S from forming HS™ [46]. This
caused S?~competition that was not conducive to Mn?*. However, the removal of Mn?* by Column 3
shows a trend of first increasing and then stabilizing, indicating that Coal Gangue 3 had a stronger
removal capacity of Mn?" and was more suitable to repair AMD pollution with SRB. In the third stage,
the average Mn?* removal percentage of the effluent of Columns 1-4 were 15.69%, 29.75%, 81.03%
and —18.67%, respectively. The removal of Mn from Columns 14 decreased first and then increased,
which was consistent with the trend of pH value and the removal percentage of SO42~ and Fe?*. This
indicated that high concentration of metal ions, acidic pH and H;,S were toxic to SRB when the initial
AMD inflow conditions changed at this stage, while coal gangue could reduce the toxicity of AMD to
SRB. In the fourth stage, the average Mn?* removal percentages of the effluent of Columns 1-4 were
14.58%, 42.40%, 75.76% and —0.33%, respectively. In the fifth stage, when the release of Fe?* tended
to be stable, Columns 1-4 were stable around 1.09, 2.36, 1.94 and 2.52 mg/L. Overall comparison of
Columns 1-4 on Mn?* removal effect was as follows: Column 3 > Column 2 > Column 1 > Column 4.
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Figure 7. Changes of Mn?* removal effect of SRB combined with Coal Gangue 1-4 to repair AMD.
(a) Mn%* removal percentage; (b) Mn?2* concentration.

3.2.6. Repair Effect of Columns 1-4 on AMD with Different Pollution Load

The average repair effect of Columns 14 on AMD (first stage—fourth stage) with different pollution
load is shown in Figure 8. From Figure 8a, the treatment effects of Column 1 on the AMD in the first
and second stages are significantly better than those of the third and fourth stages. From Figure 8d,
Column 4 and Column 1 have similar treatment effects. The main reasons for this phenomenon are as
follows: on the one hand, the treatment effect of coal gangue on AMD gradually tends to saturation [52],
leading to the decline of the repair effect. Meanwhile, SRB can be metabolized normally in AMD with
low pollution load (stage 1 and stage 2), but AMD with high pollution load (stage 3 and stage 4) can
inhibit the activity of SRB [41]. In addition, the accumulation of sulfide can poison SRB [38], which
reduces the ability of SRB combined with coal gangue to repair AMD. From Figure 8b,c, the treatment
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effect of Column 2 and Column 3 on the AMD with different pollution load is relatively stable, and the
treatment effect of Column 3 is better than that of Column 2. After the treatment of AMD with different
pollution load by Column 3, the average pH value of the effluent was 9.09-9.49, the average ORP value
was —131 mV--263 mV, the average COD removal percentage was 41.19%~78.48%, the average SO4%~
removal percentage was 24.60%—56.60%, the average Fe?* removal percentage was 96.98%-99.14%,
the average Mn?* removal percentage was 73.81%-81.03%, and the maximum sulfate reduction rate
was 0.89 g/(L-d). Among them, the removal effect of COD is consistent with other research results.
Zhang [53] takes sodium lactate as the carbon source and use SRB immobilized particles to repair AMD,
the removal percentage of COD is about 36%-86%. Sahinkaya used a sulfate-reduction fluidized bed
reactor to treat AMD, with a COD removal percentage of 75% [54]. The maximum sulfate reduction
rate was different from the results in some literature. According to Zhang [53], the maximum sulfate
reduction rate for treating AMD with SRB immobilized particles is 2.67 g/(L-d). Sahinkaya [55] showed
that the maximum sulfate reduction rate of sulfate is approximately 3 g/(L-d) in an anaerobic baffle
reactor. In order to promote the combination of SRB and coal gangue, the wet mud at the foot of
gangue piles was used as seed mud to enrich SRB. However, SRB enriched in the soil of the mining area
has not been purified and domesticated, and the reduction rate of sulfate is relatively low. According
to Hwang [2], the indigenous SRB enriched in the soil samples of the mining area has the potential to
remove heavy metals and sulfate from AMD, but the removal efficiency is lower than Desulfovibrio
desulfuricans. Compared with the above studies [53,55], coal gangue, as a large amount of solid waste
accumulated in mining areas, is used to treat AMD with SRB, which is easy to operate and obtain
materials for, and has strong acid neutralization ability and high metal ions removal efficiency. In the
experimental results, the removal percentage of Mn was significantly lower than that of Fe. Similar
phenomena have been observed in other studies. Bai [56] showed that when AMD is treated by SRB
and iron-reducing bacteria, the removal percentage of Mn is lower than that of other metals, and the
removal percentage is only 20%-57%. Zhang [53] showed that it is difficult to remove Mn from AMD
with SRB immobilized particles, and the removal percentage is 42%-99%.
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4. Instrumental Analysis and Characterization

4.1. Low-Temperature Nitrogen Adsorption Analysis

According to Figure 9 and Table 3, the specific surface area of Coal Gangue 1-4 was3 >1>4 > 2,
and pore volume was 1 > 3 > 4 > 2. The specific surface areas of Coal Gangue 1-4 were 4.5486 m?/g,
1.0063 m?/g, 6.1727 m?/g and 2.7403 m?/g, respectively. Coal Gangue 3 had larger specific surface area
and pore volume, larger contact area with AMD, and could adsorb and exchange more ions. Therefore,
SRB combined with Coal Gangue 3 was the best way to repair AMD.
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Figure 9. Nitrogen adsorption desorption isotherm of Coal Gangue 1-4.

Table 3. Comparison table of specific surface area and pore volume of Coal Gangue 1-4.

Project Brunauer-Emmett-Teller (BET) Barrett-Joyner-Halenda (BJH)  BET Aperture

Specific Surface Area (m?/g) Pore Volume (cm3/g) (nm)
Coal Gangue 1 4.5486 0.020461 173.6552
Coal Gangue 2 1.0063 0.004797 194.8004
Coal Gangue 3 6.1727 0.018129 121.2907
Coal Gangue 4 2.7403 0.008038 117.4198

4.2. Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy (SEM/EDS) Analysis

The SEM/EDS diagrams of Coal Gangue 1-4 before and after AMD treatment are shown in
Figure 10. Compared with the SEM diagram of the original coal gangue, after AMD treatment, the
surface of Coal Gangue 1 became rougher, many small black particles appeared on the brick-red surface,
and the microstructure was rod-like structure similar to SRB bacteria. The surface of Coal Gangue 2
became irregular and rough, and there were many small pores. The particles attached to the surface of
Coal Gangue 3 increased and presented a rod-shaped structure similar to SRB bacteria. The surface of
Coal Gangue 4 became rougher, and a large number of small solid particles appeared. After AMD
treatment, the surface of Coal Gangue 1-4 became relatively rough. This showed that SRB adhered to
the surface of coal gangue and reacted with minerals on the surface, accelerated the dissolution of
substances in coal gangue, changed the surface structure and produced more voids. The SEM image
showed that the surface of Coal Gangue 3 was smooth before the experiment. Combined with the
low temperature nitrogen adsorption experiment, this showed that there are many internal voids in
Gangue 3. Therefore, the processing effect on AMD was better.

The EDS diagram showed that Fe content on the surface of Coal Gangue 14 increased after
repairing AMD. Coal Gangue 14 increased from 0.52%, 0.37%, undetected and undetected, to 1.14%,
2.65%, 0.86% and 2.94%, respectively. After the treatment of AMD, a large number of small solid
particles appeared on the surface of Coal Gangue 14, and the content of Fe on the surface increased
significantly, which showed that SRB adsorbed on the surface of coal gangue. SRB transformed SO4%"
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into $2~, and S2~ forms metal sulfide solid particles with FeZ*, Mn?* in wastewater. In addition, the
alkaline released from coal gangue could precipitate metal ions in AMD, forming solid precipitation of
metal hydroxides, which significantly increased the content of Fe element on the surface of coal gangue.
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Figure 10. Scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS) diagram of
Coal Gangue 1-4 before and after AMD repaired by dynamic experiment. (a) SEM diagram of Coal
Gangue 1; (b) SEM diagram of Coal Gangue 2; (¢) SEM diagram of Coal Gangue 3; (d) SEM diagram of
Coal Gangue 4; (e) SEM diagram of Coal Gangue 1 after AMD repaired by dynamic experiment; (f)
SEM diagram of Coal Gangue 2 after AMD repaired by dynamic experiment; (g) SEM diagram of Coal
Gangue 3 after AMD repaired by dynamic experiment; (h) SEM diagram of Coal Gangue 4 after AMD
repaired by dynamic experiment; (i) EDS diagram of Coal Gangue 1; (j) EDS diagram of Coal Gangue
2; (k) EDS diagram of Coal Gangue 3; (1) EDS diagram of Coal Gangue 4; (m) EDS diagram of Coal
Gangue 1 after AMD repaired by dynamic experiment; (n) EDS diagram of Coal Gangue 2 after AMD
repaired by dynamic experiment; (o) EDS diagram of Coal Gangue 3 after AMD repaired by dynamic
experiment; (p) EDS diagram of Coal Gangue 4 after AMD repaired by dynamic experiment.

4.3. X-ray Fluorescence (XRF) Analysis

After the treatment of AMD by SRB combined with Coal Gangue 1-4, the main chemical
components of coal gangue are shown in Table 4. By comparing Tables 1 and 4, the main chemical
composition changes of Coal Gangue 1-4 before and after repairing AMD are as follows. Among them,
the content of Fe, Mn and S of Coal Gangue 1 in Column 1 decreased. According to the dynamic
leaching experiment results of Coal Gangue 1, it can be seen that Fe, Mn, S and other elements in the
coal gangue were released into the solution in the form of ions during the experiment, resulting in
a decrease of Fe, Mn and S content in Coal Gangue 1 in XRF test results. The Mn content of Coal
Gangue 2 in Column 2 decreased while the content of Fe and S increased. According to the dynamic
leaching experiment and SEM/EDS test results of Coal Gangue 2, Fe, Mn, S and other elements in the
coal gangue were released into the solution, which reduced the content of Fe, Mn and S. However, the
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SRB attached to the surface of Coal Gangue 2 reduced SO,42~ to >~ which combined with Fe?* to form
FeS precipitation attached to the surface of Coal Gangue 2, leading to the increase of Fe and S content
in Coal Gangue 2 in XRF test results. The Fe content of Coal Gangue 3 in Column 3 decreased while
the content of Mn and S increased. According to the dynamic leaching experiment of Coal Gangue
3, Fe, Mn and S in the coal gangue were released into the solution, which reduced the content of Fe,
Mn and S in Coal Gangue 3. According to the SEM/EDS test results, when SRB is combined with coal
gangue to repair AMD, S?~ generated by SRB metabolism and Fe?*, Mn?* in AMD form precipitation
and adhere to the surface of the coal gangue, increasing the content of Fe, Mn and S on the surface of
Coal Gangue 3. Column 3 has a good removal effect on Fe?* and SO,2~, indicating that a large number
of FeS particles were formed on the surface of Coal Gangue 3, and a large number of FeS particles
gradually converged to form large particles, which were separated from the surface of the coal gangue
and precipitated into solution, resulting in a decrease in Fe content of Coal Gangue 3 in XRF test results.
The increase of Fe, Mn and S content of Coal Gangue 4 in Column 4 is due to the fact that when SRB
is combined with coal gangue to repair AMD, S>~ generated by SRB metabolism and Fe?*, Mn?* in
AMD form precipitation and adhere to the surface of the coal gangue. It was reported that there is a lot
of carbonate cement in the void of coal gangue, and calcium carbonate and other dissolved materials
show weak alkalinity [28]. Therefore, after the treatment of AMD by SRB combined with coal gangue,
Ca content in Coal Gangue 1-4 decreased, indicating that calcium carbonate in gangue dissolved and
participated in the repairing of AMD.

Table 4. Main chemical constituents of Coal Gangue 14 after AMD repair by dynamic experiment (%).

Constituent SlOz A1203 Fe203 MgO CaO NaZO Kzo TlOz MnO P205 SO3 C02

Gangue 1 61.365 16.719 6.866 1.896 1443 1.856 3294 0.631 0.116 0311 0463 1.134
Gangue 2 63.844 15978 4.707 1545 0.718 2431 3166 077 0.042 019 0215 0.564
Gangue 3 62139 17572 5191 2087 1562 1401 2644 0784 0.149 0476 0457 1.227
Gangue 4 44666 33.632 7.613 035 0251 0226 0489 0882 0.039 0244 7.608 0.197

4.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

According to Figure 11a, FTIR peaks of Coal Gangue 1-4 were basically the same before and after
AMD treatment, indicating that the same coal gangue had the same functional group. The absorption
peaks at 1034, 1010, 799 and 466 cm~! indicated the possible presence of quartz, and 3698, 3650, 1097,
1034, 1010, 799, 687, 533 and 466 cm ™! indicated the possible presence of kaolinite [23]. The absorption
peaks at 2920, 2860 and 750~700 cm~! indicated the presence of organic substances in coal gangue [57].
Si-O-Si tensile vibration peak at 1034 cm~!, 1000 cm~! and Si-O-Si bending vibration peak at 798, 753,
471 cm~! were characteristic absorption peaks of illite [58]. The characteristic peak at 432 cm~! was

pyrite, while the peak at 1438 cm™! belonged to the CO3? stretching vibration peak of carbonate [59].

4.5. X-ray Diffraction (XRD) Analysis

From Figure 11b, there are differences in the diffraction peaks of Coal Gangue 14, indicating
that the mineral components contained in the four types of gangue were different. Coal Gangue 1
mainly contained quartz, feldspar, zeolite, kaolin, pyrite, hematite, illite, calcite and other minerals.
Coal Gangue 2 mainly contained quartz, feldspar, zeolite, illite, pyrite, calcite and other minerals. Coal
Gangue 3 mainly contained quartz, feldspar, zeolite, chlorite, calcite, illite and other minerals. Coal
Gangue 4 mainly contained kaolin, quartz, chlorite, sodium feldspar, illite, pyrite, hematite and other
minerals. After the dynamic test of SRB combined with coal gangue treating AMD, diffraction peaks
of hematite, calcite and kaolinite of Coal Gangue 1 decreased. Diffraction peaks of feldspar, calcite
and kaolinite of Coal Gangue 2 decreased. The diffraction peaks of zeolite, calcite and chlorite in Coal
Gangue 3 decreased, and the peak shape and peak intensity of feldspar diffraction peak changed. The
diffraction peaks of pyrite and chlorite of Coal Gangue 4 decreased. The study of Peng [57] found that
the diffraction peaks of calcite, pyrite and kaolinite in coal gangue decreased significantly under acidic
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conditions. Zeolite is a kind of aluminosilicate mineral of alkali metal or alkaline earth metal. The
diffraction peaks of zeolite and calcite in Coal Gangue 3 became weaker, which indicated that zeolite
and calcite took part in the reaction and released alkalinity when AMD was repaired. After treating
AMD, diffraction peaks of MnS and FeS appeared in Coal Gangue 1-4. The FeS diffraction peaks at
20 = 43.2° were all enhanced, among which Coal Gangue 3 was the most significant. It was reported
that FeS and Fe3S,4 are the main iron sulfide stages formed in SRB cultures [60]. The XRD patterns of
Coal Gangue 14 before and after AMD treatment, indicated that some minerals participated in the
ion exchange reaction, resulting in reduced crystallinity of minerals. In addition, the dissolution of
alkaline minerals from coal gangue in the AMD environment increased the pH value and promoted
the growth of SRB. In particular, Coal Gangue 3 had stronger promotion effect on SRB, with higher
MnS and FeS diffraction peaks. The results were consistent with those of the water quality detection
index, SEM/EDS, XRF and other analysis results.

Coal Gangue 4-after

l I Coal Gangue 4-after
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Figure 11. Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) images of Coal
Gangue 1-4 before and after AMD repaired by dynamic experiment. (a) FTIR image; (b) XRD image.

5. Conclusions

(1) After 16 days of leaching of Coal Gangue 1-4 under the condition of dynamic leaching capacity
of 12 mL/h, the pH value, ORP value, S0,42~, COD, Fe?* and Mn%* concentration of the leaching
solution all tended to be stable. The average values of each index were as follows, Coal Gangue 4
> Coal Gangue 1 > Coal Gangue 2 > Coal Gangue 3. Among them, the average values of each
index of Coal Gangue 4 leaching solution were 4.58, 199 mV, 13 mg/L, 341 mg/L, 21.32 mg/L and
2.42 mg/L, respectively.

(2) The repair effect of SRB combined with Coal Gangue 1-4 on AMD was as follows: Column 3
> Column 2 > Column 1 > Column 4. In the second stage of influent, the removal efficiency of
AMD by Column 1-4 was better and relatively stable. At this time, the average pH value and
ORP value of the effluent of Column 3 were 9.09 and —262.83 mV, the highest removal percentage
of COD and SO,2~ were 84.41% and 72.73%, respectively, the average removal percentage of Fe?",
Mn?* were 98.70% and 79.97%, respectively. In the first four stages of influent, with the decrease
of pH value, the increase of metal ion concentration and the decrease of nutrients in AMD, the
growth activity of SRB was gradually inhibited. The alkalinity released by Coal Gangue 3 could
effectively reduce the toxicity of AMD to SRB, which could remove AMD efficiently and steadily
by SRB combined with Coal Gangue 3.

(3) After introducing of the deionized water in the fifth stage, the indexes of the effluent of Column
1-4 tended to be stable, the pH was weak alkaline, and the average ORP value was stable at
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20-34 mV. This system had a good fixation effect on SO4%~, Fe?* and Mn?* ions in mine acid
wastewater, and no secondary release of pollutants appeared.

(4) Low temperature nitrogen adsorption, SEM/EDS, XRE, FTIR and XRD analysis showed that Coal
Gangue 3 had the largest specific surface area and could adsorb and exchange more metal ions
than the other three kinds of gangue. Coal Gangue 3 contained more alkaline minerals such
as zeolite and calcite, which could not only precipitate metal ions in AMD, but also reduce the
toxicity of AMD to SRB and ensure the normal growth of SRB. The SRB was attached to the
surface of the coal gangue, and the SO4%~ in the AMD was converted into S?~ by dissimilation.
The S>~ formed metal sulfide solid particle with the metal ions in the wastewater and adhered to
the surface of the coal gangue. As a result, SRB combined with Coal Gangue 3 repaired AMD
with the best result, and had the strongest anti-pollution load capacity.
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