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Abstract: Aiming at the problem of environmental pollution caused by heavy metals such as Fe, Mn,
Cu, and Cr, Sulfate Reducing Bacteria (SRB) were enriched in mining soil. SRB was added to AMD
containing different concentrations of Fe, Mn, Cu, and Cr by batch experiments to explore the potential
of SRB for treating heavy metals in AMD. Testing combining Scanning Electron Microscopy—Energy
Dispersive Spectroscopy (SEM-EDS), X-ray Diffraction (XRD), and X-ray Photoelectron Spectroscopy
(XPS) revealed the mechanism by which heavy metal ions were removed by SRB. The results showed
that SRB had a strong ability to remove total Fe in the concentration range of 0-300 mg/L, and the
removal percentage of total Fe reached to 92.16-93.17%. SRB had a good removal effect on total
Cu, in the concentration range of 020 mg/L, and the removal percentage of total Cu reached to
79.79-81.80%. SRB had a good removal effect on total Cr as well; SRB activity would probably not be
inhibited for total Cr concentrations below 500 mg/L. The ability to solidify different heavy metal
ions using SRB was as follows: total Cr > total Fe > total Mn > total Cu. When SRB removed Fe?*
there was precipitation at the same time, appearing as black granules. This precipitation consisted
mainly of FeS, and contained small amounts of Fe3(POy),-8H,0O, FeCO3, Fe(OH),, Fe(OH)3, and Fe,S
as well.
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1. Introduction

With the development of industrialization and urbanization, a variety of heavy metals
are released into the environment, leading to serious environmental pollution [1]. It has
been reported that about 40% of lakes and rivers in the world are polluted by heavy metals.
The average concentrations of heavy metals such as Cr, Mn, Fe, and Cd in surface water
in certain areas are much higher than standards for safe drinking water [2]. The heavy
metal content around mining areas is especially likely to reach moderate or severe pollution
levels [3]. Among the various problems associated with environmental pollution, acid
mine drainage (AMD) released from mining areas is among the most serious. The contents
of SO4%2~, Fe, Mn, and Cu in AMD released from the Smolnik mining area in Slovakia
have been measured as 14-2902 mg/L, 0.12-322 mg/L, 0.01-25.3 mg/L, and 4-1512 mg/L,
respectively, with a pH value of 4-6.4 [4]. The contents of SO4%>~, Fe, Mn, and Cr in AMD
released from the Rand mining area in South Africa were 2562 mg/L, 297 mg/L, 71 mg/L,
and 0.024 mg/L, respectively, with a pH value of 3.5 [5]. The Fe and Mn contents in AMD
released from a mine in South Korea were 78 mg/L and 13 mg/L, respectively, with a pH
value of 2.7 [6]. The contents of SO42~, Fe, and Mn in AMD released from the Riguang
mining area in South Korea were 1997 mg/L, 440 mg/L, and 14.3 mg/L, respectively, with
a pH value of 4-6.4 [7]. The contents of S042~, Fe, Mn, and Cu in AMD released from the
Williams Brothers mining area in the United States were 100 mg/L, 4.6 mg/L, 1.2 mg/L,
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and 74 mg/L, respectively, with a pH value of 3.9 [8]. Overall, there is a high amount of
5042~ and heavy metal ions (Fe, Mn, Cu, Crt, etc.) in AMD, resulting in AMD being acidic.
AMD causes serious heavy metal environmental pollution, and heavy metal ions in water
and soil around mining areas tend to seriously exceed environmental and health standards.

Heavy metal pollution has become a global problem to be solved. Heavy metal ions
such as Cu, Cr, Mn, Fe, Zn, Cd, and Pb can damage enzyme activity and cell structure,
affecting plant growth and metabolic activity [9]. Meanwhile, heavy metal ions can enter
into the human body through the food chain. Excessive accumulation of heavy metals in
the human body can cause cancer, cardiovascular disease, liver damage, etc. In order to
alleviate the toxicity of heavy metal ions to the environment and living organisms, many
technologies for repairing heavy metal pollution have emerged. Among them, microbial
remediation of heavy metals has attracted wide attention due to its advantages of low cost,
high efficiency, environmental friendliness, and simple operation [10]. Microorganisms can
change the forms of heavy metals existing in the environment by affecting their chemical
or physical properties, Microorganisms can change the presence of heavy metals in the
environment by affecting their chemical or physical properties, converting heavy metals
into less toxic valence states or reducing their fluidity, thereby changing heavy metals into
less toxic forms or reducing their fluidity. This achieves the effect of mineralization or
immobilization of heavy metals [11,12]. Microorganisms in the natural environment have
mineralization ability; the most widely used mineralization microorganisms in engineering
are Sulfate Reducing Bacteria (SRB), Urease-producing Bacteria (UPB), and Phosphate Solubilizing
Bacteria (PSB) [13]. Among these, SRB treatment of heavy metals in water has the advantages
of high treatment efficiency and no secondary pollution. In particular, SRB reduces sulfate
to H,S by metabolizing organic matter. Then, S~ forms insoluble metal sulfide precipitates
with heavy metal ions to remove heavy metal ions from the environment [14]. Therefore,
based on its metabolic characteristics, SRB has been widely used in the field of AMD
treatment. SRB can efficiently remove heavy metal ions and SO42~ in AMD [14], and can
reduce the environmental pollution caused by AMD. Previous studies of SRB for treating
AMD have mainly focused on the use of continuous stirred-tank reactors (CSTR), up-flow
anaerobic sludge bed reactors (UASB), fixed-bed reactors (FBR), permeable reaction barriers
(PRB), and other types of bioreactors [15]. These bioreactors are usually inoculated with
sludge, wetland sediments, or enriched single SRB species [16]. When a site is not suitable
for the installation of bioreactors, native SRB enriched from the site are more suitable for
treating AMD [17]. A number of studies have attempted to isolate SRB from the sediments
of mining areas. However, studies on the sulfate reduction ability or heavy metal removal
ability of SRB strains in mining areas remain limited [17].

AMD often contains a large amount of heavy metal ions. Different heavy metal ion
concentrations lead to hypoxia during the SRB metabolism, which affects the nucleation
morphology of metal sulfide production [18]. Zhang Xin et al. [19] found that high ion
concentration can inhibit the growth and metabolic activity of SRB, in turn inhibiting the
formation of precipitation products. Mullaugh et al. [20] found that high ionic strength can
increase the particle size of CdS. Moreover, they found that in cases of high heavy metal ion
content, high ionic strength inhibits intracellular enzyme activity, replaces the cations on the
cell membrane, and destroys the integrity of the organelle membrane, resulting in a decrease
in microbial activity and even creating conditions that are toxic to microorganisms [21].
When using SRB, different heavy metals have different inhibitory effects. Hao et al. [22]
studied the effect of heavy metals on SRB and found that the inhibition degree of different
heavy metals on SRB was as follows: Cu > Cd > Ni > Zn > Cr > Pb. Cabrera et al. [23]
compared the tolerance for heavy metal ions (Cr3*, Cu®*, Mn?*, Ni** and Zn?*) between
two kinds of SRB; their results showed that SRB had different responses to different metals.
At the highest tolerance concentration of each heavy metal, the precipitation levels of
Desulfovibrio vulgaris were as follows: the removal percentage of 15 ppm Cr®* was 24.7%;
the removal percentage of 4 ppm Cu?* was 45%; the removal percentage of 10 ppm Mn?*
was 60%; the removal percentage of 8.5 ppm Ni?* was 96%; and the removal percentage of
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20 ppm Zn?* was 9% [23]. At the highest tolerance concentration of each heavy metal, the
precipitation levels of Desulfovibrio sp. were as follows: the removal percentage of 15 ppm
Cr¥* was 25.5%; the removal percentage 4 ppm Cu?* was 71%; the removal percentage
of 10 ppm Mn?* was 66.2%; the removal percentage of 8.5 ppm Ni?* was 96.1%; and the
removal percentage of 20 ppm Zn?* was 93% [23]. Therefore, the concentration of heavy
metal ions has a great influence on the ability of SRB to precipitate heavy metals. Most of
the above-mentioned studies focused on the precipitation of heavy metal ions such as Cd?*,
Cr3*, Cu?*, Mn?*, Ni2*, Zn?*, and Pb%** by SRB. However, there is a large amount of SO,
and heavy metal ions (Fe, Mn, Cu, Cr, etc.) in AMD [4-8]. In particular, the content of iron
ions is typically very high. At the same time, the toxicity of Cr®* is much higher than that
of Cr3*.

Therefore, in this study the enrichment method was used to obtain primary mixed
SRB from soil samples in the studied mining area. Based on batch experiments, we
inoculated SRB into AMD containing different concentrations of Fe*, Mn%*, Cu?*, and Cr®*.
By combining the changes in ODggg, pH, oxidation reduction potential (ORP), electrical
conductance (Ec), and the removal effects with respect to SO42, total Fe, total Mn, total
Cu, and total Cr, we analyzed the effective reduction potential of heavy metals and sulfate
in AMD using SRB. Then, we combined SEM-EDS, XRD, and XPS testing to explore the
mechanism by which SRB is able to remove heavy metal ions.

2. Methods and Materials

SRB: The SRB we used was mixed SRB cultured in laboratory. Mixed SRB was en-
riched using wet soil from the Haizhou open-pit coal gangue mountain in Fuxin City,
Liaoning Province (121°41" E, 41°59" N) [24]. Wet soil was inoculated into sterile Starkey
medium for anaerobic culture, with the components being 0.5 g K;HPOy, 1.0 g NHyCl,
2.0 g MgSO4-7H,0, 0.5 g NapSOy, 0.1 g CaCly-H,O, 1.0 g yeast extract, 4 mL sodium lactate,
0.5 g (NH4)2Fe(SO4),-6H0, 0.1 g ascorbic acid, and 1 L distilled water, with sterilizing for
30 min at pH =7, 121 °C. Among these components, (NH4),Fe(SO4), and ascorbic acid
cannot be sterilized at high temperature; therefore, we used a 0.22 um filter membrane
to filtrate and sterilize them. When producing H,S, a large amount of black precipitates
emerged in the medium, indicating that the mixed SRB had been cultured [24]. SRB in loga-
rithmic growth phase was used to remove heavy metal ions. There were three replicates for
each test setting. SRB was preserved in the method of glycerol tube cryopreservation under
sterile operating conditions, adding 500 puL bacterial solution and 500 uL 50% glycerol
solution into the sterilized 2 mL cryopreservation tube, then mixing the solution lightly
and preserving the mixed solution at —80 °C.

Synthetic AMD: AMD was taken from a mining area in Shanxi province following an
on-site-survey. After measurement, we found that the pH of the AMD was 5 £ 0.1 and that
it contained 2.0 + 0.05 g/L SO42~, 0.6 4 0.05 g/L Na*, 0.04 + 0.01 g/L Ca®*,0.20 £ 0.05 g/L
Mg?*, 0.15 £ 0.02 g/L K+, 0.28 + 0.02 g/L Fe?*, 0.018 4 0.02 g/L Mn?*, 0.013 & 0.02 g/L
Cu?*,0.05 4 0.01 g/L Cr®*. Then, combining the measured AMD data and the components
of the Starkey medium, we made artificial simulated AMD in the laboratory. The pH value
was adjusted by 1 mol/L HNO3 and 1 mol/L NaOH to make the artificial simulated AMD
pH =5. At the same time, the artificial simulated AMD contained 2.0 g/L SO4%~, 0.58 g/L
Na*,0.04 g/L Ca%*,0.20 g/L Mg2+, 0.17 g/L K*, and a small amount of C1~, HPO42~, and
sodium lactate. To explore the removal efficiency of different heavy metals, namely, Fe, Mn,
Cu, and Cr, we added different concentrations of Fe?* into the artificial simulated AMD
to form the following AMD solutions: Fe?* 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L,
and 500 mg/L; Mn?* 0 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L; Cu?>* 10 mg/L,
20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L; and Cr®* 100 mg/L, 200 mg/L, 300 mg/L,
400 mg/L, and 500 mg/L. Analytical reagents FeSO4-7H,0O, MnSO,4-H,O, CuSO4-5H,0,
and K,CrOy from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China) were used to
prepare the solutions containing Fe?*, Mn%*, Cu?*, and Cr®* listed above. All solutions were
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prepared with deionized water, and their ion contents were measured by the instrument to
avoid any possible error in the calculations.

Batch experiments were carried out to remove total Fe, total Mn, total Cu, and total
Cr by SRB. Among these, the test method of Fe removal by SRB for SRB at logarithmic
growth stage was inoculated at 5% inoculum into the AMD solutions containing Fe ion
concentrations of 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, and 500 mg/L. Then, 10 mL
of sterilized liquid paraffin was added to the above mixture and the conical flask was sealed
with a rubber stopper. The conical flask was placed in a constant temperature oscillation
incubator (Changzhou Kaihang Instrument Co., Ltd., Changzhou, China, type HZ-9811K)
at 35°C and 150 r/min for oscillation culture. There were three replicates for each test
setting. Samples were taken at 1 d intervals. Using sterilised AMD without SRB inoculation
as a blank group. The pH value, ORP value, ODgq value, and Ec value were measured
by PHS-3C pH meter (Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China),
CT-8022 ORP meter (Shanghai Hechen Energy Technology Co., Ltd., Shanghai, China), and
V-1600PC visible spectrophotometer (Shanghai Yuanwang Liquid Level Meter Co., Ltd.,
Shanghai, China). The samples to be tested were filtered with 0.22 pm filter membrane.
The concentrations of SO42~ and total Fe in the filtered samples were measured by V-1600
PC visible spectrophotometer and Z-2000 flame atomic spectrophotometer (Hitachi society
in Japan, Japan), and the removal percentage of 50,2~ and total Fe were calculated. The
average value and error of the three groups of repeated tests were used to draw the image.
The experimental methods used to remove total Mn, Cu, and Cr by SRB were consistent
with that used to removed total Fe by SRB.

The pH value was determined by electrode method (HJ 1147-2020). The SO42~ concen-
tration was determined by barium chromate spectrophotometry (HJ/T342-2007). Total Fe
and total Mn were determined by flame atomic absorption spectrophotometry (GB11911-
89). Total Cu was determined by atomic absorption spectrophotometry (GB7475-87). Total
Cr was determined by flame atomic absorption spectrophotometry (HJ757-2015).

The precipitation of SRB removing Fe?* was collected and centrifuged at 4000 r/min
for 10 min. The precipitation after centrifugation was dried at 90°C in a vacuum drying
oven (DZF-6090AB). Then, the dried precipitation was tested by SEM-EDS, XRD, and XPS.
The SEM appearance of the sample was detected using a German Zeiss sigma 500 scanning
electron microscope, and the chemical substances on the surface of the precipitate were
tested by EDS. Phase analysis was carried out by Bruker D8 Advance XRD, and the
scanning step of XRD was 5°-90°. The XPS of the precipitate was determined by Kratos
AXIS SUPRA XPS.

3. Results and Discussion
3.1. Removal Effect of Total Fe by SRB

It can be seen from Figure 1a that when SRB removed Fe?*, the ODgq value generally
increased first and then tended to become stable. With concentrations of Fe2* of 100 mg/L,
200 mg/L, 300 mg/L, 400 mg/L, and 500 mg/L, respectively, the ODggy values were
1.02, 1.14, 1.27, 0.83, and 0.70 after adding SRB for 6 days. When the concentration of
Fe?* was 100-300 mg/L, the ODgqg value increased gradually with the increase of Fe?*
concentration and finally stabilized at 1.01-1.18, indicating that the appropriate increase of
FeZ* concentration in this range is beneficial to the growth, reproduction, and activity of
the SRB. When the initial Fe>* concentration was in the range of 300-500 mg/L, the ODgo
value gradually decreased with the increase of Fe?* concentration and finally stabilized
at 0.63-1.18, indicating that the increase of Fe?* concentration in this range inhibits SRB
growth. It can be seen from Figure 1b—d that the pH value increased first and then stabilized,
while the ORP value decreased when the initial Fe?* concentrations were 100 mg/L,
200 mg/L, 300 mg/L, 400 mg/L, and 500 mg/L, respectively. After SRB was added for
8 days, the pH values were 6.87, 6.87, 6.91, 6.40, and 6.15, and the ORP values were —325mYV,
—378 mV, —399 mV, —202 mV, and —128 mV, respectively. The Ec values were 3.05 mS/cm,
3.64 mS/cm, 3.77 mS/cm, 3.97 mS/cm, and 4.30 mS/cm, respectively. The process of SRB
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metabolizing SO42~ and organic carbon to generate S*>~ and HCO; ™~ increases the pH value
and decreases the ORP value [25]. According to the mechanism by which SRB metabolizing
S04~ and producing S*>~ (formula (1)~(3)), we know that when SRB metabolic activity is
higher, ORP value decreases significantly [24]. When the initial Fe?* concentration was
100-300 mg/L, the pH value increased significantly, and the ORP value decreased very
obviously, indicating that the SRB activity was higher and the metabolic reduction of SO42~
was greater in this range. In the early stage of cultivation, SRB metabolism was more
vigorous, more S042~ was reduced, and the Ec value decreased significantly. In the later
stage, SRB entered a period of decline, the activity was poor, and the SRB gradually died,
resulting in a slight increase in the Ec value.

1 2 3 4 5 6 7 8
Time (d)

(c)
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Figure 1. Effect of SRB on Fe ion removal (5% SRB; initial concentrations of FeZ* were 100 mg/L,
200 mg/L, 300 mg/L, 400 mg/L, and 500 mg/L). (a) ODggg value changes; (b) pH value changes;
(c) ORP value changes; (d) Ec value changes; (e) S0,42~ removal conditions; (f) removal percentage of
total Fe.

According to Figure le, when SRB removed Fe?*, the removal of SO4%~ increased
first and then tended to become stable. According to the formula above, SRB was able to
effectively metabolize SO42~ and produce S?~; in particular, when the SRB activity was
high, the conversion rate of SO42~ was faster. In the early stage, SRB metabolism was high
and had strong dissimilatory SO42~ reduction effect, and the removal percentage of SO4%~
increased rapidly. In the later stage, SRB gradually entered a declining period and the
metabolism was slow, with less SO42~ being reduced; the removal rate of 5042~ tended to
become stable. With Fe?* concentrations of was 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L,
and 500 mg/L, the removal percentage of SO, after adding SRB for 8 days was 74.05%,
81.13%, 88.05%, 69.7%, and 48.11% respectively. When the concentration of Fe2* was in the
range of 100-300 mg/L, the SO4%~ removal rate increased gradually with the increase in Fe?*
concentration. It has been reported that the presence of high concentrations of heavy metals
can interfere with the biological removal of SO42~ by SRB [26]. When the concentration of
Fe?* was in the range of 300-500 mg/L, the SO4>~ removal rate decreased gradually with
the increase in Fe?* concentration. This indicates that increasing Fe?* concentration within
the range of 100-300 mg/L can stimulate the growth and metabolism of SRB.

It can be seen from Figure 1f that when SRB removed Fe ions, the removal percentage
of Fe ions by SRB generally increased first and then tended to become stable. When the
concentration of FeZ* was 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, and 500 mg/L,
the removal percentage of Fe ions reached 92.99%, 92.16%, 93.17%, 70.59% and 50.73%,
respectively, after SRB was added for 8 days. When the concentration of Fe ions was in the
range of 100-300 mg/L, the removal percentage of Fe ion was more than 92%. This high
removal efficiency of Fe?* by SRB is mainly attributed to the low solubility product FeS [27].
The SRB uses its own metabolic activity to make SO42~ become an electron acceptor, then
uses dissimilatory reduction to generate S>~ [28]. The resulting >~ and Fe?* in the solution
formed precipitation. It has been reported that in addition to removing Fe?" in the form
of FeS, SRB can remove it in the form of hydroxide precipitation and carbonates [29]. In
addition, the SRB secreted a large amount of extracellular polymeric substance (EPS) during
growth, which is useful in the treatment of heavy metal ions by SRB [30]. EPS contains
functional groups such as amines, phosphate, and carboxyl and hydroxyl groups, which
can enhance the binding ability of cell surfaces to heavy metals [30,31], meaning that SRB
can remove Fe?* to an even higher level. It has been reported that the metabolites of SRB
are mainly divalent sulfur; divalent sulfur combines with Fe?* to convert to the insoluble
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and biologically unavailable FeS [32]. Therefore, when the concentration of Fe ions was in
the range of 100-300 mg/L, increasing the concentration of Fe ions facilitated the binding
of Fe ions with S*~. When the concentration of Fe ions was over 300 mg/L, the growth
and metabolism rate of SRB decreased, which is mainly related to the inhibition of SRB
growth by the high concentration of Fe ions. It has been reported that heavy metals can
inactivate the enzyme by reacting with the functional groups of SRB, thereby denaturing
the protein and competing with the necessary cations to inhibit the activity of SRB [33]. SRB
has strong tolerance to Fe, and can remove most Fe. Zhuxiang Liu [27] found that under
conditions of [pH]y = 6.0 and [SO4% ]o = 2000 mg/L, the removal percentage of Fe by SRB
was 95.2-100%. Bai [34] showed that the tolerance of SRB to Fe concentration was 330 mg/L
and the removal percentage of Fe was 85.5%. Mingliang Zhang [35] found that with the
addition of other sludge particles that are beneficial to SRB removal of Fe, the removal
percentage of Fe was 99.9%. Jong [36] reported that the removal percentage of Fe in an
up-flow SRB reactor was more than 82%. Kiran [37] reported that the removal percentage
of Fe by SRB was 93.9%. Compared with the above research, the removal effect of SRB
on Fe in this study was similar. When the concentration of Fe ions was at 100-300 mg/L,
the removal percentage of Fe ion by SRB was more than 92%. The tolerance of SRB to Fe
ion concentration was 300 mg/L. When the concentration of Fe ions was 400 mg/L, SRB
activity was somewhat inhibited. When the concentration of Fe ions was 500 mg/L, most
of the SRB activity was inhibited.

In all, when combining the ODggg, ORP value, removal efficient of SO,%~, and removal
of total Fe, we found that SRB had a strong ability to remove Fe ion from 0-300 mg/L,
with the removal percentage of Fe ion reaching 92.16-93.17%. When the initial Fe ion
concentration was 100-300 mg/L, increasing the Fe ion concentration was able to stimulate
the activity of SRB, which was conducive to its growth and reproduction. When the initial
Fe ion concentration was 300-500 mg/L, increasing the Fe?* concentration inhibited the
growth of SRB. The growth state of SRB was the best when the initial Fe?>* concentration
was 300 mg/L. The maximum values of ODgg, pH value, SO4%~ removal percentage, and
Fe ion removal percentage were 1.27, 6.91, 88.05%, and 93.17%, respectively, while the
minimum values of ORP and Ec were —399 mV and 2.72 mS/cm, respectively.

3.2. Removal Effect of Total Mn by SRB

It can be seen from Figure 2a that at 1-5 d there was a significant increase in the
ODgqp value related to the proliferation of SRB. At 6-8 d, the ODgy value decreased
significantly, indicating that this portion of the of SRB had died. When the concentrations
of Mn%* were 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L, the ODgg values
were 0.86, 0.98, 1.02, 1.08, and 0.74, respectively, after adding SRB for 4 days. When the
concentration of total Mn was 10-40 mg/L, the ODgqg value gradually increased with the
increase of Mn?* concentration and stabilized at 0.83-1.06 on the fifth day, indicating that
an appropriate increase of Mn?* concentration in this range was beneficial to stimulate SRB
reproduction. When the concentration of Mn2* was 50 mg/L, the ODggg value increased
slightly, indicating that Mn?* at 50 mg/L inhibited the growth of SRB. It can be seen
from Figure 2b—d that when the concentration of Mn?* was 10 mg/L,20mg/L, 30 mg/L,
40 mg/L, and 50 mg/L, after adding SRB for 8 days,, the pH values were 7.35,7.38, 7.13,
6.99, and 6.41, respectively, the ORP values were —363 mV, —371 mV, —348 mV, —368 mV,
and —214 mV, respectively, and the Ec values were 3.05 mS/cm, 3.35 mS/cm, 3.77 mS/cm,
3.97 mS/cm, and 4.32 mS/cm, respectively. In comparison with the initial pH value, the
pH value increased, indicating that SRB was able to grow and metabolize in the above
concentrations of Mn?* solution to produce alkaline substances. When the concentration
of Mn?* was 10-40 mg/L, the pH value increased significantly and the ORP value and
Ec value decreased and then stabilized, indicating that the SRB activity was better in this
range. When the concentration of Mn?* was 50 mg/L, the pH value increased slightly
while the ORP value and Ec value decreased first and then increased, indicating that the
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ability of SRB to reduce SO42~ to S~ decreased; its activity was significantly inhibited, and

a portion of the SRB died.
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Figure 2. Effect of SRB on total Mn removal (5% SRB; initial Mn2* concentrations were 10 mg/L,
20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L, respectively). (a) ODggg value changes; (b) pH value
changes; (c) ORP value changes; (d) Ec value changes; (e) 5042~ removal conditions; (f) removal

percentage of total Mn.

It can be seen from Figure 2e,f that in the early stage the SRB metabolism was exuberant,
dissimilatory reduction of S0,42~ was higher, and the removal rate of S042~ increased
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rapidly. In the later stage the SRB gradually entered a period of decline, and its metabolism
was slow. At the same time, the reduction of SO42~ was less, and the removal rate of SO42~
tended to be stable. From these results, it is apparent that an appropriate increase of the
Mn?* concentration in the range of 0-40 mg/L increases the activity of SRB, while 50 mg/L
Mn?* inhibits SRB reduction of SO42~. With Mn2* concentrations of 10 mg/L, 20 mg/L,
30 mg/L, 40 mg/L, and 50 mg/L, the removal percentage of SO,2~ was 71.09%, 83.77%,
84.33%, 84.98%, and 45.43%, respectively, after SRB was added for 8 days. At 1-4 d, the
removal percentage of total Mn was relatively low. At 4-8 d, the removal percentage of
total Mn increased from 34.21%, 36.32%, 42.25%, 45.47%, and 29.27% to 83.99%, 84.84%,
85.40%, 79.06%, and 46.01%, respectively. The K, of MnS was larger, and the pH value of
the initial precipitation was higher [38]. In the early stage of SRB, the removal percentage
of total Mn was low, and the removal percentage of total Mn was high in the later stage.
The main reason for this was that the amount of MnS produced by low S?>~ concentration
and low pH value in the early stage was less. Mn ions were mainly combined with CO32~
produced in the process of SRB reducing 5042~ to form MnCOj [39]. It has been reported
that the key to improving the removal of total Mn by SRB is the pH [40]. After 5 days of SRB
treatment, the pH value increased significantly. Therefore, the total Mn removal percentage
increased significantly in the later stage, and Mn was removed in the form of MnS. Zhang
Mingliang [35] have reported that it is difficult to remove manganese by SRB immobilized
particles, and found a removal efficiency of 42-99%. The results of our study are consistent
with the above results, for the removal efficiency of SRB on Mn?*, although the removal
efficiency is not good. Bai et al. [34] reported that the removal efficiency of manganese
by SRB and iron-reducing bacteria is lower than that of other heavy metals, finding a
removal efficiency of only 20-57%. Compared with the removal effect of Fe, we found that
the removal effect of Mn by SRB was significantly lower than that of Fe. Mainly, this is
because Ksp(MnS) > Kgp(FeS) and because the adsorption of Mn?* by microorganisms is
poor [38]. SRB had a better removal efficiency on Mn?2* in low concentrations, while higher
concentration inhibited the reduction efficiency of Mn?* by SRB.

In all, SRB had strong ability to remove Mn?* in the concentration range of 0-40 mg/L,
and the removal percentage was 79-86%. When the concentration of Mn?* was 50 mg /L,
SRB growth was inhibited. When the concentration of Mn?* was 40 mg/L, the growth state
of SRB was the best. The maximum values of ODggg, pH value, 5042~ removal percentage,
and Mn?%* removal percentage were 1.08, 6.99, 84.98%, and 79.06%, respectively, while the
minimum values of ORP value and Ec value were —370 mV and 3.55 mS/cm, respectively.

3.3. Removal Effect of Total Cu by SRB

It can be seen from Figure 3a that the ODg value increased first and then decreased
when SRB removed Cu?*. The decrease in the ODg value in the later stage was related
to the decline of SRB. When the concentration of Cu?* was 10 mg/L, 20 mg/L, 30 mg/L,
40 mg/L, and 50 mg/L, the ODgy values were 0.95, 0.93, 0.83, 0.59, and 0.51, respectively,
after SRB was added for 5 days. When the initial Cu?* concentration was 10-20 mg/L,
the ODgg value was larger. When the concentration of Cu?* was 20-50 mg/L, the ODgp
value decreased gradually with the increase of Cu?* concentration, and Cu?* in this concen-
tration range inhibited the growth of SRB. It can be seen from Figure 3b—d that when the
concentration of Cu?* was 10-20 mg/L, the ORP value decreased first and then stabilized.
When the concentration of Cu?* was 30-50 mg/L, the ORP value decreased first and then
increased, and the increase of ORP value was related to the death of a portion of the SRB.
In addition, high concentrations of Cu?* were able to inhibit and poison the SRB. It can be
seen from Figure 3e,f that when SRB removed total Cu, the removal rate of 5042~ and total
Cu generally increased first and then tended to become stable. At 14 d, SRB metabolism
was vigorous and the removal of SO4?~ and total Cu is obvious. At 4-8 d, SRB gradually
entered a declining period, and the removal percentage of SO4%~ and total Cu tended to
be stable. When the concentration of total Cu was 10-20 mg/L, the removal percentages
of SO42~ and total Cu by SRB were stable at 78.78-80.76% and 79.79-81.80%, respectively.
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When the concentration of total Cu was 30 mg/L, the removal percentages of SO42~ and
total Cu by SRB were 68.14% and 69.01%, respectively. When the concentration of total Cu
was 40-50 mg /L, the removal percentages of SO4%~ and total Cu by SRB were 45.74-49.61%
and 46.32-50.25%, respectively. According to the removal of total Cu and SO4%~, when the
concentration of Cu ions was low, the metabolic activity of SRB was relatively high. How-
ever, when the concentration of Cu ions increased, the metabolic activity of SRB decreased
significantly. This indicates that Cu ions inhibit the activity and growth metabolism of SRB.
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Figure 3. Effect of SRB on total Cu removal (5% SRB; initial Cu?* concentrations were 10 mg/L,
20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L, respectively). (a) ODggg value changes; (b) pH value
changes; (c) ORP value changes; (d) Ec value changes; (e) 5042~ removal conditions; (f) removal
percentage of total Cu.
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Therefore, it can be seen that SRB had a good removal effect on 0-20 mg/L total Cu,
with the removal percentage of total Cu being 79.79-81.80%. When Cu?* exceeded 20 mg/L,
the activity of SRB was inhibited. It has been reported that Cu?* can poison SRB and inhibit
the ability of SRB to reduce sulfate [41]. Hwang et al. [16] found that 9.9 £+ 4.6 mg/L Cu?*
inhibited the activity of SRB, though it did not cause SRB death. This is mainly because
when SRB is exposed to concentrations of Cu** which are not conducive to its growth, the
formation of EPS is increased, and the resulting negatively charged functional groups of
EPS can bind to Cu?* [42]. When the concentration of Cu®* was 20 mg/L, the maximum
values of ODg(, pH value, S042~ removal percentage, and Cu?* removal percentage were
0.97, 6.52, 78.78%, and 79.79%, respectively, while the minimum values of ORP value and
Ec value were —355 mV and 3.14 mS/cm, respectively.

3.4. Removal Effect of Cr Ion by SRB

It can be seen from Figure 4a that the ODg value increased first and then decreased
when SRB removed Cr®*. The decrease in ODgg value was related to the decline of SRB.
When the concentration of Cr®* was 100 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, and
500 mg/L, the ODggg values were 1.02, 1.08, 1.03, 0.97, and 0.99, respectively, after SRB was
added for 5 days. When the concentration of Cr®* was 100-200 mg/L, the ODggy value was
larger. It can be seen from Figure 4b—d that after 8 days of SRB addition, the pH value, ORP
value, and Ec value were 7.07-7.40, —317-333 mV, and 2.84-2.95 mS/cm, respectively. It
can be seen from Figure 4e,f that when SRB removed total Cr, the removal rate of SO42~ and
total Cr generally increased first and then tended to become stable. The removal efficiency
of SO42~ and total Cr in different concentrations of total Cr by SRB was similar. On the
8th day, the removal rates of SO42~ and total Cr in different concentrations by SRB were
stable at 71.06-78.37% and 83.51-87.21%, respectively. Wang et al. [43] showed that the
maximum removal percentage of 10 mg/L Cr®* by SRB was 93.75% under optimal growth
conditions. The removal of Cr®* by SRB that we found is significantly higher than that
found by Wang [43]. At 1-5 d, SRB metabolism was strong and the removal of SO42~ was
obvious. At 3-8 d, SRB metabolism accumulated S*~, and Cr®* was mainly removed by
converting to Cr®* through direct reaction with S*~ and redox reactions. [44]. It has been
reported that SRB can remove Cr in the form of hydroxide as well [45]. Among the different
ions, the toxicity of Cr?* is much lower than that of Cr®*. SRB removes Cr®* and Cr** in
the form of sulfides and hydroxides, thereby effectively reducing Cr®* pollution.

Therefore, combining the removal efficiency of ODggy, ORP value, and removal effi-
ciency of SO42~ and Cr®*, we found that SRB has a good removal effect on Cr®*. When Cr®*
concentration was below 500 mg/L, it did not inhibit the activity of SRB. The tolerance
of Cr®* concentration for the SRB isolated by Xilin Li [46] was 500 mg/L. For the strain
of SRB isolated by Liu Changhong [47], growth was best when the concentration of Cr®*
was 300 mg/L, and the removal rate of Cr®* by SRB was 75%. In comparison with the
above research, the removal percentage of 300 mg/L Cr®" by the mixed SRB in this study
was increased by 9%. Cabrera et al. [23] showed that the removal percentage of 15 ppm
Cr®* by Desulfovibrio vulgaris could reach 24.7%, and the removal percentage of 15 ppm
Cr** by Desulfovibrio sp. could reach 25.5%. Haodong Wang et al. [43] found that the
maximum removal percentage of 10 mg/L Cr* could reach 93.75%. In comparison with
the above studies, in this study the removal percentage of Cr by mixed SRB was improved
significantly. Moreover, the Cr ion we used to configure the artificial simulated AMD was
Cr®*, which has toxicity far in excess of Cr?*. These results indicate that the SRB in this
study is able to efficiently remedy Cr pollution.



Sustainability 2023, 15, 5486 12 0f 17

12 74 ¢
L1r 72F
1.0} 7.0 F
09} 6.8
0.8} 6.6
g 0.7r . 64F
g’ 061 862 —8—(,0y=100 mg/L
05F —8—Cey=100 mg/L 6.0 F —0— ¢ (6=200 mg/L
041 —®— (=200 mg/L 581 —A— ¢ ,0y=300 mg/L
03 —A— C,sy=300 mg/L 5.6 —¥— ¢ =400 mg/L
02} —¥— (=400 mg/L S4r 0500 mg/L
0.1+ = ——¢cy=500 mg/L 52+
0.0 1 L | 1 L N | L 5.0 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Time (d) Time (d)
(a) (b)
0 6.0
sl —8— =100 mg/L ssl —8—c,y=100 mg/L
—®— (=200 mg/L : —®— ¢((,;=200 mg/L
-100 F —A— (7300 mg/L sol —A—C,¢y=300 mg/L
- —¥— Cqe=400 mg/L — —¥— ¢(¢;ey=400 mg/L
% ——c+=500 mg/L g 45 —&—c(c;y=500 mg/L
5-200 - K
~40F
S-250} A
-300 | 1
-350 L 30
_400 L 1 L 1 Il | 1 | 2 5 L 1 1 1 1 L 1 |

1 2 3 4 5 6 7 8 ' 1 2 3 4 5 6 7 8
Time (d) Time (d)
(c) (d)
sl 100
S S 9o}
701 S sof
2 60l E
gs 9 70 +
2, 50 S 60}
% 40 —8— =100 mg/L go S0t
5 oy =200 mglL 5 40f —#— =100 mg/L
2 30 Cermy=e0U mg 5 —0— (=200 mg/L
5 2l —A— e300 mg/L s 30 —h— =300 mg/L
3 —¥— ¢ =400 mg/L S 2ol 0
g 0 ( )_ 1) —¥—Ccsy=400 mg/L
2 107 ¢ ¢ey=500 mg/l § 10+ 0 ¢(ey=500 mg/L
0 1 1 1 1 1 1 1 1 1 L 1 1 1
I 2 3 4 5 6 7 8 T s d s 6 78
Time (d) Time (d)
(e) ®

Figure 4. Effect of SRB on total Cr removal (5% SRB; initial Cré* concentrations were 100 mg/L,
200 mg/L, 300 mg/L, 400 mg/L, and 500 mg/L, respectively). (a) ODggg value changes; (b) pH value
changes; (c) ORP value changes; (d) Ec value changes; (e) 5042~ removal conditions; (f) removal
percentage of total Cr.

3.5. Analysis of Mechanism for Removing Fe lons by SRB

In order to explore the mechanism by which SRB removes heavy metals, Fe ion
removal was taken as an example for detection and analysis. The precipitate remaining
after removing Fe ions by SRB was collected and vacuum dried for SEM-EDS, XRD, and
XPS tests. The results are shown in Figures 5 and 6.
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Figure 5. SEM-EDS and XRD patterns of the precipitate formed by SRB removal of Fe ions: (a) SEM
magnified 10,000 times; (b) SEM magnified 20,000 times; (¢) SEM magnified 50,000 times; (d) EDS;

(e) XRD.
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It can be seen from the SEM images in Figure 5 that a black granular precipitate
was formed when SRB removed Fe ions, with finer particles attached to the surface. The
internal particles are closely agglomerated and the surface has a porous structure. It can
be seen from the EDS diagram in Figure 5 that the precipitates formed by SRB removal of
Fe ions mainly include Fe, S, and Ca, with element contents of 52.41%, 37.90%, and 1.24%,
respectively, indicating that the precipitate is mainly FeS and contains a small amount
of other forms of Fe salt and Ca salt precipitations. It can be seen from the XRD pattern
in Figure 5 that the precipitates generated by SRB removal of Fe?* mainly include FeS,
Feg(PO4)2—8H20, FECO3, and FeO(OH)

The XPS full spectrum scan diagram of the precipitate formed by SRB removal of
FeZ* is shown in Figure 6a, with the absorption peaks corresponding to Fe, S, C, and O at
the binding energies near 711.23 eV, 163.72 eV, 285.3 eV, and 531.12 eV, respectively. The
respective contents of S2p, Cls, and Fe2p are 5.29%, 83.01% and 6.05%. It can be seen
from the fine scanning spectrum of Fe in Figure 6b that Fe mainly has four peaks at FeCO3
at 708.94 eV, Fe30Q,4 at 723.38 eV, FeS at 710.16 eV, and Fe(OH),, Fe(OH)3, as well as a
few FepO3 at 710.58 eV. Among these, FeCOj3, Fe30Oy4 accounts for 19.8% of the total iron,
Fe(OH),, Fe(OH)3 and Fe,O3 account for 39.5% of the total iron, and FeS accounts for 40.7%
of the total iron. The above results show that in addition to the production of FeS after
treatment by SRB, a small amount of iron is oxidized to Fe;O3, Fe3O4, Fe(OH)3, etc. It can
be seen from Figure 6¢ that FeS, Fe;S3, and FeS; at 159.71 eV, 162.18 eV, and 163.28 eV of the
S2p spectrum, respectively, account for 50.6% of the total sulfur, while SO32~ at 167.08 eV
and SO42~ at 168.18 eV account for about 49.4% of the total sulfur. It can be seen from
Figure 6d that carbon appears near 284.8 eV in the C1s spectrum, accounting for 89.54%
of the total carbon, and CO32~ appears near 287.71 eV, accounting for 10.46% of the total
carbon, indicating that a small amount of carbon is oxidized after the reaction, forming a
small amount of FeCO3. In summary, when SRB removes Fe?", the resulting precipitate
is mainly FeS, as well as smaller amounts of Fe3(POy),-8H,0, FeCOs3, Fe(OH),, Fe(OH)3,
Fe;S, etc.

4. Conclusions

Aiming at the problem of environmental pollution caused by heavy metals such as
Fe, Mn, Cu, and Cr, the enrichment method was used to obtain primary mixed SRB from
soil samples in a heavy mining area. Based on batch experiments, SRB was inoculated
into AMD containing different concentrations of Fe?t Min%*, Cu?*, and Cr®*. Combined
with the changes of ODgy, pH, ORP, and Ec values and the removal effects of SO42-,
FeZ*, Mn?*, Cu?*, and Cr", the effective reduction potential of SRB on sulfate and heavy
metals in acid mine drainage was analyzed. SRB had a strong ability to remove Fe ions at
0-300 mg/L, and the removal percentage of Fe ions reached 92.16-93.17%. When the initial
Fe ion concentration weas 300 mg/L, the growth state of SRB was the best. The maximum
values of ODgq, pH value, SO4%~ removal percentage, and Fe?* removal percentage were
1.27, 6.91, 88.05%, and 93.17%, respectively, while the minimum values of ORP and Ec
were —399 mV and 2.72 mS/cm, respectively. SRB had a strong ability to remove Mn?* at
0-40 mg/L, and the removal percentage was 79-86%. When the concentration of Mn?* was
40 mg/L, the growth state of SRB was the best, and the maximum removal percentages of
S04~ and Mn?* were 84.98% and 79.06%, respectively. SRB had a good removal effect on
Cu?* at 0-20 mg/L, and the removal percentage of Cu?* was 79.79-81.80%. When Cu?*
exceeded 20 mg/L, the activity of SRB was inhibited. When the concentration of Cu?* was
20 mg/L, the maximum removal percentages of SO4>~ and Cu?* were 78.78% and 79.79%,
respectively. SRB had a good removal effect on Cr ions, and when the Cr ion concentration
was below 500 mg/L, the activity of SRB was not inhibited. The removal percentages
of SO42~ and Cr ions at 100-500 mg/L Cr ion by SRB were stable at 71.06-78.37% and
83.51-87.21%, respectively. SRB can metabolize SO4?~ to form a heavy metal sulfide-based
precipitation. The immobilization ability of SRB for different heavy metal ions was as
follows: Cr®* > Fe?* >Mn? * >Cu?*. We explored the mechanism by which SRB removes
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heavy metal ions using a combination of SEM-EDS, XRD, and XPS tests. It was found that
the precipitate formed by SRB removal of Fe?* is a black granular precipitate consisting
mainly of FeS, and contains a small amount of Fe3(PO4),-8H,0, FeCOj3, Fe(OH),, Fe(OH)3,
Fe5S, etc.
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