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Abstract
Manganese pollution from acid mine drainage has received increasing attention recently. A new strain of acid-resistant 
manganese-oxidizing bacteria identified as Klebsiella sp. strain M3 was isolated and adopted to treat wastewater contain-
ing Mn(II) and concomitant Sb(III) in the study. Batch experiment results demonstrated that the strain thrived in an acidic 
solution, and 36–97.8% of 10 mg/L Mn(II) was removed with inoculation of 2%. Meanwhile, the oxidation activity of the 
strain was suppressed with the increase of Mn(II) level and decrease of pH, whereas ventilation was beneficial to the Mn(II) 
removal. The produced dark brown precipitates with high BET surface were composed of poorly crystallized spherical nano-
particles, which were a mixture of FeOOH, MnOOH, and MnO2. The average Mn oxidation number of manganese oxides 
was calculated to be 3.63. Moreover, microbial Mn(II) oxidation followed the pseudo-first-order model, and the rate con-
stants were in the range of 0.003–0.024 h−1 as the solution pH was between 3.0 and 7.0. The coexistent Sb(III) was removed 
from the water and immobilized in precipitates along with the biological mineralization of Mn(II). Furthermore, the Sb(III) 
removal ability of in situ Mn oxides expressed as Sb/Mn mass ratio varied from about 0.15 to 0.7. The results demonstrated 
that the oxidation capacity of Klebsiella sp. strain M3 was strong even in acidic conditions and provided theoretical support 
for the treatment of large-scale Mn(II)-containing wastewater.
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1  Introduction

Manganese (Mn) pollution in surface water and groundwater 
has received increasing attention in recent years [1]. Gener-
ally, Mn(II) is the most common oxidation state in water 
with a pH lower than 7.0, while the more highly oxidized 
Mn(III, IV) exists at higher pH values and redox potentials. 
Excessive Mn will not only cause toxicity to the nervous 
system of humans but also leads to the occurrence of many 
birth defects [2]. The European Commission and the US 

Environmental Protection Agency have suggested a guidance 
value of 0.05 mg/L in drinking water [3, 4]. Furthermore, the 
most environmentally significant Mn contamination could 
be directly related to the mining industry, especially in Rus-
sia, Brazil, South Africa, and China which host the major 
manganese ore resources in the world [5–7]. A large amount 
of wastewater was generated during the process of mining 
and beneficiation of manganese ore. The pH of wastewater 
ranged from 3.5 to 6.5, and Mn mainly exists in the form of 
soluble Mn(II) [8, 9].

Many countries have tried their best to control this non-
degradable heavy metal pollution. Up to now, chemical pre-
cipitation has been widely used to remove Mn ions from 
wastewater in the mining industry. Limestone, quartzite 
dolomite, and magnesite are commonly added to increase 
effluent pH and alkalinity. However, large amounts of sludge 
can be produced which need to be treated further [10, 11]. 
As for adsorption, ion exchange, and chemical oxidation 
techniques, they are not appropriate for the treatment of 
manganese mine drainage, due to the high consumption of 
chemical reagents and energy [12–14].
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Since the 1980s, bio-oxidization of Mn(II) has been 
proven to be a low-cost, high-efficiency method for Mn(II) 
removal from water at many laboratories and water treatment 
plants [15–17]. A variety of manganese-oxidizing bacteria 
(MnOB) that can oxidize Mn(II) and form insoluble bio-
genic manganese oxides (BMO) were found in natural envi-
ronments (e.g., soil, water, and sediment). Meanwhile, some 
fungal strains also played an important role in the removal 
of heavy metal pollutants [18, 19]. The majority of chemo-
heterotrophic microorganisms oxidize Mn(II) predominantly 
via an Mn oxidase enzyme, such as multicopper oxidases 
(MCOs), lactase, Mn peroxidase, and lignin degradation 
enzymes [16, 20–25]. Most MnOB are distributed among the 
genera Pseudomonas, Bacillus, Pedomicrobium, and Lep-
tothrix [20, 21]. Literature also indicated that MnOB pos-
sessed high oxidation activity over a wide range of Mn levels 
(< l mg/L to > 100 mg/L) and temperatures (4–37 °C) [9, 
22]. However, its activity was influenced obviously by water 
acidity, and the optimal pH value for biological Mn(II) oxi-
dation was in the range of 6.5–8.0 [15–17, 22]. More impor-
tantly, cell growth and activity of the Mn oxidase enzyme 
were seriously inhibited in a highly acidic environment [18, 
23, 24]. It was found that when Pseudomonas putida strains 
MnB1 was cultivated in Mn(II) solution with initial pH of 
7.5 for 30 h, 10 mg/L of amorphous β-MnO2 was gener-
ated. But, as pH decreased to 5.6, only 2 mg/L of Mn oxides 
was produced after 40 h of cultivation [20]. More seriously, 
isolated Bacillus sp. T1151 could lose any ability to oxidize 
Mn(II) if the water pH was lower than 4.0, despite the high-
est Mn(II) oxidation rate at a pH of 7.0 [25]. Given the lower 
pH of acid mine drainage and its high Mn(II) content, it can 
be inferred that Mn(II) oxidation activity in this situation by 
common MnOB will be very low. Consequently, in the treat-
ment of large-scale acid mine drainage, biological oxidation 
and removal capacities of Mn(II) would not achieve satisfac-
tory effects. Screening of acid-resistant MnOB with high 
activity in a specific environment is of great significance for 
Mn(II) removal from acidic wastewater.

In addition, pyrolusite and rhodochrosite minerals were 
the most important Mn ore resources, which are usually 
frequently associated with pyrite and franklinite [26, 27]. 
Besides Mn, other heavy metals were also found in mine 
drainage [28]. In special, Sb(III) can coexist with Mn(II) 
in acidic wastewater as a result of the mining of langbanite, 
manganostibite, and melanostibite [29]. While raw ground-
water used as drinking water sources in China can also be 
co-contaminated by Mn(II) and Sb(III) [30], it was known 
that biogenic manganese oxides were excellent adsorbent 
towards heavy metals, due to the abundant vacancies in their 
amorphous structure [31, 32]. However, there is not enough 
study about the simultaneous removal of associated metal in 
Mn mine drainage during the biological oxidation of Mn(II). 
What is more, the translocation and transformation of Sb 

have received less attention compared with other heavy met-
als, such as Cd, Cu, and As. So, more attention should be 
paid to the adsorption and speciation of Sb(III) during the 
treatment of Mn mine wastewater.

In this study, a new strain of acid-resistant MnOB was 
screened from activated sludge in a sewage treatment plant 
in Xiangtan city, which was known as “the capital of man-
ganese ore” in China. This study aims to (1) identify and 
characterize the isolated strain; (2) investigate the biological 
oxidation and removal behavior of Mn(II) from the solu-
tion under different conditions; (3) analyze Mn(II) oxida-
tion kinetics in acidic wastewater by the isolated strain and 
characteristics of the biogenic product; and (4) reveal the 
removal mechanism of associated Sb(III) along with the 
biomineralization process of Mn oxides.

2 � Materials and methods

2.1 � Isolation of acid‑resistant manganese‑oxidizing 
bacteria

The new strain of MnOB was selected from the activated 
sludge in the aeration tank of Hexi sewage treatment plant 
in Xiangtan city. The plant can collect wastewater from the 
nearby manganese mining areas, most of which have been 
closed for several years, though some are still in production. 
PYCM and JFM medium with a pH of 5.0 were used for 
cultivating and isolating MnOB, and the detailed compo-
sition of the medium is presented in Table S1. The isola-
tion process was as follows. Fifteen grams of sludge was 
first added to 90 mL of deionized water. After vibration for 
30 min, 5 mL supernate was extracted and added to 150 mL 
PYCM medium. After the enrichment for 2 days at 30 °C, 
the formed cell suspension was diluted into four gradient 
concentrations (10−1, 10−2, 10−3, and 10−4), and spread onto 
solid media to obtain a single colony. Then, several single 
colonies were picked up and transferred into JFM medium 
for 5 days of cultivation. Using the streak plate method, sev-
eral pure cultures of MnOB were obtained finally through 
successive isolation.

2.2 � A contrast between Mn(II) tolerance in each 
isolated strain

Investigation of Mn(II) resistance of each isolated strain 
was conducted as follows. A certain amount of bacteria 
suspension was evenly spread onto the JFM solid medium 
with a pH of 5.0, where the gradient of Mn(II) concentra-
tion ranged from 0 to 1400 mg/L, separately. After being 
cultured for 3–5 days, the tolerance of each strain towards 
Mn(II) was evaluated according to the number of generated 
colonies. The strain with high tolerance and removal ability 
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towards Mn(II) under acidic conditions was selected and 
used further. Meanwhile, leucoberbelin blue I (LBB) which 
selectively reacted with Mn(III)/Mn(IV) oxides was used 
for qualitative analysis of manganese oxide formation [33].

2.3 � Characterization and identification 
of the bacterial isolate

The morphological characteristic of the selected strain was 
studied as follows. First, bacterial suspension was cleaned 
with 0.1 mol/L phosphate buffer solution and transferred to 
a 1.5-mL Eppendorf tube. After natural settlement for 1 h, 
the supernatant was gently discarded. Then, 1 mL of fresh 
pre-cooled 2.5% glutaraldehyde was slowly added to the tube 
for fixation. Finally, cell structure characteristics of the strain 
were observed by transmission electron microscopy (TEM, 
Tecnai G2 F20 S-Twin, FEI, USA).

The growth characteristic of the isolated strain was inves-
tigated in flasks. The strain was first inoculated in 100 mL 
JFM broth after its pH values were pre-adjusted to 2.0, 3.0, 
4.0, 5.0, 6.0, and 7.0, respectively. Then, the cultures were 
kept on a shaker at a rotational speed of 150 r/min. The 
aliquots of samples were collected from each flask starting 
from inoculation, and the optical density (OD) value repre-
senting bacteria biomass was measured. After cultivation 
for 72 h, the suspension was collected and added to 250-mL 
conical flasks containing 10 mg/L Mn(II) solution.

The strain of MnOB was further identified by phyloge-
netic analysis. Bacterial genomic DNA of the strain was first 
extracted [34], and then, PCR amplification of the bacterial 
V3-V4 region of the 16S rDNA gene was performed using 
341F and 805R [35]. After purification of the amplified frag-
ments, it was sequenced by Sangon Biotech (Shanghai) Co., 
Ltd. The obtained sequenced 16S rDNA gene of the isolated 
strain was compared with sequences in the GenBank data-
base, and the sequences of eleven closely related type strains 
were selected. Finally, the 16S rDNA sequences of the iso-
lated strain and the reference strains were used to construct 
a phylogenetic tree using the software MEGA 7.

2.4 � Removal potential of isolated strain 
towards Mn(II) under different conditions

The removal of Mn(II) from water by obtained MnOB strain 
was conducted at 30 °C in an incubator. Ten milliliter inocu-
lum of log-phase cells was added to conical flasks containing 
490 mL Mn(II) solution, which was covered with a perme-
able silica gel stopper. During the whole reaction process, 
no more culture for bacteria growth was added. At timed 
intervals, residual Mn(II) in water was analyzed. To test the 
effect of Mn(II) concentration on the oxidation ability of the 
strain, Mn(II) concentration in acidic water varied from 10 
to 50 mg/L. To evaluate the effect of pH on Mn(II) removal 

ability of isolated strain, the initial pH of Mn(II) solution 
was pre-adjusted to the desired level from 2.0 to 7.0. In 
addition, to study the influence of dissolved oxygen on the 
biological Mn(II) oxidation, the reaction was also conducted 
in anaerobic bottles.

2.5 � Sb removal performance in acidic wastewater 
along with the microbial Mn(II) oxidation

The isolated strain was first inoculated in conical flasks filled 
with a mixed solution of Sb(III) and Mn(II) ions. In order 
to highlight the simultaneous removal of associated metal, 
we set a higher level for Sb (10 mg/L) in all the flasks, but 
Mn content was 10, 20, 30, 40, and 50 mg/L, respectively. 
Moreover, the pH of the mixed solution was pre-adjusted to 
3.0, 4.0, 5.0, 6.0, and 7.0, separately. The reaction condi-
tion was the same as described above. The concentrations 
of residual Sb and Mn and colony-forming unit (CFU/mL) 
were analyzed during the whole reaction process.

2.6 � Characterization of bio‑generated precipitates 
and reaction products

The generated dark brown precipitates and Sb removal reac-
tion products were collected and used for characterization. 
The morphology of the samples was surveyed using scan-
ning electron microscopy (SEM, Zeiss gmini300, Germany). 
The chemical composition was examined using energy-
dispersive X-ray spectroscopy (EDX, Bruker XFlash6I30 
Germany) coupled with SEM. Fourier transform infrared 
spectrometry (FTIR) data were obtained on a Nicolet is50 
spectrometer (Thermo Fisher Scientific, USA) using KBr 
pressed disk technique. The crystallinity and composi-
tions were determined by X-ray diffraction (XRD, D8 
Advance, Bruker, Germany) using monochromatized Cu/
Ka radiation. The specific surface area was measured by 
the Brunauer–Emmett–Teller (BET) isotherm using a 
NOVA2200e surface area and pore size analyzer (Quan-
tachrome Instruments, USA). X-ray photoelectron spectros-
copy (XPS) analysis was conducted with an electron energy 
spectrometer (Escalab 250Xi, Thermo Scientific, USA).

2.7 � Analytical methods

Total Sb and Mn in water were analyzed with the flame 
atomic absorption spectroscopy method [36]. Solution 
pH and dissolved oxygen concentration were analyzed by 
a portable dissolved oxygen meter (HQ30D, Hach Com-
pany, USA). The OD of bacteria suspension was measured 
by a UV–vis spectrophotometer at 600 nm. The number of 
CFUs in the samples was measured by surface plating at 
appropriate dilutions [37]. All the batch experiments were 
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conducted in triplicate, and the collected data in our study 
were expressed as mean ± SD.

3 � Results and discussion

3.1 � Isolation of MnOB and evaluation of their 
tolerance towards Mn(II)

After enrichment and isolation in culture, seven strains of 
MnOB were obtained from sludge, which was named strain 
M1, M2, M3, M4, M5, M6, and M7, respectively. In order to 
treat manganese mine drainage, the tolerance of each strain 
towards Mn(II) was tested under acidic conditions. As can 
be seen from Table S2, most of the strains grow well in 
plates where Mn(II) concentration was lower than 200 mg/L. 
With the increase of Mn(II) concentration, the number of 
colonies in the medium decreased especially strains M6 and 
M7. However, strains M2 and M3 were still able to grow up 
to 1200 mg/L Mn(II), and the other strains could not sur-
vive. The different results in Table S2 imply that the strain 
M3 was tolerant to a high Mn(II) concentration. This was 
probably because the toxic effect caused by the high Mn(II) 
level can be reduced to some extent, as a result of the sur-
face adsorption, precipitation extracellular, and intracellular 
detoxification of living cells [38, 39].

After the strain M3 was inoculated to Mn(II) solu-
tion and cultivated for 24 h, 0.04% LBB solution which 
employed acetic acid as a solvent was added to the mix-
ture. As shown in Fig. S1, different from deionized water, 
the color of Mn(II)-contained solution becomes dark blue 
which confirmed the production of manganese oxides [33, 
40]. Although solution pH increased to about 6.1 from the 
initial 5.0, the abiotic oxidation rate of Mn(II) was extremely 
slow under acidic conditions [13, 41]. LBB was also added 
to Mn(II) solution without inoculation, and the mixture did 

not become dark blue, which was similar to that of deionized 
water. So, the phenomenon of color change proved that the 
manganese oxides were produced as a result of microbial 
Mn(II) oxidation in the acidic solution. Given that the acid-
resistant strain M3 had the ability to oxidize Mn(II), it was 
selected for further treatment in the batch experiment.

3.2 � Characterization and molecular identification 
of isolated strain M3

The colonies of isolated strain M3 heaved from the plate JFM 
medium and exhibited a red-brown metallic luster with a 
smooth and dry surface. Figure 1a and b are the TEM images 
of the strain. It can be seen that the strain M3 was typically rod-
shaped, and the bacterial size was about 0.5–0.8 × 1.0–2.0 μm. 
The cells did not have flagella but had cilia. Moreover, bacte-
rial cells secreted some extracellular material in the form of 
a capsule.

pH is an important environmental factor. It can change 
the activity of extracellular hydrolase, the permeability of 
cell membranes, and gene expression, thereby affecting cell 
growth and activity [42, 43]. Figure 1c is the growth curve 
of strain M3 under different initial pH. When culture pH was 
in the range of 5.0–7.0, the growth of strain M3 was in the 
lag phase during the first 16 h, and then, it grew quickly and 
reached the stationary phase at approximately 40 h of incuba-
tion. As the initial culture pH decreased to 3.0 and 4.0, the 
lag phase of strain M3 and the reaction period required for 
the BMO generation were relatively long. However, the strain 
could not survive at a culture pH of 2.0. Inhibitory effect of the 
acidic condition also occurred to the growth of other strains of 
MnOB, such as Pseudomonas putida strains MnB1, Bacillus 
species, and Leptothrix discophora SS1 [20, 25, 44]. How-
ever, even though the nutrient pH was as low as 3.0 or 4.0, 
the OD of bacteria biomass in our study still reached 0.30 
and 0.48, demonstrating that the isolated strain M3 had strong 
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Fig.1   a and b TEM images of the isolated strain M3 and c its growth curves under different pH
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acid resistance. Moreover, Mn(II) concentration in the solution 
decreased from an initial 10 to about 9.7 mg/L, after adding 
obtained biomass, which may suggest that the isolated strain 
M3 had weak adsorption ability towards Mn(II).

The 16S rDNA gene sequences of the strain were 
deposited into the GenBank database with accession No. 
MW725160. As shown in Fig. 2, the isolated strain M3 
belonged to the Klebsiella genus, based on the 16S rDNA 
gene sequencing and phylogenetic analysis. The homology 
of strain M3 to the nucleotide sequence of Klebsiella sp. 
strain K-21 was 97%; however, they did not belong to the 
same branch. Now, the isolated Klebsiella sp. strain M3 has 
been preserved in China Center for Type Culture Collec-
tion (CCTCC), and the preservation number is CCTCC M 
2,021,261.

To our knowledge, the Klebsiella genus that can oxidize 
Mn(II) was rarely reported, but it played an important role 
in wastewater treatment. For example, Klebsiella sp. strain 
TR5, which was isolated from a chicken manure mixture on 
a large broiler farm, can efficiently detoxify tetracycline in 
wastewater and generate much fewer toxic products once 
cultured for more than one day [45]. A strain of Klebsiella 
pneumoniae L17, which was isolated from the subterranean 
forest sediment in Zhaoqing, China, was found to be capable 
of Fe(III) reduction in anaerobic environments [46].

3.3 � Mn(II) oxidation and removal ability 
of Klebsiella sp. strain M3

3.3.1 � Effect of initial Mn(II) concentration

As shown in Fig. 3a, when Mn(II) concentration ranged 
from 10 to 50 mg/L, its removal behavior from acidic solu-
tion by Klebsiella sp. strain M3 with the inoculation of 2% 
had a certain similarity. Residual Mn(II) in water declined 
as the reaction processed, and the concentration generally 

leveled off after about 120 h. At initial Mn(II) concentration 
of 10, 20, 30, 40, and 50 mg/L, the final Mn(II) content in 
water was 0.45, 3.55, 6.79, 14.6, and 27.68 mg/L, separately. 
According to the following formula: 

where [Mn2+]0 was the initial Mn(II) concentration and 
[Mn2+]t was the Mn(II) concentration after time t (hour). 
The corresponding removal rates were calculated to be 
95.5%, 82.2%, 77.4%, 63.5%, and 44.6%, respectively. It 
can be seen that the Mn(II) removal rate of isolated Kleb-
siella sp. strain M3 was decreased as Mn(II) concentration 
increased.

3.3.2 � Effect of solution pH

Mn(II) removal ability of Klebsiella sp. strain M3 was also 
investigated as water pH was in the range of 2.0–7.0. As 
shown in Fig. 3b, when initial solution pH was 7.0, 6.0, 
5.0, 4.0, and 3.0, the final removal rate of Mn(II) is about 
97.8%, 95.5%, 73.3%, 52.2%, and 36%, respectively. Espe-
cially, Mn(II) was barely removed under a highly acidic con-
dition (pH 2.0). At the end of the experiment, the suspension 
pH increased by 0.3–0.8. It was known that Mn(II) was the 
most stable oxidation state, and it did not take auto-oxidation 
under acid or neutral conditions [9, 13, 41], and then, the 
effect of natural oxidation on Mn(II) removal under this con-
dition can be ignored. Plus, the adsorption ability of biomass 
towards Mn(II) was very weak in this study. So, it can be 
inferred that Mn(II) removal was mainly due to microbial 
Mn(II) oxidation and forming precipitates out of water.

It can be seen that the oxidation capacity of strain M3 
decreased with the increase of solution acidity. This was 
probably because the activities of Mn oxidase enzyme, such 

(1)Removal rate =
[Mn2+]0 - [Mn2+]t

[Mn2+]0

× 100%

Fig. 2   Phylogenetic tree of the 
isolated strain M3 based on 16S 
rDNA gene sequence
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as multicopper oxidase CueO, non-blue laccase of Bacillus 
sp. GZB, and purified laccase-like fungal enzymes, were 
seriously inhibited at acidic pH [23, 24, 40]. However, it is 
remarkable that bio-oxidation of Mn(II) by Klebsiella sp. 
strain M3 happened even though the solution pH was as 
low as 3.0. To our knowledge, this was the first time that a 
strain of MnOB can oxidize Mn(II) in such extreme acidic 
conditions.

3.3.3 � Effect of dissolved oxygen

Mn(II) removal in previous experiments was conducted in 
ventilated conditions. To study the effect of dissolved oxy-
gen on the activity of strain M3, the reaction is also per-
formed in anaerobic bottles, and the results are shown in 
Fig. S2a. It demonstrated that Mn(II) removal rate in air-
tight conditions increased during the first 24 h and then 
slowed down during the following time. The final removal 
rate of 10 mg/L Mn(II) by Klebsiella sp. strain M3 was 
55.2%, which was 40.3% lower than that in ventilated con-
ditions. The change of dissolved oxygen in the solution was 
not convenient to measure in airtight conditions, but it was 
measured in ventilation conditions. As shown in Fig. S2b, 
dissolved oxygen decreases significantly from the initial 11.5 
to about 8.0 mg/L at the 6th hour, and then hovers around 
7.5 mg/L until the end of the experiment, which was prob-
ably because that the subsequent consumption of oxygen by 
active bacteria and oxygen supply by air diffusion reached a 
balance. Mandernack et al. applied isotope-labeled oxygen 
to the oxidation process of Mn(II) by Bacillus sp. SG-1 and 
found that 30 ~ 50% of the oxygen in the manganese oxides 
product came from oxygen [47]. Thus, to improve the Mn(II) 

oxidation and removal ability by MnOB, ventilation can be 
employed in real practice.

3.4 � Characterization of biogenic Mn‑contained 
precipitates

Figure 4a shows the SEM image of generated dark brown 
sediment after bio-oxidation of Mn(II). It was mainly com-
posed of spherical particles, the size of which was about 
20 nm. These small particles had a relatively rough surface 
and agglomerated together to form larger clusters. However, 
Wan et al. found that the biogenic manganese oxides pro-
duced by a manganese-oxidizing bacterial consortium pre-
sented irregular shapes of different sizes and loose structures 
[22]. Its EDX data is shown in Fig. S3, and the presence of 
elements Fe, Mn, and O is attributed to the formation of 
manganese oxides and iron oxides. In addition, there were 
no obvious crystalline peaks on the XRD patterns of the 
sample (Fig. S4), which indicated that the generated product 
was poorly crystallized.

Figure 4b shows the FTIR spectra of the sample. Two 
bands at 3379.4 and 1617.5 cm−1 were attributed to O–H 
stretching vibration and bending vibrations of adsorbed 
H2O molecules [48]. The band centered at 1035.2 and 
975.6 cm−1 was assigned to vibration of the interfacial 
O–H group on metal oxides [49, 50]. Moreover, the 
appearance of two weak peaks at 556.4 and 478.4 cm−1 
was ascribed to stretching vibrations of the Mn–O and 
Fe–O bond, respectively, which indicated that the precipi-
tates consisted of manganese oxides and iron oxides [51, 
52].  
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The material composition of the sample was further 
revealed by the XPS analysis. Figure 5a presents the whole 
region scan of the sample. It showed that the principal ele-
ments were O, P, C, Fe, N, and Mn. The presence of C and 
N resulted from microorganisms. Peaks of Fe, Mn, and O 
illustrated the generation of iron and manganese oxides. 
Detailed XPS surveys on the region of O 1 s, Mn 2p, and 
Fe 2p are presented in Fig. 5b–d. As shown in Fig. 5b, the 
curve fitting of O1s spectra shows two different peaks. A 
peak located at 530.2 eV was associated with the Me-O band 
[53], and the other peak at 531.7 eV corresponded to Me-
O–H hydroxyl groups that appeared due to metallic oxide 
[54, 55]. The photoelectron peaks for Mn 2p3/2 and 2p1/2 
in Fig. 5c center at 641.65 and 653.35 eV, respectively. The 
peak of Mn 2p3/2 in the spectrum was not symmetrical, 
suggesting there may be more than one valence state of Mn. 
Then, the curve fitting of the Mn 2p3/2 spectra showed two 
peaks at approximately 641.1 eV and 642.6 eV, which could 
be assigned to Mn(III) in MnOOH and Mn(IV) in MnO2, 
respectively [50, 56]. Moreover, the relative abundance of 
Mn(III) and Mn(IV) in the product was about 36.9% and 
63.1%, respectively. The two valence states were normalized 
to an Mn average oxidation state of 3.63, which fell within 
the reported range [15, 56, 57]. As shown in Fig. 5d, the 
high-resolution Fe 2p XPS spectrum of the sample exhibited 
a binding energy peak at 711.4 eV (Fe 2p3/2) and a peak at 
724.8 eV (Fe 2p 1/2) along with a satellite peak at 719.1 eV, 
which were indicative of Fe(III) species in FeOOH [50, 58].

N2 adsorption–desorption isotherm was employed to 
investigate the specific surface area and pore characteristics 
of the sample, and the results are shown in Fig. 6. According 
to the International Union of Pure and Applied Chemistry 
(IUPAC), the adsorption–desorption curve showed clas-
sified type I isotherms with H4 type hysteresis loop as a 

result of capillary condensation, indicating the existence of 
micropores and mesopores [59, 60]. Based on the Barret-
Joyner-Halenda (BJH) analysis, the pore size distribution 
was obtained. It can be seen that the continuous pore distri-
bution of the sample narrowed, with the major distributions 
in the size range of < 2 nm. BET surface area, average pore 
size, and pore volume were calculated to be 329.335 m2/g, 
1.190 nm, and 0.162 cm3/g, respectively.

In short, SEM, FTIR, and XPS analysis confirmed that 
the sediment was actually a mixture of poorly crystallized 
MnOOH, MnO2, and FeOOH. While, as a common iron and 
nitrogen source for MnOB, ammonium ferric citrate in the 
inoculated JFM medium can be oxidized and precipitated as 
iron oxides [61]. More importantly, the BET specific surface 
area of the mixed oxides was significantly larger than that of 
biogenic manganese oxides and iron oxides reported in other 
studies [20, 25, 62, 63].

3.5 � Kinetic analysis of Mn(II) oxidation by Klebsiella 
sp. strain M3 in acidic solution

In order to further understand the Mn(II) removal process, 
theory kinetics fitting was carried out. Pseudo-first-order 
kinetics was commonly used to represent the biological 
reaction, such as microbial Mn transformations (either oxi-
dation or reduction), biodegradation of chlortetracycline 
via a microalgae-bacteria consortium, and biodegrada-
tion of bisphenol A by immobilized Phanerochaete chrys-
osporium beads [64–66]. The previous experiments in the 
study indicated that Mn(II) was removed from the water and 
completely bio-oxidized to Mn(III, IV), and abiotic Mn(II) 
oxidation almost did not happen. Based on the premise that 
bacteria was sufficient and the oxidation was only depend-
ent on the Mn(II) content, the bio-oxidation of Mn(II) was 
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assumed to conform to the pseudo-first-order kinetic equa-
tion [67], which was expressed as Eq. (2).

After separation of variables and integration, it became:

where k1 is the first-order kinetic constant (h−1), the meaning 
of [Mn2+]0 and [Mn2+]t was the same as that in Eq. (1), and 
t is reaction time.

The kinetics of microbial Mn(II) oxidation in water 
as the pH ranged from 3.0 to 7.0 was evaluated. Moreo-
ver, the data from the earlier and middle stages of Mn 
removal curves were used for kinetic analysis, and points 
after 120 h were excluded. The fitting of pseudo-first-order 
for Mn(II) removal by Klebsiella sp. strain M3 is shown 
in Fig. 7. Calculated rate constants (k1) and regression 

(2)d[Mn2+]t

dt
= k1[Mn2+]t

(3)ln
[Mn2+]t
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= −k1t
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correlation coefficients (R2) are summarized in Table S3. 
It was evident that microbial Mn(II) oxidation in acidic 
water followed the pseudo-first-order kinetic model. The 
rate constants obtained for Mn(II) removal ranged from 
0.003 to 0.024  h−1, and it was seriously reduced with 
the decrease of pH value. Cerrato et al. [64] isolated two 
strains of Mn(II)-oxidizing bacteria from the sedimenta-
tion basin of the water system, which were identified as 
Bacillus cereus and Bacillus pumilus. The pseudo-first-
order rate constants for Mn-oxidation by these selected 
isolates with aeration air flushing under neutral condi-
tions ranged from 0.106 to 0.659  days−1. It was found 
that the obtained kinetic constant under acidic solution in 
our study was comparable to that of reported individual 

isolates under neutral conditions, implying the strong oxi-
dation activity of isolated Klebsiella sp. strain M3.

3.6 � Removal of Sb(III) from water during Mn(II) 
bio‑mineralization process

3.6.1 � Sb removal performance under different Mn(II) 
concentration

Many studies suggested that biogenic or chemical-prepared 
manganese oxides had adsorption ability towards Sb, Cd, 
and Pb [20, 22, 32, 49]. But up to now, the removal abil-
ity of in situ formed biogenic manganese oxides towards 
concomitant heavy metals in acidic wastewater was rarely 
investigated. After inoculation of strain M3, Sb concen-
tration in the mixed solution at the initial pH of 6.0 was 
monitored, and the results are demonstrated in Fig. 8a. As 
Mn(II) concentration was 0, 10, 20, 30, 40, and 50 mg/L, 
residual Sb in water after 120 h of reaction was 8.20, 3.99, 
3.27, 2.85, 2.25, and 3.03 mg/L, respectively. It showed 
that 18% of Sb(III) was removed, even though there was 
no Mn(II) in the solution. The removal of Sb was probably 
caused by the generation of a certain amount of manganese 
oxides in 10 mL of inoculated bacteria. Furthermore, more 
Sb(III) was obviously removed from the water as the initial 
Mn(II) concentration increased from 10 to 40 mg/L, but 
the trend marked a reversal when Mn(II) level reached 
50 mg/L. This was probably because the toxicities of a 
high Mn(II) level and Sb(III) would be largely exacerbated 
and thus suppressed the oxidation ability of Klebsiella sp. 
strain M3 [68].

0 24 48 72 96 120

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

pH=3.0

pH=4.0

pH=5.0

pH=6.0

pH=7.0

n
M[

nl
2
+
] t

n
M[/

2
+
] 0

Time (h)

Fig. 7   The fitting curve of a pseudo-first-order kinetic model for 
Mn(II) removal by strain M3 under different solution pH

0 24 48 72 96 120

2

4

6

8

10

0 mg/L  Mn(II)

10 mg/L Mn(II)

20 mg/L Mn(II)

30 mg/L Mn(II)

40 mg/L Mn(II)

50 mg/L Mn(II)

)
L/

g
m(

n
oitart

nec
n

oc
b

S

Time (h)

(a)

3 4 5 6 7

0

1

2

3

4

5

6

3 4 5 6 7

0

20

40

60

80

100

)
%(

e
gat

necre
p

la
v

o
mer

b
S

pH

 Sb removal

(b)

C
F

U
 (

1
1
0

6
cf

u
/m

L
)

 colony forming unit

Fig. 8   a Sb concentration changed along with microbial oxidation of Mn(II) and b the final Sb removal rate and bacteria biomass



	 Biomass Conversion and Biorefinery

1 3

3.6.2 � Sb removal performance under different solutions pH

As can be seen from Fig. 8b, when initial solution pH was 
3.0, 4.0, 5.0, 6.0, and 7.0, the final Sb(III) removal rates 
during the bio-mineralization of Mn(II) are 15.4%, 25.4%, 
30.3%, 60.1%, and 70.4%, respectively. Meanwhile, the 
colony numbers of strain M3 in solution were 3.3 × 105, 
1.2 × 106, 2.0 × 106, 5.0 × 106, and 6.0 × 106  CFU/mL, 
respectively. It can be seen that Sb(III) removal and bacteria 
growth in acidic solution were worse than that in the neu-
tral condition. It was known that the oxidation capacity of 
Klebsiella sp. strain M3 became weak in acidic conditions. 
These indicated that the decrease of Sb(III) removal may be 
closely related to the activity of the strain.

The data in the batch experiments showed that the Sb(III) 
removal ability of BMO under pH 3.0–7.0, expressed as Sb/
Mn mass ratio, varied from about 0.15 to 0.7. Bai et al. also 
investigated the removal of 1.21 mg/L Sb(III) by in situ 
BMO formed by Pseudomonas sp. QJX-1 in the neutral 
medium containing 5 mg/L Mn(II) [30]. Although desorp-
tion occurred concurrently with adsorption, 44.38% of Sb 
was removed after 132 h, corresponding to a removal capac-
ity of 0.15 mg total Sb/mg total Mn. So, the formed BMO 
in the present study possessed a high binding capacity with 
associated metal Sb, which proved that Klebsiella sp. strain 
M3 had great potential to oxidize Mn(II) and remove associ-
ated Sb(III) in acid mine drainage.

3.6.3 � Sb removal mechanism

SEM–EDX, FTIR, and XPS analysis of product collected 
from Sb immobilization were conducted at the end of the 
experiment. As shown in Fig. 9a, the product was micron-
sized substances with irregularly shaped blocks. Moreover, 
the high-resolution SEM image (Fig. S5) shows that these 
aggregates were composed of uniform nanoparticles, which 
was similar to the morphology of biogenic metal oxides as 
demonstrated in Fig. 4a.

EDX analysis was conducted on five different parts of the 
sample (Fig. 9b). As shown in Table 1, elements O, Mn, Fe, 
Sb, P, and S are mainly present on the surface of the product. 
The occurrence of S and P was due to the bacteria. The pres-
ence of Fe, Mn, and O proved the generation of manganese 
oxides and iron oxides as mentioned in Sect. 3.4. However, 
the constituent ratio of Fe and Mn in the five parts was not 
the same. This demonstrated that it was not made up of fer-
romanganese oxides, but an ordinary mixture of iron oxides 
and manganese oxides. More importantly, the presence of 
Sb in the sample indicated that Sb(III) in the solution was 
transferred to the surface of the precipitates along with the 
microbial Mn(II) oxidation.

The FTIR spectrum of the Sb-contained product is shown 
in Fig. 10a. It was obvious that after Sb(III) removal reac-
tion, the peak at 1035.2 and 975 cm−1 (Fig. 4b) gradually 
shifted to 1070.5 and 953.6 cm−1, indicating that the O–H 

Fig. 9   a SEM image and b EDX patterns of the Sb-contained product

Table 1   The ratio of elements 
on the surface of the reaction 
product

Sample O P S Mn Fe Sb Total

1#-1 11.70 15.29 0.68 10.82 55.24 6.28 100.01
1#-2 4.68 1.26 0.23 18.20 73.54 2.09 100
1#-3 26.85 13.51 1.11 43.41 7.68 7.44 100
1#-4 18.74 4.73 0.20 12.95 55.88 7.49 99.99
1#-5 16.60 5.92 0.34 61.91 9.12 6.10 99.99
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bond had interacted with Sb. At the same time, the peak at 
556.4 and 478.4 cm−1 as a result of stretching vibrations of 
Mn–O and Fe–O bond shifted after the removal of Sb. Xu 
et al. [69] also illustrated the FTIR spectra of the chemical 
prepared MnO2 before and after adsorbing Sb(III); however, 
there were no obvious peaks for sample MnO2–Sb, indicat-
ing the weak binding of Sb to Mn oxide.

The electronic structures and the interactions between 
Sb(III) and the biogenetic metal oxides were further revealed 
by the XPS analysis. As shown in Fig. S6, the principal 
elements at the product surface are O, Sb, C, N, P, Fe, and 
Mn, which was in agreement with EDX analysis. A detailed 
XPS survey on the region of O 1 s and Sb 3d is presented in 
Fig. 10b. The particles exhibited Sb 3d 3/2 binding energy 
of about 540 eV, which indicated the presence of Sb spe-
cies [70]. There was some overlap between the photoelec-
tron peaks of Sb 3d 5/2 and O 1 s, but the curve fitting of 
O 1 s and Sb 3d 5/2 spectra showed three different peaks at 
approximately 531.7 eV, 530.6 eV, and 530.2 eV. According 
to the XPS analysis in Sect. 3.4, the two peaks at 531.7 and 
530.2 eV were assigned to Me-O–H and Me-O bands, and 
the peak at about 530.6 eV was assigned to Sb(V)[71]. It 
indicated that Sb(III) in acidic water was oxidized to Sb(V) 
as the progress of Mn(II) oxidation.

It has been reported that the Sb(III) can be easily oxi-
dized by manganese oxides, but hard to be oxidized by iron 
oxides [31, 49, 72]. Some studies also revealed that the Mn 
oxidized mineral was an efficient heavy metal scavenger. For 
example, trace cadmium in irrigation water was scavenged 
and immobilized in the crystal lattice of porous spongy-like 
birnessite which was generated due to oxidation of Mn ion 
by Bacillus in biological soil crust [73]. Wang et al. found 
that during adsorptive removal of Sb(III) from water by 
exogenous BMO, approximately 20% of produced Sb(V) 

may incorporate into the octahedral layers to form stable 
Mn–O-Sb(OH)5

− [74]. Based on the SEM–EDX, FTIR, and 
XPS analysis in the study, it was reasonably inferred that 
along with the progress of microbial Mn(II) oxidation, con-
comitant Sb(III) can be removed from acidic wastewater and 
immobilized in precipitates.

4 � Conclusions

To treat the acid mine drainage, a new strain of MnOB with 
high tolerance towards Mn(II) in acidic solution was iso-
lated from activated sludge in a sewage treatment plant. Phy-
logenetic analysis showed that the strain belonged to the 
Klebsiella genus. Although the optimal pH for cultivation 
and oxidation ability of the strain was 7.0, it can grow in 
water with initial pH of 3.0, and 36% of 10 mg/L Mn(II) was 
removed with inoculation of 2%. Characterization of SEM, 
XRD, FTIR, XPS, and N2 adsorption–desorption isotherm 
showed that biogenic precipitates were composed of poorly 
crystallized spherical nanoparticles with high BET surface 
area. Moreover, it was a mixture of amorphous FeOOH, 
MnOOH, and MnO2, and the average Mn oxidation number 
of manganese oxides was about 3.63. Microbial Mn(II) oxi-
dation followed the pseudo-first-order kinetic model under 
acidic conditions, and the rate constants ranged from 0.003 
to 0.024 h−1. More importantly, along with the progress of 
Mn(II) bio-oxidation, the coexisting Sb(III) was removed 
from the water and immobilized in precipitates.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13399-​022-​03376-2.
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