
Introduction

In recent years, industrial production activities such  
as quarry opening, metal plating, steel production, 
dyestuff, and chemical industries release alarmingly  
higher amounts of heavy metals into the natural 
environment [1-5]. The accumulation of these heavy 
metals in soils may lead to a decline in soil fertility 
through their negative effects on heterogeneous microbial 

communities living in the soil. Also, through the food 
chain, heavy metals are known to cause toxic effects on 
both plant and human health [6-7]. Heavy metal pollution 
has become one of the most serious environmental 
problems in recent years, so it has become important to 
find an eco-friendly and efficient way to repair metal-
contaminated environments and protect the health of the 
deteriorating environment [8]. Conventional methods 
for removing metals include chemical precipitation, 
ion exchange, activated charcoal, solvent extraction, 
electrochemical treatment, membrane technologies, 
and chemical oxidation-reduction [9-11]. But these 
conventional methods are generally expensive and have 
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many limitations. In contrast, biosorption as a relatively 
young, inexpensive, and socially acceptable technology 
has caught great attention due to its potential to provide 
an effective, green, and economic means for heavy-metal 
repair [12-13]. 

In the early 1980s some scholars put forward the 
method of using microbial function to control heavy 
metals-contaminated soil, the basic principle being the 
use of microbial metabolism to fix heavy metal ions or 
convert the toxic heavy metal ions into non-toxic or low 
toxicity valence state [14]. Biosorption of heavy metals 
usually is divided into three categories: cell-surface 
binding, intracellular accumulation, and extracellular 
accumulation [15]. The mechanism of cell surface 
adsorption is mainly that the functional groups of the 
cell wall -COOH, -NH2, -PO3

4-, -OH, etc., are combined 
with metal ions or coordinate with each other in other 
ways [16]. Xiong Fen et al. have found that the –OH, 
-COOH, and C-O-C groups in the EPS of Aspergillus 
fumigatus are the main groups associated with Pb2+ [17]. 
Research shows that the cell-surface binding can occur 
in either living or non-living microorganisms, but the 
intracellular and extracellular accumulation of metals  
are usually energy-driven processes, thus taking place 
only in live cells [18]. Because the bioaccumulation 
process is directly related to cell metabolism, many 
factors that affect the biological activity of cells (such  
as pH, temperature, ion initial concentration, contact 
time, and biomass dose, etc.) will have a significant 
impact on the detoxification function of microorganisms 
[15].   

Manganese (Mn) is a widely distributed metal,  
but also an essential trace nutrient in all known forms 
of life [19]. So the problem of Mn contamination 
is not taken seriously like other heavy metals such 
as cadmium, lead, mercury, and copper. However, 
excessive intake of manganese is harmful to the 
human body, leading to neuropathic poisoning and a 
reduction in intelligence quotients in school-age children  
[20-22]. Mn in the environment is different and difficult 
to degrade. Normally Mn is removed by adding some 
basic chemical to the drainage prior to returning them 
to the environment. Chemical oxidation could be 
performed to Mn removal by adding strong oxidizing 
agents or by aeration, although they are often expensive 
and inefficient and produce secondary pollutants such 
as toxic byproducts. How to rationally and effectively 
control this pollution has become a hot research topic in 
China and internationally.                 

Research shows that we can screen out a large 
number of corresponding anti-resistant microorganisms 
from the heavy metal-contaminated soil and these can be 
used for heavy metal-contaminated soil bioremediation 
[23-24]. In recent years, many researchers have carried 
out the work of anti-manganese microbial screening and 
utilization: Han et al. separated three strains with strong 
ability to remove Mn and excellent resistance to Mn 
from manganese-contaminated soil and water, and they 
were identified as Xylose colorless, Oxidizing bacilli, and 

Serratia marcescens [25]. Studies involving the use of 
Bacillus, Saccharomyces cerevisiae, and Pseudomonas 
sp. 4-05 have reported the high efficiency of Mn, 
and even the removal rate was up to 95.82% [8, 26-
27]. Xue et al. reported that Serratia sp isolated from 
the Xiangtan Mn mine possesses strong Mn removal 
capability [28].

There is a valuable microbe bank in the mining area 
and the microbe resources can supply not only microbial 
repair tools but also ecological safety. In order to know 
more details about Bacillus cereus strain HM-5, which 
was isolated from soils of Xiangtan Mn ore wasteland. 
The molecular characterization, ability of the bacteria to 
reduce Mn, and the effects of the process parameters such 
as initial Mn concentration, pH, temperature, contact 
time, and inoculation dose of B. cereus strain HM-5 on 
biosorption were investigated in the present study. At the 
same time, SEM analysis was carried out to reveal the 
cell surface changes in cell-surface after biosorption. In 
addition, fourier transform infrared (FTIR) analytical 
technique was also made to determine the functional 
groups of bacterial surface. 

Materials and Methods

Collection of Samples

The slag soil samples were collected from Xiangtan 
Mn mine, Hunan, China (112°45′E ~ 122°55′E, 27°53′N ~ 
28°03′N), where mining activity has a long history and has 
played an important role in both economic development 
and environmental pollution. There has been serious 
heavy metal pollution and the survey reports showed 
that Mn concentration in soil was up to 20,041 mg/Kg 
[29]. All tools have been sterilized and slag samples were 
shaken through a 100-mesh sieve. Then the small slag 
soil was mixed evenly and placed in a sterile EP tube. 
The samples were quickly stored in a refrigerator at -4ºC 
after backing into the laboratory, as a screening substrate 
for resistant strains.  

Selecting High Mn-Tolerant Bacterial Strains

10 g of dry soil sample was dissolved in 90 ml 
distilled water and diluted in sterilized distilled water 
to get a concentration range of 10-2 to 10-4 dilution 
and coated on nutrient agar solid plates (peptone 10 g, 
beef jelly powder 3 g, NaCl 5 g, agar 20 g, deionized 
water 1 L, pH 5.5-6.0) supplemented with different 
Mn2+ concentrations at 30ºC for 3 d in the biochemical 
incubator (SPX-250B, China), observing the growth 
of the strains and increased Mn2+ concentration in 
the solid medium. Finally, we selected the resistant  
to the highest concentration of the strain as the target 
strain. The gradually increased concentration of Mn2+ 
was 500 mg/L, 1,000 mg/L, 1,500 mg/L, 2,000 mg/L, 
3,000 mg/L, and 4,000 mg/L. The target strain was 
stored at -4ºC in the beef-protein slant medium.
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Identifying Mn-Tolerant Bacterial Strains

Bacterial Characterization

By screening, strain HM-5 showing the highest 
adsorption, and was selected and characterised 
morphologically and biochemically. The properties of the 
strain HM-5 that included Gram reaction, methyl red test, 
indole production test, Voges Proskauer, hydrogen sulfide 
test, gelatine liquefaction test, citrate utilisation test, 
and starch hydrolysis were determined by the standard 
methods given in Bergey’s Manual of Determinative 
Bacteriology [30].

Identification Based on 16S rDNA 

The partial sequencing of 16S rDNA gene sequence 
of the strain HM-5 was carried out commercially by 
DNA sequencing service, Jimei biotechnology company, 
Shanghai China (www.majorbio.com) using universal 
primers, 518F (5’-CCAGCAGCCGCGGTAATACG-3’) 
and 800R (5’-TACCAGGGTATCTAATCC-3’). Later, 
nucleotide sequence data were deposited in the  
Gen-Bank sequence database. The online program 
BLAST was used to find out the related sequences with 
known taxonomic information in the databank at the 
NCBI (ncbi.nlm.nih.gov/BLAST) to accurately identify 
the strain HM-5. The nucleotide sequences of 16S rDNA 
were aligned, and a phylogenetic tree was constructed 
using Mega 7.0 software based on the neighbour-joining 
method [30-31].   

Batch Adsorption Experiments 

The factors that affect the biosorption capacity and 
growth of the HM-5 strain were examined in a batch 
system. All batch experiments were carried out in 250 
ml conical Erlenmeyer flasks with 100 ml metal solution 
on a rotary shaker at 120 r/min. The effect of initial 
metal concentration on biosorpition was evaluated in 
the concentration range of (0-2000 mg/L). Then 1 ml of 
bacterial suspension was added to the metal solution and 
the reaction mixture was shaken on a constant temperature 
shaker at 120 rpm and 30ºC for 5 d, which was enough 
for adsorption equilibrium. Similarly, inoculation dose of 
the strain (0.1-3 ml), contact time (0-5 d), temperature 
(10-40ºC), and pH (3-9) were performed on the metals 
species sorption. In the biosorption experiments, 
unless otherwise stated, the initial metal concentration, 
temperature, and strain dose were 600 mg/L, 30ºC and 
1 ml, respectively. The growth values of the strains were 
determined by ultraviolet spectrophotometer (UV-2450, 
China) at 600 nm (OD600). The bacteria suspension 
was separated by centrifugation (TD5A, China) at 5,000 
rpm for 10 min, and the supernatant was analyzed for 
residual metal concentration by flame atomic absorption 
spectrophotometry (AA7000, Japan). All tests were done 
in triplicate. The manganese removal rate was calculated 
using the following equation:

…where P is the removal rate of manganese, C0 is the 
initial concentration of metal ion (mg/L), and Ce is the 
final concentration of metal ion (mg/L).

FTIR Analysis

Fourier transform infrared spectroscopy (FTIR) was 
used to identify the main chemical functional groups of 
the strain HM-5. Bacterial cell samples before and after 
biosorption were obtained by centrifugation at 8,000 rpm 
for 10 min and mixed with 2% KBr. The mixtures were 
compressed into translucent sample disks and fixed in the 
FTIR spectrometer for analysis (Wave number range of 
400 cm-1-4000 cm-1).        

SEM Analysis

In order to observe how the sorption of metal ions  
on the cell surface would alter the cell-surface 
morphology, SEM was adopted in this study. Metal-
loaded and metal-free strain samples were fixed with 
glutaraldehyde for 2 h, followed by dehydrating with 
a graded series of ethanol (30-100%, 15-20 min each). 
The pretreated samples were coated with Au via vapor 
deposition prior to being introduced to SEM for analysis. 

     

Results and Discussion

Characterization and Molecular Identification 
of the Strain HM-5

In this study, a highly effective Mn-resistant strain 
HM-5 was screened from the soil of Mn mining area 
by gradient acclimation culture. The selected bacterial 
strain was characterized and identified using standard 
morphological, physiological, and biochemical tests. 
Gram reaction, indole, hydrogen sulfide test were 
negative, while citrate utilization, methyl red, Voges 
Proskauer, starch hydrolysis, and gelatin liquefaction 
were positive (Table 1). On the basis of the characteristics 
observed for strain HM-5 and compared with those listed 
in Bergey’s Manual of Determinative Bacteriology, 
strain HM-5 was presumptively identified as Bacillus sp. 
In order to structure the phylogenetic tree and identify 
the position of the above strain HM-5, it was subjected 
to 16S rDNA gene sequence analysis. The sequence of 
16S rDNA of strain HM-5 was submitted to Gen-Bank 
(Gen-Bank accession number: MF926244). A similar 
search was performed by using the BLAST program 
that indicated a genetic similarity of strain HM-5  
with the 16S rDNA sequence of Bacillus cereus NR 
114422.1 (16S rDNA: 99% similarity with the reference 
strain FM926244) in the NCBI database. A phylogenetic 
tree was constructed by MEGA 7 software based on  
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16S rDNA partial sequence and presented in Fig. 1. Such 
a higher identical value confirmed the strain HM-5 to be 
B. cereus and was named B. cereus strain HM-5 in the 
study. 

Survival and Biosorption Characteristics 
on Different Initial Metal Concentrations 

Survival characteristics and the effect of initial 
metal concentration on metal biosorption by bacteria 
suspension of B. cereus strain HM-5 is shown in Fig. 2. 
Culture process of B. cereus strain HM-5 showed that 
Mn could promote the growth of strains at a low initial 
metal ion concentration. The biomass of B. cereus strain 
HM-5, indicated by OD600 on 200 mg/l, 400 mg/l, 600 
mg/l, and 800 mg/l were larger than without Mn (0 
mg/l, P<0.05). The analysis of OD600 differences under 
the initial ion concentration shown that the growth of 
the strain reached equilibrium at 600 mg /L. Mn was 
inhibited at 1,000 mg/l. The maximum strain biomass 
reached a maximum OD600 of 2.21 for Mn at 800 mg/l. 

Tests employed Characteristics observed

Accession number
Morphology

Gram reaction
Shape

Pigments
Biochemical reactions

Citrate utilisation

MF926244

–
Rod

–

+

Indole –

Methyl red +

Voges Proskauer +

Hydrogen sulfide test
Hydrolysis

Starch hydrolysis

–

+

Gelatin liquefaction +

“+” and “–” indicate positive and negative reactions, 
respectively

Table 1. Physiological and biochemical characteristics of the 
strain HM-5.

Fig. 1. The phylogenetic tree based on 16S rDNA sequence of strain HM-5. Phylogenetic position of strain HM-5 inferred by neighbour-
joining method (NJ) of 16S rDNA sequence; the bootstrap values were based on 1,000 replicates, showing next to the nodes and cutoff 
value is 75%; the position of strain HM-5 is shown in the box.
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However, the strain biomass decreased with an increase 
in metal ion concentration as the initial ion concentration 
more than 800 mg/l and the strains hardly grow of OD600 
0.02 at 2,000 mg/l for Mn. This may be due to heavy 
metal toxicity inhibiting the growth of the bacteria at a 
high initial metal ion concentration (Fig. 2). 

Meanwhile, it was observed that absorption rate is 
higher at low concentrations, but abruptly decreased with 
increasing manganese ion concentration. The maximum 
biosorption of metal was recovered at a low initial metal 
ion concentration, for example it was 99% for Mn at 
600 mg/l while it was 67% at 800 mg/l Mn, although 
the biomass was high at 800 mg/l (Fig. 2). The decrease 
in the percentage of biosorption may be attributed to the 
lack of sufficient free sites for metal biosorption. At lower 
concentrations all metal ions present in the solution could 
interact with the binding sites and thus the biosorption 
percentage was likely to become higher than at higher 
ion concentrations, as found in this study. Similar results 
have been reported by others [32-34]. 

Effect of Contact Time on Biosorption

Contact time is one of the important factors of 
biosorption process. The biosorption of Mn by B. cereus 
strain HM-5 is shown in Fig. 3. It can be seen from  
Fig. 3a) that the biomass of the strain and the removal rate 
of heavy metal increased rapidly in the beginning, but 
after 3 days the rate of biosorption and the biomass of the 
strain slowed and reached an equilibrium. In this context, 
some reports here also observed that the previous period 
of sorption process is important for a high rate of metal 
sorption  [35-36].

We can see from Fig. 3b) that with the increase of 
the reaction time, the biomass of the strain increased 
continuously, and the pH of the corresponding solution 
also increased. On the third day, the pH of the solution 
increased from 6.5 at the beginning to about 7.9, and the 
solution became alkaline. 

Effect of pH on Biosorption

Solution initial pH is a critical parameter for 
adsorption experiments [37]. The pH strongly influences 
the solution chemistry of the metals, the activity of 
functional groups (carboxylate, phosphate, and amino 
groups) on the cell wall, and the competition of metallic 
ions for the binding site [38]. In order to see whether pH 
plays any role in the biosorption process or not, we set an 
experiment with varying pH to evaluate their effect on 
biosorption capacity of microbial biomass (Fig. 4). The 
optimum biosorption occurred at 6 for Mn and the best 
growth point of the strain occurred at 5. From 3 to 6, 
with the pH increase, the removal rate of heavy metals 
increased the same as the biomass of the strain from 
3 to 5. However, when the pH exceeds the appropriate 
point, as it increased, biomass and removal rate will soon 
decrease. The variation in biosorption of heavy metals 
by microbial biomass at different pH could be due to the 
differences in the sensitivity of cell wall molecules of 
the bacterial cells to pH [33]. For instance, at low pH, 

Fig. 2. Survival and biosorption characteristics of Bacillus cereus 
strain HM-5 on different initial metal concentrations.

Fig. 3. Biosorption of heavy metals by Bacillus cereus strain HM-5 over the reaction time.
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cell wall ligands tightly bind with the hydronium ions  
H3O

– and hence restrict the approach of metal cations 
due to repulsive force. On the contrary, at higher pH 
values, the metal ions on the cell surface may form 
hydrogen and oxygen chemical precipitation, which 
can affect the cell enzyme and other carriers to help 
transport, thus affecting the adsorption of bacteria and 
causing bacteria for a metal ions adsorption rate decrease 
[34, 39-40]. Similar results have been reported by others 
[16, 41]. 

It can be seen from Fig. 4 that pH has a significant 
effect on the growth of the strain, which grew well in 
the weak acid environment. At 5 and 6, the biomass and 
adsorption rates of the strains were relatively high, and the 
pH of the solution after the reaction rose to 8.75 and 8.78 
from the initial state, and the solution became alkaline. 
This may be due to the chemical reaction of bacteria in 
the adsorption of heavy metals, which changed the pH 
of the solution. Compared to other conditions, the strain 
did not grow well and the solution pH did not change 
significantly before and after reaction.

Effect of Temperature on Biosorption

Temperature is one of the most important factors 
for microbial growth. It can directly affect a variety 
of microbial biochemical reactions, affecting enzyme 
activity [42]. Excessive temperature can lead to protein 
denaturation, RNA pyrolysis, and cause microbes to stop 
growing and dying. Low temperature will reduce the 
level of microbial metabolism; when the body of water 
forms ice crystals, the cell wall will cause mechanical 
damage. So the appropriate temperature is essential 
for the growth of microorganisms [43]. The effect of 
different temperatures on the growth of the strain and 
metal removal rate is shown in Fig. 5a). In the range 
of 10-40°C, the biomass of the strain increased with 
the rise of temperature. At 40ºC, the strain reached the 
maximum biomass. Meanwhile, in the range of 10-35ºC, 
the biosorption of metal increased with an increase in 
temperature. The maximum metal removal rate reached 
99.3% at 35°C. When the temperature was higher 
than 35°C, the adsorption capacity decreased slightly. 
This may be due to the fact that the temperature is too 
high to affect the activity of the extracellular polymer, 
thereby reducing the biosorption of metal [44]. The 
effect of temperature on the efficiency of microbial 
adsorption of heavy metals in the suitable temperature 
range for cell growth is not big. It can be seen from  
Fig. 5b) that with the increase of temperature, the  
biomass of the strain increased continuously and 
the pH of the corresponding solution also increased 
continuously. When the temperature reaches 20ºC, the 
pH of the solution increases sharply from 6.59 at 10ºC 
to 8.24, and the solution becomes alkaline. This may be 
related to microbial adsorption of heavy metals.

Effect of Inoculation Dose of the Strain 
on Biosorption

Studies have shown that biofilm has a significant 
effect on the behavior of heavy metals in the water 

Fig. 4. Effect of pH on biosorption by Bacillus cereus strain 
HM-5.

Fig. 5. Effect of temperature on biosorption by Bacillus cereus strain HM-5.
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environment, especially metal oxide on the membrane, 
which plays a dominant role in biofilm adsorption of 
heavy metals [41]. Inoculation amount is directly related 
to the size of the membrane area, which has great 
influence on adsorption efficiency. It can be seen from 
Fig. 6a) that when the inoculation amount is less than  
1 ml, the adsorption efficiency increases with the increase 
of inoculation quantity, and after more than 1 ml it tends 
to be stable. This indicates that in the adsorption system 
determined by the metal concentration, the removal rate 
of heavy metals is increased as long as the adsorption 
sites on the surface of the cells do not reach saturation 
[45-47]. But when the amount of cells increases after a 
certain amount of dosage, and then continues to increase, 
the effect on the removal rate is not obvious. The effect of 
inoculation amount on strain growth was not significant. 
At the inoculation amount of 0.1, the strain had the largest 
biomass. The strains will soon run out the nutrients of 
the medium due to the too large inoculation amount, and 
growth cycle of the strain could be shortened [48]. For 
comprehensive consideration the choice of inoculation 
amount was 1 ml.

As can be seen from Fig. 6b), the pH of the solution 
after the reaction at different inoculation amounts did not 
differ significantly.

Cell Surface Change by FTIR Analysis

Biosorption of metal ions by the microbial biomass 
depends largely on the functional groups present on 
the active sites of bacterial cells and physiochemical 
conditions of the solution. And hence, in order to better 
understand the kinds of functional groups involved in the 
biosorption process, FT-IR analysis of the biomass HM-5 
was carried out. By comparing the infrared spectra of 
HM-5 before and after absorbing Mn, it can be seen that 
the maximum absorption peak of the hydroxyl group is 
broadened, and the location moved from 3,420 cm-1 to 
3,415 cm-1; the absorption peak of the 2,960 cm-1 and 
2,930 cm-1 was mainly caused by stretching vibration 

of the alkyl in the protein, carbohydrates, and other 
substances, and its strength weakened; the absorption 
peak of the amide I zone (C=O stretching vibration) 
at 1,650 cm-1 was weaker than before adsorption, 
and its location moved from 1,650 cm-1 to 1,655 cm-1; 
the absorption peak of the amide II zone (N-H bending 
vibration and C-N stretching vibration superposition)  
at 1,540 cm-1 disappeared after adsorption; the 
absorption peak of the phosphoryl (P=O stretching 
vibration) at 1,400 cm-1 was weaker than before adsorption 
and its peak type was widening; the absorption peak 
at 1,230 cm-1 is caused by the asymmetric stretching 
vibration of P = O of the phosphate group, and the peak 
disappears after adsorption; the absorption peak at  
1,080 cm-1 is caused by P=O symmetric stretching 
vibration, and the intensity of adsorption is stronger  
and the position migrates to 1,070 cm-1 after adsorption 
(Fig. 7).

Fig. 6. Effect of inoculation dose of Bacillus cereus strain HM-5 on biosorption.

Fig. 7. IR spectrogram of Bacillus cereus HM-5 before a) and 
after b) absorbing Mn.
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Therefore, FTIR analysis shows that the functional 
groups involved in the adsorption process may have 
hydroxyl, alkyl, amide, phosphoryl, and phosphoric acid 
groups.

Surface Morphology by Scanning Electron 
Microscopy 

Electron microscopic examination of HM-5 before 
and after metal removal was undertaken to locate the 
active sites of the cell wall. The SEM micrographs showed 
that HM-5 grown without Mn was morphologically 
rod-shaped with a smooth and complete surface as 
demonstrated in Fig. 8a). The average diameter of the 
cells was approximately 0.8 μm. After equilibration 
with a metal solution, the cell wall, shape and size of 
the bacteria changed (Fig. 8b). The length and size 
of the cell decreased, and the cells were irregular and 
cracked with the appearance of wrinkles on the surface. 
After adsorption of heavy metals, there are many flocs 
on the surface of the strain, and this may produce 
alkaline substances through the redox reaction. These 
changes suggest that the metal ions were entrapped in the 
extracellular polymeric substances of HM-5, thus causing 
deformation and damage to the cell surface during Mn 
absorption [49].

Conclusion

As an alternative to the basic chemical method, 
bioremediation has been shown to be a viable strategy 
for Mn (II) removal. Many microorganism species, 
including bacterial and fungi strains, that are capable of 
bioremediation of Mn(II) have been identified. Bacillus 
sp. SG-1, Pseudomonas putida strains MnB1 and 
GB-1, and Leptothrix discophora strains SS-1 and SP-6 
are examples of bacteria that have been extensively 
studied [50]. Bacillus sp. has been identified as one of the 
best bacteria based on former research [51]. B. cereus, 
as an Mn-oxidizing and -reducing microorganism, was 
isolated from biofilms in chlorinated drinking water 
systems [52]. In this study, the B. cereus strain-HM5, 
an Mn-resistant strain isolated from manganese ore soil, 

successfully removed Mn from aqueous solution. The 
removal efficiency could reach above 99% at a low initial 
metal ion concentration (600 mg/L).

Mechanisms of Mn bioremediation by microbes have 
been reviewed [51]. Biosorption and biomineralization 
are the main two methods in the context of metal removal 
by microorganisms. Metals are uptaken by microbial 
cells through either the formation of complexes with 
microbial cell wall constituents or extracellular polymers 
synthesized and secreted by the microorganisms during 
the biosorption process, while biomineralization is 
the organic precipitation of metallic compounds such 
as oxalates, carbonates, sulfides, hydroxides, and 
oxides. Environmental characteristics such as extreme 
conditions (e.g., pH, metal concentration, etc.) influence 
bioremediation. Linking with different mechanisms, 
several factors, such as initial metal concentration, 
pH, contact time, temperature, and inoculation have a 
profound effect on Mn removal efficiency. The almost 
linear relationship between biomass and removal 
efficiency imply that biosorption may play an important 
role for Mn removal. The functional groups identified on 
the bacterial surface by FTIR technique include hydroxyl, 
alkyl, amide, phosphoryl, and phosphoric acid groups, 
which could possibly be involved in the biosorption 
of Mn, in accordance with other Bacillus sp [53]. The 
dependence of the biosorption capacity on pH is also 
demonstrated in this study. Experiments show that pH 
has a significant effect on the growth of the bacteria [37, 
54-55], and the B. cereus strain HM-5 grows normally 
in the weak acid environment (pH = 5~6). In the course 
of the experiment, the strain produced precipitation  
as the Mn is removed, and the pH of the solution  
gradually increased with the growth of the strain, 
which can be inferred by the mechanism of the removal 
of manganese from the strain, should it be combined 
with microbial adsorption and oxidation Mn [56]. 
The confirmation of the specific mechanisms also 
requires analysis of precipitation products, as well as 
the monitoring of the reaction intermediates. Besides 
the above process, through SEM micrographs we can 
know that HM-5 cells were irregular and cracked with 
the appearance of wrinkles on the surface after absorbing 
Mn.

Fig. 8. Scanning electron micrograph of Bacillus cereus HM-5 before a) and after b) absorbing Mn.

a)                                                                                       b) 
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Mn is a micronutrient required for the growth 
and survival of bacteria. With the appropriate low 
concentration (100-800 mg/L) of Mn, it could play a 
certain role in promoting the growth of the strain. Mn(II) 
at high concentrations is toxic and it is necessary to 
remove Mn(II) from wastewater before returning it to the 
environment. With the advantages of high metal uptake 
capacity, satisfactory recovery efficiency, and high metal 
tolerance, the B. cereus HM-5 shows promising results 
that it could be used as an economical, effective, and 
green adsorbent for the removal and recovery of heavy 
metal from a polluted environment. 
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