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Characterization of the Biogenic Manganese Oxides 
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Abstract
Biogenic Mn oxides are expected to have great potential in the control of water pollution due to their high catalytic activity, al-

though information on biological Mn oxidation is not currently sufficient. In this study, the growth of a Mn oxidizing microorganism, 
Pseudomonas putida MnB1, was examined, with the Mn oxides formed by this strain characterized. The growth of P. putida MnB1 was 
not significantly influenced by Mn(II), but showed a slightly decreased growth rate in the presence of Pb(II) and EE2, indicating their 
insignificant adsorption onto the cell surface. Mn oxides were formed by P. putida MnB1, but the liquid growth medium and resulting 
biogenic solids were poorly crystalline, nano-sized particles. Biogenic Mn oxidation by P. putida MnB1 followed Michaelis-Menten 
kinetics, with stoichiometric amounts of Mn oxides formed, which corresponded with the initial Mn(II) concentration. However, the 
formation of Mn oxides was inhibited at high initial Mn(II) concentration, suggesting mass transfer obstruction of Mn(II) due to the ac-
cumulation of Mn oxides on the extracellular layer. Mn oxidation by P. putida MnB1 was very sensitive to pH and temperature, showing 
sharp decreases in the Mn oxidation rates outside of the optimum ranges, i.e. pH 7.43-8.22 and around 20-26 oC. 
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spores [7], Leptothrix discophora strains SS-1 and SP-6, which 
are sheet-forming bacteria, living in fresh water [8-9], and Pseu-
domonas putida strains MnB1 and GB-1, which are gram-nega-
tive bacteria that produce Mn oxides on the cell surface, and live 
in both fresh water and soil [10-11].

The objectives of this study were to characterize the growth 
of P. putida MnB1, investigate the kinetics of Mn(II) oxidation 
by P. putida MnB1 and examine the property of the biogenic Mn 
oxides produced. Factors affecting the growth of P. putida MnB1 
and Mn(II) oxidation were also investigated.

2. Materials and methods

2.1. Culture and medium

Pseudomonas putida strain MnB1 was supplied by the Amer-
ican Type Culture Collection (ATCC), under number 23483. The 
oxidation of Mn was demonstrated using #279 Broth, as recom-
mended by the ATCC, the composition of which is shown in Ta-
ble 1. The culture was transferred to this medium and incubated 
at 26oC. The formation of black precipitates indicated the pres-
ence of Mn oxides. The precipitates usually appeared in approxi-
mately 24 hr. The bacteria were cultured in #3 Broth (Difco 0003) 
and #3 Agar (Difco 0001), as recommended the ATCC, the com-

1. Introduction

Manganese oxides (Mn oxides) promote the oxidation of a 
variety of synthetic and natural organic pollutants, such as hu-
mic substances, phenols, endocrine disrupters and chlorinated 
organic compounds, due to their high redox potential [1-4]. Re-
cently, biologically generated Mn oxides have been of increasing 
interest due to their high available surface area [5]. Microorgan-
isms (bacteria and fungi) that oxidize Mn(II) to Mn(IV) oxides 
are known as Mn-oxidizing microorganisms. The Mn-oxidizing 
bacteria present in raw water can grow and reproduce under 
appropriate conditions and are able to oxidize Mn(II), with pre-
cipitation of the oxidized form, Mn(IV). The biogenic Mn oxides 
formed by Mn-oxidizing bacteria have many specific character-
istics, such as high specific surface areas and reactivities, and 
can be used for adsorbents, catalysts, and oxidants or reductants 
[6]. Under circumneutral conditions, the microbial oxidation 
of Mn(II) proceeds several orders of magnitude faster than the 
abiotic oxidation, such as in homogenous and mineral surface-
catalytic reactions [5]. Therefore, the microbial Mn(II) oxidation 
process has gained increasing attention with regard to its envi-
ronmental applications.

Studies on biogenic Mn oxidation have focused on several 
organisms, including   Bacillus sp. strain SG-1, which is a gram-
positive, rod-shaped bacterium that produces Mn oxidizing 
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1240, Simadzu), was used as the indicator of the bacterial con-
centration [8, 13-14]. All chemicals in this study were purchased 
from Sigma-Aldrich Inc. and were of HPLC or analytical grade.

2.3. Batch experiments for the oxidation of Mn(II)

The oxidation of Mn(II) by P. putida MnB1 was carried out in 
300 mL Erlenmeyer culture flasks (Duran). The bacterial suspen-
sion was inoculated to the flasks containing the liquid growth 
medium and Mn(II). To determine the effect of the initial Mn(II) 
concentration on Mn(II) oxidation rate, a series of Mn(II) oxi-
dation experiments was performed at four different Mn(II) con-
centrations, ranging from 2 to 20 mg/L, at 26oC and an initial 
pH of 5.56. The effect of pH on the oxidation of Mn was inves-
tigated by varying the pH in 1 pH unit intervals, from 4.5 to 8.5, 
at 26oC and an initial Mn(II) concentration in the Tebo medium 
of 12 mg/L. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES, Sigma) was used as the buffer because it is known to be 
better at maintaining a physiological pH, despite changes in the 
carbon dioxide concentration produced by cellular respiration, 
compared to bicarbonate buffers [15]. HCl and NaOH were used 
to adjust the initial pH. The rates of Mn(II) oxidation were also 
determined at different temperatures, ranging from 20 to 30oC, 
at pH 5.56.

The Mn(II) concentration of the filtrate was analyzed accord-
ing to Standard Methods [16], using a spectrophotometer (UV-
mini 1240, Simadzu), with the amount of Mn oxides in the liquid 
culture quantified by reaction with the reductive dye, Leucober-
belin blue I (LBB) [17]. Oxidized LBB is blue and the intensity of 
coloration is a function of the amount of Mn oxides having been 
reduced. The color intensity was measured for optical density at 
618 nm using the spectrophotometer.

2.4. Characterization of the biogenic Mn oxides.

Mn oxides particles should be separated for examination of 
their properties by XRD and microscopy because organics and 
cell material accounted for more than 80% of the total resulting 
solid mass prior to the biological oxidation of Mn. The purifica-
tion procedure aimed at ensuring the removal of organic mate-
rials (and absorbed anions and so on) that may interfere with 
the subsequent characterization. This involved a relatively harsh 
treatment to oxidize and dissolve the organic matter. The proce-
dure reported by Mandernack et al. was adopted in this study, as 
described below [18].
1. Raw oxides in the suspension were collected in 40 mL vials 

and centrifuged for 20 min at 2000 rpm and room tempera-
ture. The supernatant and visible solid cell materials settled 
on the Mn oxides were discarded, with the solids washed by 
shaking with deionized (DI) water for 5 min. The above pro-
cedure was repeated 10 times.

2. Dissolution of the cell material using a 45 min sonication 
treatment with phenol, and subsequent 10 min sonication 
treatments with a phenol:chloroform (50:50, v/v) mixture, 
chloroform and a methanol:chloroform:water (12:5:3, v/v/v) 
mixture.

3. A 10-cycle DI water wash, as in step 1.
4. The suspension was acidified to pH 3, shaken for 30 min and 

centrifuged. The supernatant solution was discarded to elim-
inate any absorbed Mn (II).

5. A 10-cycle DI water wash, as in step 1.
6. Oxidation of the remaining solid organic material was ac-

positions of which are presented in Table 2. The liquid growth 
medium for Pseudomonas putida MnB1 was prepared, as pre-
sented in Table 3. Trace element solution in Table 3 includes 6.4 
mg/L CuSO

4
, 44 mg/L ZnSO

4
.7H

2
O, 20 mg/L CoCl

2
.6H

2
O and 13 

mg/L Na
2
MoO

4
.2H

2
O. 

2.2. Growth of Pseudomonas putida strain MnB1

Batch experiments were conducted in 300 mL Erlenmeyer 
culture flasks (Duran) with the liquid growth medium. For each 
batch experiment, one tube of P. putida MnB1 was firstly taken 
out of the ultralow temperature refrigerator and transferred to 
several Petri dishes containing #3 Agar (Difco™) using a loop. 
The Petri dishes were then incubated at 30oC for 24 hr. All bacte-
ria were transferred from the Petri dishes to a glass vial contain-
ing liquid growth medium using a loop, with 2 mg of bacteria 
per 1 mL of medium. After mixing, 1 mL of the bacteria suspen-
sion was added to a flask containing 100 mL of the liquid growth 
broth. The bacteria were incubated at 26oC and 150 rpm in a re-
ciprocating shaker. To determine the effects of the initial amount 
of bacteria and Mn(II) concentration, the growth of P. putida 
MnB1 was investigated with 0.1-0.9 mL of the bacterial suspen-
sion and 0-100 mg of Mn/L (MnCl

2
). The effects of heavy met-

als and 17α-ethinylestradiol (EE2) were also studied. The growth 
curves of P. putida MnB1 in the presence of 10-100 μM Pb(II) 
(Pb(NO

3
)

2
), as a representative heavy metal, and those with 1-3 

mg/L EE2 were investigated. All batch experiments were carried 
out for 72 hr, with three replicates. The growth curves over a 48 
hr period were obtained because the stationary phase was at-
tained after 24 hr for all experiments. The optical density at 600 
nm (OD600), measured using a spectrophotometer (UV-mini 

Table 1. Composition of #279 Broth (ATCC™)

Component Concentration in deionized H2O (g/L)

MnCO3

Fe(NH4)2(SO4)2
 . 6H2O

Yeast extract
Sodium citrate
Na4P2O7

. 10H2O
Agar

1.0
0.15
0.075
0.15
0.05

10.0

Table 2. Compositions of Nutrient Broth and Nutrient Agar (Difco™). 

Nutrient #3 Broth (per liter H2O) Nutrient #3 Agar (per liter H2O)

Beef Extract : 3.0 g
Peptone : 5.0 g

Beef Extract: 3.0 g
Peptone : 5.0 g
Agar : 15.0 g

Table 3. Composition of the liquid growth medium [12].

Component Concentration in deionized H2O (g/L)

Yeast extract
Casamino acids
Glucose
HEPES buffer
CaCl2

MgSO4
.7H2O

FeCl3
.6H2O

MnCl2

Trace element solution

0.5
0.5
1
2.38
0.222
0.8118
0.001
0.1145
1 mL/L
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to determine the experimental conditions for the oxidation of 
Mn(II) because the formation of Mn oxides occurs during differ-
ent growth phases with different microbial strains. For example, 
the oxidation of Mn(II) takes place after the stationary phase 
with P. putida strains and Brachybacterium sp. Mn32 [19-20], 
but Mn oxides start to form from the log growth phase with Ba-
cillus sp. WH4 [13]. Furthermore, the growth at different Mn(II) 
concentrations and the effects of Pb(II) and EE2 were also in-
vestigated.

Growth curves for P. putida MnB1, with different initial 
amounts of bacterial inoculation and Mn(II) concentrations are 
shown in Fig 1. The acclimation period to the medium was 2-4 hr 
for the bacteria, and an increase in the volume of initial bacterial 
suspension led to faster acclimation (Fig 1(a)). The growth rate 
during the exponential growth phase was not influenced by the 
amounts of the inoculant, and the populations during station-
ary phase, which was reached after approximately 24 hr, were 
nearly identical. Growth curves for the different initial Mn(II) 
concentrations are shown in Fig 1(b), which show no significant 
effect on the growth of P. putida MnB1 on varying the Mn(II) 
concentration. These results indicate that the effects of the ini-
tial Mn(II) concentration and amount of bacteria on the growth 
of P. putida MnB1 were negligible. Meanwhile, the growth rate 
decreased in the presence of Pb(II) and EE2, but not significant-
ly, as shown in Fig 2.

complished by shaking for 4 hr in 0.17% NaClO solution. 
The high pH (>10) of this solution ensured the removal of 
absorbed anions.

7. A 10-cycle DI water wash, as in step 1.
For XRD analysis, the samples were oven-dried overnight at 

60oC, homogenized with a mortar and pestle and subjected to an 
18 kW X-Ray diffractometer (M18XHF-SRA, MAC Science). The 
samples were mounted on a holder and scanned over the range 
of 2θ = 5-90°. A field emission transmission electron microscope 
(FE-TEM, JEM-2100F, JEOL), operating at 200 kV, was used to ac-
quire TEM images of the biogenic Mn oxides. For the TEM, the 
Mn oxides were dispersed in DI water, with a grain mount pre-
pared by placing a drop of the suspension on a 3 mm Cu grid, 
with holey carbon film, and left to dry in the air before its in-
troduction into the TEM. Scanning electron micrographs were 
obtained using a field emission scanning electron microscope 
(FE-SEM, LEO SUPRA55, Carl Zeiss) via energy dispersive X-ray 
spectroscopy (Genesis 2000, EDAX).

3. Results and Discussion

3.1. Growth of P. putida MnB1

The growth of P. putida strain MnB1 was initially investigated 

Fig. 1. Growth curves for P. putida MnB1 in solutions with different initial amounts of bacteria (a) and those with different initial Mn(II) con-
centrations (b).
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Fig. 2. Growth curves for P. putida MnB1 in the presence of Pb(II) (a) and EE2 (b).
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MnB1, as observed in the generation of Mn oxides by P. putida 
strains and Brachybacterium sp. Mn32 [19-20]. The MnO

2
 con-

centrations for 2, 5, 10, 20 mg-Mn/L reached 3.171, 9.512, 19.024 
and 31.706 mg/L, respectively, which are close to the theoretical 
amounts. The increased initial Mn(II) concentration resulted in 
the generation of more MnO

2
, and the color of the medium and 

bacteria mixture became darker with increasing initial Mn(II) 
concentration following 108 hr of the reaction, while the growth 
of P. putida MnB1 showed no dependency on the Mn(II) con-
centration (Fig 1). It has been accepted in many investigations 
that biogenic Mn(II) oxidation follows Michaelis-Menten en-
zyme kinetics, as presented in eq. (1) [8, 21], which was further 
verified by the study on the oxidation of Mn(II) using the puri-
fied enzyme from Acremonium sp. strain KR21-2 [22].

[ ] [ ]
[ ]

( ) ( )1
( )s

d Mn II k Mn II
dt X K Mn II

− =
+                       

(1)

In eq. (1), k is the maximum Mn(II) oxidation rate (mg-Mn/
mg-cell∙min)], K

S
 the half velocity constant (mg-Mn/) and X the 

cell concentration (mg-cell/L), which was 391 mg/L, by mea-
suring the suspended solids in the bacterial suspension. which 
were assumed to be constant during the oxidation of Mn(II). 
The k and K

s
 values were estimated to be 1.33x10-3 mg-Mn(II)/

mg-cell∙h and 8.81 mg-Mn/L, respectively. Based on these pa-
rameters, P. putida MnB1 was deemed less effective for the 
oxidation of Mn(II) than either Leptothrix discophora SS1 [8] or 
Pedomicrobium sp. ACM 3067 [21]. However, the oxidation of 
Mn(II) was inhibited at 20 mg-Mn(II)/L, although the growth of 
P. putida MnB1 was not influenced at 100 mg-Mn(II)/L. Tani et 
al. also reported the inhibition of the oxidation of Mn(II) at high 
Mn(II) concentrations in their study with Acremonium-like hy-
phomycete fungus, strain KR21-2 [23]. This infers that the inhi-
bition was due to the obstruction of the mass transfer of Mn(II) 
from the bulk phase to the cell surface due to the accumulation 
of Mn oxides particles. Toner et al. presented TEM images of the 
Mn oxides accumulated on the extracellular organic matrix [24], 
and Saratovsky et al. observed MnOx nucleation on the exopoly-
sacharride sheath surrounding L. discophora SP6 [9]. MnOx sol-
ids aggregations were found not only on cell surfaces, but also 
around the purified enzyme [22]. However, the growth of P. pu-
tida MnB1 was not affected, even at high Mn(II) concentrations, 
because the oxidation of Mn(II) and; therefore, Mn oxides ac-
cumulation started after the stationary phase (Fig 1(b) and 3). 
Meanwhile, with an initial Mn(II) concentration of 20 mg/L, all 
the Mn(II) was consumed to form a stoichiometric amount of 
MnO

2
, indicating the abundance of Mn oxidizing enzymes in the 

experimental system.
The MnO

2
 concentrations with respect to reaction time at 

different initial pH are illustrated in Fig 4 (a). The maximum 
rate of MnO

2
 generation was observed at pH 7.43, but this was 

slightly lower at pH 8.22. However, when the initial pH was 5.56, 
the rate of biogenic Mn oxides generation was decreased sig-
nificantly and lag phase increased dramatically. No Mn oxides 
were formed at an initial pH of 4.59. These results show that the 
Mn(II)-oxidizing enzyme was active at pH higher than 5.56. The 
rates of Mn(II) oxidation at various initial pH are shown in Fig 4 
(b). As the pH decreased from 8.22 to 5.56, the rate of Mn(II) oxi-
dation for P. putida MnB1 decreased, with a linear relationship 
obtained. The optimum pH was between 7.43 and 8.22, which 
was in agreement with the findings in many studies, in that the 
biologic oxidation of Mn(II) was strongly inhibited at pH values 

The growth of P. putida MnB1 was slightly retarded, but not 
significantly, in presence of 10 to 100 μM Pb(II) or 1 to 3 mg/L 
EE2. However, the acclimation period and final population 
were not influenced, and the stationary phase was attained in 
approximately 24 hr, regardless of the presence or absence of 
Pb(II) or EE2. This indicates that the growth of P. putida MnB1 
was not inhibited by the bulk phase Pb(II) or EE2, but by the 
amounts adsorbed, which was identical regardless of the initial 
concentration in the bulk phase. It has also been reported that 
the biosorption of metals and EE2 is negligible and their removal 
is dominantly contributed to by the Mn oxides in a system of 
Mn(II) and Mn oxidizing microorganisms. Sabirova et al. investi-
gated the removal of EE2 using Leptothrix discophora and P. pu-
tida strains and found that the degradation of EE2 started after 
the generation of Mn oxides [19]. It was also reported by Wang et 
al. that Zn(II) and Ni(III) were not decreased until the Mn oxides 
had been generated by Bacillus sp. Mn32. Therefore, the negli-
gible effects of Pb(II) and EE2 are suggested as being due to their 
minor accumulation on the cell surface [20].

3.2. The oxidation of Mn(II) by P. putida MnB1 and the 
effects of pH and temperature

The Mn(II) concentrations during 108 hr of incubation with 
varying initial Mn(II) concentrations are shown in Fig 3. The oxi-
dation of Mn(II) started after the stationary growth of P. putida 

Fig. 3. The oxidation of Mn(II) by P. putida MnB1 with varying initial 
Mn(II) concentrations (a) and the rate of Mn(II) oxidation as a func-
tion of the Mn(II) concentration (b).
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less than 6. Leptothrix discophora SS1 showed a maximum rate 
of Mn(II) oxidation at pH 7.5, but this was significantly decreased 
below pH 6.5 and over pH 8.5 [8]. In addition, Larsen et al. also 
reported the maximum Mn(II) oxidation activity of Pedomicro-
bium sp. ACM 3067 at pH 7, which decreased sharply at below 
pH 5.5 and above pH 7 [21]. Fig 4 (c) shows the pH changes with 
different initial pH values during microbial growth and Mn(II) 
oxidation over a 72 hr period. Before the microbial population 
had attained the stationary phase, the pH decreased, started 
to recover, approached the initial value and slowly increased 

Fig. 4. The generation of Mn oxides by P. putida MnB1 at different 
initial pH values (a), the rate of Mn(II) oxidation as a function of the 
initial pH (b) and pH changes during the oxidation of Mn at differ-
ent initial pH values (c).
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to the original pH after the completion of Mn(II) oxidation. No 
pH recovery was observed at pH 4.59, when no Mn oxides were 
formed at all.

Manganese-oxidizing microorganisms are known to be both 
pH and temperature sensitive. The production of Mn(II) at dif-
ferent temperatures, ranging from 20 to 30oC, at pH 5.56 and an 
initial Mn(II) of 12 mg/L is shown in Fig 5 (a). The rate of Mn(II) 
oxidation as a function of the temperature is also shown in Fig 5 
(b). Mn(II) was not oxidized at 28 or 30oC, but Mn oxides formed 
under 26oC, with an optimum temperature of 24oC, with the 
shortest lag phase and highest rate of Mn(II) oxidation. In addi-
tion, The oxidation of Mn(II) by P. putida MnB1 was more sensi-
tive to temperature than that by Pedomicrobium sp. ACM 3067, 
with no great decrease in the rate of Mn(II) oxidation observed 
between 20 and 30oC [21]. The increase in the rate of Mn(II) oxi-
dation between 20 and 24oC was mainly attributed to the tem-
perature activation of the reaction, while the decrease above 
24oC was possibly attributed to the thermal deactivation of the 
Mn-oxidizing enzyme [8, 25].

3.3. Property of the biogenic Mn oxides

The XRD patterns of the biogenic Mn oxides formed by P. 
putida MnB1 and birnessite are presented in Fig 6. Birnessite 
showed distinctive peaks at 2θ of 12.3 and 24.8°; whereas, the 
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Fig. 5. The generation of Mn oxides by P. putida MnB1 at different 
temperatures (a) and the rate of Mn(II) oxidation as a function of 
temperature.
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biogenic Mn oxides exhibited broader peaks of lower amplitude 
in this region. However, the XRD patterns of both the biogenic 
and abiotic Mn oxides showed small peaks at 2θ of 35 and 65°. 
These peaks were typical of varnadite, a fine-grained, poorly 
crystalline, natural Mn oxide phase found in the oxidized zone of 
Mn ore deposits, which is considered a major phase in ocean Mn 
nodules and other Mn oxide crusts and coatings [26]. The TEM 
image and EDS analysis of the biogenic Mn oxides showed the 
aggregation of small particles, with irregular shape, confirming 
the poor crystallinity (Fig 7). The SEM image also shows shape 
irregularity compared to birnessite (Fig 8).

Biogenic Mn oxides are generally known to be poorly crystal-
line compared to abiotic Mn oxides. Biogenic Mn oxides have 
intermediate crystallinity and reactivity, between those of syn-
thetic phyllomanganates δ-MnO

2
 and acid birnessite, which are 

formed through the reduction of permanganate with MnCl
2
 or 

HCl, respectively [5, 12]. The X-ray Absorption Near Edge Struc-
ture (XANES), Extended X-ray Absorption Fine Structure (EX-
AFS) spectra and X-ray Diffraction (XRD) intensity data of the 
biogenic Mn oxides produced by the spores of marine Bacillus 
sp. strain SG-1 indicated that the primary biogenic oxides were 
fine particulate phyllomanganates, with 10Å basal plane spacing 
[27]. The diameters of the particles vary widely, but most were 
approximately 200 to 400 nm in diameter [28].

4. Conclusions

The growth of P. putida MnB1 and the generation of Mn ox-
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Fig. 6. XRD patterns of abiotic and biogenic Mn oxides.

Fig. 7. TEM image (a) and EDS (b) of the biogenic Mn oxides formed by P. putida MnB1.
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Fig. 8. SEM images of the biogenic Mn oxides formed by P. putida MnB1 (a) and abiotic MnO2 
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ides were investigated to characterize the biogenic oxidation of 
Mn by P. putida MnB1. The acclimation period, growth rate in 
the exponential growth phase and population during the sta-
tionary phase of P. putida MnB1 were not influenced by the ini-
tial Mn(II) concentration, while a higher initial amount of inocu-
lum decreased the lag phase. A slight decrease in the growth rate 
of P. putida MnB1 was observed in the presence of both Pb(II) 
and EE2, but the growth curves for 10 to 100 μM Pb(II) and 1 to 
3 mg/L EE2 were almost identical. This indicates the adsorption 
of Pb(II) and EE2 onto the cell surface of P. putida MnB1 was 
insignificant.

Poorly crystalline, nano-sized biogenic Mn oxides were 
formed in a system containing P. putida MnB1, Mn(II) and 
liquid growth medium. The optimum conditions for the maxi-
mum rate of Mn oxidation were 10 mg-Mn/L, pH 7.43-8.22 
and 24oC. The biogenic oxidation of Mn by P. putida MnB1 fol-
lowed Michaelis-Menten enzyme kinetics, but was retarded at 
20 mg-Mn(II)/L, although the amount of Mn oxides generated 
was almost stoichiometric. This indicates an abundance of Mn-
oxidizing enzyme and the obstruction of mass transfer from the 
bulk phase Mn(II) to the cell surface due to the accumulation 
of Mn oxides on the extracellular enzyme layer. The oxidation 
of Mn by P. putida MnB1 was very both pH and temperature 
sensitive, with optimum ranges of 7.43 to 8.22 and about 24oC, 
respectively.
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