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Oxidative dissolution of natural rhodochrosite by the Mn(II) oxidizing bacterium Pseudomonas putida
strain MnB1 was investigated based on batch and electrochemical experiments using natural rhodochro-
site as the working electrode. Tafel curves and batch experiments revealed that bacterial exopolymers
(EPS) significantly increased dissolution of natural rhodochrosite. The corrosion current significantly
increased with reaction time for EPS treatment. However, the corrosion process was blocked in the pres-
ence of cells plus extra EPS due to formation of the passivation layer. Moreover, the scanning electron
microscopy and the energy dispersive spectroscopy (SEM–EDS) results showed that the surface of the
natural rhodochrosite was notably changed in the presence of EPS alone or/and bacterial cells. This study
is helpful for understanding the role of EPS in bacterially oxidation of Mn(II). It also indicates that the
Mn(II) oxidizing bacteria may exert their effects on Mn(II) cycle and other biological and biogeochemical
processes much beyond their local ambient environment because of the catalytically dissolution of solid
Mn(II) by EPS and the possible long distance transport of the detached EPS.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Natural rhodochrosite (MnCO3) is a common Mn mineral in
rock, soil and sediment. Extensive deposition of natural rhodochro-
site has been found in the Northern Limestone Alps, the Molango
District, the Black Sea and the central south and southwest China
(Fan and Yang, 1999; Germann, 1973; Okita, 1992; Roy, 1997).
Rhodochrosite is a raw material for industrial use in the production
of Mn alloys, electrolytic Mn, magnetic materials and catalysts
(Kosterov et al., 2006).

Oxidative dissolution of rhodochrosite to generate Mn2+ ions
and subsequently to form Mn oxides is an important pathway for
the elemental Mn cycle. Under abiotic conditions, dissolution of
synthetic rhodochrosite to free Mn2+ in pure water and saline solu-
tion in aerobic or anaerobic environments has been well elabo-
rated (Duckworth and Martin, 2004; Jensen et al., 2002; Luo and
Millero, 2003; Savenko, 2005). Abiotic exhalative activities con-
tributes to the formation of Mn(IV) oxides (Post, 1999), however,
abiotic oxidation of Mn2+ ions to Mn(IV) by O2 is kinetically limited
(Diem and Stumm, 1984). It is interesting that, because Mn(II) oxi-
dizing microbes can significantly accelerate oxidation of Mn2+,
many natural Mn oxides nodules are derived from activities of
these microbes (Greenslate, 1974; Miller et al., 2012; Tebo et al.,
2005). These biogenic Mn oxides are involved in a range of biogeo-
chemical reactions and play a key role in oxidation of organic mat-
ter and detainment of heavy metals (Chang et al., 2014, 2013;
Jensen et al., 2002; Kim et al., 2012).

A recent study shows that biotic oxidative dissolution of natural
rhodochrosite, used as the only Mn(II) source, has been substan-
tially enhanced in the presence of Mn(II) oxidizing fungi, and the
extracellular superoxide and extracellular organic molecules play
a key role in the formation of Mn oxides (Tang et al., 2013).
However, studies on the role of exopolymers (also extracellular
polymeric substances, EPS) in oxidative dissolution of minerals
have been mainly focused on natural FeSx (1 6 x 6 2) minerals
(Fowler et al., 1999; Gu et al., 2013; Rohwerder et al., 2003). EPS
are responsible for mediating Acidithiobacillus ferrooxidans attach-
ment on minerals surface (Harneit et al., 2006; Salerno et al.,
2007). A similar report shows that the primary attachment of
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Thiobacillus ferrooxidans to pyrite is mediated by positively charged
EPS complexed Fe(III) (Gehrke et al., 1998). In addition to the role
of EPS in attachment of bacterial cells to the solid surfaces, disso-
lution of minerals and oxidation of Fe(II) and/or other low valence
elements occurs at EPS–mineral interface was reported (Bosecker,
1997; Tributsch, 2001). In comparison with the well documented
crucial role of EPS in dissolution of pyrite, the role of EPS in disso-
lution of rhodochrosite have been poorly understood.

The electrochemical methods, such as Tafel polarization curves
and electrochemical impedance spectroscopy (EIS), have been
frequently used to characterize the water–mineral interfacial pro-
cesses (Alves et al., 2005; Bevilaqua et al., 2004). Tafel polarization
curve provides information about mineral corrosion process and
EIS can obtain adsorption kinetics and reaction mechanism on
the micrometer scale (Alves et al., 2005; Bevilaqua et al., 2004;
Lin and Say, 1999; Shi et al., 2005). Both techniques are ideal for
monitoring anodic and cathodic electron transfer processes,
including dissolution of natural minerals.

In this study, oxidative dissolution of natural rhodochrosite to
generate Mn oxide in the presence of P. putida MnB1 and the effect
of EPS were investigated using electrochemical tests and batch
experiments. The solid rhodochrosite–graphite electrodes were
used to obtain the Tafel curves and EIS data. The relevant electro-
chemical parameters were derived by fitting the Tafel and EIS data
for evaluation of the effect of EPS of P. putida MnB1 on oxidative
dissolution of natural rhodochrosite.
2. Materials and methods

2.1. Bacterium

The Mn(II) oxidizing bacterium, Pseudomonas putida strain
MnB1 (ATCC 23,483), was supplied by the American Type Culture
Collection. The bacterial cells were grown in the nutrient broth
medium (peptone, 10 g L�1; beef extract, 3 g L�1; NaCl, 5 g L�1;
pH 6.8) at 25 �C and 120 rpm for two days and then harvested by
centrifugation at 6000g and 4 �C for 5 min. Then the bacterial cells
were washed three times with ultrapure water and re-suspended
in ultrapure water for further use. For electrochemical experi-
ments, the #279 medium (ATCC™) with pH 6.8 was used for cell
incubation. The #279 medium was composed of 0.15 g L�1 ammo-
nium iron sulfate, 0.15 g L�1 sodium citrate, 0.15 g L�1, 0.075 g L�1

yeast extract and 0.05 g L�1 sodium pyrophosphate.
2.2. Preparation and characterization of EPS

EPS was extracted by high-speed centrifugation (Pan et al., 2010a,
2010b). Our previous study showed that EPS extracted with
high-speed centrifugation were suitable for scientific study (Pan
et al., 2010b). For EPS extraction, cells were grown in the medium
at 120 rpm and 25 �C. The optical density (OD600) of the culture
was monitored daily. When the OD600 reached 0.8, the cells
were collected by centrifugation at 4300g � for 10 min at 4 �C to
remove superfluous medium. The pellets were re-suspended in
ultra-purified water and centrifuged at 20,000g � for 25 min at
4 �C. The suspension was filtered through a 0.22 lm acetate cellu-
lose membrane and the filtrate was purified by 3500 Dalton dialysis
membrane for 5 times every 12 h at 4 �C in the dark.

The total organic carbon (TOC) content of EPS solution was
determined with a TOC analyzer (TOC-4100, Shimadzu, Japan).
The content of polysaccharides was measured by the phenolsulfu-
ric acid method (Dubois et al., 1956) and the content of proteins
was measured by the Bradford-method (Bradford, 1976). The EPS
solution pH was determined with a pH meter.
For collection of Fourier-transform infrared (FT-IR) spectra, the
EPS solution was freeze dried and mixed with solid KBr in the ratio
of 1:100. The pellets of the mixture were prepared at
8 � 1013 kg cm�2 pressure (Zhang et al., 2006). The functional
groups of EPS were analyzed with a Fourier-transform infrared
(FT-IR) spectrometer (Bruker Tensor 27, Germany).

The three-dimensional excitation-emission matrix (EEM) fluo-
rescence spectra of the EPS solution were recorded with a F-7000
Fluorescence Spectrophotometer (HITACHI, Japan). A 450-W
Xenon lamp was used as the excitation source. EEM spectra were col-
lected at 1200 nm min�1 with an emission range of 200–550 nm by
2 nm and an excitation range of 200–400 nm by 5 nm. Both the exci-
tation and emission slits were set to 5 nm of band-pass. The fluores-
cence spectrum of Milli-Q water was subtracted from the
fluorescence spectra of EPS solution. The EEM data were processed
by using the software SigmaPlot 10.0 (Systat, US) (Pan et al., 2010c).

2.3. Natural rhodochrosite

Natural rhodochrosite mineral used in this study was obtained
from a Mn mine in Hunan province of China and XRD results are
shown in Fig. 1. The mineral samples were ground to less than
0.15 lm for fabrication of the rhodochrosite-carbon working elec-
trodes. XRD results showed that natural rhodochrosite was mainly
composed by rhodochrosite and quartz (Fig. S1). SEM–EDS results
indicated that natural rhodochrosite contains some other ele-
ments, such as Si (2.42%), Mg (2.26%) and Ca (6.58%) (Table S1).
The presence of Mg and Al suggests that there were clay minerals
in the rhodochrosite. In this study, the effect of these elements on
batch and electrochemical experiments was not considered, and
this needs further study.

2.4. Preparation of rhodochrosite–graphite electrode

The rhodochrosite–graphite paste working electrodes were
assembled by the method reported in the previous report (Shi
et al., 2005). Briefly, 0.5 g of powdered rhodochrosite was mixed
with 0.5 g of graphite of spectral purity and 0.5 ml of liquid paraf-
fin. The working electrodes were compacted on a plate glass with a
working surface area of about 0.5 cm2. The surface of the working
electrodes was polished and then rinsed subsequently with etha-
nol and ultrapure water before experimental use.

2.5. Electrochemical experiments

A 50 ml electrochemical tank with a three electrode system was
used for electrochemical tests. The reference electrode was
Ag/AgCl electrode and the counter electrode was Pt electrode.
The rhodochrosite-carbon electrodes were used as the working
electrodes. Four different treatments based on addition or no addi-
tion of the sterile cells or/and EPS were set for electrochemical
tests. (1) fresh sterile medium as control (CK), (2) fresh sterile med-
ium with addition of P. putida MnB1 cells, (3) fresh sterile medium
with addition of bacterial EPS, and (4) fresh sterile medium with
addition of P. putida MnB1 cells plus extra EPS. The cells were
added into the medium at a cell density of approximately 107 -
cells ml�1 and EPS was added at a concentration of 65 mg L�1

(weight units). All the electrochemical measurements began after
30 min of pre-equilibrium between the electrodes and the solu-
tions. A Gamry Reference 600 electrochemical workstation
(Gamry, USA) was used to obtain the Tafel curves and the EIS data.
Tafel measurements were carried out with a potential range from
�0.2 to 0.2 V at a scan rate of 5 mV s�1. For EIS measurements, fre-
quency ranged from 0.2 to 100,000 Hz in the presence of 10 mV AC
(alternating current) voltage. All the electrochemical tests were
repeated four times.
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Fig. 1. (a) The EEM fluorescence spectrum and (b) the FTIR spectrum of EPS from P. putida MnB1.
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2.6. Batch experiments

Oxidative dissolution of natural rhodochrosite was conducted
in 100 ml glass bottles. Natural rhodochrosite at a dosage of
500 mg L�1 was added into 50 ml of fresh sterile medium. Four
treatments similar to the electrochemical experiments were set.
For cell or/and EPS treatments, the cell density was approximately
1.6 � 106 cells ml�1 and the EPS concentration was 4 mg L�1 (TOC).
The glass bottles for oxidative dissolution experiments were sha-
ken at 200 rpm at 25 �C. Eight days after onset of the batch exper-
iments, concentrations of Mn2+ ions and content of Mn oxides were
measured. The natural rhodochrosite samples for different treat-
ments were also observed by SEM–EDS.

2.7. Analytical methods

Dissolved Mn2+ concentration was determined by the man-
ganese formaldehyde oxime spectrophotometry (Brewer and
Spencer, 1971). Content of Mn oxide was measured by the
Leukoberbelin blue (LBB) method (Okazaki et al., 1997). For SEM–
EDS and XRD analysis, the samples were pretreated according to
the previous study (Wang et al., 2013).

3. Results and discussion

3.1. Characterization of EPS

The extracted EPS solution pH was 6.8, with TOC, contents of pro-
teins and polysaccharides were 51 ± 1.52 mg L�1, 47.03 ± 0.22
lg mL�1 and 11.12 ± 0.04 lg mL�1, respectively. The EEM fluores-
cence spectrum showed there were two fluorescence peaks
(Fig. 1a). The fluorescence of peak A (Ex about 225 nm, Em about
340 nm) and B (Ex about 275–280 nm, Em about 335 nm) were
emitted from the protein-like substances containing tryptophan
(Zhang et al., 2010).

The FTIR spectrum of EPS was shown in Fig. 1b. The intensive
band at 3422 cm�1 could be attributed to the stretching vibration
of AOH of polysaccharides and proteins. The band at 1653 cm�1

corresponded to the stretching vibration of amide I C@O and
CAN functional groups of proteins. The 1541 cm�1 implied the
presence of the stretching vibration of CAN and deformation vibra-
tion of NAH of amide II (Pan et al., 2005). The 1400 cm�1 band indi-
cated the presence of the deprotonated carboxyl group (Tourney
et al., 2008). The 1241 cm�1 band could be assigned to the carboxyl
group (deformation vibration of C@O and stretching vibration of
OH), which combined with CH2 at 2931 cm�1 indicated the pres-
ence of uronic acid and humic acid. The presence of CH2 and car-
boxylic groups indicated the presence of lipid, whose content is
usually too low to be detected with IR spectra. The band at
1083 cm�1 could be identified as the phosphodiester groups
(Heinrich et al., 2007; Tourney et al., 2008). The bands at ‘‘finger-
print zone’’ less than 1000 cm�1 indicated the presence of the
phosphate group from nucleic acids (Pan et al., 2005; Zhang
et al., 2006). The EEM fluorescence and FTIR spectra showed that
the components of EPS were complex with proteins and polysac-
charides being the dominant components.

3.2. Oxidative dissolution of natural rhodochrosite

Table 1 listed the dissolved Mn2+ concentration and MnO2 con-
tent of rhodochrosite untreated and treated with cells and/or EPS.
For CK, the sterile medium caused release of some Mn2+ ions from
rhodochrosite but no increase of MnO2 content was observed.
Addition of EPS to the sterile medium increased Mn2+ concentration
by 1 mg L�1 but MnO2 content did not increase in comparison with
CK, indicating that EPS can increase dissolution of rhodochrosite but
cannot oxidize Mn2+. When the bacterial cells were added, MnO2

content significantly increased whether extra EPS was added or
not. This means that oxidative dissolution of natural rhodochrosite
by living P. putida MnB1 cells led to generation of Mn oxides and
consumption of dissolved Mn2+ ions. The SEM–EDS results showed
that the surface structure of natural rhodochrosite was not signifi-
cantly modified for CK while a large number of small particles were
formed on the surface for the bacterial EPS treatment (Fig. 2 and
Table S1). The SEM images showed that cells were adhered to the
surface of natural rhodochrosite and the surface structure was sig-
nificantly different from CK and the EPS treatment, indicating that
natural rhodochrosite was effectively dissolved and oxidized by
the living cells. These results indicate that living cells can effectively
dissolve natural rhodochrosite and oxidize dissolved Mn2+ ions to
Mn(IV) oxides, and the bacterial EPS plays an important role in dis-
solution of natural rhodochrosite, which is a key step in oxidation of
rhodochrosite by Mn oxidizing bacteria to Mn dioxides.

3.3. Tafel analysis

The Tafel polarization curves versus elapsed time for various
treatments are shown in Fig. 3. For CK and the cell treatments



Table 1
Dissolved Mn2+ concentration and MnO2 concentration in the systems after 8 d of four treatments (control, EPS treatment, cells treatment, and cells plus EPS treatment).
Experimental condition: rhodochrosite dosage, 5 g L�1; bacterial density, 1.6 � 106 cell mL�1; EPS concentration, 4 mg L�1 (TOC); reaction time, 8 d. All data were presented as the
average of triplicates ± standard errors.

Mn content Original rhodochrosite CK EPS alone treatment Cells treatment Cells plus extra EPS treatment

Dissolved Mn2+ ions (mg L�1) /a 2.62 ± 0.08 3.67 ± 0.15 0.34 ± 0.04 0.16 ± 0.02
MnO2 (mg L�1) 1.10 ± 0.04 1.13 ± 0.15 1.12 ± 0.08 20.77 ± 2.06 19.22 ± 1.04

Note: ‘‘a’’ represents the content of dissolved Mn2+ ion before experiments was negligible.

Fig. 2. Comparison of SEM–EDS spectra of natural rhodochrosite under different systems: (a) pristine natural rhodochrosite (�500); (b) sterile CK (�900); (c) EPS treatment
(�3000); (d) cell treatment (�500); (e) cell treatment (�3000); (f) cell and extra EPS treatment (�3000).

98 H. Wang et al. / Applied Geochemistry 59 (2015) 95–103
(Fig. 3a and c), corrosion potential of the electrodes decreased with
time and the curves generally shifted downward with time.
However, the curves firstly moved downward and then shifted
upward in the presence of high concentrations of EPS (Fig. 3b).
The curves shifted mostly positive for treatment with cells plus
extra EPS (Fig. 3d). The negative shift of corrosion potential
suggests that reaction activation energy decreased and this will
promote the dissolution or chemical reaction (Gu et al., 2012).
On the contrary, the positive shift of corrosion potential implies
the existence of corrosion products on electrode surface, which
acts as a physical barrier and thus will inhibit the damage of corro-
sive medium to the electrode surface. Moreover, upward shift of
the curves indicates the increasing corrosion current density and
this would increase the corrosion rate of electrode surface.
The corrosion parameters (Ecorr and Icorr) were estimated from
the Tafel polarization curves (Fig. 4). Corrosion potential and corro-
sion current for the sterile treatment gradually decreased with
elapsed time. Corrosion process for the sterile treatment was
mainly due to the dissolution of natural rhodochrosite to Mn2+

ion. The decreasing corrosion rate of rhodochrosite was caused by
the passivation of electrodes surface (Lopez-Juarez et al., 2006;
Zeng et al., 2011). For cell treatment, corrosion potential decreased
with corrosion time, but corrosion current did not decrease and was
observed as relatively high values (269–362 nA) for a long time
(0–8 d). This indicates that no passivation layer of electrodes on
the mineral surface is formed in the presence of living cells. For
EPS treatment, corrosion potential was significantly lower in com-
parison with the other treatments at the initial stage (0–3 d) and
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thereafter increased to about 100 mV. At the third day, the value
was lowest (�64 ± 12.4 mV), which could be attributed to the dis-
solution of rhodochrosite electrode. Meanwhile, the corrosion cur-
rent was significantly increased with reaction time. At the end of
the experiment (8 d), the value of corrosion current was
663 ± 35 nA, which was higher than the values for the other treat-
ments. These results suggest that bacterial EPS plays an important
role in enhancing dissolution of natural rhodochrosite. Gehrke
et al. (1998) also showed that EPS from T. ferrooxidans was respon-
sible for attachment to pyrite surface, increasing hydrophobic prop-
erties and complexation with Fe(III) ions. Harneit et al. (2006) also
confirmed that EPS from four strains of A. ferrooxidans was respon-
sible for mediating of mineral dissolution.

Corrosion of the electrode was significantly retarded when cells
and extra EPS were added. The inhibitory effect on corrosion was
mainly attributed to the presence of high concentration of EPS,
cells and bacterial Mn oxides. EPS was involved in the dissolution
of natural rhodochrosite to generate Mn2+ ions and then the living
cells oxidized Mn2+ ions to form layered Mn oxides on the surface
of natural rhodochrosite (Tang et al., 2013). For cell treatment, no
significant inhibitory effect was observed. However, the insoluble
products such as bacterial Mn oxides formed during the dissolu-
tion of rhodochrosite would remain on the electrode surface
together with EPS to form a passivation layer of rhodochrosite. It
has been reported that during microbial leaching of chalcopyrite,
insoluble S0 and jarosite and bacterial EPS remained on the surface
of chalcopyrite and generated a tight passivation layer (Zeng et al.,
2010). The layer would block the flow of microbial nutrients (such
as C source and Mn2+ ions) and reaction products across the
electrode–water interface and lead to the inhibition of corrosive
dissolution (Hackl et al., 1995; Watling, 2006).

3.4. EIS analysis

The EIS spectra of the rhodochrosite electrodes in the form of
Nyquist plots are shown in Fig. 5. For CK and the cell treatment,
the impedance spectra show an incomplete semicircle shape
within two days and this indicates that dissolution of rhodochro-
site is mainly controlled by a charge transfer process. Two d after
onset of the experiments, EIS spectra were characterized with
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incomplete semicircles at high frequency followed by a nearly 45�
line at low frequency, which implies that the corrosion is con-
trolled by both electron transfer process at high frequency and
solid diffusion-limited process at low frequency (Gu et al., 2012;
Shi et al., 2005). For CK and the cell treatment, the impedance
showed an increasing trend with corrosion time and the semicircle
became stable for CK after one day of reaction. For the cells plus
extra EPS treatment, the impedance was much higher than the
other treatments. This implies that the passive film was formed
on the surface of electrode and the layer retarded dissolution of
rhodochrosite.

For the EPS treatment, the EIS curve shape was similar to those for
the other treatments, but the radius of the semicircles firstly
increased and then decreased quickly, which indicates enhanced
dissolution of rhodochrosite. The depressed semicircle at day 5
and 8 was caused by the uneven distribution of the electric field on
the electrode–solution interface (Lin and Say, 1999). The small semi-
circles at high frequency were followed by oblique lines. The semi-
circle at high frequency can be attributed to the electrode-solution
interfacial capacitance and the charge transfer resistance of electro-
chemical reaction. An oblique line at low frequency is the character-
istics of Warburg impedance and represents the mass transfer
resistance caused by the diffusion of oxidizing agents or products
(Bonora et al., 1996; Liu et al., 2011; Zeng et al., 2011).

The equivalent circuits Rs(Q(RctZW)) and Rs(Q(Rct)) were used to
fit the EIS data (Fig. S2), where Rs represents the solution resis-
tance, Rct is the polarization resistance of charge transfer, Zw is
the Warburg impedance component, and Q is the constant phase
element which is related to capacitor of the double-layer of the
electrode and electrolyte interface.

The impedance spectra of rhodochrosite electrode for different
treatments were well fitted with the above mentioned equivalent
circuits (Fig. 6), which suggests that the proposed equivalent cir-
cuits can satisfactorily describe the electrochemical behavior of
rhodochrosite. The EIS parameters of electrodes for different treat-
ments except for the cells plus EPS treatment were listed in
Table 2. For CK, the cell treatment and the EPS treatment, the very
low v2 of 10�4, representing the sum of quadratic deviations
between experimental and simulated data, over entire corrosion
time indicates that the proposed circuit is suitable for describing
0
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decreased with reaction time for CK but it first increased and then
decreased for the EPS treatment. Yo for the EPS treatment was com-
paratively lower than that for the other treatments. The value of n
reflects the surface heterogeneities and roughness of the electrode
and the differences of n for different treatments were also
observed. The higher n values for the EPS treatment might result
from the attachment of EPS or the precipitation of reaction prod-
ucts (Schiller and Strunz, 2001). In addition, Rs for the cell treat-
ment was lower than CK and the EPS treatment (Table 2),
indicating that more Mn2+ ions dissolved from rhodochrosite were
oxidized by living bacterial cells. Rct firstly increased and then
decreased with corrosion time. The increase of Rct is attributed to
the formation of the passive film on electrode surface in the initial
stage of dissolution of rhodochrosite while the decrease of Rct is
due to the damage to the passive film. Rct for the EPS treatment
was significantly lower than that for the other two treatments.
This means that EPS contributed to the dissolution of rhodochro-
site. The EIS results are consistent with the Tafel analysis data.

The results of batch experiments, electrochemical tests and
SEM–EDS analysis consistently showed that EPS from P. putida
MnB1 increased dissolution of natural rhodochrosite but cannot
catalyze oxidation of Mn2+. The proposed rhodochrosite oxidation
mechanisms of P. putida MnB1 can be the accelerating dissolution
of rhodochrosite and release of Mn2+ by EPS and subsequent oxida-
tion of Mn2+ to Mn oxides by the living bacterial cells. However, the
oxidative dissolution of natural rhodochrosite could be inhibited
due to the Mn oxides passivation layers on the surface produced
by the living bacterial cells.

3.5. Environmental implication

Mn(II) oxidation catalyzed by microbes such as Mn(II)-oxidizing
bacteria is several orders of magnitude faster than either abiotic
catalysis on mineral surfaces or homogeneous oxygenation in aque-
ous solution (Tebo et al., 2004). Because of the abundant Mn oxides
and ubiquitous Mn(II) oxidizing bacteria in terrestrial and marine
environments, this microbially Mn(II) oxidation is a key process that
affect many other important biological and geochemical processes
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2 d; (f) Cells treatment at 5 d. The simulative results were obtained by fitting the measured data with the software of ZSimwin 3.30. Standard errors represent four triplicates.

Table 2
Impedance parameters for electrodes with different treatments (%SD). Experimental condition: Bacteria density, 1.0 � 107 cell mL�1; EPS concentration, 65 mg L�1; reaction time,
8 days. Standard errors represent four triplicates.

T day Rs (X) Yo/10�6 (S sn) n Rct (X) W/10�6 (S sn) v2/10�4

CK 0a 2306 (0.27) 36.5 (1.20) 0.50 (0.56) 34,570 (2.42) / 1.17
1a 2368 (0.26) 38.1 (1.02) 0.51 (0.51) 119,400 (7.05) / 1.19
2 2396 (0.22) 31.6 (4.64) 0.50 (1.27) 26,530 (25.27) 7.8 (19.60) 0.22
3 2538 (0.19) 30.1 (2.72) 0.49 (0.79) 23,300 (10.75) 8.6 (11.05) 0.23
5 2547 (0.17) 27.1 (2.38) 0.49 (0.68) 25,670 (9.47) 8.1 (9.21) 0.17
8 2582 (0.19) 25.9 (3.02) 0.52 (0.87) 35,420 (14.61) 10.3 (8.02) 0.23

Cells 0 1851 (0.62) 26.3 (3.94) 0.48 (1.38) 35,530 (9.74) 78.1 (16.9) 3.61
1 1915 (0.41) 24.4 (3.34) 0.51 (1.07) 37,170 (10.38) 29.5 (5.33) 1.71
2 1833 (0.31) 27.4 (2.68) 0.51 (0.86) 70,090 (18.20) 13.1 (7.54) 1.02
3 1839 (0.31) 27.1 (2.12) 0.51 (0.71) 133,900 (25.00) 8.9 (12.91) 0.67
5 1789 (0.33) 27.1 (1.91) 0.54 (0.65) 113,800 (17.99) 13.7 (12.66) 1.58
8 1786 (0.28) 24.3 (2.32) 0.54 (0.73) 74,840 (15.51) 13.1 (6.67) 0.96

EPS 0 2130 (0.55) 2.35 (15.72) 0.69 (2.58) 7055 (14.65) 9.89 (3.55) 2.48
1 2188 (0.28) 5.95 (12.15) 0.62 (2.10) 3793 (12.49) 13.49 (4.74) 0.15
2 2234 (0.29) 12.40 (5.43) 0.57 (1.21) 18,800 (13.65) 10.40 (5.94) 0.57
3 2149 (0.33) 10.10 (4.65) 0.61 (1.12) 12,430 (5.12) 28.10 (1.62) 1.32
5 2113 (0.37) 8.03 (4.79) 0.65 (1.14) 5463 (1.73) 177.2 (2.10) 1.88
8 2083 (0.36) 6.99 (3.93) 0.68 (0.94) 6783 (1.39) 274.8 (3.65) 2.10

Note: ‘‘a’’ represents the parameters obtained by the fitting of equivalent circuit Rs(Q(Rct)).
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of other elements such as C, S and Fe, especially in oxic–anoxic tran-
sition zones or at hydrothermal vents (Tebo et al., 2005). For exam-
ple, Mn is a vital element of oxygen evolution complex in
photosystem II, and the availability of Mn(II) to photosynthetic
organisms would significantly affect the photosynthesis perfor-
mance. The microbially Mn(II) oxidation may have far-reaching
effects on transport and behavior of heavy metals because Mn oxi-
des usually have strong adsorption capacity for heavy metal(loid)s.
In addition, Mn oxides are strong oxidizing agents next to oxygen
and can decompose a number of organic pollutants. In this study,
on one hand, the catalytic dissolution of natural rhodochrosite by
EPS of Mn(II) oxidizing bacteria partially elucidates the underlying
mechanisms of bacterially oxidation of Mn(II). On the other hand,
because most bacteria can produce copious EPS and the soluble or
loosely bound EPS are easily released from the cell and transported
to long distance with water (Pan et al., 2010c; Zhang et al., 2013),
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this catalytic dissolution of solid Mn(II) by EPS can significantly
extend the effects of Mn(II) oxidizing bacteria from local site to
much farther and bigger region.

4. Conclusions

The effects of the Mn(II) oxidizing bacterium P. putida MnB1 and
its EPS on oxidative dissolution of natural rhodochrosite were
investigated by electrochemical tests and batch experiments. Two
steps were involved in the bacterial oxidation of natural rhodochro-
site. The first step is the dissolution of natural rhodochrosite and
release of Mn2+ and the bacterial EPS catalyze the dissolution of nat-
ural rhodochrosite. The second step is the bacterial oxidation of
Mn(II) to Mn(IV). This study not only contributes to understanding
the role of EPS in bacterially oxidation of Mn(II) but also indicates
that the Mn(II) oxidizing bacteria may exert their significant effects
on Mn(II) cycle and other biological and biogeochemical processes
beyond their local ambient environment because of the long dis-
tance transport of the detached EPS.
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