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The influence of temperature (5, 10, 22 and 30 °C) on the long-term (30 days) sorption of Mn?* by viable
Shewanella putrefaciens was studied by FTIR and EXAFS. The additional Mn-removal capacity of these
bacteria was found to result from the surface precipitation of Mn-containing inorganic phases. The
chemical composition of the Mn-containing precipitates is temperature and contact-time dependent.
Mn(i) phosphate and Mn(i) carbonate were the two major precipitates formed in 1000 mL batches at 10,
22 and 30 °C. The ratio of Mn(i) phosphate to Mn(i) carbonate was a function of the contact time. After
30 days, MNnCOz was the dominant phase in the precipitates at 10, 22 and 30 °C; however, MnCOs3 did
not form at 5 °C. Mn(1) phosphate was the only precipitate formed at 5 °C over 30 days. The
biosynthesis of Extracellular Polymeric Substances (EPS) was much greater at the lowest temperature
(5 °C); however, these polymeric sugars did not contribute to the additional removal of Mn(i) under the
experimental conditions. This work is one of the first reports demonstrating the ability of microbes to
bioprecipitate manganese phosphate and manganese carbonate. Because of the focus on interfacial
processes, this is the first report showing a molecular-level mechanism for manganese carbonate

Received 20th November 2014
Accepted 13th February 2015

DOI: 10.1039/c4em00634h

rsc.li/process-impacts formation (in contrast to the traditionally studied aged minerals).

Environmental impact

The data shown in this work demonstrate that viable S. putrefaciens (and most likely some other microorganisms) has a great potential to stabilise (or reduce the
mobility in the environment of) Mn** (and most likely some other metal ions) through processes occurring at the interfaces of the cells for at least 30 days. The
interfacial processes start from ion exchange/surface complexation and continue with biomineralisation. Composition of bioprecipitates is a function of
temperature, metal loading and bacterial density. The results presented demonstrate that the role of microorganisms in formation of natural minerals might be
even greater than thought preciously.

Introduction

Microorganisms are well known to play a key role in the cycling
of chemical elements in the environment on a global scale, but
many molecular-level processes that control such trans-
formations are poorly understood. In 1986, the leading role of
bacteria in iron-silica crystalline nucleation was discovered,*
and the hypothesis that bacteria can be the nucleation sites for
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authigenic minerals was proposed one year later> which was
confirmed by the same authors.® Since that time, studies of the
roles of microbes in the formation and dissolution of various
minerals have resulted in much new knowledge in geochem-
istry and geology. Manganese attracts special attention from
geoscientists because this chemical element forms a variety of
precipitates in natural ecosystems, and these precipitates
control the cycling of nutrients and xenobiotics in the envi-
ronment through adsorption, dissolution, and redox trans-
formation  processes.*® Various hydrous oxides of
manganese(u, v) and manganese carbonate (MnCO;) are
usually discussed. Less attention has been given to manganese
phosphates. Biogenic manganese oxides are highly abundant in
the environment.”® They are reactive and control many redox
reactions with organic and inorganic substances. A number of
studies have demonstrated that biological Mn(u) oxidation
dominates in the environment.®*® Mn-oxides produced by the
Mn-oxidising bacteria Leptothrix discophora™** and Bacillus
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sp.**'* have been studied extensively. Interesting research has
been conducted to isolate new, diverse Mn(u)-oxidising bacteria
from deep environments.*

Manganese carbonate occurs naturally as the mineral
rhodochrosite.* Rhodochrosite is rarely in its pure form and
primarily forms solid solutions with carbonates of iron,
calcium, zinc. Recently, the role of microorganisms in
the formation of MnCO; was studied using samples of
Mn-carbonate ores collected at Adilabad, India,' and Sichuan
Province, China."” Mukhopadhyay'® concluded that the forma-
tion process of Mn-carbonate was induced by microbes and
continued through abiotic precipitation and growth of
the previously formed crystals. Fan' found that Gayan
Mn-carbonate ores were rich in organic matter and that
microbially inducted sulphate reduction played an important
role in the formation of these ores during early diagenesis.
Manganese phosphates are currently known to be less widely
distributed in the environment than manganese carbonates.
Manganese phosphates are often solid solutions rich in lithium
and iron, Li(Mn, Fe)PO,, and with other metals (such as Mg, Ca,
Al, Zn, K, Cu and others). A manganese phosphate mineral was
characterised by Kampf;'® however, new manganese phosphate
species have been discovered by Fransolet' and recently by
Cooper* what is most likely not the last discovery of new
phosphate minerals. Laboratory studies of biogenic precipita-
tion usually address the molecular-level process of the oxidation
of redox metals by oxidising microbes (biogenic metal oxides) or
use aged minerals (carbonate formation). The role of microor-
ganisms in the formation of manganese carbonates in different
regions of the globe has been demonstrated.”**** However,
only aged manganese carbonate minerals were studied, so
(indirect) theoretical conclusions were found instead of exper-
imental evidence. Molecular level research, which would
demonstrate the formation process of MnCO;, has not been
conducted to date.

For manganese phosphates, the initial study, which showed
that microbes also played an important role in the formation of
manganese phosphate minerals, was the recent work by the
authors.* This study resulted from the non-traditional decision
to study the sorption of manganese, a redox metal in the
reduced state, Mn>*, by the reducing bacteria, viable Shewanella
putrefaciens. The authors discovered the capacity of viable
S. putrefaciens to sorb Mn>* over 30 days despite the previously
unknown ability of these microbes to form Mn-phosphates. To
deepen knowledge about the novel processes at the interface of
viable cells of Shewanella putrefaciens with aqueous Mn>,
additional experiments were performed to define the influence
of various temperatures (5, 10, 22 and 30 °C) on Mn(u) sorption,
on the chemical composition of the Mn-containing precipitates
formed and on the formation of EPS. These experiments
resulted in a new discovery. Changing the experimental condi-
tions (size of the experimental batches: 125 mL in the previous
work and 1000 mL in the latest) allowed discovery of the process
of manganese carbonate formation. This formation took place a
few days after the experiments started and at a later stage than
the formation of manganese phosphates. (Manganese carbon-
ates were not formed in 125 mL batches.) These results, which
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differ from those in the previous work,> are shown in the
current work. This paper is the first report showing the molec-
ular level processes of manganese carbonate formation initiated
by microbes (in contrast to the previously studied aged
minerals); this is also the first work demonstrating how the
bioprecipitation process of manganese phosphate can be
replaced by the formation of manganese carbonate and is thus
the first ever possible explanation of why manganese carbonates
are much more widely spread in the environment than
manganese phosphates. The role of the temperature on the rate
of such processes and the chemical composition of the
precipitates has also been demonstrated.

The main tasks of this work were to study the temperature
(5, 10, 22 and 30 °C) influence on Mn>" sorption by viable
Shewanella putrefaciens over one month and to characterise
precipitates formed at the interface by EXAFS and FTIR.

Materials and methods
Preparation of bacterial suspensions for experiments

The classical microbiological method was followed to prepare
suspensions of the viable S. putrefaciens strain 200R for the
experiments. First, single colonies were transferred from agar
plates of Luria-Bertani (LB) media to liquid LB media (5 g of
yeast extract, 10 g of tryptone and 10 g of NaCl in 1 litre); then,
they were cultured aerobically at room temperature (22 £ 2 °C)
under continuous shaking for 24 hours. The cells (grown in the
liquid LB media) were used to inoculate larger bottles of LB
medium and were grown for 48 hours. This time was chosen
because of the discovery of Haas,” who showed that surface of
S. putrefaciens cells is most enriched in functional groups at
48 hours of growth. The cells were harvested and then were
pelletised by centrifugation. They were washed five times with
0.1 M NaCl to ensure full removal of LB solution from the cells.
The large volumes (500 mL) of pelletised cells (to avoid great
loss (in %) from filtration) were used to establish direct corre-
lation between the optical density of the pelletised cells and the
dry weight of the bacteria. The suspension was carefully mixed
and the optical density (at the wavelength of 660 nm) was
promptly recorded. The measurements were repeated five
times. A 500 mL sample of the suspension (with a known optical
density) was filtered through membrane filters with a pore
diameter of 0.2 pm (Advanced Microdevices Pvt. Ltd). The
filtered sample was dried at room temperature, and then in an
oven at 120 °C. The weight of the dried filter was preliminary
measured. This procedure establishes the direct correlation
between the optical density of the viable cells and the dry weight
of the same cells' biomass (to be used as a unit of measure-
ments of an adsorptive performance). This ratio remains
constant in spite of the changes in the cells’ viability during the
long-term contact of viable cells with aqueous Mn>*. The
experiments were repeated 5 times. The values measured each
time differed from the average value by no more than 10%. The
average value of the ratio between the optical density and the
dry weight of the microbial cells was used for future experi-
ments. The cells’ viability was changing naturally during the
experiments from fully viable to (partly) inactivated what
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allowed involvement of both viable (1), viable but non-repro-
ducible (2) and inactivated/dead (3) cells in the experimental
system. Such experimental conditions allowed closer the labo-
ratory experimental conditions to the conditions in real envi-
ronment where all three (known) states of microbes (viable,
non-reproducible and dead) coexist. In the same time the unit
of measurement of adsorption science (mg of dry weight per
litre) was maintained.

Sorption experiments

The batch adsorption investigations were performed with
1000 mL of the bacterial suspension with a density (or adsorbent
dose) of 2 g4 L. It is the traditional adsorbent dose over the
last decades as often within its range between 1 and 5 gg4,, L7,
the adsorptive performance (measured in mg g4, ') is the same
or very close. The Mn>* concentration was 200 mg L. Bacterial
suspensions in 0.1 M NaCl were first brought to the necessary
temperature (5, 10, 22, and 30 °C). A pre-set amount of Mn”>"
(as MnCl,-6H,0) was added to bring the concentration of the
cells to 2 g4, L " and to pre-set the concentration of Mn>". No
nutrients except for the background electrolyte, 0.1 M NaCl
added initially, were provided to the microbes during the sorp-
tion experiments. The exact concentration of the bacterial cells
was analysed before and after the addition of Mn®>". The large
glass beakers containing the microbial suspension were covered
with caps to protect the microbial culture from contamination.
The caps were removed (opened) once a day for a few minutes to
take small samples for analysis. The kinetics of Mn(u) uptake
were regularly studied, but the “adsorbent” samples for the
spectroscopic analyses were taken at the end of the experiments
(at 30 days). We avoided frequent sampling (on a daily basis) of
the “adsorbent” from the experimental batches to maintain the
same experimental conditions as the kinetics studies. A few
additional ambient and 30 °C temperature experiments were
performed to collect samples after less than 30 days (in 6, 9 and
10 days) at an initial concentration of Mn>** of 200 mg L. The
samples were centrifuged, were filtered with a 0.2 pm pore
diameter filter (Advance Microdevices P. Ltd) and were carefully
dried at ambient temperature for the spectroscopic
investigations.

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the air-dried samples of bacteria were
recorded in KBr pellets at ambient conditions with a Perkin-
Elmer 2000 FTIR spectrometer equipped with a DTGS
detector.>* The sample compartment was flushed with dry air to
reduce interference from H,O and CO,. The optical resolution
of the spectra was 4 cm ™%, and 25 scans were accumulated for
each spectrum.

EXAFS (Extended X-ray Absorption Fine Structure) and XANES
(X-ray Absorption Near Edge Structure)

The experimental and reference samples were ground to very
fine powders and were mixed with boron nitride, while
considering the percentage of Mn in each sample measured
from the adsorption experiments. The samples were mounted
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in 1 mm-thick sample holders for EXAFS and XANES data
collection. The spectra were recorded at the Mn K-edge
(6539 eV) in transmission mode at ambient temperature at the
Dutch-Belgian beamline (DUBBLE) (BM 26A) of the European
Synchrotron Radiation Facilities.”* The monochromator was
calibrated by assigning an energy value of 6539 eV to the first
inflection point in the absorption edge of a reference foil of Mn.
The data were first calibrated to 6539 eV of E,. Both the treated
and raw data were used for the data analysis. IFFEFIT program
components (ATHENA, ARTHEMIS, stand-alone ATOMS from
the DEMETER) were used to analyse the data through linear
combination fitting and principle component analysis.”” Ten
(commercially available, see: Chubar*!) reference substances
(Mnj3(PO,),, MnCO;, MnCl,, MnSO,, MnO, MnO, (powder),
MnO, (pyrolisite), MnO(OH) (manganite), Mn,O3, and Mn;0,)
were recorded at DUBBLE and were used for analysis with the
IFFEFIT programs.

Analytical chemistry methods

Concentrations of Mn>* was analysed with ICP-OES (inductively
coupled plasma optical emission spectrometry). For ICP-OES,
SPECTRO CIROS““P (by SPECTRO Analytical Instruments GmbH
- Germany) was applied through the Watertaak2004 method.

Results
Kinetics of Mn(u) sorption at various temperatures

Fig. 1 shows the kinetics of the Mn** sorption by viable
(also referred to here as live) S. putrefaciens over 3 minutes
(Fig. 1A), 3 hours (Fig. 1C) and 30 days (Fig. 1E). In Fig. 1E, the
values begin at 1 day (no data are shown for a few seconds to a
few minutes of contact time). Fig. 1 also shows the drift of the
pH in the same experimental suspensions over 3 minutes
(Fig. 1B), 3 hours (Fig. 1D) and 30 days (Fig. 1F).

There was no distinct temperature (5, 10, 22 and 30 °C)
influence on the Mn>" sorption over 3 hours contact time
(Fig. 1C); however, temperature influence was observed over
30 days (Fig. 1E). The rate of Mn(u) removal increased propor-
tionally to temperature. The periods of sharp, fast decreases of
Mn>" in the solutions took place on days 7, 12 and 23 at 30,
22 and 10 °C, respectively; however, those periods were never
observed at 5 °C over 30 days. The removal of Mn(u) at 5 °C was
slow and continuous. Despite the absence of a temperature
effect on Mn(u) removal over 3 hours, the pH drift in the
experimental suspensions (Fig. 1B and D) demonstrated that
the interfacial processes occurring at higher (22 and 30 °C) and
lower (5 and 10 °C) temperatures differed from one another. In
the first few minutes, when the living cells came into contact
with the metal ions, the pH dropped (from 6.7 to 6.1 and to 5.7)
at 22 and 30 °C but increased at 5 and 10 °C (from 6.7 to 7.0 and
to 6.9). Decrease in pH at 22 and 30 °C resulted from cation
exchange of the surface H' for the aqueous Mn** in accordance
with the reaction (using an example of carboxylic functional

groups):

Surface-COOH + Mn,** — surface(CO0),Mn + 2H,, *

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Kinetics of Mn?* sorption by viable S. putrefaciens at 5, 10, 22 and 30 °C over 3 minutes (A), 3 hours (C) and 30 days (E) and the cor-
responding pH drift (B, D and F). Experimental conditions: bacteria density = 2 gqw, L%, volume of viable bacterial suspensions = 1000 mL, and

initial Mn?* concentration = 200 mg L™,

The physiological pH of these microbes (i.e. the pH micro-
bial cells maintain in 0.1 M NaCl with no Mn>" or other metal
cations like Cu®" or Zn** until they are viable >90%) was the
same (6.7) at 5, 10, 22 and 30 °C during one week that is an
observation from the blank experiments.

At 5 and 10 °C, the viable cells of S. putrefaciens re-estab-
lished the physiological pH (6.7) in 1 day and maintained pH
stability over the next 7 days while continuing to slowly sorb
Mn*", At 22 °C, the physiological pH was re-established in
4 days, but the living cells were only able to maintain the pH for
3 days (from days 4 to 6, Fig. 1F); then, the pH increased. At 30
°C, the pH changed on a daily basis (Fig. 1F).

FTIR spectra of S. putrefaciens exposed to aqueous Mn”*

Fig. 2 shows the FTIR spectra of S. putrefaciens exposed to

200 mg L™" of Mn®* for 30 days at 5, 10, 22 and 30 °C.
Because of the considerable changes in almost all the spec-

tral regions, the spectra are shown in three parts to distinguish

This journal is © The Royal Society of Chemistry 2015

the differences. The spectral region of 1200-400 cm '

(Fig. 1A) reflects the largest changes and shows the formation
of the two major precipitates (Mn(i) phosphate and Mn(u)
carbonate) and the polysaccharides (EPS) produced by the
viable cells. The presence of the latter can be concluded from
the changes in the bands near 1060 and 580 cm™'.2#?° More
detailed study of this spectral region shows that the biosyn-
thesis of the polymeric carbohydrates decreases as tempera-
ture increases and is practically absent at 30 °C (in 30 days).
However, this conclusion is estimated because the intensity
and the dominance of the IR bands in an overlapping area
depend on the ratio and the concentration of the substances
with IR-active bands. Fig. 1E demonstrates that the amount of
precipitates formed at 5 °C was much lower than that at other
temperatures (10, 22 and 30 °C). In contrast, a large amount of
EPS was formed, as is reflected by the broad and intense
bands at approximately 1000-1100 and 550-600 cm ™
(Fig. 1A), which indicate the presence of EPS, as demon-
strated by our colleagues.?®?>*

Environ. Sci.. Processes Impacts, 2015, 17, 780-790 | 783
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Fig. 2 FTIR spectra of S. putrefaciens in contact with aqueous Mn?* at 400-1300 cm™* (A), 1300-2000 cm™ (B) and 2000-4000 cm™* (C).
Experimental conditions: temperatures = 5, 10, 22 and 30 °C; contact time = 30 days; Mninitias™ = 200 mg L% volume of viable bacterial

suspension = 1000 mL; and bacteria density = 2 gqu L%

Because of the overlapping (very intense) carbohydrates
bands (which are wider than the bands of the inorganic phases),
the formation of Mn(u) phosphate is virtually absent at 5 °C in
the FTIR spectra; this absence implies that EXAFS studies are
required to confirm the biosynthesis of Mn(u) phosphates at
5 °C. However, the generation of Mn(u) phosphate at 10, 22 and
30 °C is demonstrated by the similarity of the bands near 1060,
1010, 942 and 580 cm ™" in the sample data (Fig. 2A) and in the
reference spectrum of this compound (Fig. 1SA, ESIt). In
contrast, the intensity increase in the bands is not proportional
because manganese phosphate was not an individual
substance; it was one of the constituents in the mixture
(microbial biomass, Mn-phosphate and Mn-carbonate) that
formed stepwise over a month. The recently formed manganese
phosphate most likely interacted with the other particles and
molecules as is reflected by the different ratios of the charac-
teristic bands of manganese phosphate in Fig. 2A. However,

784 | Environ. Sci.: Processes Impacts, 2015, 17, 780-790

these characteristic bands of Mn(u) phosphate were the most
distinct (sharp) at 22 and especially 30 °C. They were less
prominent at 10 °C and were almost invisible at 5 °C because of
the overlapping bands from the polymeric carbohydrates
formed, called EPS. The broad diffuse bands at 1000-1100 and
550-600 cm ™' in the FTIR spectrum of the 5 °C sample are so
distinct that it is difficult to doubt that a large amount of
polymeric carbohydrates is produced by these species at
5 °C.?®?® In addition, as illustrated by the spectrum of the 30 °C
sample, the band near 580 cm™ " grows relatively quickly. This
phenomenon can be explained by promotion of the formation
of Mn(u) phosphate. Finally, the IR data in Fig. 2A also show the
appearance of sharp bands at 861 and 725 cm ! in the FTIR
spectra of the three higher temperature samples. These bands
perfectly match with those of the reference spectrum of MnCO;
(Fig. 1SBft). The presence of this compound is additionally
confirmed by the large intensity increase in the band near

This journal is © The Royal Society of Chemistry 2015
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1433 cm™ ' (1409, 1442 cm ™ ') in Fig. 2B. Hence, it is concluded
that MnCO; formed at higher temperatures (10, 22 and 30 °C)
but not at 5 °C. The intensity of the characteristic bands of
MnCO; (861, 725, near 1433 cm™~ ') was much lower at 10 °C; this
difference demonstrates that the least MnCO; formed at this
temperature. Further analysis of the spectral region from
2000-1200 cm ™' (Fig. 2B) reveals considerable changes in the
region from 1600-1500 cm ', where the amide-II bands are
found.** The spectrum of the 5 °C sample, for instance, shows a
small band near 1587 cm™', which is absent in the other
samples. This band is additional important evidence of the
formation of large amounts of EPS.”® Additionally, the amide-II
band near 1533 cm ' changes shape and position at higher
temperatures. We assume that the observed differences are
caused by conformational changes in the peptide chain. Shifts
in the bands assigned to the carboxylic stretching modes
(1398 and 1457 cm ™ in the spectrum of S. putrefaciens not in
contact with Mn**) were only observed for the 5 °C sample.
These shifts are evidence that metal complexation to these
functional groups was the primary mechanism of Mn** sorption
at the lowest temperature, in contrast to the experiments at
22 and 30 °C in which manganese(un) removal took place
through ion exchange (on H'), as reflected by the pH drift in
Fig. 1B, D and F. The band at 1398 cm ™" shifted to 1412 and
1414 cm ™, the band at 1457 cm ™" broadened, and additional
bands appeared at 1442 and 1436 cm™ " in the samples exposed
to Mn(u) at 5 and 10 °C. The largest changes in the spectral
region from 4000-2000 cm ™" (Fig. 2C) are the decrease in the
intensity of the amide N-H stretching band (3100-3500 cm ™) at
higher temperatures and the decreased intensity of the C-H
stretching bands near 2934 cm ™" of the C-H and OH bends, e.g.,
polymeric sugars. In our opinion, both phenomena are addi-
tional evidence that the formation of polysaccharides is sup-
pressed at higher temperature. The spectra of S. putrefaciens
(without contact with Mn>*) and the sample from the 10 °C
sorption experiments were practically the same in this region,
and in our opinion, this similarity confirms that 10 °C is the
most comfortable temperature for these microbes. The latest
finding is not novel and is in the agreement with the well-known
thriving of these species at low temperatures.**

XANES

Fig. 3 shows the XANES (Mn K-edge) of S. putrefaciens exposed to
200 mg L™ of Mn>" at 5, 10, 22 °C over 30 days, at 30 °C - over
10 days, and 5 references: Mn3(PO,),, MnCO3;, MnO, MnOOH
and MnO,. XANES examination showed that the manganese
was divalent in all samples. (No EXAFS spectrum was collected
at 30 days for the 30 °C sample. The sample was lost.) The
inflection point of the absorption edge in the three S. putrefa-
ciens samples is at approximately 6542 eV and is evidence of
Mn(u) species.®* For comparison, the (experimental) XANES
spectra of trivalent and tetravalent Mn in the reference
substances MnOOH and MnO,, respectively, are shown in
Fig. 3. The inflection point of the absorption edge in these
reference samples are at approximately 6545 and 6547 eV,
respectively. The shape of the XANES spectra indicates that the
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Mn-containing bioprecipitates formed at the interface of the
S. putrefactions cells are not hydrous oxides. It is obvious that
manganese phosphate and manganese carbonates are the two
major precipitates. Mnz(PO,), might be the only precipitate in
the 5 °C sample whereas MnCO; is the dominant precipitate in
the 10, 22 and 30 °C samples. The AE values for the all experi-
mental samples shown in Fig. 3 were calculated to be 8.1 eV,
Fig. 3. For the references, this value was found to be 8.3, 8.8,
10.1, 8.6, and 17.7 eV respectively for Mn3(PO,),, MnCO3, MnO,
MnOOH and MnO,. AE value for the two 30 °C samples at 6 and
10 days were calculated to be 8.3 eV.

EXAFS of the samples at 30 days: 5, 10 and 22 °C

The results from examination of the Mn K-edge EXAFS spectra
for the three 30 day samples (5, 10 and 22 °C) are shown
in Fig. 4A-C as the XANES linear combination fit. ESI shows the
K*-and k*>-weighted EXAFS spectra and their Fourier transforms,
Fig. 25-4S.1

EXAFS of the 5 °C sample (Fig. 2St) did not show the pres-
ence of MnCO;. Linear combination fitting by the Athena
program (Fig. 4A) showed that the only precipitate formed at
this temperature was Mn3(PO,),. Using any other reference
from the list in the experimental section (hydrous oxides and
manganese sulphate and chloride) did not change the result of
this LCF modelling. Perfect fitting results were achieved for the
10 °C sample, Fig. 4B. These results confirmed the formation of

both precipitates, Mn3(PO,), and MnCO;z; and the
LT
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Fig. 3 XANES of Mn-containing samples of S. putrefaciens exposed to
200 mg L™t of Mn?* at 5, 10, and 22 °C over 30 days, and at 30 °C over
10 days and of the references: Mn3(POy,),, MNCO3, MNO, MNOOH and
MnOZ.
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Fig. 4 The XANES linear combination fits of the S. putrefaciens sample

s exposed to Mn?* for 30 days (contact time) at 5 (A), 10 (B) and 22 (C) °C

and of the two references (MNCOs and Mns(PO.,)). Experimental conditions: microbial density = 2 gaw L%, MNinitiat = 200 mg L™, and volume of

viable bacterial suspension = 1000 mL.

predominance of MnCOj; (77.3%). The prevalence of MnCO; in
the composition of the precipitates is also obvious from the
plots of the k*>-weighted EXAFS and the radial structure around
the Mn atom (Fig. 3St) of the 10 °C sample with the two refer-
ences: Mn;(PO,), and MnCO;. Using EXAFS spectra only, it
would be difficult to conclude the presence of manganese
phosphate in the 22 4+ 2 °C sample as shown by both the
k-weighted EXAFS (Fig. 4St) and the radial structure around the
Mn atom (Fig. 4S7).

This experimental result is an example of the necessity of
applying several spectroscopic techniques to complex environ-
mental samples comprising few various phases. The FTIR
spectra reflect the bands of manganese phosphate so distinctly
(Fig. 2) that it is difficult to doubt the presence of manganese
phosphate in the precipitates, Fig. 2. In addition, the Athena
program (which is nicely prepared for complex environmental
samples with its linear combination fitting option) allowed
perfect LCF result to be achieved and concluded that manga-
nese phosphate composes approximately 12.1% of the
Mn-containing precipitates formed at ambient temperature in
addition to the primary component (87.9%), manganese
carbonate (Fig. 4C).

EXAFS of the samples with shorter contact times: time
dependence of the formation of the major precipitates

The EXAFS spectra of the few samples collected at less than
30 days were also recorded to observe the temporary changes in
the chemical composition of the precipitates formed at 22 and
30 °C. Their linear combination fits are shown in Fig. 5 and 6.
Corresponding k*-and k*-weighted Mn K-edge EXAFS spectra
and their FTs are shown Fig. 5S-7S.f MnCO; was found to
already be the major precipitate (>50%) at 9 days for an initial
Mn>" concentration of 200 mg L™ " and at ambient temperature
(Fig. 5). The predominance of MnCOs is also obvious from the
comparison of the spectra of S. putrefaciens in contact with
Mn(u) to those of the references (Fig. 5S and 7Sf). The
percentages of MnCO; and Mnj;(PO,), precipitated by S. putre-
faciens on the 9™ day as computed by the Athena linear
combination fitting model were 64.1 and 33.9%, respectively,
Fig. 5. The fitting result was perfect.
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Fig. 6 shows the linear combination fitting results for the
S. putrefaciens samples exposed to Mn>" for 6 (A) and 10 (B) days
at 30 °C. We can conclude from Fig. 6S and 7St that Mn;(PO,),
was the major, or possibly the only, precipitate formed by S.
putrefaciens for exactly 6 days, even at 30 °C. The Athena LCF
stated that the percentage of Mn;(PO,), was still 96.6% (Fig. 6A).
The relative content of MnCO; found by the program's fitting
option was 3.4%; however, without any additional spectroscopic
data for this sample (such as FTIR) we prefer to limit our
conclusions to the statement that the bioprecipitation of
MnCO; begins in 6 days (to avoid giving the exact percentage of
this precipitate in the composition). Continuation of the
experiment for 4 more days resulted in a completely different
ratio of the two major precipitates in the 10 day sample. The
percentages of the main two precipitates in the S. putrefaciens
sample exposed to Mn(u) over 10 days at 30 °C were computed
(Athena LCF) to be 29.1% for Mn3(PO,), and 70.9% for MnCOs3,
Fig. 6B. Interestingly, these data correlate well with the data for
the kinetics of the long-term sorption of Mn(u) (Fig. 1E), which
show a plateau in Mn** sorption from 2 to 6 days followed by a
sharp decrease in the Mn(u) concentration in the solution on

1.6 “Fit shows ——Sample, 22°C, 9 days
33.9% Mn5(PO,), and Fit
1.4 164.1% MnCO, Residual
=== Mn,(PO,),
* MnCO,

o
N

-

o
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Normalised absorption
o o
IS ©

6545 6555 6565 6575
Energy (eV)

Fig.5 The XANES linear combination fit of the S. putrefaciens samples
exposed to Mn?* for 9 days at 22 + 2 °C and of the two references
(MNCO3 and Mn3(PQO,),). Experimental conditions: volume of viable
bacteria = 1000 mL; bacteria density = 2 gqw L% and initial Mn?*
concentration = 200 mg L%
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Fig. 6 The XANES linear combination fits of the S. putrefaciens samples exposed to Mn2* for 6 (A) and 10 (B) days of contact time at 30 °C and of
the two references (MNCO3z and Mn3z(PO4),). Experimental conditions: volume of viable bacteria = 1000 mL; bacteria density = 2 ggw L% and

Mn?* initial concentration = 200 mg L™,

the 7™ day. It is easy to conclude that this sharp change in the
kinetics curve was caused by the formation of the second
precipitate, MnCOj;.

The rate of generation of MnCO; was much faster at the
highest temperature (30 °C) than at the other temperatures
investigated and followed a regular trend: the higher the
temperature, the faster the rate of MnCO; formation, Fig. 1E.

Fig. 7 summarises the data for the ratio of the major
Mn-containing precipitates formed at the interface with viable
S. putrefaciens over 30 days at various temperatures (A) and the
(available) data for the percentages of the precipitates at higher
(22 £ 2 and 30 °C) temperatures and at various contact times.
The data at (22 + 2 and 30 °C) temperatures are plotted together
because of the similarities of the interfacial processes at these
temperatures reflected by pH drifts (Fig. 1B, D and F).

% MnCO, (B)

B Mny(POy),
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6days, 30°C 9 days, 22°C 10 days, 30°C 30 days, 22°C r

Fig. 7 Ratio of the main Mn-containing precipitates from IFFEFIT
linear combination fitting for the samples at 30 days (A) and temporal
dependence of the percentages of the major Mn-containing precipi-
tates from the IFFEFIT linear combination fitting at 22 4+ 2 and 30 °C (B).
Experimental conditions: Mn(iNinitiat = 200 mg L%, microbial density =
2 gaw L% and batch volume = 1000 mL.

This journal is © The Royal Society of Chemistry 2015

The proportion of manganese carbonate in the composition
increased as the temperature increased: from zero at 5 °C to
87.9% at 22 + 2 °C. At the lowest temperature (5 °C) Mnz(PO,),
was the only precipitate formed by the microbial species inves-
tigated. We can conclude (from Fig. 6A) that there is not clear
evidence of the presence of MnCO; in the composition of the
bioprecipitates (0-3%) on the 6™ day; however, on the 9"-10™
days the percentage of MnCO; was already 64-70% and showed
no distinct temperature dependence over this temperature range
(22-30 °C), Fig. 5 and 6B. After 30 days, the percentage of MnCOj3
already reached approximately 88%, Fig. 4C.

Discussion

Different mechanism initiating Mn>* sorption by viable S.
putrefaciens at 5-10 °C and 22-30 °C

The long-term sorption (over 30 days) of Mn>* by the viable
gram-negative (Mn(iv), Fe(m) reducing) bacterium S. putrefa-
ciens is a complex process that includes a few major stepwise
reactions. The interfacial processes begins with ion exchange
of H" at 22 and 30 °C, which is reflected in the pH decrease
(Fig. 1B, D and E); however, a pH decrease was not observed at
5 and 10 °C. Possibly, ion exchange occurs with Na'/K" because
of a pH increase at 5 and 10 °C; however, ion exchange is not
the dominant process. The difference in adsorption mecha-
nisms at various temperatures (higher, 22 and 30 °C, and
lower, 5 and 10 °C) reflected in the pH change demonstrates
the strong influence of microbial viability on the interfacial
processes. We think that this factor is a function of two vari-
ables: concrete microbial species and the affinity of these
species to definite aqueous metal cations. The results of
similar experiments might not be the same for every microbial
species and every metal cation.

We suppose that surface complexation to the functional
groups at the bacteria's surface (with no involvement/release
of H") is the main process occurring in the first few days at
the lower temperatures (5, 10 °C). Moreover, the FTIR spec-
trum of the 5 °C sample shows shifts in the bands assigned
to the carboxylic groups (evidence of complexation to
these groups) that were not observed at ambient tempera-
tures, Fig. 2B.
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Beginning of Mn(u)-bioprecipitation: rate of Mn(u)-phosphate
formation as a function of temperature

The bioprecipitation of Mn(u)-containing inorganic phases at
the bacterial surface is the continuation of the interfacial
reactions that begin 3-4 days after the Mn>* comes into contact
with the suspension of S. putrefaciens. The process of bio-
precipitation always begins with the formation of Mn(u) phos-
phate at any of the investigated conditions* and larger batches,
various concentrations of Mn>" and various temperatures (5, 10,
22 and 30 °C). This substance remains the major component of
the precipitate for more than 1 week at any of the mentioned
conditions. The formation of Mn3(PO,), can be explained by the
release of intracellular inorganic phosphorus and/or protein-
like substances (containing phosphate groups) into solutions of
the still viable bacteria. Schematic interaction of Mn®" and
PO, mediated by viable S. putrefaciens can be shown:

viable cells

Mn>* + PO,*~ Mn;(PO,), |

The ability of many microbial species to accumulate inor-
ganic phosphorus intracellularly and to release it under suitable
circumstances is a well-known phenomenon.**?*” Van Veen®
demonstrated that phosphate uptake through the phosphate
inorganic transport system (Pit) is dependent on the presence of
divalent cations (such as Mg?**, Ca**, Co**, Mn**), which form a
soluble, neutral metal phosphate (MeHPO,); however; the trend
for Mn(u)-dependence was not reported. Many Luria-Bertani
precursors are prepared with a phosphate buffer. Viable cells of
S. putrefaciens seemed to accumulate phosphate intracellularly
while they grew in the Luria-Bertani solution for two days. They
started to release the phosphate within a few days for their
physiological needs. The released phosphorus (at lower
concentrations) was employed by the same species for the
surface precipitation of Mn(i1) phosphate. Phosphorus concen-
tration measured in parallel experiments was never higher
than 200 mg L' as shown in the previous work.?* It ranged
20-120 mg L. Within approximately one week, the viability of
the living bacteria was depressed (as was demonstrated by few
microbiological plate experiments), and the release of phos-
phate-containing protein-like substances was also decreased. It
is possible that the release of the intracellular inorganic phos-
phorus stopped because of the partial inactivation of viable
cells. The absence of inorganic phosphorus release made the
formation of Mn(u) phosphate impossible, as was reflected in
the absence of Mn (1) removal for a few days, within 2-5 days for
the most investigated temperatures (Fig. 1E). However, the
partial inactivation of S. putrefaciens cells created different
physicochemical conditions in the experimental suspensions
that allowed MnCOj; to be formed.

Later stage precipitation: MnCO; (=1 month contact time) only
in larger batches and only at higher temperatures (=10 °C)

MnCO; formed in the larger (1000 mL) batches only (in which
S. putrefaciens was viable for a much longer time than in the
smaller (125 mL) batches, as shown in Chubar et al. 2013) but
only at temperatures = 10 °C. The formation of MnCO; did not

788 | Environ. Sci.: Processes Impacts, 2015, 17, 780-790
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start at the same time as the formation of Mn3(PO,), but
became the dominant process at a later stage. In the first
<6 days, Mn3(PO,), was still approximately 100%, even for the
30 °C experiment (Fig. 6A), in which the formation of MnCO;
was the most intense, as was reflected in the fast, sharp
decrease of the Mn(u) concentration in the solution (Fig. 1E),
and the highest bands of FTIR spectra at 725 and 861 cm ™"
assigned to MnCOj;. During the first <6 days, when the forma-
tion of Mn;(PO,), was the main process (and MnCO; was
absent), S. putrefaciens was at least 60% viable and capable of
reproducing. The MnCO; process became dominant when (1)
most of the bacterial cells no longer appeared viable. The
process can be promoted by increasing the pH value (Fig. 1F)
and occurs if the concentrations of both Mn** and carbonate
(accumulated through CO, uptake) become sufficiently high.

Rise in pH resulted in increase of bicarbonate and carbonate
anions (through CO, accumulation from air). These anions
became available for the interaction with Mn”>* and both ions
used by bacterial cells to precipitate MnCOj; in accordance with
the schematic reactions:

COs(aq) + H,O < H,CO;5 (at low pH values, ~4)

COz(aq') + OH™ < HCO37
(formation of HCO3™ dominates at pH > 6)

HCO;~ + OH™ < CO5>~ + H,0 (dominates at > pH 9)

viable cells

Mn*" + CO,>~ MnCO; |

(precipitated by S. putrefacines)

Until phosphate became available in the solution, the
formation of Mn(u) phosphate was the main precipitation
process because of the solubility constant of Mn(u) phosphate
(log K; = —27.07)* compared to MnCO; (log K = —10.58).*
Concentrations of phosphorous in natural waters, pore solu-
tions of soils and bottom sediments is <1 mg L™".*° Concen-
tration of Mn(u) in natural waters is <0.05 mg L~ ".** Such
concentrations of both Mn(u) and phosphate exclude a possi-
bility of Mn phosphate precipitation based on the mineral
solubility (without direct or indirect involvement of viable or
non-reproducible microbes). As well as manganese phosphate,
MnCO; could not be formed under the given experimental
conditions without microbial activity. In order to synthesise
CaCO; researchers were continuously bubbling CO, into
0.1 mol L™ CaCl, at pH 9.85.*> We did not bubble CO, into our
experimental batches and the flasks were closed (covered by the
caps) for >90% of the experiment. pH was not higher than 8.3.

The role of the microbial metabolic activity on the ratio of the
main Mn(u)-precipitates at various temperatures (5, 10, 22 and
30 °C) and on the formation of EPS

The processes at the interface of . putrefaciens-Mn** aqueous at
5 °C were different than those at 10, 22 and 30 °C, and these
differences were reflected in the kinetics of the Mn(u) sorption

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c4em00634h

Published on 13 February 2015. Downloaded by Universiteit Utrecht on 16/04/2015 12:43:13.

Paper

(Fig. 1A, C and E) and were demonstrated by the FTIR and EXAFS
investigations. MnCOj; did not form after 30 days at 5 °C (Fig. 2
and 4A). Mn;(PO,), was the only precipitate detected by EXAFS
(Fig. 4A). We observed that at 5 °C, S. putrefaciens cells were
viable for a longer time than at the higher temperatures. We do
not present quantitative results for the cells' viability. Several
tests were performed. They indicated that at all the investigated
temperatures, the microbes were at least 60% viable for the first
5 days. It was also obvious (visually) that the microbes became
inactivate faster at higher temperatures when their natural pink
colour became grey. At 5 °C, the pink colour did not change to
grey for almost 2 weeks. In contrast, at 30 °C, the colour became
greyish after 6 days. This result means that the stronger meta-
bolic activity of the living cells was an important factor that
influenced the processes at the interface. We suppose that if the
experiments were continued for longer times, a sharp decrease
could be observed for the Mn** in the solution and the MnCO;
could be detected later (because of the sharp decrease of the
Mn(u) concentration), but this hypothesis must be tested.

We must remark here that the formation of ESP was so
intense at 5 °C that it was not possible to detect the Mn(u)
phosphates by FTIR alone because of the overlapping bands of
from the polymeric sugars (which are wider than the bands for
phosphate). We can conclude, however, that the freshly formed
ESP did not visibly contribute to the continuation of Mn**
removal from the solution, and this result differs from the
literature data on the strong removal capacity of EPS.**™*
However this result is similar to those obtained by the other
colleagues who reported that the EPS-bearing systems of Pseu-
domodas putida did not enhance the removal of Cd relative to
EPS-free system.*® It is possible that if we separated the EPS, it
could sorb metal ions; however, in the presence of S. putrefa-
ciens cells at the higher density of 2 g4, L', the processes of
Mn(u) phosphate and Mn(u) carbonate bioprecipitation were
dominating at the conditions described in this work.

Conclusions

The data shown in this work demonstrate that viable S. putre-
faciens (and most likely some other microorganisms) has a great
potential to stabilise (or reduce the mobility in the environment
of) Mn** (and most likely some other metal ions) through
processes occurring at the interfaces of the cells for at least
30 days. After initial contact with Mn*", the interfacial processes
resulted from the bacteria surface chemistry and the role of ion
exchange (of H') or complexation (with no involvement/release
of H') depended on the temperature. Several days after the
viable cells of S. putrefaciens came into contact with the Mn*",
they precipitated a Mn-containing inorganic phase. The chem-
ical composition of the new inorganic phase was greatly
dependent on the metabolic activity of the viable microbes,
which was, first of all, a function of the temperature, the total
amount of cells and the metal loading. Temporary changes in
the composition of the new inorganic phase may also depend
on the solubility constants of the inorganic precipitates and the
availability of the corresponding anions in the solution.

This journal is © The Royal Society of Chemistry 2015
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Ton exchange of H' was the main process that initiated the
processes at the interface of S. putrefaciens-Mn>" at 22 and 30 °C;
however, at 5 and 10 °C, (probably) because of much stronger
hydrogen bonding, metal complexation with the microbial
surface functional groups (at least, carboxylic groups) was the
initial step. In the 1000 mL batches with a bacteria density of
2 gqw L', the two major Mn-containing inorganic phases
(Mnj3(PO,), and MnCO3;) formed at 10, 22 and 30 °C, but only
one main phase (Mn3(PO,),) was detected at 5 °C over 30 days.
The formation of MnCO; started later (after 6 days) when the
viable cells no longer provided intracellular inorganic phos-
phorus and when the pH of the solution became higher.

In the presence of S. putrefaciens cells, Extracellular Poly-
meric Substances (EPS) did not contribute to the Mn>" removal;
however, they might sorb manganese(n) ions when prelimi-
narily separated from the bacterial biomass.
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