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a b s t r a c t

Mining and metallurgical processing of gold and base metal ores can lead to the release of arsenic into
the aqueous environment as a result of the weathering and leaching of As-bearing minerals during
processing and following disposal. Arsenic in process solutions and mine drainage can be effectively
stabilized through the precipitation of ferrihydrite. However, under anaerobic conditions imposed by
burial and waste cover systems, ferrihydrite is susceptible to microbial reduction. This research, stim-
ulated by the paucity of information and limited understanding of the microbial reduction of arsenical
ferrihydrite, was conducted on synthetic adsorbed and co-precipitated arsenical 6-line ferrihydrite (Fe/As
molar ratio of 10/1) using Shewanella sp. ANA-3 and Shewanella putrefaciens CN32 in a chemically defined
medium containing 0.045 mM phosphate concentration. Both bacteria were equally effective in their
reducing abilities around pH 7, resulting in initial rates of formation of dissolved As(III) of 0.10 mM/h for
the adsorbed, and 0.08 mM/h for the co-precipitated arsenical 6-line ferrihydrite samples. The solid
phases in the post-reduction samples were characterized by powder X-ray diffraction (XRD), micro-XRD,
scanning electron microscopy (SEM), transmission electron microscopy (TEM), electron microprobe and
X-ray absorption spectroscopy (XAS) techniques. The results indicate the formation of secondary phases
such as a biogenic Fe(II)eAs(III) compound, akaganeite, goethite, hematite and possibly magnetite during
bacterial reduction experiments. Holes and bacterial imprints measuring about 1e2 mm were observed
on the surfaces of the secondary phases formed after 1200 h of reduction. This study demonstrates the
influence of Fe and As reducing bacteria on the release of significant concentrations of more mobile and
toxic As(III) species from arsenical 6-line ferrihydrite, more readily from the adsorbed than from the co-
precipitated ferrihydrite.

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

Arsenic can be released to the environment from theweathering
of common arsenic bearing minerals such as arsenopyrite (FeAsS)
and As-bearing pyrite (FeS2). Mining and metallurgical processing
of gold and base metal ores results in solid wastes, effluents and air
emissions containing high concentrations of arsenic which form an
important source of anthropogenic arsenic in the environment
(Paktunc, 2009). Pyrite is one of the principal Au-bearing minerals
in refractory gold ores, which is also enriched in arsenic as exem-
plified by a study reported by Paktunc (2008a) on the speciation of
As in pyrite by X-ray absorption spectroscopy (XAS). Wastes
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produced as a result of pressure oxidation, roasting and smelting of
gold and base metal ores form a significant source of arsenic
(Paktunc, 2008a, 2008b). In the Canadian metallurgical industry,
coprecipitation with ferric iron is the preferred method for the
removal of arsenic from process solutions (Riveros et al., 2001).
Coprecipitation with ferric iron has been designated by the USEPA
as the best-demonstrated available technology for the removal of
arsenic from hydrometallurgical solutions, acid mine drainage and
wastewaters (Twidwell and McCloskey, 2011). This process is
practical and cost effective because ferric iron is readily available in
metallurgical processing solutions; however, the effectiveness of
this process relies heavily on the Fe/As ratio of the final precipitates
and the formation of ferrihydrite instead of ferric arsenate (Paktunc
et al., 2008). Indications are such that arsenic can be effectively
stabilized through controlled ferrihydrite precipitation maximizing
the uptake of arsenic and optimizing the kinetics of FeO6 poly-
merization without the presence of ferric arsenate (Paktunc, 2015).

Under anaerobic conditions, dissimilatory iron reducing bacteria
(DIRB) and dissimilatory arsenic reducing bacteria (DARB) use iron
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and arsenic as terminal electron acceptors as part of their metabolic
processes (Lovley, 1997). Many studies have shown that the
reduction of both Fe(III) and As(V) in scorodite (FeAsO4$2H2O) and
arsenical iron-oxyhydroxide minerals is microbially mediated
(Cummings et al., 1999; Hansel et al., 2003; Papassiopi et al., 2003;
Slowey et al., 2011; Revesz et al., 2015). Bacterial reduction of
arsenic containing minerals results in the formation of more toxic
andmobile As(III). A number of studies on the bacterial reduction of
arsenical ferrihydrites have shown that dissolved As(III) is pro-
duced and that a wide range of secondary minerals can form.
For instance, the reduction of intragrain 6-line ferrihydrite
using Shewanella oneidensis MR-1 can produce vivianite
(Fe2þ3(PO4)2$8(H2O)) (Peretyazhko et al., 2010), while the reduc-
tion of arsenical 2-line ferrihydrite with Shewanella putrefaciens
CN32 (CN) generates magnetite, goethite and minor amounts of
green rust (Hansel et al., 2003). The reduction of arsenical 2-line
ferrihydrite in the presence of Shewanella sp. ANA-3 (ANA) also
showed that dissolved As(III) was produced and that magnetite and
vivianite formed as secondary minerals (Slowey et al., 2011). A
study by Burnol et al. (2008), on the microbial reduction of arsen-
ical 2-line ferrihydrite using Clostridium strain FRB1 revealed the
presence of vivianite and bobierrite (Mg3(PO4)2$8H2O) in the solid
phases. These microbial reduction studies of ferrihydrites that
found vivianite as a secondary mineral phase were done using
phosphate concentrations ranging from 1 to 2.5 mM which are
significantly higher than the concentrations normally encountered
in the environment. To date, no microbial reduction studies have
been performed on co-precipitated or adsorbed arsenical ferrihy-
drites at low phosphate concentrations. The presence of high
phosphate concentrations could lead to preferential phosphate
adsorption on the ferrihydrite surfaces, blocking active sites which
in turn affects the rates of reduction, as found by Amstaetter et al.
(2012). This would make the results obtained at high phosphate
concentrations less applicable to mining environments. Saltikov
et al. (2005) found that phosphate and arsenate have an effect on
the transcription of the arr/ars genes in Shewanella because phos-
phate is a structural analog of arsenate, and both can compete for
uptake through the phosphate transporters, and both adsorb
similarly to Fe(III) oxyhydroxides.

Accordingly, this study was carried out to investigate the in-
fluence of bacteria on the reductive dissolution of 6-line ferrihy-
drite with adsorbed and co-precipitated arsenic, using Shewanella
sp. ANA-3 and Shewanella putrefaciens CN32 in a chemically defined
growth medium containing 0.045 mM phosphate, typical of mine
environments. The concentrations of the dissolved aqueous species
were measured, and the post-reduction solid products were char-
acterized by X-ray diffraction, electron microscopy, electron
microprobe and X-ray absorption spectroscopy techniques.

2. Materials and methods

2.1. Synthesis of adsorbed and co-precipitated arsenical 6-line
ferrihydrite

The 6-line ferrihydrite (6LFH) was synthesized using the
method of Schwertmann and Cornell (2000). The adsorbed arsen-
ical 6LFH was prepared by re-suspending the 6LFH in about 2 L of a
solution containing 0.16% m/v sodium arsenate, Na2HAsO4$7H2O.
The resulting suspension was left to settle for about a day, and the
clear supernatant liquid was removed by decantation and centri-
fugation. The resulting precipitate was air dried, pulverized using a
mortar and pestle, and analyzed by XRD to verify its mineralogical
composition. The co-precipitated arsenical 6LFH was prepared by
adding 40.5 g Fe(NO3)3$9H2O to a 75 �C vigorously stirred solution
of 2 L of 0.16% m/v Na2HAsO4$7H2O at pH adjusted to 3. After
stirring for 25 min at 75 �C, the solutionwas rapidly cooled to room
temperature by plunging the solution container into iced water.
Nitrate ions were removed from the solution by dialysis (Fish-
erbrand; Type: T2 Membranes: 6000 to 8000 Da MWCO;
Dia. � Length: 20.4 mm � 30 m). The nitrate free suspension was
evaporated to dryness, and the dark reddish-brown solid was
pulverized. A sample of the product was subjected to XRD analysis
to verify its mineralogical composition.

The concentrations of Fe and As in the samples were determined
by ICP-OES. The results were in good agreement with those
determined by visible spectrophotometry (i.e. ferrozine method for
iron and molybdenum blue method for arsenic, as described by
Revesz et al., 2015).

2.2. Growth of the bacterial strains

The chemically defined growth medium (CDM) contained
20 mM sodium lactate, 4.5 mM 1,4-piperazine-diethanesulfonic
acid (PIPES) buffer, 0.01 mM nitriloacetic acid, and trace element
salts, including 0.1 mMMgSO4$7H2O, 2.6 mMMnSO4$H2O, 0.15 mM
NaCl, 3.2 mM FeSO4$7H2O, 3.8 mM CoCl2$6H2O, 6.1 mM CaCl2$2H2O,
0.93 mM NaMoO4$2H2O, 0.36 mM CuSO4$5H2O, 0.19 mM AlK(-
SO4)2$12H2O, 1.5 mM H3BO3, 0.68 mM Na2WO4$2H2O, 0.91 mM
NiCl2$6H2O (Langley et al., 2009). The phosphate (Na2HPO4) con-
centration in the chemically defined growth medium (i.e., 45 mM)
was much lower than the recommended 3.9 mM (Glasauer et al.,
2003).

For the microbial reduction experiments, a single colony of ANA
or CN was transferred aseptically from the tryptic soy agar (TSA)
plates to 50 mL of autoclaved tryptic soy broth (TSB) at 23 �C and
grown aerobically for 24 h on a rotary shaker set at 160 rpm. From
each culture, 0.5 mL was transferred into 50 mL of 50:50 TSB:CDM
mixtures containing 100 mM phosphate. After one day, the sub-
culturing was repeated with 5:95 TSB:CDM mixtures with
100 mM phosphate. The final step included the use of 100% CDM
with 500 mM phosphate concentration for 36 h at 23 �C. This bac-
terial suspensionwas centrifuged to obtain a solid pellet which was
then re-suspended in CDM with no phosphate and transferred to
the microcosm bottles. The final cultures contained 0.5 mg/mL of
total protein, based on the protocol used by Glasauer et al. (2003),
which corresponded to 108 cells/mL and were adjusted to 45 mM
phosphate concentrations.

2.3. Microcosms setup and sampling

Themicrocosm setup was composed of 400mL of sterile CDM in
a 500 mL acid-washed, sterilized Kimax bottles. Adsorbed (called
ADS) and co-precipitated (called COP) arsenical 6LFH (0.85 g) were
added to the bottles, and the pH was adjusted to 7. The microcosm
bottles were wrapped with aluminum foil to prevent possible
photochemical reactions. The bottles were inoculated with aliquots
of the bacterial culture at time zero, inside the anaerobic chamber,
using volumes of inoculum based on the protein assay absorbance
measurements. Abiotic controls for the ADS and COP samples were
identical to the biotic ones, but did not contain bacteria. The ex-
periments were conducted in duplicate at room temperature inside
the anaerobic chamber (atmosphere of 5% H2:95% N2). Sampling of
each system was performed immediately after they were inocu-
lated at time 0, and subsequently at 93, 190, 383, 600, 838 and
1200 h or 50 days. The choice of sampling times was based on a
preliminary ADS and COP experiments that were run for 650 h. The
biotic systems were re-inoculated with bacteria at about 620 h to
ensure the continuation of biotic reduction, because preliminary
results showed that bacteria were dying off after 650 h. For each
sub-sampling, the bottles were first shaken vigorously, and 50 mL
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aliquots were immediately withdrawn while the solid phase ma-
terial remained suspended. The aliquots were placed into sterile
50 mL centrifuge tubes. A sample of about 7 mL was filtered
through a 0.22 mm cellulose acetate syringe filter into a 10 mL
centrifuge tube for the determination of dissolved Fe. The cellulose
acetate filters were recommended by Heimann and Jakobsen
(2007) for low concentrations of arsenic, because they found that
filtering arsenic or phosphate-containing solutions (1.5e47.6 mM)
with nylon syringe filters significantly reduced the absorbance
readings with the molybdenum blue method. Aliquots of about
3 mL were used for the determination of total Fe, culturing of
bacteria and the measurement of Eh and pH. The solid in the
remaining 40 mL was isolated by centrifugation and decantation of
the supernatant and washed 5 times before being dried in the
anaerobic chamber and analyzed.

2.4. Chemical analyses of the aqueous phase

Redox potential measurements, using a portable Eh meter and
probe (Corning redox Platinum and Ag/AgCl combination electrode,
Corning Inc.), were performed inside the anaerobic chamber on a
2 mL sub-sample from each microcosm bottle. The same sub-
sample was then removed from the anaerobic chamber for the
measurement of pH using a standard laboratory pH meter and
probe (VWR).

Dissolved Fe(II), Fe(III), As(III) and As(V) concentrations were
determined immediately following each sampling using the fer-
rozine method for iron and the molybdenum blue method for
arsenic as described by Revesz et al. (2015).

The initial rates of reduction, in mM/h, were calculated using the
slopes of the linear sections of the graphs of the dissolved Fe(II) and
As(III) concentrations versus time.

2.5. X-ray diffraction

X-ray diffraction (XRD) analyses of the pre- and post-reduction
samples were performed at the Canada Centre for Mineral and
Energy Technology (CANMET) with a Rigaku rotating anode X-ray
powder diffractometer using a Cu Ka radiation at 55 kV, 180 mA, a
step-scan of 0.02� and a scan rate of 1 and 2�/min in 2q from 5� to
70�. Sample preparation for the pre-reduction samples was done by
grinding the solids with a mortar and pestle, and passing the
powder through a 0.45 mm sieve onto a zero background plate.
Post-reduction solid samples were prepared in the anaerobic
chamber by placing a fewmg of sample finely ground with an agate
mortar and pestle, in a 0.5 or 0.7 mm diameter quartz capillary
tube, and sealing the tube with carnauba wax. The capillary tubes
were mounted on a zero background plate for analysis.

Micro-XRD analyses were carried out at CANMET with a Rigaku
MicroMax-007HF diffractometer, using Cr Ka radiation at 35 kV,
25 mA with a resolution of 100 � 100 pixels. In the goniometer
setup, the position of the omega axis was 8�e20� with speed 2�/sec,
the phi axis was from 20� to 80� with a speed of 2�/sec. Collimators
used were 50 and 100 mm with exposure times from 5 to 15 min.
JADE9 MDI software was used for the powder diffraction and
micro-XRD data analysis.

2.6. Scanning electron microscopy and electron microprobe
analysis

Scanning electron microscopy (SEM) analysis included placing
the dried, biotic solid sample, without altering it, directly on a
sticky carbon tape and imaging with a JEOL JSM-6510LV SEM in low
vacuum mode. Energy dispersive X-ray spectrometry (EDS), X-Max
Large Area Silicon Drift Detector (SDD) size 20mm2with an applied
voltage 20 kV, was used for elemental analysis. The EDS spectra
were collected with the INCA Energy 350 spectrum analyzer
software.

The solid particles were prepared for electron microprobe
analysis (EPMA) by embedding them in epoxy, mounting them on a
glass slide then polishing and carbon coating before analysis. The
analysis was done with a JEOL 8230 SuperProbe electron micro-
probe fitted with five wavelength dispersive spectrometers and
with a high count-rate silicon drift detector EDS spectrometer. The
standards used were marcasite for S (Ka), hematite for Fe (Ka),
tugtupite for Cl (Ka) and GaAs for As (La).

2.7. X-ray absorption spectroscopy

X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) spectroscopy measurements
were carried out at the bending magnet beamline, 20-BM, of the
PNC-CAT facility at the Advanced Photon Source, Argonne National
Laboratory. This setup included a Si(111) monochromator, cryo-
genic apparatus, ionization chambers and a Canberra 13 element
Ge detector. Sample preparation, done in an anaerobic chamber,
involved mixing the pulverized sample with boron nitride to dilute
the arsenic concentration to about 1 wt%. The samples were
mounted in 15 � 4 mm Al sample holders, sealed with Kapton tape
on both sides, sent to the measurement site in a sealed anaerobic
container, and then stored in an anaerobic chamber. The samples
were positioned into the cryogenic apparatus at an angle of 45� to
the incident focused beam and to the Ge fluorescence detector. The
K-edge transmission and fluorescence spectra were collected
simultaneously at 91 ± 0.5 K using a beam size of 3500 � 800 mm.
Gold foil was used as a reference to monitor energy calibration.
Data analysis was done with IFFEFIT and ATHENA analysis software
(Ravel and Newville, 2005).

3. Results

3.1. Aqueous phase analysis

3.1.1. Redox conditions and cell counts
The pH of all biotic samples increased from 7.0 to 7.3 at 1200 h

for all systems. In the abiotic control samples the pH did not
change. The starting or initial redox values, Eh, were 275 ± 3mV for
all biotic and abiotic systems (Fig. 1A and B). During the first 93 h,
the Eh values of the biotic systems decreased to 10e60 mV. Over
the same time interval, Eh of the abiotic controls only decreased to
245 mV.

The initial cell counts in the biotic systems were on the order of
~3 � 108 CFU/mL for both strains, and decreased over the course of
the experiment reaching a final value of 1e2 � 104 CFU/mL for ANA
and CN by 1200 h (Fig. 1C and D). No viable bacterial cells were
detected in the abiotic controls over the entire duration of the
experiment.

3.1.2. Arsenic speciation during microbial reduction
In the abiotic control systems, the dissolved As(V) concentra-

tions remained around 6 mM for the ADS and ~2 mM for the COP
samples at the 93 h sampling. In both ADS and COP biotic samples,
the dissolved As(V) concentrations were below ~2 mM at the 93 h
sampling and increased slightly to ~5 mM at 1200 h (Fig. 2A). In the
abiotic control systems, As(III) concentrations were below the
detection limit over the duration of the experiment (Fig. 2A). In the
biotic ADS systems, the release of significant concentrations of
dissolved As(III) started after 93 h and increased to a plateau con-
centration of about 41 mM by 600 h (Fig. 2A). After ~620 h, some
fresh bacteria were added to keep the reduction going, which
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Fig. 1. Changes in redox conditions (A, B) and bacterial cell counts (C, D) for the adsorbed (ADS) and co-precipitated (COP) arsenical 6LFH, reduced with Shewanella sp. ANA-3 (ANA)
and Shewanella sp. CN32 (CN), and for the abiotic controls (CONT).

Fig. 2. Dissolved As(III) and As(V) (A) and Fe(II) and Fe(III) (B) in the co-precipitated (COP) and adsorbed (ADS) arsenical 6LFH samples, reduced with Shewanella sp. ANA-3 (ANA)
and Shewanella sp. CN32 (CN), and in abiotic controls (CONT). The red arrow marks the time of the second inoculation with fresh cells. F stands for Fe(III) in the labels.
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resulted in the release of additional dissolved As(III) up to about
60 mM by 1200 h. In the biotic COP systems, the release of dissolved
As(III) started at around 190 h, ~100 h later than in the ADS sam-
ples. The addition of fresh bacteria to the biotic systems containing
COP at ~620 h also resulted in further release of dissolved As(III) to a
concentration of 57 mM at 1200 h for CN and ANA (Fig. 2A).

3.1.3. Fe speciation during microbial reduction
In the abiotic controls, the concentration of dissolved Fe(III)

reached a plateau at the beginning of the experiment of ~120 mM
for the ADS and ~100 mM for the COP control systems, and then
remained unchanged throughout the experiment. In the biotic
samples, the concentrations of dissolved Fe(III) reached values of
~400 mM for the ADS and ~350 mM for the COP samples at 93 h, and
then decreased to ~150 mM in both systems. After the addition of
some fresh bacteria at ~620 h, the Fe(III) concentration increased
again to about 300 mM for the ADS and 260 mM for the COP samples
(Fig. 2B).
The release of dissolved Fe(II) in the biotic ADS samples started

immediately, reaching a plateau of ~3500 mM at ~ 700 h and then
decreasing steadily to ~ 3000 mM by the end of the experiment. In
the biotic COP samples, the release of dissolved Fe(II) did not start
until 93 h, reaching a plateau of ~4300 mM at ~ 700 h and staying
around that level until the end of the experiment.

3.1.4. The initial reduction rates of arsenic and iron
The rates of reduction are independent of the bacterial strain.

This conclusion is supported by the values of the initial rates which
were 0.100 mM/h for CN and 0.098 mM/h for ANA in the case As(III),
and 13.2 mM/h for CN and 12.5 mM/h for ANA for Fe(II) (Fig. 2 and
Table 1). Within one standard deviation for these values, there is no
difference between the rates for the two bacteria (Table 1).

The release of Fe(II) is faster than that of As(III) for the corre-
sponding samples which is shown by the rates of 0.100 mM/h for



Table 1
Calculated initial reduction rates of Fe and As from the adsorbed (ADS) and co-precipitated (COP) arsenical 6LFH, reduced with Shewanella sp. CN32 (CN) and Shewanella sp.
ANA-3 (ANA) at 0.045 mM phosphate concentration.

Species ADS CN (mM/h) ADS ANA (mM/h) COP CN (mM/h) COP ANA (mM/h)

As(III) 0.100 ± 0.003 0.098 ± 0.004 0.086 ± 0.006 0.082 ± 0.002
Fe(II) 7.50 ± 0.08 7.10 ± 0.02 7.80 ± 0.70 7.30 ± 0.80
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As(III), and 13.3 mM/h for Fe(II), using ADS and CN (Table 1), a dif-
ference in rate greater than 100 times. These differences in rates for
As(III) and Fe(II) were obtained for both the ADS and COP samples
and for both bacteria.

Statistical paired t-value analyses indicate that the rate of
reduction is higher for the ADS samples than for the COP samples
(Table S.5).
3.2. Solid phase analysis

3.2.1. X-ray diffraction
Powder XRD pattern of the post-reduction ADS and COP 6LFH

reducedwith Shewanella sp. ANA-3 are shown in Fig. 3A and B, with
times of bacterial reduction in hours listed on the right. In the case
of the ADS solids (Fig. 3A), the major component in the post-
reduction end products remained as 6LFH, but new secondary
compounds appeared as time progressed, and their relative pro-
portions increased with time. Analysis of the reduced ADS solids at
190 h showed no evidence of formation of new secondary phases.

Analysis of the ADS solids after 383 h of bacterial reduction
found a small peak at 2q of 11.9�, a doublet, suggesting the presence
of akaganeite, and another small peak centered at 21.2� suggesting
the presence of goethite. As time progressed, these peaks became
more prominent. After 1200 h, another akaganeite peak appeared
at 26.6�. Other peaks, suggesting the presence of goethite, were
observed at 17.8� and 36.7�. At 1200 h, peaks suggesting the pres-
ence of hematite appeared at 24.2� and 33.2�. In the case of the
reduced COP solids (Fig. 3B), 6LFH was the major component as for
the ADS solids and the new secondary phases appeared as the
bacterial reduction progressed. XRD pattern of the sample repre-
senting 190 h is identical to the original starting material. After
383 h, a weak akaganeite doublet appeared at ~11.5� and a weak
goethite peak centered at 21.2�.

The micro-XRD analyses of particles in the post-reduction ADS
solids (Fig. 4) corroborate the formation of akaganeite and goethite.
The peak at 90.4� (d spacing of 1.62 Å) could be an indication of the
presence of magnetite. Goethite and hematite were identified in
the post-reduction COP solids (Fig. 4).
Fig. 3. Powder XRD patterns of the ADS (A) and COP (B) biotic solids from 190 to 1200 h a
hydrohematite. The black arrowheads point to the original 6LFH peaks.
3.2.2. Scanning electron microscopy and electron microprobe
SEM imaging of the post reduction precipitates showed various

particle morphologies resembling (A) akaganeite (Fig. 5A), hydro-
hematite (Fig. 5B), goethite (Fig. 5C and Fig. S.1) and possibly
magnetite (Figs. 5D and 6E, F). The post reduction solids identified
during SEM imaging were further analyzed for elemental compo-
sition by energy dispersive spectrometry (EDS) which found only
iron peaks, Ka and Kb around 6.4 and 7.1 eV, but no arsenic peaks,
Ka and Kb around 10.5 and 11.7 eV were found (Fig. S.2).

Notable features observed during SEM imaging are imprints
(Fig. 6 and Fig.S.3) ranging from about 0.2 mm to about 1.5 mm in
diameter, etched on the surfaces of the post reduction solids. These
imprints (Fig. 6A and B) do not appear to be as deep after 600 h as
those found after 1200 h of biotic reduction (Fig. 6CeF and
Fig. S.3AeD).

Some of the imprints are circularly shaped, (Fig. 6D and
Fig. S.3AeD)while others are reminiscent of the size (i.e., 2e3 mm in
length and about 0.4e0.7 mm in diameter) of the rod shaped She-
wanella cells (Fig. 6). The abiotic controls of the COP and ADS solid
had no circular or bacterial shaped imprints on their surfaces, as
shown in Fig S.3EeF.

Electron microprobe (EPMA) analysis was used to identify the
particles with a hexagonal morphology (Fig. S.4) because green rust
has been observed in other bioreduction experiments (Zegeye et al.,
2010; Jorand et al., 2013), and both hematite and green rust have
hexagonal morphologies. The EPMA analysis concluded that the
hexagonal particles were hydrohematite.
3.2.3. X-ray absorption spectroscopy
Arsenic K-edge XANES was used to determine the appearance of

As(III) during the microbial reduction of ADS and COP arsenical
6LFH. As the bacterial reduction progressed, the As(III) peak at
~11,871 eV became more prominent whereas the As(V) peak, at
~11,875 eV gradually diminished (Fig. S.5). Linear combination
fitting of the normalized As K-edge XANES spectra representing the
ADS and COP samples (Fig. 7AeD) using over 20 inorganic and
organic arsenic reference compounds, suggested the presence of a
biogenic Fe(II)eAs(III) compound (Babechuk et al., 2009) beside the
long with control (CONT). Labels, “Ak” stands for akaganeite, “G” for goethite, “H” for



Fig. 4. Micro-XRD patterns of the post-reduction solid samples of ADS (A) and COP (B). For the ADS sample, the reflections belonged to akaganeite (Ak), goethite (G) and residual
ferrihydrite (Fh). The peak marked M? at 90.4� is possibly due to the presence of magnetite. For the COP sample, the reflections were representative of goethite (G) and hematite (H).

Fig. 5. SEM images of the secondary compounds (arrows) resembling (A) akaganeite, (B) hydrohematite, (C) goethite, (D) possibly magnetite in the biotic co-precipitated (COP) and
adsorbed (ADS) samples after 1200 h. Inset on (B) is at 600 h in the COPeCN sample.
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original adsorbed arsenical 6LFH (Tables S1eS4). The proportion of
the original COP arsenical 6LFH decreased whereas the biogenic
Fe(II)eAs(III) compound increased from 383 to 1200 h. The
biogenic Fe(II)eAs(III) reference material contains a small fraction
(10e20%) of ferrous arsenate (Babechuk et al., 2009).

The proportions of biogenic Fe(II)eAs(III) and the COP arsenical
6LFH were about equal (i.e. 50% each) at 383 h for both strains. The
final compositions of the post reduction solids were about 65%
biogenic Fe(II)eAs(III) and about 35% COP arsenical 6LFH for both
ANA and CN strains.

The linear combination fitting results of the k3-weighted As K-
edge EXAFS spectra for the post reduction COP samples are shown
in Fig. 7EeH and Table S4. The approximate compositions of the
reduced solids were 40% biogenic Fe(II)eAs(III) and 60% COP
arsenical 6LFH for CN and ANA at 383 h, and 65% biogenic Fe(II)e
As(III) and 35% for CN and ANA after 1200 h. The increase in the
biogenic Fe(II)eAs(III) component with time in the ANA and CN
biotic solids are shown on Fig. 8.

4. Discussion

4.1. Aqueous phase

4.1.1. Arsenic speciation during microbial reduction
No dissolved As(III) was detected in the abiotic controls, which

indicates that no reduction of arsenic occurred in the absence of
bacteria under the circumneutral pH and anaerobic conditions
during the 50-day experimental period. The concentration of



Fig. 6. SEM images showing bacterial imprints (pointing arrows) (A and B) after 600 h, (C, D, E and F) after 1200 h of biotic reduction.
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dissolved As(V) was 6.5 mM in the ADS control and about 2 mM in
the COP control, which may indicate that As(V) is more readily
released into solution from the ADS arsenical ferrihydrite than from
the COP samples. The difference in the ease of release of As(V) may
reflect a difference in the greater accessibility of solvent to the As(V)
sites in the ADS sample as opposed to adsorbed As(V) locked-in
through aggregated growth of ferrihydrite particles or incorpo-
rated in the tetrahedral sites of the octahedrally-coordinated Fe
structure of ferrihydrite (Paktunc et al., 2013).

The plateau concentrations of dissolved arsenic, mainly As(III) in
the biotic samples, was about 10 times higher than the total dis-
solved arsenic concentrations in the abiotic controls. These results
clearly indicate that the bacteria used in the biotic samples were
effective in the release of arsenic as reduced species from the two
types of arsenical ferrihydrites.

A period of time of 93 h, in the case of the biotic ADS samples,
and 193 h for the biotic COP samples, elapsed before significant
concentrations of dissolved As(III) were detected (Fig. 2). The
shorter time before the detection of As(III) in the ADS sample is
consistent with the ease of release of As(V) from ADS compared to
COP samples. The lag phase or the adaptation phase of the bacteria
which is the period of time before appreciable concentrations of the
dissolved As(III) are detected, suggests that the rate of formation of
As(III) may be dependent on the rate of release of As(V) from the
solids. The apparent dependency of the lag phase on the form of
arsenical ferrihydrite, adsorbed as opposed to co-precipitated is
supported by Zobrist et al. (2000) who reported that the rate of
biotic reduction of As(V) was influenced by the method in which
arsenate became associated with the mineral phases.

4.1.2. Iron speciation during microbial reduction
Concentrations of dissolved Fe(III) in the abiotic controls

remained relatively constant during the experiment, and no dis-
solved Fe(II) was detected, indicating that no iron reduction



Fig. 7. Arsenic K-edge XANES spectra (solid lines) and linear combination fitting (dotted lines) (AeD), and EXAFS spectra (solid lines) and linear combination fitting (dotted lines)
(EeH) of ADS and COP arsenical 6-line ferrihydrite reduced with CN and ANA.
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occurred in the absence of bacteria. Concentrations of dissolved
Fe(III) in the biotic samples reached a maximum value at about
93 h, and then gradually decreased while the concentration of the
reduced iron increased. At about 620 h when fresh bacteria were
added to ensure that the microbial reduction continued, the con-
centration of dissolved Fe(III) increased slightly, and then decreased
with time.

The plateau or the maximum measured concentrations of dis-
solved Fe(II) in the biotic ADS and COP samples were significantly
higher than the concentrations of the dissolved As(III). The con-
centrations of dissolved Fe(II) to As(III) in the biotic ADS and COP
samples were about 60:1 and about 80:1 respectively. The high
dissolved Fe(II) concentrations were likely due to the high pro-
portion of Fe(III) compared to As(V) in the original solids and to the
formation of new solid phases, such as the biogenic Fe(II)eAs(III)
compounds. EDS analysis of some of the biogenic particles which
were identified on the SEM images (Fig. S.6) found 27 atomic % Fe
and 17% As (Fig. S.7A) compared to the original 44% Fe and 4 atomic
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Fig. 8. Fraction of secondary biogenic ferrous arsenite as a function of time for the biotic ADS and COP residues, determined from XANES spectra (A) and from EXAFS spectra (B) and
listed as Fe(II)eAs(III) in Tables S1eS4.
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% As (Fig. S.7B). Since the morphology of these biotic particles
resemble more of a soft matter (Fig. S.6), they may have formed on
the colonies of the dying bacteria on the original compounds
(Fig. 6A and B) which acted as a seeding place for the formation of
the biogenic Fe(II)eAs(III) compound. Qi and Pichler (2014) found
that adsorption of As(III) outcompeted As(V) around the potential
of zero charge, about 7e8 for ferrihydrite up to pH 10, which sug-
gests that the arsenite may have been adsorbed onto such particles
covered with organic matter (discussed in Section 4.2).

4.1.3. Arsenic and iron releases and reduction rates
The initial rates of reduction, based on the concentrations of

dissolved As(III), are higher for the ADS samples than for the cor-
responding COP samples, which is consistent with the greater ease
of release of As(V) from the ADS samples (Table 1). The initial rates
of reduction based on the concentration of the dissolved Fe(II) are
significantly greater than the rates based on As(III). No significant
difference in rates, based on Fe(II), were found between ADS and
COP samples, nor did the two bacteria exhibit any significant dif-
ference in their influence on rates. Considering that the concen-
trations of dissolved Fe(III) are low, the rates of 7e8 mM/h based on
Fe(II) would be representative of the total Fe releases from the
reductive dissolution of ferrihydrite. Both Shewanella sp. ANA-3 and
Shewanella putrefaciens CN32 were effective in the reductive
dissolution of ferrihydrite with adsorbed and co-precipitated
arsenic.

Initial reduction rates of Fe(III) in arsenic-free 2-line ferrihydrite
reduced with Shewanella putrefaciens CN were reported as 26 mM/h
by Roden (2003) and 55 mM/h, under advective flow conditions
(Hansel et al., 2004). Our initial reduction rates of Fe(III) in arsenical
6-line ferrihydrite are 7.5 mM/h for the ADS samples with CN and
7.1 mM/h with ANA-3, and 7.9 mM/h with CN and 7.1 mM/h with ANA
for the COP samples. The lower Fe(III) reduction rates measured in
our experiments for the arsenical ADS and COP samples, compared
to the arsenic-free ferrihydrite reduction rates reported in the
literature, may be explained by the higher crystallinity of our fer-
rihydrite and the blockage of the reactive Fe(III) sites by arsenic
(Waychunas et al., 1993; Erbs et al., 2010).

4.2. Solid phase analysis

Dissolved Fe(II) concentrations in the biotic ADS samples were
lower than those in the COP samples (Fig. 2B). The proportion of
biogenic Fe(II)eAs(III) increased with time at a greater rate in the
ADS samples than in the COP post-reduction solid samples which
may account for the lower dissolved Fe(II) concentration in the ADS
samples. A comparison of the powder XRD results for the ADS and
COP samples (Fig. 3) shows that the intensity of peaks characteristic
of the secondary mineral phases are higher for ADS than for COP
samples, indicating the presence of more reduced solid phases and
formation of secondary akaganeite, goethite, hematite and possibly
magnetite. The XRD patterns shown in Fig. 3 indicate that the for-
mation of the secondary compounds was a gradual process with
the akaganeite and goethite peaks appearing around 400 h for the
ADS and around 600 h for the COP samples, while the magnetite
and hematite appeared later in time. Studies by Kukkadapu et al.
(2004), Pedersen et al. (2006) and Rosso et al. (2010) revealed
that dissolved Fe(II) catalyzes the formation of new secondary
minerals. Hansel et al. (2003) found that the addition of as little as
0.04 mM Fe(II) led to the transformation of significant proportion of
ferrihydrite to more stable secondary iron hydroxide phases in a
period of just over a week.

SEM imaging (Fig. 6) revealed the presence of secondary min-
erals identified by XRD and micro-XRD (i.e., akaganeite, hydro-
hematite and goethite) (Figs. 3 and 4). The presence of magnetite is
suspected but not confirmed. Formation of magnetite during bac-
terial reduction of ferrihydrite with Shewanella putrefaciens CN32
was reported by Hansel et al. (2003) and Pallud et al. (2010), and
with Shewanella sp. ANA-3 by Slowey et al. (2011). A study of an
abiotic system by Baumgartner et al. (2013) found magnetite after
the addition of Fe(II) to 6LFH in solution. In our study, identification
of magnetite is based on the isometric morphology of the pre-
cipitates resembling magnetite (Figs. 6DeF and 7E, F).

Electron microprobe analyses of the secondary phase with
hexagonal outlines suggest that it is hydrohematite (a-
Fe2O3$nH2O). Microbial reduction studies have shown that a vari-
ety of factors may influence the relative tendencies to form he-
matite, green rust or other secondary minerals. Zegeye et al. (2010)
showed that the formation of green rust as opposed to magnetite
depended on bacterial cell density, and Jorand et al. (2013) found
that, in addition to phosphate concentrations, properties of poly-
mers that can include bacterial exopolymers are critical parameters
that control the formation of secondary phases in the presence of
bacteria.

Ferrihydrite peaks of the biotic COP samples became progres-
sively sharper with time, suggesting the improvement in crystal-
linity or particle growth with time (Fig. 3). The COP particles were
smaller due to the presence of arsenate during co-precipitation
with ferrihydrite probably because the arsenic in solution may
have blocked the reactive growth sites.
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The akaganeite peaks appeared at around 400 h on the XRD
(Fig. 3) of the biotic ADS and COP samples, and the peaks for the
ADS sample were more intense than those of the COP sample. In
our ADS and COP experiments, the amount of akaganeite increased
as the experiment progressed, and reached the highest value after
1200 h. As in the case of akaganeite, goethite appeared at around
400 h. Two different types of morphology, observed under SEM can
correspond to goethite, which are longer, striped structures (Fig. 6C
bottom right) and shorter, crystallized needles on the surface of the
COP sample (Fig. S.1B). Hansel et al. (2005) found that the reaction
of aqueous Fe(II) with ferrihydrite resulted in the precipitation of
goethite (a-FeOOH), lepidocrocite (g-FeOOH), and magnetite
(Fe3O4), depending on the Fe(II) concentration. Yang et al. (2010)
found that aqueous Fe(II) adsorption on 6LFH formed different
secondary minerals depending on the aqueous Fe(II) concentration,
goethite being formed at lower Fe(II) concentrations andmagnetite
being formed at higher Fe(II) concentrations.

XANES spectra indicated the formation of the new biogenic
Fe(II)eAs(III) compound at the expense of the original 6LFH
(Tables S1eS4, Fig. 7). The association of iron and arsenic with
microbial exopolymeric substances (EPS) was reported by
Babechuk et al. (2009), Peretyazhko et al. (2010), Hohmann et al.
(2011) and Huang et al. (2011). One of the main reasons for the
As(III) binding to exopolymeric substances is that the proteins
contain amino acids with sulfhydryl (-SH) functional groups which
have a high affinity for As(III) (Shen et al., 2013). The high affinity of
As(III) for eSH groups in proteins is probably one of the main
reasons why As(III) is much more toxic than As(V). Other studies
have suggested that As(III) produced during bacterial reduction
could be incorporated in the structure of secondary mineral phases
(Kocar et al., 2006; Tufano and Fendorf, 2008). Hansel et al. (2003)
observed precipitation of Fe(II) on the extracellular surface of
Shewanella putrefaciens CN32 after 9 days of reduction. The surfaces
of the dead bacterial extracellular matrix might function as po-
tential binding sites for the dissolved Fe(II) and As(III), and lead to
the formation of biogenic Fe(II)eAs(III) precipitate (Figs. S.6 and
S.7). Exopolymeric substances have other surface functional
groups, such as carboxyl and phosphoryl groups, which are
deprotonated at pH 7 and can bind Fe(II) from the close proximity
of the ferrihydrite surface. Therefore the structure of the bacterial
exopolymeric substances may have played a role in the formation
of the biogenic Fe(II)eAs(III) compound.

The role of phosphate concentrations on the bacterial reduction
of arsenical ferrihydrites can be determined in part by considering
the nature of the post reduction solids. Vivianite
(Fe2þ3(PO4)2$8(H2O)) was the dominant secondary product found
at phosphate concentrations higher than those present in the
natural environment. In the present study, carried at 0.045 mM
phosphate, typical of the natural environments, no vivianite was
detected, but other secondary compounds including akaganeite,
goethite, hydrohematite and possibly magnetite were found. A
comparison of the results at different phosphate concentrations
addressed in a recent paper by Revesz et al. (2015) on the bacterial
reduction of scorodite suggests that great care must be exercised in
interpreting the results obtained at phosphate concentrations that
are not representative of the mine environments.

4.3. Bacterial imprints

The bacterial imprints present on the post-reduction particles
(Fig. 6A and B), are similar to those observed by Brookshaw et al.
(2014) on biotite reduced by Shewanella. The etched rod shaped
and circular bacterial imprints observed on hematite particles
(Figs. 5B and 6C and D) resemble those found in other studies
(Mustin et al., 1992; Edwards and Rutenberg, 2001; Rojas-Chapana
and Tributsch, 2004; Ndlovua and Monhemius, 2005 and Baranska
and Sadowski, 2013). After 600 h of reduction, we found very few
imprints on the surfaces of some of the newly formed secondary
precipitates (Figs. 5B inset, 5D and 6D inset). However, after re-
inoculation (around 620 h), it appears that the freshly added bac-
teria started to colonize the surfaces of the newly formed, mainly
Fe(III) secondary precipitates which had no imprints (Fig. S.1A).
ANA and CN strains can grow better when using Fe(III) as opposed
to As(V) as an electron acceptor. This is supported by the fact that
the standard reduction potential (E�) of Fe(III)/Fe(II) is 0.77 mV
whereas that for As(V)/As(III) is 0.58 mV (CRC Handbook,
1972e1973). We found more etched imprints towards the middle
of the hydrohematite surface (Figs. 5B and 6C) suggesting that the
interior of the basal plane was older than the outer regions
compared to crystalline faces of other secondary minerals, like
magnetite on Fig. 6E and F. This observation supports the findings
of Neal et al. (2003) who found significantly more Shewanella cells
on the hematite basal face compared to the magnetite (100) and
(111) faces, and their modeling predicted electron transfer rates
that are about two orders of magnitude higher for the hematite
basal face than for the two faces of magnetite. Yanina and Rosso
(2008) and Chatman et al. (2013) found surface electric potential
gradients across structurally distinct crystal faces of hematite
exposed to solution, which makes it more favorable for the bacteria
to associate with crystal faces where they can get the highest
electron supply for maintenance.

5. Overall summary and conclusion

The dissimilatory iron and arsenic reducing (DIRB/DARB) bac-
teria, Shewanella sp. ANA-3 and Shewanella putrefaciens CN32, used
in this experiment at circumneutral pH and under anaerobic con-
ditions caused the reductive dissolution of adsorbed and co-
precipitated arsenical 6LFH, resulting in the release into solution
of Fe(II) and of As(III), a more toxic form of arsenic than As(V). The
new secondary minerals found in the post-reduction products of
the ADS and COP 6LFH solid samples were a biogenic Fe(II)eAs(III)
compound, akaganeite, goethite, hydrohematite and possibly
magnetite for both bacteria. The concentrations of the products of
bacterial reduction of the adsorbed and co-precipitated 6LFH were
about 3.5 mM Fe(II) and about 0.057 mM As(III) for the ADS, and
about 4.3 mM Fe(II) and about 0.055 mM As(III) for the co-
precipitated samples.

These findings indicate that under anaerobic conditions and
circumneutral pH arsenical 6LFH are unstable with respect to mi-
crobial reduction, and this finding should be taken into account
when using ferrihydrite as a means to sequester arsenic.
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