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Solubilization of Fe(III) oxide-bound trace metals by a dissimilatory Fe(III)
reducing bacterium
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Abstract—Trace metals associate with Fe(III) oxides as adsorbed or coprecipitated species, and consequently,
the biogeochemical cycles of iron and the trace metals are closely linked. This communication investigated the
solubilization of coprecipitated Co(III) and Ni(II) from goethite (a-FeOOH) during dissimilatory bacterial iron
reduction to provide insights on biogeochemical factors controlling trace-element fluxes in anoxic environ-
ments. Suspensions of homogeneously substituted Co-FeOOH (50 mmol/L as Co0.01Fe0.99OOH; 57Co-
labeled) in eight different buffer/media solutions were inoculated with a facultative, metal-reducing bacteria
isolated from groundwater (Shewanella putrefaciansCN32), and incubated under strictly anaerobic conditions
for periods up to 32 days. Lactate (30 mmol/L) was provided as an electron donor. Growth and non-growth
promoting conditions were established by adding or withholding PO4 and/or trace metals (60Co-labeled) from
the incubation media. Anthraquinone disulfonate (AQDS; 100mmol/L) was added to most suspensions as an
electron shuttle to enhance bacterial reduction. Solutions were buffered at circumneutral pH with either PIPES
or bicarbonate buffers. Solid and liquid samples were analyzed at intermediate and final time points for
aqueous and sorbed/precipitated (by HCl extraction) Fe(II) and Co(II). The bioreduced solids were analyzed
by X-ray diffraction and field-emission electron microscopy at experiment termination. Ni-FeOOH
(Ni0.01Fe0.99OOH) was used for comparison in select experiments. Up to 45% of the metal containing FeOOH
was bioreduced; growth-supporting conditions did not enhance reduction. The biogenic Fe(II) strongly
associated with the residual Fe(III) oxide as an undefined sorbed phase at low fractional reduction in PIPES
buffer, and as siderite (FeCO3) in bicarbonate buffer or as vivianite [Fe3(PO4)2 z 8H2O] when P was present.
Cobalt(III) was reduced to Co(II) in proportion to its mole ratio in the solid. The release of bioreduced Co(II)
to the aqueous phase showed complex dependency on the media and buffer composition and the fractional
reduction of the Co-FeOOH. In most cases Co(II) was solubilized in preference to Fe(II), but in select cases
it was not. These differences were rationalized in terms of competitive adsorption reactions on the residual
Fe(III) oxide surface and coprecipitation in biogenic Fe(II) solids. The bioreduced Co-FeOOH surface showed
unexpectedly high sorption selectivity for the biomobilized Co(II). The bioreductive solubilization of Ni(II)
from Ni-FeOOH was comparable to Co-FeOOH. Our results indicate that Fe(III)-oxide-entrained trace metals
can be mobilized during bacterial iron reduction leading to a net increase, in most cases, in aqueous metal
concentrations. The enhancement in trace-metal aqueous concentration, e.g., in groundwater, may propor-
tionally exceed that of Fe(II).Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION

Iron (III) oxides are common mineral components of soils,
sediments, aquifers, and geologic materials. Fe(III) oxides form
as secondary weathering products, and may exist as intergrain
cements, particle coatings of complex and varied composition,
and as discrete amorphous or crystalline phases (Schwertmann
and Taylor, 1989). Natural Fe(III) oxides are high in surface
area and are reactive (Cornell and Schwertmann, 1996). The
sorption and redox chemistry of Fe(III) oxides has been well
studied (see Cornell and Schwertmann, 1996) because of rec-
ognition that they control water chemistry and contaminant
behavior in near-surface geochemical systems. Fe(III) oxides
sorb a wide range of metal cations and anions by complexation
to surface hydroxyl groups (Schindler and Stumm, 1987), and
function as the primary redox buffering solid phase in many
sediments and subsurface materials (Heron et al., 1994).

The iron biogeochemical cycle is intimately linked with
those of C, S, O, and N, and is a primary pathway for energy

and electron flux in near surface environments (Stumm and
Sulzberger, 1992). Because Fe(III) is insoluble (e.g., Lindsay,
1979), Fe(III) oxides are the primary repository of oxidized
iron in near surface environments. The reductive portion of the
iron biogeochemical cycle in nonphototropic environments
(e.g., sediments and subsurface materials) is driven by the
direct enzymatic reduction of Fe(III) oxides to Fe(II) by dis-
similatory iron reducing bacteria (DIRB; Lovley et al., 1991;
Lovley, 1993), or indirectly via the redox cycling of humic
acids (Lovley et al., 1996; Lovley et al., 1998). The iron
biogeochemical cycle links with those of the trace metals
through speciation effects, as many trace metals co-associate
with Fe(III) oxides or reduced iron phases (e.g., magnetite,
siderite, or iron sulfide) when they exist. This paper is con-
cerned with the linkage of the Fe and trace-metal biogeochemi-
cal cycles, specifically with regard to the biogeochemistry of
Co and Ni coprecipitated with Fe(III) oxide.

Valence II and III metal cations can isomorphously substi-
tute in the crystalline Fe(III) oxide structure (e.g., goethite and
hematite; Cornell and Schwertmann, 1996). The potential for
substitution is determined by the similarity in ionic radius and
valency of the foreign ion, and their electronic properties as
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compared to that of high-spin Fe(III). Substitution changes the
unit-cell edge length and volume of the Fe(III) oxide (Gerth,
1990), and may effect the average crystallite size and aspect
ratio, particle morphology, surface area, solubility (Trolard and
Tardy, 1987), surface chemistry (Ainsworth et al., 1989), and
rates of acid and reductive dissolution (Torrent et al., 1987;
Schwertmann, 1991). Aluminum (III) is the most readily sub-
stituted metal cation in both hematite and goethite (Cornell and
Schwertmann, 1996), and Al-substituted crystalline oxides are
common in soil and sediment. The trace metals Cr(III), V(III),
Mn(III), Ni(II), Cu(II), Zn(II), and Cd(II) all substitute in
laboratory synthesized goethite to levels below 10% (Cornell
and Schwertmann, 1996). Chemical analyses of soil materials
indicates that isomorphous substitution of minor elements in
crystalline Fe(III) oxides occurs in nature (Singh and Gilkes,
1992; Trolard et al., 1995).

DIRB can utilize both noncrystalline and crystalline Fe(III)
oxides as terminal electron acceptors for respiration (Roden
and Zachara, 1996; Fredrickson et al., 1998; Zachara et al.,
1998); thereby reducing all or a fraction of the solid. The
primary inorganic product of bacterial iron reduction is ferrous
iron (Fe21), although CO2 is also generated by oxidation of
organic carbon. Biogenic Fe21 may undergo a series of post-
reduction biogeochemical reactions including sorption to bac-
teria, the residual Fe(III) oxide surface, and/or co-associated
mineral phases; surface precipitation on the oxide surface;
and/or the formation of discrete ferrous solid phases such as
siderite, magnetite, green rust, and vivianite (Zachara et al.,
1998; Fredrickson et al., 1998; Urrutia et al., 1998; Zachara et
al., 1999). The extent and identity of these reactions is depen-
dent on the nature of co-associated solids and the chemical
composition of the aqueous phase including type and concen-
tration of buffer (e.g., HCO3), nutrient ions (e.g., PO4), and the
presence or absence of complexants. These postreduction geo-
chemical reactions of Fe21 may influence the disposition of
minor elements associated with the Fe(III) oxide. Bousserrhine
et al. (1999) investigated the solubilization of co-precipitated
metals (Co and Mn) from goethite during glucose fermentation
and found that metal release was congruent with that of Fe(II)
under the acidic conditions that developed.

In this communication, we investigate the fate of oxide-
entrained trace metals (Co, Ni) during the bioreduction of
synthetic, metal-substituted crystalline Fe(III) oxides (goethite;
Co0.01Fe0.99OOH, Ni0.01Fe0.99OOH) at circumneutral pH. A
DIRB (Shewanella putrefacians, CN32) is utilized that is
known to reduce crystalline Fe(III) oxides and nucleate a
variety of post-reduction ferrous iron solids depending on
buffer and media composition (Zachara et al., 1998; Fredrick-
son et al., 1998). Different buffer and media treatments were
used to investigate the biogeochemical phenomena that could
be operative. We explore whether the release rate of the en-
trained trace metals is equal to their mole fraction substitution,
and evaluate geochemical causes (e.g., sorption, precipitation)
for disparities. An overall assessment is provided as to whether
oxide entrained trace metals are likely to be mobilized or
immobilized during bacterial Fe(III) oxide reduction, thereby
providing insights on the biogeochemical cycling of trace met-
als under anoxic conditions with implications to the bioreme-
diation of metal-contaminated lands and subsurface environ-
ments.

2. MATERIALS AND EXPERIMENTAL METHODS

2.1. General Conditions

Laboratory prepared goethite containing either 1 mol percent Co or
Ni was incubated anaerobically withS. putrefaciensstrain CN32. The
suspensions contained 50 mmol/L synthetic oxide and eight media
treatments (Table 1). Four replicates of inoculated and non-inoculated
treatments were sampled at selected time intervals ranging out to 32
days. Suspension pH; aqueous HCO3

2; and aqueous and HCl-extract-
able Fe(II), Fe(III), PO4 (aqueous-only), and Ni and Co were deter-
mined; and subsamples of the reduced solid were analyzed microscop-
ically and by X-ray diffraction.

2.2. Preparation of Co-FeOOH and Ni-FeOOH

Goethite containing either 1 mol.% Co or Ni was prepared by
combining 2.7 L of 1 mol/L KOH (Sigma, St. Louis, MO, USA) with
either 0.3 L of 0.99 mol/L Fe(NO3)3 (Sigma) and 0.01 mol/L Co(NO3)2

or 0.3 L of 0.99 mol/L Fe(NO3)3 (Sigma), and 0.01 mol/L Ni(NO3) in
a 4-L Nalgene (HDPE) bottle previously rinsed with 1 mol/L KOH.
The solution was placed in a 75°C oven for 7 days with daily mixing.
After the 7-day incubation period, the solid was washed five times with
hydroxylamine hydrochloride solution (0.25 mol/L NH2OH z HCl in
0.25 mol/L HCl at 50°C) to remove ferrihydrite and five times with 0.1
mol/L NaClO4. The solids were resuspended in 0.1 mol/L NaClO4 and
dialyzed against deionized water by using Spectrapor 7 (1000 MWCO)
cellulose tubing. The dialyzed suspensions were lyophilized and stored
under N2. A portion of the solids was dissolved in Ultrex HCl and the
concentrations of Fe, Co, and Ni determined using inductively coupled
plasma argon emission spectroscopy (ICP-AES). The results confirmed
an approximate 1 : 100 ratio of either Co : Fe or Ni : Fe. The surface
areas of the lyophilized Co-FeOOH and Ni-FeOOH were determined
by multipoint BET analysis with N2 as the adsorbate (Quantachrome
Corporation, Syosset, N.Y.) yielding 11.73 m2/g and 55.73 m2/g for the
Ni-FeOOH and Co-FeOOH, respectively.

Goethite containing 1 mol.% Co radiolabeled with57Co was pre-
pared by combining 1.34 L of 1 M KOH (Sigma) with 0.13 L of 0.99
M Fe(NO3)3 (Sigma) and 0.01 M Co(NO3)2 (Sigma) with 1 millicurie
57Co as CoCl2 (DuPont, Wilmington, DE, USA) in a 4-L Nalgene
(HDPE) bottle previously rinsed with 1 M KOH. The suspension was
then treated identically as described for the synthesis of Co- and
Ni-FeOOH. Residual ferrihydrite was extracted with hydroxylamine
hydrochloride and the washed solid was stored at 4°C in a Nalgene
(HDPE) bottle.

2.3. Dissolution of Ni-FeOOH and Co-FeOOH

Lyophilized Ni-FeOOH or Co-FeOOH (250 mg/L) was added to 6
mol/L Ultrex HCl and mixed continuously at room temperature. Ali-
quots of suspension were removed at 1, 2, 3, 4, 5, 6, 7, 10, 24, 48, and
120 h and passed through a 0.2-mm filter. Filtrates were analyzed by
inductively coupled plasma mass spectroscopy (ICP-MS) to determine
the dissolved concentrations of Fe and Ni or Co. Dissolution of the
solids was complete within 24 h.

2.4. Preparation of Goethite Suspensions and Growth Media
Solutions

Two 100 mmol/L stock suspensions of either Co-FeOOH or Ni-
FeOOH were anoxically prepared in 0.1 mol/L NaClO4. The suspen-
sions were sonicated for 1 h on 2 consecutive days prior to use. A
summary of the media components is presented in Table 1. The pH of
each solution was adjusted to 7.0 and filter sterilized using a 0.2-mm
filter.

Five mL of goethite suspension were added to tared headspace vials,
the vials weighed, and 4 mL of the desired microbial growth media
added. To reduce the O2 present in the system, a stream of O2-free
N2:CO2 or N2, determined by the media treatment (Table 1), was
passed over the suspension in each vial for;5 min after which the vial
was tightly sealed to minimize intrusion of O2.

76 J. M. Zachara et al.



2.5. Preparation of Bacterial Cultures

TheS. putrefaciensstrain CN32 was originally isolated from anoxic
aquifer sediments (Fredrickson et al., 1997) and cultures were provided
by Dr. David Boone at Portland State University. The cells were
aerobically cultured in tryptic soy broth media without dextrose and
harvested at late log growth phase by centrifuging the suspension at
5860 rcf (relative centrifugal force) for 10 min at 4°C. The cells were
washed three times with sterile, O2-free NaHCO3 solution (2.5 g/L).
Following the last wash the cells were resuspended in either anoxic
NaHCO3 or PIPES solution for inoculation of bicarbonate or PIPES-
buffered media treatments, respectively. The microbial cell density was
adjusted to;109 cfu/mL. The final cell density was determined by
staining cells with acridine orange and counting with fluorescence
microscopy.

2.6. Inoculation and Incubation

Either 1 mL of CN32 culture or 1 mL of degassed, deionized water
was aseptically and anoxically added to each vial as appropriate. The
vials were placed (horizontally) in an incubator shaker set for 100 rpm
and 30°C, and kept in darkness until sampled.

2.7. Sampling and Analyses

The vials were weighed to obtain a total suspension mass before
further processing. To ensure homogeneity before sampling, each sus-
pension was vortex-mixed for;30 s and returned to an anoxic cham-
ber. Samples of the aqueous phase were obtained by combining 3 mL
of suspension of two replicates in a 10-mL plastic syringe fitted with a
0.2-mm filter. The first 20 drops of filtrate were discarded. Three mL of
aqueous filtrate was combined with 1 mL of 3 mol/L HCl. Acid

extractable components were determined by combining 1 mL of sus-
pension from each of two replicates with 0.67 mL of 3 mol/L HCl and
7.3 mL of water. The suspension was in contact with 0.2 mol/L HCl
overnight, then filtered as described above. The remaining suspension
from three replicates was combined in an Oakridge polycarbonate
centrifuge tube and centrifuged to concentrate the solids. The solids
were washed 13 with anoxic 0.1 mol/L NaClO4. The washed solid was
transferred to a glass slide and covered with glycerol before analysis by
X-ray diffraction. The fourth replicate was set aside for microscopic
analysis.

The suspension pH was determined by using an Orion (Boston, MA,
USA) pH meter/Microelectrode, Inc. (Londonderry, NH, USA) com-
bination pH electrode calibrated using pH and 4.01 buffers. Carbon was
determined by ultraviolet-promoted persulfate oxidation using a carbon
analyzer (DC-80; Dohrmann Analytical Equipment Co., Santa Clara,
CA, USA). Total carbon, dissolved organic carbon, and dissolved
inorganic carbon were determined by varying the instrument’s operat-
ing condition during multiple sample injections. Near the detection
limit (typically 1.67 3 1025 mol/L-C) the normal error is625%.
Analytical results above 8.333 1025 mol/L-C typically have,5%
error. Phosphate concentration in the 0.2-mm filtrates was determined
by using a colorimetric procedure involving ammonium molybdate,
antimony potassium tartrate, and ascorbic acid (Olsen and Sommers,
1982) and was made within 48 h to ensure sample integrity. The
intensity of color development was determined at 850 nm after 30 min
and within 24 h after combining the sample with the reagents. The
lowest concentration of P used in the development of a standard curve
was 1.63 1026 mol/L. A five point standard curve (r2 5 0.99)
spanning the range of 1.63 1026 to 3.3 3 1025 mol/L-P produced
errors of 2% or less from the known P concentrations.

The Fe(II) concentrations in the aqueous phase, and HCl extracts

Table 1. Media treatments for bioreduction of Co-FeOOH.

Headspace atmosphere Media #1
Nitrogen:

Carbon dioxide
(80:20)

Media #2
Nitrogen:

Carbon dioxide
(80:20)

Media #3
Nitrogen

Media #4
Nitrogen

Media #5
Nitrogen:

Carbon dioxide
(80:20)

Media #6
Nitrogen:

Carbon dioxide
(80:20)

Basic media (mmol/L)
ammonium chloride 28.0 28.0 28.0 28.0 28.0 28.0
potassium chloride 1.34 1.34 1.34 1.34 1.34 1.34
calcium chloride 0.68 0.68 0.68 0.68 0.68 0.68
sodium perchlorate 50.0 50.0 50.0 50.0 50.0 50.0
AQDSa 0.10 0.10 0.10 0.10 0.10 0.10
lactate 30.0 30.0 30.0 30.0 30.0 30.0
phosphate 4.35 0 4.35 0 4.35 0

pH Buffer (mmol/L)
sodium bicarbonate 29.8 29.8 0 0 29.8 29.8
PIPESb 0 0 10.0 10.0 0 0

Trace metals (mmol/L)
nitriloacetic acidc 78.5 78.5 78.5 78.5 0 0
magnesium sulfate 131 131 131 131 0 0
sodium chloride 171 171 171 171 0 0
manganese sulfate 29.7 29.7 29.7 29.7 0 0
zinc chloride 9.53 9.53 9.53 9.53 0 0
ferrous sulfate 3.07 3.07 3.07 3.07 0 0
calcium chloride 9.01 9.01 9.01 9.01 0 0
sodium molybdate 1.24 1.24 1.24 1.24 0 0
sodium tungstate 1.02 1.02 1.02 1.02 0 0
nickel chloride 0.84 0.84 0.84 0.84 0 0
cupric sulfate 0.40 0.40 0.40 0.40 0 0
aluminum potassium disulfate 0.21 0.21 0.21 0.21 0 0
boric acid 1.62 1.62 1.62 1.62 0 0
cobaltous perchlorated 1.00 1.00 1.00 1.00 0 0

Media pH (with HCl or NaOH) 7.0 7.0 7.0 7.0 7.0 7.0

a AQDS 5 Anthraquinone-2,6-disulfonic acid disodium salt (fw5 412.31 g).
b PIPES5 Piperazine-N,N9-bis(ethanesulfonic acid) (fw5 302.4 g).
c Nitriloacetic acid5 N,N-bis(carboxymethyl)glycine (fw5 191.14 g).
d Radiolabeled with60Co.
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were determined using a colorimetric procedure employing ferrozine
{[3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine monoso-
dium salt], 1 g/L} in 50 mmol/L HEPES [N-(2-hydroxyethyl)pipera-
zine-N9-(2-ethanesulfonic acid)] at pH 7 (Stookey, 1970; and Lovley
and Phillips, 1986). Total Fe was determined by adding an aliquot of
10% NH2OH z HCl to the sample, waiting from 4 to 24 h for complete
reduction of Fe(III) to Fe(II), then measuring the color development.
These determinations were made within 48 h of sampling to ensure
sample integrity. The concentrations of aqueous and HCl extractable
Co and Ni were determined by using ICP-AES.

The energies of60Co and57Co decay are significantly different to
allow their simultaneous quantification by dual-channel counting. The
activities of60Co and57Co in 1-mL aliquots of the aqueous phase and
HCl extracts were determined by using a Packard Model 5000 dual-
channelg counting system (Meriden, CT, USA). The count regions for
60Co and 57Co were from 1050 to 1550 and from 75 to 165 keV,
respectively. A correction factor was applied to the57Co data to
account for the “spilldown” of60Co into the counting region of57Co.

2.8. Scanning Electron Microscopy (SEM) Analysis

Aliquots of the reduced suspensions of Co-FeOOH or Ni-FeOOH
were prepared for SEM analyses under a 95% N2 : 5% H2 atmosphere.
Two series of samples were investigated by SEM: one where samples
were preserved and prepared for SEM analyses immediately after
termination of the incubation period and a second where the incubated
samples were allowed to age in the “spent media” for 90 days before
preparation. Suspensions were filtered at 0.1mm using Swinnex two-
piece filters (Millipore, Bedford, MA, USA) and excess salts and
buffers removed by three 5-mL washes with deionized distilled water
(DDI). The solids were then resuspended in DDI and;100 mL of
suspension placed on carbon tape on an SEM sample stub. The sample
was dried and maintained under anoxic conditions. The only exposures
to air occurred during transfer from the dessicator to the gold sputter
coater and then from the coater to the vacuum chamber of the scanning
electron microscope.

Samples were examined by using a Model 982 field-emission scan-
ning electron microscope (FESEM) manufactured by Leo (Helsing-
borg, Sweden). Morphologic analyses were performed at 5-keV accel-
erating potential and 90-mA filament current, utilizing the below lens
detector or inlens detector, or combined below and inlens detectors.
Compositional analyses by energy dispersive spectrometry (EDS) uti-

lized a liquid nitrogen cooled Oxford Pentafet detector with the micro-
scope operating at 20-keV potential and 90-mA current.

3. RESULTS

In the results that follow we describe the bioreduction of
Co-FeOOH in six different buffer and media treatments (Table
1). Some of these contained nutrients necessary for growth,
while others were deplete in either trace metals, PO4

32, or both.
Each treatment contained anthraquinone disulfonate (AQDS), a
quinone that functions as an electron acceptor for DIRB respi-
ration (Scott et al., 1998) and that stimulates bacterial iron
reduction (Lovley et al., 1996; Fredrickson et al., 1998; Za-
chara et al., 1998). AQDS was added with the belief that it
would stimulate metal-goethite reduction and enhance trace-
metal solubilization. In the final section of results, we present
comparative data for the bioreduction of the Ni-FeOOH and
also show the effects of AQDS on Co-FeOOH and Ni-FeOOH
by comparison to select experiments where it was not added.

3.1. Acid Dissolution of Co-FeOOH and Ni-FeOOH

Cobalt substitutes in goethite under oxidizing conditions as
the high-spin, Co31 ion even when Co21 was the valence form
added during synthesis (Cornell and Giovanoli, 1989; Gerth,
1990), as was done here. The size mismatch between Co(III),
0.0545 nm, and Fe(III), 0.0645 nm, limits Co(III) substitution
in goethite to a mole fraction of 0.1 and below (Cornell and
Giovanoli, 1989; Gerth, 1990). The mole fraction of Co used in
our goethite (nominally 0.01) was well below the value where
exsolution and precipitation of Co(III) oxides occurs (Cornell
and Giovanoli, 1989). Ni(II), with an ionic radius of 0.0690 nm,
substitutes in goethite to;5.5 mol.% (Cornell et al., 1992).
Nickel concentrations above this value sorb to the oxide surface
or precipitate as Ni(OH)2 (Cornell et al., 1992). The synthetic

Fig. 1. Electron micrograph of Co-FeOOH (a) and acid dissolution in 6 N HCl (b) of Co- and Ni-FeOOH showing
approximate congruent release of Co, Ni, and Fe.
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Co-FeOOH and Ni-FeOOH existed as acicular 300-nm laths
(as shown for Co-FeOOH in Fig. 1a).

The Co-FeOOH and Ni-FeOOH were dissolved to comple-
tion in HCl (Fig. 1b). The evolution of Co(III) and Ni(II) was
generally congruent with Fe(III), implying that the metals were,
more or less, homogeneously distributed in the goethite (Cor-
nell and Schwertmann, 1996). The slight bowing in the disso-
lution curves indicated minor enrichment of Co(III) in goethite
interior and minor enrichment of Ni(II) in the crystallite exte-
rior. The congruent dissolution of Co from both substituted
goethite and hematite was reported by Lim–Nunez and Gilkes
(1987) and Giovanoli and Cornell (1992), while Giovanoli and
Cornell (1992) showed the incongruent release of Ni from
goethite in fashion consistent with its enrichment in the outer
layers of the goethite.

3.2. Microbiologic Reduction of Co-FeOOH

S. putrefaciensreduced from 7.2% (media 4) to 28.8%
(media 6) of the Fe(III) in Co-substituted goethite over the
32-day incubation period (Fig. 2a). The analysis of a 3.0 M HCl
extraction of the bioreduced solids (e.g., Fig. 2a) was used as a
measure of the total amount of Fe(II) generated [or Fe(III)
reduced] at each time point (Fredrickson et al., 1998; Zachara
et al., 1998). Fe(III) reduction was buffer and media dependent
with the greatest amount observed in the bicarbonate buffered
treatments (1, 2, 5, and 6). The evolution of Fe(II) increased
with time as microorganisms metabolized lactate and trans-
ferred electrons to goethite. Phosphate enhanced the reduction
rate [e.g., the amount of Fe(II) generated after Days 4 and 12]
but did not necessarily effect the total amount of Fe(III) re-
duced after 32-day incubation. Media Treatments 1 and 3
contained the full complement of nutrients (e-donor, N, P, and
trace metals) required to support growth; these treatments,
however, did not lead to enhanced Fe(III) reduction over non-
growth supporting regimes (e.g., Treatments 2, 4, 5, and 6).

Approximately 20 to 60% of the reduced Fe(III) was liber-
ated to the aqueous phase as Fe(aq)

21 (Fig. 2b). The remaining
biogenic Fe(II) associated with the residual Fe(III) oxide (i.e.,

the filterable solids) as an adsorbed or precipitated phase. In
bicarbonate buffer (media Treatments 1, 2, 5, and 6), Fe(aq)

21

increased until Day 4 or 12, where approximate values of 2.5
mmol/L were reached, and then decreased to approximate
values of 0.5 mmol/L (Fig. 2b). This pattern of decrease was
consistent with precipitation of ferrous-iron containing solids.
Aqueous Fe21, in contrast, increased with time in PIPES buffer
(media Treatments 3 and 4). Media Treatment 4 in PIPES
buffer had the lowest total amount of Fe(III) reduction, but the
highest final concentration of Fe(aq)

21 . Treatment 4 was also
unusual in that 50 to 75% of the biogenic Fe(II) was released to
the aqueous phase.

Microbial reduction of the Co-FeOOH lead to an increase in
the suspension pH at experiment termination in spite of the
presence of buffer (Table 2).

3.3. Cobalt Evolution with Microbiologic Reduction of
Co-FeOOH

The evolution of both total and aqueous Co (Figs. 3a,c)
closely paralleled that observed for Fe(II) (Fig. 2). Co(III) is
insoluble as an oxyhydroxide (CoOOH; Hem et al., 1985) in
absence of complexants (e.g., EDTA; McArdell et al., 1998),
and ion chromatographic analyses of both the aqueous phase
and HCl extraction from the bioreduction experiments showed
Co to be present as Co(II). In media treatments 1 through 4 that
contained trace metals, cobalt as a micronutrient in the medium
was labeled with60Co to allow its discrimination from oxide-
entrained Co(III) that was labeled with57Co. As shown in Fig.
3b and c, Co(aq)

21 was dominated by57Co that was solubilized
from the Fe(III) oxide. More will be said of the57Co and60Co
data in the next subsection. The enhanced rate of Fe(II) evo-
lution observed in the presence of PO4

32, and the decrease in
Fe(aq)

21 with incubation time in bicarbonate buffer as discussed
above, were noted also for Co. The only difference between
Co(II) and Fe(II) evolution was observed in Treatments 3 and
4 (note, Figs. 2a and 3a), where proportionally more Co was
extracted by 0.5 N HCl in Treatment 4.

An operational hypothesis was that oxide entrained metals

Fig. 2. HCl extractable Fe(II) (a) and aqueous Fe(II) (b) resulting from the incubation of Co-FeOOH withS. putrefacians
in the noted buffer and media treatments.
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would be liberated during bioreduction at concentrations equal
to their mole fraction substitution for Fe(III). This hypothesis
was qualitatively affirmed for the total Fe(II) and Co(II) pool
extracted by HCl (Fig. 4a). Data from the media treatments
with PO4

32 (1, 3, 4, and 5) followed the 1 : 1 relationship (e.g.,
a ratio of Fe/Co release of 100 : 1) almost exactly, whereas
those without PO4

32 (2, 6) were displaced slightly to the right
implying enhanced reduction of Co(III) relative to Fe(III).

The aqueous Co data, however, showed greater deviations
from the expected 100[Fe(II)] : 1[Co(II)] ratio (Fig. 4b). Most
of the aqueous data was displaced left of the 1 : 100 line in
Figure 4b, indicating enhanced release of Co(II) relative to
Fe(II). The treatments that were most distinctive in this regard
(1, 2, and 3) all contained micronutrients. There was concen-
tration dependency to the data that was difficult to generalize.
Deviations from the expected 1 : 100 release ratio, whether
positive or negative, were greatest at low aqueous concentra-
tions. At higher aqueous concentrations the data converged on
the 1 : 100 relationship.

3.4. Comparative Behavior of Nutrient and
Solid-Phase Co

The nutrient (traced by60Co) and solid-phase Co(II) (traced
by 57Co) showed markedly different behavior with bioreduc-
tion (Fig. 5, representing an integration of data from Fig. 3).
The nutrient Co(II) [at 1026 mol/L] was added in mixture with
NTA (Table 1). Speciation calculations of the nutrient solutions
for treatments 1 through 4 using the best available thermody-
namic data indicated that the initial degree of Co(II) complex-
ation by NTA was 99.6% in bicarbonate buffer and 99.7% in
PIPES buffer. In spite of this complexation, nutrient Co(II) was
initially adsorbed by the oxide, lowering its aqueous concen-
tration to;1026.4 mol/L in all treatments. With bioreduction,
most of the adsorbed nutrient Co(II) was released back to the
aqueous phase (Fig. 5). There were subtle differences in sorp-
tion between media treatments, with greater initial and final
adsorption noted in the absence of PO4

32 (Treatments 2 and 4).
With bioreduction of Co-FeOOH, the concentrations of oxide-
derived Co(II) as traced by57Co increased in both the aqueous

Table 2. pH and HCO3
2 after 32-day incubation of CN32 with Co-FeOOH.

Treatment

pH HCO3(aq) DHCO3
a

Control Biotic Control Biotic
(mol/L) (mol/L)

1 6.9 7.4 2.173 1022 2.923 1022 17.503 1023

2 7.0 7.3 2.273 1022 2.323 1022 15.003 1024

3 7.0 7.8 2.263 1024 2.283 1023 12.053 1023

4 7.2 7.3 1.933 1024 1.603 1023 11.603 1023

5 6.9 7.3 2.153 1022 2.913 1022 17.603 1023

6 6.8 7.4 1.713 1022 1.753 1022 14.003 1024

a [HCO3
2] 2 [HCO3

2].
boitic control

Fig. 3. HCl extractable solid-phase Co(II) (57Co) (a), aqueous phase57Co(II) (b), and total aqueous Co(II) (57Co 1 60Co)
(c) resulting from the incubation of Co-FeOOH withS. putrefaciansin the noted buffer and media treatments.
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phase and the HCl extractable (sorbed) pool by 1.5 orders of
magnitude or more (Fig. 5). With continued bioreduction, the
aqueous Co(II) concentrations increased to a threshold value of
;1024.75 to 1024.3 mol/L, and then began to decrease for
treatments in bicarbonate buffer (1, 2, 5, and 6).

Concentration distribution ratios,Kd (where Kd 5
{[Co(II) HCl 2 Co(II)aq]/[Co(II)aq]} in L/g), were computed for
each media treatment and time point to further distinguish
between the biogeochemical behavior of the two Co(II) pools
(Fig. 6). TheKd embodies no assumption about the reversibility

Fig. 4. Relationships between fraction of Co-FeOOH reduced and fraction of Co(III) recovered as Co(II) by HCl extract
(a), and the total aqueous Co(II) and Fe(II) concentrations (b). Solid lines in both panels represent a 100:1, Fe(II) to Co(II)
ratio.

Fig. 5. The nutrient (60Co) and solid-phase (57Co) Co pools were distinct and showed different behavior with
bioreduction. Only four of the media treatments contained nutrient Co(II).
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or chemical nature of the sorption complex {e.g., [Co(II)HCl 2
Co(II)aq]}, which may be an adsorbed species or a precipitate.
TheKd values fell into distinct groupings for both the nutrient-
and oxide-entrained Co (Fig. 6). Nutrient Co(II) was consis-
tently less strongly sorbed than was Co(II) originating from
reduction of Co(III) in the oxide.Kd values for nutrient Co(II)
decreased with fractional reduction of the solid consistent with
Figure 5. Below a fractional reduction of 0.15 (15% of solid
reduced),Kd values for solid-phase Co(II) paralleled those for
nutrient Co(II) in decreasing trend, but were elevated by an
order of magnitude or more. TheKd values increased above
0.15 and showed scatter and variation between media treat-
ments, possibly as a result of discrete [e.g., Co(II) alone] or
mixed phase [e.g., with Fe(II)] precipitation.

3.5. Formation of Fe(II) Solid Phases

X-ray diffraction and SEM was applied to the residual min-
eral solids at experiment termination (32 days) to identify
biomineralization products. Vivianite [Fe3(PO4)2 z 8H2O] was
observed in all treatments containing PO4

32 in both buffer
systems (1, 3, and 5). It was clearly identified by X-ray dif-
fraction (Fig. 7a) and by its distinctive pinnacoid, bladed and,
occasionally, fibrous, morphology (Fig. 7b). The vivianite crys-
tallites ranged between 5 to 30mm (Fig. 7b), were often
intergrown and aggregated, and were considerably larger than
the goethite laths (ca., 400 nm, Fig. 1) or CN32 cells (ca., 1.5
mm, not shown). Siderite (FeCO3) was observed in all media
treatments containing bicarbonate buffer. It was clearly distin-

Fig. 6. Solid-liquid distribution of nutrient (60Co) and solid-phase (57Co) Co pools during the course of Co-FeOOH
reduction as measured by a concentration-distribution ratio [Kd (L/g)].

Fig. 7. Vivianite [Fe3(PO4)2 z 8H2O] precipitates in bioreduced Co-FeOOH suspensions in PIPES buffer containing PO4

after 32 d incubation. X-ray diffraction (a) and electron micrograph (b).
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guished by X-ray diffraction (Fig. 8a) and by its rhombohedral
morphology (Fig. 8b). The crystallites were approximately 1
mm on edge and were observed as single crystals dispersed in
a goethite groundmass (Fig. 8b). Both vivianite and siderite
were observed in media Treatments 1 and 5; siderite was often
observed as small rhoms apparently attached to vivianite (Fig.
9). Semi-quantitative mass determinations from XRD peak
heights yielded 50% goethite, 30% vivianite, and 20% siderite
for Treatment 1 (data not shown). Media 4 (PIPES buffer
without PO4

32) was the only treatment where secondary ferrous
precipitates were not observed by X-ray diffraction or SEM.

The aqueous concentrations of HCO3
2 and PO4

32 at experi-
ment termination (Tables 2 and 3) provided evidence for mass
loss by precipitation. Presumptive evidence for the timing of
vivianite precipitation was provided by the behavior of aqueous
P (Table 3) which decreased by;95%, relative to uninoculated
controls, in the first 4 to 12 days of incubation. This rapid P
removal implied that vivianite quickly formed by reaction of
biogenic Fe(II) with nutrient P. However, we cannot discount P
consumption by the cells as it would likely have occurred over
this same time frame. Bicarbonate was liberated from the
metabolism of lactate in an approximate ratio of HCO3 : Fe(II)

Fig. 8. Siderite (FeCO3) precipitates in bioreduced Co-FeOOH suspensions in bicarbonate buffer after 32-day incubation.
X-ray diffraction (a) and electron micrograph (b).

Fig. 9. Intergrown siderite and vivianite precipitates in bioreduced Co-FeOOH suspensions in bicarbonate buffer with
PO4.
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of 1 : 4 (Zachara et al., 1998). Evidence for HCO3
2 evolution

was observed in the PIPES buffered Treatments (3 and 4) and
the bicarbonate buffered treatments with P (1 and 5; Table 2)
where significant net accumulation was observed. In contrast,
HCO3

2 did not appreciably accumulate in the media without P
(Table 2) because of its apparent incorporation in FeCO3.
These observations implied that P retards the initial precipita-
tion of FeCO3 by competition or surface poisoning, and are
consistent with a thermodynamic model proposed by Zachara
et al. (1998), where the less soluble vivianite precipitates to
completion before the onset of siderite precipitation.

Saturation indicies were computed for siderite, vivianite, and
select cobalt phases (hydroxides, carbonate, phosphate) at ex-
periment termination (Table 4) based on the concentration of
added nutrients (Table 1), the measured solution composition
(Appendix Table 1), and the pH. The saturation index (S.I.,
Table 4) defines whether a solution is oversaturated (log S.I..
0), undersaturated (log S.I., 0), or in equilibrium (log S.I.5
0) with the tested mineral phase. Lactate and acetate were not
directly measured, but their concentrations were estimated from
the stoichiometric relationship with Fe(II) as reported by Za-
chara et al., (1998). The S.I. calculations included the effects of
aqueous complexation by acetate, lactate, carbonate/bicarbon-
ate, phosphate, and NTA where appropriate. The accuracy of
the computed S.I. values are dependent on analytic precision
(e.g., total inorganic C and total phosphate) and the quality of
the thermodynamic data, which is limited for the Co(II) solids.

The ferrous containing solids [FeCO3, Fe3(PO4)2 z 8H2O]
were typically computed to be supersaturated, indicating ther-
modynamic driving force for precipitation. Supersaturation was
consistent with the presence of these phases (Figs. 7–9). Their
supersaturation indicated that the rate of biotic Fe(II) genera-
tion exceeded the precipitation rate, or alternatively, that the
free energy of the biotically precipitated solids differed from
the abiotic ones used for S.I. calculation (e.g., Bruno et al.,
1992; Al-Borno and Tomson, 1994). In contrast, the Co(II)
solids were generally undersaturated, implying that the forma-
tion of discrete Co(II)-hydroxide, carbonate, or phosphate sol-
ids was unlikely. We did note that the morphology of the
bioreduced material in bicarbonate buffer changed markedly
with aging (Fig. 10); with the residual mineral material becom-
ing encrusted or enabulated with further FeCO3 precipitate
(determined by EDS analysis, not shown). This may have
resulted from the relief of siderite supersaturation by slow
precipitation, continued biotic Fe(II) generation, or both. Gen-
erally, the computed effects of lactate and acetate on Fe(II) or
Co(II) speciation were minimal because of the small values of
their respective complexation constants (e.g., log K values at
25°C and I5 0 range between 1 and 2; Smith and Martell,
1997).

A coprecipitation experiment was performed to assess the
relative ability of Co(II) to substitute in vivianite, believing that
such a reaction could be important to the post reduction distri-
bution of Co in experiments with media phosphate. The exper-

Table 3. Phosphate concentrations in reduction experiments and controls.

Day

Treatment 1 Treatment 3 Treatment 5

Controla Bioticb Controla Bioticb Controla Bioticb

(mol/L)

1 3.653 1023 3.363 1023 3.523 1023 2.033 1023 3.473 1023 3.583 1023

4 3.623 1023 7.233 1025 3.443 1023 1.003 1024 3.533 1023 1.603 1024

12 3.583 1023 ,2.63 1025 3.553 1023 ,1.483 1025 3.513 1023 ,2.613 1025

32 3.553 1023 ,2.63 1025 3.493 1023 ,1.483 1025 3.503 1023 ,1.473 1025

a Mean of two replicates.
b Mean of four replicates.

Table 4. Saturation indicies after 32-day incubation of Co-FeOOH with CN32.

Treatment

Saturation indexa

FeCO3(s)
b Fe3(PO4)3 z 8H2O

c Co(OH)2
d Co3(PO4)2 z 8H2O

e CoCO3
f

1 1.68 3.51 24.55 to23.16 21.89 20.091
2 1.86 NAg 25.71 to24.32 NA 21.16
3 1.22 4.08 23.64 to22.84 21.68 20.67
4 1.25 NA 24.46 to23.06 NA 21.18
5 1.72 2.76 25.14 to23.75 24.22 20.58
6 1.25 NA 24.99 to23.61 NA 20.75

a Computed with MINTEQA2 (Allison et al., 1991). Saturation index5 log IAP(exp)/IAP(equil) where IAP(exp) is the experimental ion activity
product for the given phase and IAP(equil) is the ion activity product at equilibrium.

b Bruno et al. (1992).
c Al-Borno and Tomson (1994).
d Naumov et al. (1974) for transvaalite.
e Rudii and Antraptseva (1991).
f Naumov et al. (1974) for sphaerocobaltite.
g NA, not applicable; PO4

32 was not in the medium.
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iment was performed by precipitating vivianite, in the presence
of dilute Co(II) [e.g., Fe : Co5 100] according to the proce-
dure of Al-Borno and Tomson (1994). The procedure precipi-
tated 99.8% of the Fe(II) and 98.8% of the Co(II), and the
product yielded a well-defined X-ray diffractogram of vivian-
ite, without apparent mineralogic impurities. We assumed, but
did not experimentally document, that Co(II) was homoge-
neously coprecipitated in vivianite. A conditional equilibrium
constant (Kc) or separation factor (D; Sposito, 1981) was
computed for the following exchange reaction after analyzing
the solution and solid after 2 months aging.

Fe3(PO4)2 z 8H2O 1 3Co21 5 Co3(PO4)2 z 8H2O 1 3Fe21 Kc/D

WhereD 5 (NCo)(Fe21)3/(NFe)(Co21)3, and NCo and NFe are
mole fractions of the components in the coprecipitate. The
computed value ofD was 8.73, indicating significant tendency
for Co(II) to coprecipitate in vivianite at the concentrations
used.

3.6. Relative Behavior of Ni-FeOOH and Co-FeOOH

A comparative study was performed with CN32 on the
effects of AQDS on metal solubilization from both Co-FeOOH
and Ni-FeOOH. Eight treatments were compared for both the
Co-FeOOH and Ni-FeOOH (all without trace nutrient supple-
ment): PIPES buffer with and without PO4

32 and with and
without AQDS, and bicarbonate buffer with and without PO4

32

and with and without AQDS (Table 5). The same batch of
Co-FeOOH was used for these as in the preceding experiments.
These media treatments were sampled only once with the
objective of comparing the final state after a 25-day period of
bioreduction.

The CN32 culture used in these later experiments reduced
smaller amounts of Fe(III) oxide (3.5–18.4%, Table 5) then
observed previously in the Figure 2 experiments. We have

previously noticed and reported on such variations in reduction
by CN32 with HFO (Fredrickson et al., 1998). The smaller
amount of reduction possibly resulted from the shorter incuba-
tion time used in the latter experiment (25 days as compared to
32 days). Consequently, there was difference between media
treatments that did and did not contain PO4

32 (Table 5). The
earlier studies showed that the rate of bioreduction [e.g., Fe(II)
evolution, Fig. 2] was faster when PO4

32 was present, and
consistent with that, the later study showed that PO4

32 yielded
a greater amount of reduction after 25 days (Table 5). Unlike
previously reported studies with crystalline Fe(III) oxides (Za-
chara et al., 1998), AQDS did not significantly enhance the
extent of reduction of either Co-FeOOH or Ni-FeOOH.

The Co-FeOOH and Ni-FeOOH behaved almost identically
during bioreduction (Table 5). The Ni-FeOOH showed slightly
less reduction and more metal release to HCl extraction than
the Co-FeOOH, but all other trends with respect to media
components and buffer were the same. The solid residues from
incubations of both the Co-FeOOH and Ni-FeOOH were ex-
amined by both XRD and SEM, and these showed no differ-
ences from one another. Vivianite and siderite were again
observed as biomineralization products at relative concentra-
tions consistent with total extent of Fe(III) oxide reduction. No
distinct solid phases or morphologic changes to vivianite or
siderite were observed in the bioreduced Ni-FeOOH.

4. DISCUSSION

4.1. Thermodynamics of Reduction

S. putrefaciensstrain CN32 has been shown previously to
couple the oxidation of lactate with the reduction of various
poorly crystalline and crystalline Fe(III) oxides (Fredrickson et
al., 1999; Zachara et al., 1999). Here we have seen that lactate-
driven bioreduction of goethite can mobilize, in part, minor

Fig. 10. Siderite entabulation of bioreduced Co-FeOOH in bicarbonate buffer after 90 days aging in “spent media.”
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elements that are coprecipitated within the bulk structure of
FeOOH.

An effective free energy ladder for redox-sensitive species in
our experimental system is shown in Table 6. Effective redox
potentials (E9) are summarized that were derived from standard
state potentials (E°) by using the Nernst equation. Reduction
reactions leading to ferrous iron solid-phase products [e.g.,
FeCO3, Fe3(PO4)2 z 8H2O] are included as these were shown to
occur and their explicit inclusion is necessary for proper ther-
modynamic analysis. Lactate exhibits the lowest effective re-
dox potential (E9) and, through microbial mediation, drives the
reduction of the other couples. The strongest oxidant is the
CoOOH/Co21 couple which yields the largest free energy
change in reaction with lactate. Baring kinetic constraints, it
should be the first to react with electrons liberated by bacterial
lactate oxidation. Cobalt(III) is susceptible to reduction by
DIRB when present in aqueous complex [e.g., Co(III)EDTA;
Gorby et al., 1998]; and our measurements indicate that it is
either directly (enzymatically) or indirectly [by Fe(II)] reduced
in Co-FeOOH. Co(II) was the observed valence form in both
the aqueous phase and the HCl extract.

The amount of Co-FeOOH reduction in bicarbonate buffer
was from 30 to 50% greater than observed in PIPES buffer
(Fig. 2). This observation is consistent with the E9 values in
Table 6, if it is assumed that Reactions 3 and 4 in Table 6 are
dominant in bicarbonate and PIPES buffers, respectively. The
bioreduction of goethite is favored under conditions leading to
siderite precipitation as a larger free-energy change is associ-
ated with this reaction. Similarly, the greater reduction ob-
served in PIPES buffer when P was present (Fig. 2) may be
rationalized, in part, as a consequence of the favorable thermo-
dynamics of Reaction 2 driven by vivianite precipitation.

AQDS was added to many of the inoculated suspensions of
Co-FeOOH and Ni-FeOOH to enhance solid-phase reduction.
Previous research with both HFO, goethite, hematite, and sub-
surface materials containing crystalline Fe(III) oxides has
shown that AQDS stimulates both the rate and extent of Fe(III)
reduction (Fredrickson et al., 1998; Zachara et al., 1998). The
effective redox potential (E9) of the AQDS couple lies below
that of FeOOH and above that of lactate (Table 6). AQDS

readily accepts electrons from respiring DIRB (Lovley et al.,
1996; Fredrickson et al., 1999), producing the reduced, anthra-
hydroquinone form (AH2DS). The hydroquinone (AH2DS) has
marginal thermodynamic power to reduce FeOOH to Fe(aq)

21

(Reaction 4), but the free energy is sufficiently favorable to
produce siderite (Reaction 3) if requisite concentrations of
HCO3

2 are present.

4.2. Fate of Biogenic Fe(II)

In general, 50% or more of the biogenic Fe(II) was associ-
ated with the residual Fe(III) oxide. In media Treatments 1, 2,
5, and 6 (Table 1) with bicarbonate buffer, Fe(aq)

21 concentrations
generally increased through Day 4 or 12 of incubation and then
decreased (Fig. 2), consistent with mineral precipitation. In
these media, siderite or a combination of siderite and vivianite
were observed. Under requisite abiotic conditions, vivianite
readily precipitates (Al-Borno and Tomson, 1994), but siderite
is slow to form and exhibits sluggish precipitation kinetics
(Greenberg and Tomson, 1992). Iron-reducing bacteria mediate
siderite precipitation in mineral suspensions (Mortimer and
Coleman, 1997; Fredrickson et al., 1998; Zachara et al., 1998)
and sediments (Postma, 1981; Pye et al., 1990; Sawicki et al.,
1995), although the manner by which microorganisms acceler-
ate siderite precipitation is not known. Both siderite and vivi-
anite were significantly greater in size (2–20mm) than goethite
(0.30–0.40mm) and their dispersed nature implied their role as
global Fe(II) sinks. They appeared to form from homogeneous
precipitation, rather than by topo-tactic growth on goethite or
bacteria surfaces. The extent and morphology of the siderite
and vivianite biomineralization was comparable to that ob-
served for the bioreduction of goethites without metal substi-
tution (Zachara et al., 1998), implying little or no effect of
evolved Ni21 or Co21.

In PIPES buffer without P, biogenic Fe(II) sorbed to, and
eventually saturated the residual Fe(III) oxide and bacterial cell
surfaces, leading to increased Fe(aq)

21 concentrations (Treatment
4, Fig. 2). We have previously observed that dissimilatory
Fe(III) reduction tends to slow or cease when the crystalline
Fe(III) oxide surface becomes Fe(II) saturated (Roden and

Table 6. Reduction potentials of lactate (L2) and anthraquinone disulfonate (AQDS) relative to Fe(III) and Co(III) oxides.

Half-reaction

E°a E9b

SourceVolts

1. CoOOH(s) 1 3H2 1 e2 5 Co21 1 2H2O 11.48 11.59 Stone and Ulrich, 1989
2. FeOOH1 1.67H1 1 0.67H2PO4

2 1 2.67H2O 1 e2

5 0.33Fe3(PO4)2 z 8H2O
0.793 0.011c Cornell and Schwertman, 1996

Al-Borno and Tomson, 1994
3. FeOOH(s) 1 HCO3

2 1 2H1 1 e2 5 FeCO3(s) 1 2H2O 0.848 20.070d Cornell and Schwertman, 1996
Bruno et al., 1992

4. FeOOH(s) 1 3H2 1 e2 5 Fe21 1 2H2O 10.67 20.22 Stone and Ulrich, 1989
5. 0.5AQDS1 H2 1 e2 5 0.5AHDS 10.23 20.24 Clark, 1960
6. 0.125A2 1 0.25HCO3

2 1 1.2H1 1 e2 5 0.166L2 1 5H2O
5 10.121 20.396 (HCO3

2 buffer)
20.410 (PIPES buffer)

a E° 5 standard reduction potential.
b E9 5 reduction potential with [H1] 5 1.03 1027 mol/L, [Me21] 5 1.03 1026 mol/L, [AQDS] 5 1.03 1026 mol/L and [AHDS]5 1.03 1024 mol/L.
c H2PO4

2 5 4.0 mM.
d HCO3

2 5 30 mM.
e A2 5 acetate (CH3COO2); L2 5 lactate (CH3CHOHCOO2).
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Zachara, 1996). Complexants or ligands that promote the for-
mation of aqueous Fe(II) complexes or solid phases, in turn,
may enhance bacterial Fe(III) oxide reduction by drawing
Fe(II) from the residual Fe(III) oxide surface (Urrutia et al.,
1998). The extent of Fe(III) reduction observed with the Me-
FeOOH (Fig. 2) was consistent with previous observations; the
least reduction occurred in Treatment 4, where there was no
evidence for secondary phase formation. The surface chemical
nature of sorbed Fe(II) is not well known and is difficult to
interrogate spectroscopically. Haderlein and Pecher (1999)
used the surface precipitation model of Farley et al., (1985) to
fit Fe(II) sorption data on goethite in the circumneutral pH
range [with Fe(OH)2 as the surface precipitating phase] and
proposed that surface clusters and precipitates dominate the
speciation of sorbed Fe(II) on goethite.

The biogeochemical behavior of Fe(II) is of crucial impor-
tance to the release and solubility of the evolved Co(II) both
through competitive sorption on the residual oxide surface and
through coprecipitation in Fe(II) solids as discussed below.

4.3. Factors Controlling Co(II) Evolution

4.3.1. Bioreduction of the Co(III) in Co-FeOOH

Co(II) appeared to be generated by CN32 in a concentration
that paralleled its mole ratio in the Co-FeOOH (Fig. 4a).
Similarly, Bousserrhine et al., (1999) observed the congruent
reductive dissolution of a 5% Co-FeOOH by an acid producing,
fermenting bacterium (Clostridium butyricium). Thus, in spite
of the more favorable reduction thermodynamics of the Co(III)/
Co(II) pair (Table 6), there was no apparent preferential reduc-
tion of Co(III) in the solid. The bioreduction process appeared
consistent with a homogeneous advancing front model where
electron transfer occurred in direct proportion to bulk cation
concentrations. There was no evidence for deeper electron
transfer into the structure to more energetically favorable
Co(III) sites, as may have been anticipated from the E9 values
in Table 6. These conclusions, however, are made with caution
because they were based on HCl extraction of the bioreduced
solid only. The dilute HCl extraction is effective in displacing
Fe(II) associated with surfaces and in dissolving Fe(II) coatings
and relatively soluble Fe(II) biomineralization products includ-
ing siderite, vivianite, and fine grained magnetite. It dissolves
little of the residual FeOOH. It is likely that deep reduction of
Co(III) in Co-FeOOH could not have been discriminated by
HCl extraction unless the solid was fully dissolved. We at-
tempted to characterize Co(III/II) in the bioreduced solids by
K-edge X-ray absorption spectroscopy to address this question but
were unsuccessful because of the similar energies of the Fe and Co
adsorption edges and the relatively low concentration of Co.

4.3.2. Solubilization of biogenic Co(II)

The release of biogenic Co(II) to the aqueous phase, (e.g.,
Fig. 4b) varied with media composition and buffer, but un-
equivocal relationships were not evident. We expected, but did
not observe, that solubilization would be enhanced in bicar-
bonate buffer over that in PIPES buffer through carbonate
complexation of Co21. For example, 63.4% of 1025 mol/L
Co(II) was computed to exist as CoHCO3

2 in 30 mM NaHCO3

buffer at pH 7 (logKCoHCO35 12.5; logKCoCO35 4.41), with

the net contribution of bicarbonate and carbonate complexes
increasing with increasing pH (e.g., note experimental pH
values in Table 2). Enhanced solubilization was also not ob-
served as acetate accumulated as a result of lactate oxidation.
CN32 produces acetate in 1 : 4 ratio with Fe(II) (Zachara et al.,
1998); the highest concentrations of acetate, therefore, existed
in the FeCoOOH suspensions with the greatest Fe(II) genera-
tion. The acetate complexes with Fe(II), Co(II), and Ni(II) are,
however, all weak, with log K values for formation ranging
between 1.40 to 1.46 (Smith and Martell, 1997).

The apparent sorption strength of nutrient (60Co) and bio-
genic (57Co) Co(II) [as measured byKd, Fig. 6] were different
from one another. Biogenic Co(II) was sorbed more strongly.
Although nutrient Co(II) was computed to be complexed by
NTA added with the trace metals solution, Girvin et al. (1996)
noted that hydroxyl surface sites on metal oxides are able to
outcompete NTA for Co(II). Such competition was likely in our
system, especially since there were other metal cations [nutri-
ents and Fe(II)] that would have enhanced dissociation of
CoNTA2. The results presented in Figure 6 implied that the
chemical environment of biogenic Co(II) on the reduced goe-
thite surface was different from that of a Co(II) surface com-
plex that formed on the same surface under identical aqueous
conditions.

The data in Figure 6 for biogenic Co(II) (mol/g sorbed) was
replotted and compared to an abiotic adsorption isotherm mea-
sured for Co(aq)

21 at pH 7.3 in PIPES buffer (Fig. 11a).A subset
of the biogenic Co(II) data paralleled the isotherm but was
elevated above it (more strongly sorbed) by;0.75 orders of
magnitude. This data, which is assumed to represent the ad-
sorbed Co(II) fraction, was the same subset observed in Figure
6 below a reduced fraction of 0.15. The data cluster that exists
above the biogenic Co(II) isotherm in Figure 11a and above a
reduced fraction of 0.15 in Figure 6 was believed to represent
a precipitated Co(II) fraction that was incorporated within
biogenic ferrous solids.

Adsorption.Adsorbed biogenic Co(II) was more strongly
bound to the residual Fe(III) oxide surface than was Co21

adsorbed from the aqueous phase on either the pristine or
bioreduced surface. Our working hypothesis was that biogenic
Co(II) would be solubilized from the residual Fe(III) oxide by
strong competitive mass action from biogenic Fe(II) and that
the resulting biogenic Co(II) isotherm would be lower than that
observed for the pristine Co21/goethite system (Fig. 11a). This
working hypothesis was based on comparative sorption mea-
surements of both Fe21 and Co21 as individual solutes on this
same goethite under anoxic conditions in the absence of biore-
duction (Zachara et al., 1999), and the observation that excess
Fe21 (e.g., 200 : 1) inhibits Co21 adsorption (Fig. 11b).

In a previous study (Zachara et al., 2000), we attempted to
determine whether sorbed Fe(II) on goethite arising from bac-
terial reduction followed the same isotherm as did Fe(II) spiked
to a microbe-free, anoxic goethite suspension (abiotic iso-
therm). While the study was not unequivocal, the results indi-
cated that, similar to those for Co(II) above, biogenic Fe(II)
exhibited a higher preference isotherm than did abiotically
spiked Fe(II). The abiotic and biogenic isotherms were gener-
ated and measured differently. In the abiotic system, known
concentrations of Fe(II) were spiked to the aqueous phase and
the concentration difference after equilibration was used to
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calculate the adsorption density. The isotherm that resulted is a
plot of adsorbed concentration versus aqueous concentration
(e.g., Fig. 11). For the biogenic isotherm, the samples were
equilibrated with CN32 under strictly anaerobic conditions and
allowed to incubate for prescribed periods. The aqueous and
HCl extractable concentrations of Fe(II) and Co(II) were de-
termined after incubation. The HCl-extractable data were used
as a measure of the sorbed concentration for Figures 6 and 11.

The central issue is that the chemical nature of the HCl
extracted surface phase on FeOOH is unknown below a frac-
tional reduction of 0.15. Biogenic Co(II) is distributed within
this phase, and the solubilization behavior of Co(II) (kinetics
and extent) is determined by its surface properties. The bio-
genic surface phase may be homogeneous or heterogeneous,
and contain Fe(II) in various chemical environments ranging
from surface complexes, to clusters, to possibly reduced re-
gions deeper within the crystal structure. Measurements of
maximum biogenic Fe(II) adsorption density (by HCl extrac-
tion) under conditions where biomineralization was not ob-
served indicated a surface concentration that was 1.2 to 1.5
times the Langmuir sorption maxima determined by abiotic
spiking (Zachara et al., 2000). Perhaps the biogenic Fe(II)
surface phase exhibits significant two- or three-dimensional
character promoted by localized bacterial action at the submi-
cron scale that is physicochemically different from that which

results from abiotic spiking. Another possibility is that a hy-
drous magnetite-like surface phase formed that exhibited struc-
tural sites conducive to biogenic Co(II) incorporation and that
were more effective than hydroxyl sites for retaining Co(II) in
the interfacial region.

Because rather high cell concentrations were used in the
bioreduction experiments, biosorption of Fe(II) and Co(II) may
have occurred giving rise to the appearance of an increase in
the sorption selectivity of the residual goethite. We have in-
vestigated the sorption of Fe(II) on CN32 (Liu et al., 2000a)
and found it to be significant, but not especially strong. The
sorption of Fe(II) on CN32 is much less than that on goethite
(Liu et al., 2000b). Under the assumption that Co(II) sorbs like
Fe(II) to CN32, we used sorption isotherms to calculate (using
MINTEQA2) the phase distribution of Co(II) in the mixed
system of goethite and CN32, assuming sorption site indepen-
dence and an additive response. The results (not shown) indi-
cated that biosorption could enhance the Co(II) isotherm by
;0.25 log units; which was below that observed in Figure 11a.
While we concluded that biosorption alone, could not account
for the enhanced sorptivity of the biogenic Co(II), we note that
sorbent mixtures may not behave in additive fashion. Sorbent-
sorbent interactions may lead to enhanced sorption affinity over
that predicted by an additive model (e.g., Tipping et al., 1983;
Davis, 1984; Laxen, 1985).

Fig. 11. (a) “Adsorption isotherm” of Co(II) from the bioreduction experiment compared to an abiotic adsorption isotherm
of Co(aq)

21 measured on the starting goethite under anoxic conditions. The sorbed concentrations of Co(II) from the
bioreduction experiment were defined as those obtained by HCl extraction minus the total aqueous Co(II) concentration. (b)
Competitive isotherm for Co(aq)

21 on the starting goethite under anoxic conditions with equimolar Fe(II) and excess Fe(II)
(one point only to avoid precipitation effects).
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The data presented in Figure 4b indicated that three out of
the four trace metal amended media displayed enhanced Co(II)
solubilization (e.g., log [Co(II)(aq)/Fe(II)(aq)] . 22.0). Com-
petitive mass action is one explanation for this observation. A
mass action effect implies that biogenic Co(II) is in chemical
communication (e.g., exchange) with the aqueous phase, and
not sequestered deeply in a surface coating. Competitive dis-
placement of biogenic Co(II) is consistent with the abiotic
competitive sorption results presented for Co21 in the presence
of equimolar Fe21, where only a small competitive effect was
observed at the highest concentrations (Fig. 11b). The lack of
competition at equimolar concentration may be rationalized by
postulating “partially independent” (stereo-selective) site pop-
ulations operative over certain concentration ranges (e.g., Ben-
jamin and Leckie, 1981). Higher levels of Fe21 (e.g., 200 : 1)
gain access to sites that are intrinsically more selective for
Co(II), paving way to a competitive response from trace metals
that were present in the media at cumulatively higher concen-
tration.

Precipitation/coprecipitation. The partitioning data for
Co(II) plotted in Figure 6 and Figure 11 indicated that Co(II)
association with the residual oxide increased with: 1) fractional
reduction of FeOOH, and 2) the formation of ferrous iron
mineral phases including siderite and vivianite. Coprecipitation
of Co(II) within biogenic ferrous iron phases was implied from
the concurrent reductions in Fe(aq)

21 and Co(aq)
21 that occurred at

the latter time periods of incubation (Figs. 2 and 3). Coprecipi-
tation can reduce the solubility of an aqueous phase component
below that controlled by adsorption or discrete phase solubility
reactions.

Siderite (FeCO3) is a rhombohedral carbonate. To a first
approximation, the ability of a foreign divalent cation ion to
substitute within or to form a solid solution with FeCO3 is
dependent upon the similarity of its ionic radius [r(M21)] in
octahedral coordination with that of Fe21 {[r(M 21)] 5 0.78
A°}. Significant miscibility generally requires that [Dr(M21)]
# 0.11 (Reeder, 1990). The octahedral ionic radius of both
Co(II) (0.72 A°) and Ni(II) (0.69 A°) are such that significant
substitution of them in FeCO3 is conceivable. Manganese(II)
(0.80 A°) (Rosenberg, 1963) and Zn(II) (0.74 A°) (Bak and
Zabinski, 1981) form extensive, continuous solid solutions with
FeCO3. Trace-metal analysis of marine siderite cements (Pye,
1984) and sulfide weathering products (Thornber and Nickel,
1976) indicate the presence of both Co(II) and Ni(II). Thornber
and Nickel (1976) investigated the coprecipitation of Co21,
Ni21, and other divalent metals in FeCO3(s) at 23°C and pH 7.
Average distribution coefficients (D) of 0.83 and 0.12 were
observed for Co21 and Ni21, respectively. TheseD values are
high enough to allow significant incorporation of Ni21 and
Co21 into FeCO3(s) (Rimstidt et al., 1998).

We believe, but were unable to document by analysis, that
Co(II) and Ni(II) were incorporated into the siderite formed
through bioreduction of the Co-FeOOH and the Ni-FeOOH.
We note that Mn(II) [D 5 6.5; Thornber and Nickel (1976)]
and Ca [D 5 0.085; Thornber and Nickel, (1976)] were
incorporated in biogenic FeCO3 produced under laboratory
culture conditions similar to those used here (Mortimer et al.,
1997). Mortimer et al., (1997), however, showed that the extent
of Mn(II) coprecipitation in biogenic siderite was not easily

predicted from solution composition and exhibited complex
dependency on bacterial respiration and precipitation rates.

The coprecipitation experiment described in Section 3.5
demonstrated that Co(II) can be retained in vivianite. The
experimentally measured separation factor (D 5 8.73) was
high enough to justify the increase in Co(II)-Kd that was
observed in phosphate containing media with increasing frac-
tional solid phase reduction (Fig. 6). Partial substitution of
Co(II) for Fe(II) in vivianite was expected because of the
similarity in the ionic radius of Fe(II) and Co(II) as mentioned
above, and the ability of both metals, as well as Ni(II), to form
isostructural double phosphates [e.g., Fe3(PO4)2 z 8H2O;
Co3(PO4)2 z 8H2O, Rudii and Antraptseva, 1991; Trapeznikova
et al., 1983; Ni3(PO4)2 z 8H2O, Jambor and Dutrizac, 1995].
The solid solution behavior of vivianite with transition metal
cations has apparently not been studied. Double hydrated phos-
phates of Co(II), Mn(II), and Zn(II), however, undergo exten-
sive solid solution formation with the similarly sized Mg(II) ion
[r(M21) 5 0.72 A°] (Rudii and Antraptseva, 1991). Similarly,
double hydrated arsenates of Co(II) and Ni(II) [e.g., annaber-
gite, Ni3(AsO4)2 z 8H2O; erythite, Co3(AsO4)2 z 8H2O], which
are isostructural with the double phosphates, also undergo
significant solid solution with themselves and Mg(II) (Jambor
and Dutrizac, 1995). This inferential evidence suggests that
vivianite may function as a significant repository for Fe(III)-
oxide entrained Co(II) and/or Ni(II) that is solubilized by
bioreduction. However, as noted above for siderite, the extent
of Co(II) and Ni(II) coprecipitation in the biogenic vivianite is
unknown and is likely to be controlled by interactive factors
related to precipitation mechanism, rate, and location; aqueous
concentrations of Co(II) and Ni(II); and microbial effects.

4.4. Role of AQDS

AQDS functions as an electron shuttle for DIRB under
certain conditions, accepting electrons generated by respiration
and shuttling them to, and enhancing electron transfer at the
Fe(III) oxide surface. The mechanism of heterogeneous elec-
tron transfer of dihydroanthraquinone disulfonate (AH2DS) at
the oxide-water interface parallels that of hydroquinone, which
has been more extensively studied (Stone and Morgan, 1984;
LaKind and Stone, 1989; Stone and Ulrich, 1989). In previous
studies, the shuttle effect of AQDS has accelerated the rate and
extent of both non- and crystalline Fe(III) oxide reduction and
influenced the nature of biomineralization products formed
(Fredrickson et al., 1998; Zachara et al., 1998). It is not known
whether the presence of AQDS eliminates the need for cell-
oxide contact, which is required for bacterial Fe(III) oxide
reduction in its absence.

Contrary to expectation, AQDS did not significantly enhance
the bacterial reduction of the Co- and Ni-FeOOH in the 25-day
incubation (Table 5). Perhaps there was slight stimulation in the
HCO3

2 buffer experiments where the fractional reduction of
both Co-FeOOH and Ni-FeOOH was from 2.7 to 3.8% higher
in presence of AQDS (Table 5). The 32-day incubations of
Co-FeOOH, whose results were summarized in Figures 2 to 10,
were all performed in presence of 100-mM AQDS. The final
extent of bioreduction observed in the 32-day incubations of
Co-FeOOH ranged from;25 to 35% of the crystalline oxide
depending on buffer and media treatment (Fig. 4a). This reduc-
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tion extent exceeded that observed for nonmetal substituted
FeOOH of similar surface area in the absence of AQDS (9.2%),
but was nearly identical to the reduction extent observed in
presence of AQDS (32.8%; Zachara et al., 1998). These latter
experiments employed a 39-day incubation period.

An explanation for the lack of stimulation of Co- and Ni-
FeOOH reduction by AQDS over the shorter 25-day incubation
period was not apparent. Strongly sorbing metal cations, par-
ticularly those forming bi- or multinuclear surface complexes,
can inhibit the acid dissolution of oxides by reducing surface
protonation and blocking active dissolution sites such as those
located at kinks or step edges (Hering and Stumm, 1990;
Stumm, 1992; Biber et al., 1994). Perhaps structural Co and Ni
may function in similar capacity for reductive dissolution by
temporally blocking surface sites and slowing initial bioreduc-
tion rates. The data from the 32-day incubations with Co-
FeOOH, however, indicated that these effects, if indeed
present, were short term because the final extents of reduction
for Co-FeOOH were comparable to that observed for metal-
free goethite in the presence of AQDS.

5. CONCLUSIONS

Metal cations that are co-precipitated or structurally incor-
porated in FeOOH may be released during bacterial reduction
of the crystalline oxide. The presence of Co or Ni in the Fe(III)
oxide at the concentration studied (1 mol.%) had no observable
influence on the susceptibility of goethite to bioreduction. The
trace-metal cations were released from the structure at a con-
centration and rate, relative to Fe(II), that was proportional to
their mole fraction. Redox sensitive [Co(III/II)] and insensitive
metals [Ni(II)] behaved in similar fashion, in part because
thermodynamics favored bacterial reduction of Co(III) to
Co(II). Biogenic Fe(II) strongly associated with the solid phase
as an undifferentiated sorption complex on the residual oxide
and CN32, and as discrete secondary mineral precipitates. A
combination of geochemical reactions including adsorption to
the residual Fe(III) oxide and coprecipitation within ferrous
iron biomineralization products controlled whether the released
metals remained associated with the solids or were solubilized
into the aqueous phase. Siderite and vivianite formed when the
goethite was appreciably reduced (.15%), and both appeared
to structurally incorporate Co(II).

The use of multiple isotopes of Co (60Co, 57Co) allowed us
to trace the solid–liquid distribution of both nutrient and oxide
entrained Co, and lead us to conclude that Co(II) that was
released from the structure was held at the surface more
strongly than a Co21 adsorption complex on the goethite sur-
face. The nature of this chemical association or phase was not
determined. The highest degree of solubilization occurred in
media containing nutrient trace metals, suggesting that sorbed
structural ions were in exchange equilibrium with the aqueous
phase.

The metal-substituted FeOOH was incompletely reduced in
our experiments ('5–30%), as was noted in previously re-
ported batch studies with iron-reducing bacteria and synthetic
goethite (Roden and Zachara, 1996; Urrutia et al., 1998). Com-
plex, unresolved physiologic and surface chemical phenomena
appear to control the reduction extent of crystalline Fe(III)
oxides. Because structural contaminants are released from

FeOOH in proportion to their mole fraction [e.g., Co(III), Ni(II)
and like ions], factors that enhance FeOOH bioreduction, such
as the presence of Fe(II) complexants (Urrutia et al., 1998) and
advective removal of biogenic Fe(II) (Roden and Urrutia,
1999), will accelerate trace metal release and their biogeo-
chemical cycling. We have observed that natural, crystalline
Fe(III) oxides are more reducible (Zachara et al., 1998) and
adsorb cationic metals more weakly (Zachara et al., 1996;
Zachara et al., 1999) than their synthetic counterparts. Struc-
tural imperfection and the presence of both structural and
surface impurities in the natural Fe(III) oxides are among the
many potential reasons for these differences. We may therefore
conclude that oxide-entrained trace metals in soil and subsur-
face environments may be more readily released by dissimila-
tory iron reduction than observed in this model system study.
Whether the biomobilized trace metals remain associated with
the solid phase or are solubilized to the aqueous phase and are
available for transport will be a complex function of the aque-
ous and solid-phase geochemical composition controlling the
magnitude, nature, and reversibility of adsorption and precipi-
tation reactions.
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Table A1. Results of ICP-AES analysis (mg/mL) of the aqueous phase after 32-day incubation of Co-FeOOH with CN32.

Element Media #1 Media #2 Media #3 Media #4 Media #5 Media #6

Al ,0.03 ,0.03 ,0.03 ,0.03 ,0.03 ,0.03
Ca 6.61 3.56 22.4 27.2 16.4 2.86
Co 1.13 1.26 0.80 1.09 0.43 0.47
Cu ,0.006 ,0.006 ,0.006 ,0.006 ,0.006 ,0.006
Fe 18.1 32.3 21.4 108 30.2 25.1
K 56.2 49.2 56.2 53.4 55.6 51.6
Mg 1.63 3.02 0.98 3.16 ,0.06 ,0.06
Mn ,0.02 ,0.02 0.03 1.46 ,0.02 ,0.02
Na 2407 2269 2166 2031 2417 2261
Ni ,0.02 ,0.02 ,0.02 ,0.02 ,0.02 ,0.02
P 1.67 0.48 0.52 0.01 0.58 ,0.08
S 12.7 12.4 110 100 .06 7.50
Si 12.0 9.48 7.92 5.83 11.4 9.25
Zn ,0.05 ,0.05 ,0.05 ,0.05 ,0.05 ,0.05
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