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Abstract: The significant accumulation of Pb from anthropogenic activities threatens environmen-
tal ecosystems. In the environment, iron oxides are one of the main carriers of Pb. Thus, the
redox cycling of iron oxides, which is due to biotic and abiotic pathways, and which leads to their
dissolution or transformation, controls the fate of Pb. However, a knowledge gap exists on the
bioreduction in Pb-bearing ferrihydrites, secondary-mineral precipitation, and Pb partitioning during
the bioreduction/oxidation/bioreduction cycle. In this study, Pb-bearing ferrihydrite (Fh_Pb) with
various Pb/(Fe+Pb) molar ratios (i.e., 0, 2, and 5%) were incubated with the iron-reducing bacterium
Shewanella oneidensis MR-1 for 7 days, oxidized for 7 days (atmospheric O2), and bioreduced a second
time for 7 days. Pb doping led to a drop in the rate and the extent of the reduction. Lepidocrocite
(23–56%) and goethite (44–77%) formed during the first reduction period. Magnetite (72–84%) formed
during the second reduction. The extremely-low-dissolved and bioavailable Pb concentrations were
measured during the redox cycles, which indicates that the Pb significantly sorbed onto the min-
erals that were formed. Overall, this study highlights the influence of Pb and redox cycling on the
bioreduction of Pb-bearing iron oxides, as well as on the nature of the secondary minerals that are
formed.

Keywords: Pb-bearing ferrihydrite; bioreduction; abiotic oxidation; lepidocrocite; goethite; magnetite;
Transmission Mössbauer spectroscopy; whole-cell biosensors

1. Introduction

Anthropogenic activities have contributed to the release of significant lead (Pb) levels
into ecosystems [1]; hence, more than 200 mg kg−1 of Pb is commonly measured in contam-
inated soils, while these concentrations are lower than 20 mg kg−1 in pristine soils [2–7].
The high concentrations of Pb in soils and groundwaters induces adverse effects, including
the lower quality of food and land arability, and threatened human and ecosystem health.
In this context, the United States Environmental Protection Agency (US EPA) recommends
Pb concentrations below 15 µg L−1 in drinking water [8], while the World Health Organi-
zation (WHO) sets a maximum permissible Pb level at 100 µg g−1 in agricultural soils [9].
Therefore, understanding the processes that control the fate of Pb in the environment seems
to be a requirement for the environment and, overall, for environmental sciences.

Physicochemical processes largely govern the speciation of Pb in the environment. Pb
can precipitate as poorly soluble compounds, and it can be complexed by organic matter
and/or adsorbed onto carbonates and clays, or onto Mn and Fe oxides [10–13]. Fe oxides
account for up to 5% in the weight of specific fractions of surface soils and sediments, and
they exert significant control on the reactivity, speciation, and mobilization of metals and
metalloids, such as Pb, Ni, Co, As, and Sb [14–18]. This is due to their high surface areas
and the reactive surfaces that they display, which confer significant sorption capacities for
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organic and inorganic species. Pb interacts with the (hydroxyl) functional groups on the
surfaces of Fe oxides [19]. This may lead to the surface adsorption (via complexation), or
to the structural incorporation, of the metals into the iron oxide crystal, and/or physical
isolation within nanosized pores of iron oxide aggregates [20–23]. Thus, Pb sequestration
by iron (oxyhydr)oxides is one of the most critical geochemical processes that controls the
environmental fate, transport, and bioavailability of Pb [24].

Iron oxides undergo redox cycling (biotic and abiotic), depending on the environ-
ment’s occurring conditions [25]. The bioreduction of iron oxides results mostly from their
use as terminal electron acceptors in several anaerobic subsurface environments by dissimi-
latory iron-reducing bacteria (DIRB), such as Geobacter sp. and Shewanella sp [26]. These
phylogenetically diverse bacteria can couple the oxidation of an organic (e.g., formate,
pyruvate, lactate) or inorganic (e.g., H2) electron source to the reduction in Fe(III). Hence,
the Fe(II) that is generated is either liberated in solution and/or adsorbed onto mineral
surfaces, and it can lead to the precipitation of magnetite (Fe3O4), goethite (α-FeOOH),
siderite (FeCO3), or other biogenic minerals [27–31]. These minerals may also form follow-
ing the abiotic reduction of iron oxides by organic compounds and iron–sulfur minerals
(e.g., mackinawite, FeS) [25,32]. On the other hand, the biotic oxidation of iron oxides is
catalyzed by diverse bacteria by using O2, NO3, or dissolved Fe(II) species, and Fe(II)-
bearing minerals as terminal electron acceptors, such as Gallionella sp. [25,33], while the
abiotic oxidation of iron oxides is mainly a function of the pH, O2, and Fe contents [25,34].
Both these chemical and microbial oxidations of iron oxides occur at comparable rates
at a circumneutral pH [25]. Given the insolubility of Fe(III) under such conditions, these
oxidations result in the formation of Fe(III) minerals. Concomitantly, metals (such as Pb)
that are adsorbed onto or coprecipitated with Fe oxides could either be released in solution
or partitioned on the solid phases [35,36].

Relatively little is known with regard to the effect of Pb on the microbiologically
mediated and abiotic Fe redox reactions, the precipitation of biogenic minerals, and the
subsequent redistribution of Pb. To broaden our understanding of Fe and Pb biogeo-
chemical cycles, our study aims to investigate how various Pb concentrations impact the
bioreduction and abiotic oxidation of iron oxides and the precipitation of biogenic minerals.
To this end, we twice incubated Pb-bearing ferrihydrites with variable molar ratios in the
presence of Shewanella oneidensis MR-1, with an intermediary atmospheric O2 oxidation.
With this experimental setup, we aimed to study the changes in: (i) the rate and extent of
the ferrihydrite bioreduction; (ii) the redistribution of Pb among the liquid and solid phases;
and (iii) the nature of the minerals that were formed upon the (a)biotic redox cycling of Fe
oxides.

2. Materials and Methods

All the reagents and acids used were of analytical grade and were purchased from
Sigma–Aldrich (St. Louis, MO, USA). The solutions were prepared by using 18.2 MΩ cm−1

deionized water. The anaerobic experiments and sample collection were carried out
in an anoxic chamber (Coy Laboratory Products Inc., Grass Lake, MI, USA), where a
98% N2 + 2% H2 atmosphere was maintained by the automatized injection of the gas mix-
ture. Trace amounts of oxygen were scavenged by palladium catalysts.

Pb(II)-bearing ferrihydrite synthesis. Ferrihydrite was prepared by the neutralization
of 0.4 M FeCl3 (made with 13 g FeCl3 in 200 mL) with 4 M of NaOH (made with 16 g
NaOH in 100 mL). For the synthesis of the Pb-bearing ferrihydrites, PbCl2 (8 to 20 mM
PbCl2 solutions made with 0.4 to 1.1 g PbCl2 in 200 mL) was added to the ferric salt, before
neutralization, at Pb/(Fe+Pb) molar ratios of 0.02 and 0.05 [37]. Hereafter, these samples
will be named Fh, Fh_Pb 0.02, and Fh_Pb 0.05 (or the Fh_Pb series). The precipitates
obtained were washed free of electrolytes by dialysis (1 nm-pore-size Spectra/Por® 7
dialysis membranes) by using 18.2 MΩ cm−1 deionized water until a steady conductivity
<20 µS cm−1 was obtained.



Minerals 2022, 12, 610 3 of 15

Bioreduction of Pb(II)-bearing ferrihydrites and abiotic oxidation. Shewanella oneidensis
MR-1 cells were streaked under aerobic conditions on tryptic soy agar from −80 ◦C glycerol
stocks. They were subcultured once, and the colonies were used to prepare a suspension
to inoculate 400 mL of trypticase soy broth (TSB). Cells were grown aerobically to the
exponential growth phase in TSB, under agitation, and at 180 rpm and 28 ◦C. Then, the
cells were harvested by centrifugation, washed twice, and concentrated in sterile 0.9%
NaCl (70 mL). The bioreduction assays were performed in a mineral medium composed
of 22 mM NH4Cl; 1.2 mM KCl; 0.67 mM CaCl2; 1.1 mM MgSO4·7H2O; 1.5 mM NaCl;
0.27 mM MnSO4·H2O; 86 µM ZnCl2; 32.3 µM FeSO4·7H2O; 38.2 µM CoSO4·7H2O; 0.71 mM
nitrilotriacetic acid; 9.3 µM Na2MoO4·2H2O; 6.8 µM Na2WO4·2H2O; 9.1 µM NiCl2; 3.6 µM
CuSO4·5H2O; 1.9 µM AlK(SO4)2·12H2O; and 1.5 µM H3BO3. This mineral medium was
heat-sterilized, purged with filter-sterilized N2, and dispensed into sterile 100 mL serum
bottles, in the presence of the Fh and Fh_Pb series (0.5 g Fh), and was crimp-sealed with
butyl rubber stoppers. Sodium formate, as the sole electron source, and anthraquinone-2,6-
disulfonate (AQDS), as an electron shuttle [38], were sterilized by 0.2 µm filtration, purged
with filter-sterilized N2, and introduced in the culture medium under aseptic conditions in
order to achieve 35 mM and 100 µM, respectively, in each 80 mL assay. S. oneidensis MR-1
cell suspensions were added to obtain final concentrations of 108 cell mL−1. The initial
pH after mixing all the components was adjusted to ca. 7. The assays were incubated in
the dark for seven days, in triplicates, at 28 ◦C. Hereafter, this reduction phase is named
Reduction Phase 1 (RP1). All the bottles were then open to laboratory air. They were
agitated in the dark at 180 rpm for seven days for oxidation, prior to being switched to
anoxic conditions for another cycle of bioreduction with the addition of S. oneidensis MR-1
cells producing the same initial concentration (108 cell mL−1) for seven days. This step
is designated Reduction Phase 2 (RP2). The control experiments were cell-free and were
otherwise identical to the biotic assays.

Chemical analyses. The total Fe and Pb concentrations in the initial solids were
quantified by using atomic absorption spectroscopy (AAS) after dissolution in 4 M HCl.
The AAS limits of quantification were 18 µM Fe and 0.5 µM Pb. At each time point, samples
were removed from the bioreduction assay and extracted with 4 M HCl to measure the
total Fe (Fetot) and the total Fe(II) (Fe(II)tot) by using the ferrozine method [39]. The limit
of quantification was 2 µM. The apparent reduction rate was computed from the first
derivative of a nonlinear curve fit (Equation (1)):

%(Fe(II)tot/Fetot)t = %Fe(II)tot/Fetot)max × (1 − e−kobs × t) (1)

where %(Fe(II)tot/Fetot)t is the (Fe(II)tot/Fetot) (%) produced at time t; %(Fe(II)tot/Fetot)max
is the maximum %(Fe(II)tot/Fetot) observed at the end of the reduction period (i.e., 7 days);
and kobs is the pseudo first-order constant. At the end of the incubation period, 1 mL was
withdrawn from the assays, filtered through 0.22 µm pore filters, and acidified in 2 M HCl
to measure the Pb in the aqueous phase by AAS.

Culture of biosensors and bioavailable Pb analysis with luminescence measurement.
Pb luminescent biosensor cells (E. coli TOP10 pSEVA226 Znt-lux and E. coli TOP10 pSEVA226
J105) were grown overnight under aerobic conditions in a liquid Luria–Bertani (LB) broth,
and were supplemented with kanamycin (50 µg mL−1) from −80 ◦C glycerol stocks. The
cells were then harvested by centrifugation, LB-washed, resuspended in a poor metal-
complexing medium (GGM adjusted to pH 6.7 with 0.1 M NaOH, Table S1) until DO600nm
= 0.2, and stored at 4 ◦C. For luminescence measurements, 20 µL Pb standard solutions or
0.2 µm filtrated environmental samples, and 180 µL of biosensor cell suspensions, were
pipetted into 96-well microplates. Following incubation with orbital shaking (1.8 mm of
amplitude and 10 Hz of frequency), luminescence (relative light unit measured as a 10-s
integral) and DO600nm were recorded every 20 min for 2 h by using a monochromator
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spectrofluorometer FLX-Xenius (SAFAS, Monaco). Induction coefficients (ICs) (normalized
by the DO600nm) were calculated as follows (Equation (2)):

IC =

(
Relative light unit (RLU)

RLUcontrol

)
DO600nm

(2)

where RLU is the luminescence value of the sample, and RLUcontrol is the luminescence
value of the cells in the solution that contain no inducer (blank). The standard solutions
used are presented in SI (Table S2). The limit of quantification was 85 nM Pb.

Characterization of the solid phase. Powder X-ray diffraction (XRD) was performed
by using a D8 Bruker diffractometer equipped with a monochromator, a position-sensitive
detector, and a Co anode (Kα1 = 0.178897 nm radiation). The diffractograms were recorded
in the 3–80◦ 2θ range, with a 0.03◦ 2θ step size and a collecting time of 3 s per point, by using
sample holders equipped with glass domes, which were filled under a glovebox to maintain
the samples under a N2 atmosphere (for reduced samples only). Phase identification was
performed by using the software Diffrac Eva and the Crystallography Open Database
(COD).

57Fe Mössbauer spectroscopy. Transmission Mössbauer spectroscopy was performed
between 298 and 11 K, with a constant-acceleration Mössbauer spectrometer, a 512 multi-
channel analyzer (Halder Electronic Gmbh, Seehausen, Germany), and a 50 mCi source of
57Co in Rh, maintained at room temperature (RT). Data were obtained from appropriate
amounts (10 mg of Fe per cm2) of solid samples to obtain optimal experimental conditions.
Analyses were carried out between ambient and 11 K on the ARS cryostat (Advanced
Research Systems, Macungie, PA, USA) equipped with a vibration-isolation stand devel-
oped in the LCPME laboratory, while the recordings at 4 K were taken on the spectrometer
coupled to the Janis Cryostat. Mössbauer spectra were collected in transmission mode.
The 50 mCi source of 57Co in the Rh matrix was maintained at room temperature and was
mounted at the end of a Mössbauer velocity transducer. The spectrometers were calibrated
with a 25 µm foil of α-Fe at RT. Spectra were computer-fitted (Recoil Software, Ottawa
University, Ottawa, ON, Canada) with the Voigt-based fitting model for paramagnetic
sites that correspond to doublet, which have distributions of quadrupole splittings (QSDs),
and for magnetic sites that correspond to sextet, which have a distribution of magnetic
hyperfine fields (HFDs), as implemented in the Recoil software.

3. Results
3.1. Pb-Bearing Ferrihydrite Characterization

The concentrations of Fe and Pb within the synthesized Fh_Pb series were measured
by using AAS. The concentrations that were obtained were approximately equal to the
Pb/(Fe+Pb) molar ratios that were used during the syntheses (i.e., 2 and 5%). The X-ray
diffraction patterns obtained for the coprecipitates displayed two broad peaks at 2θ around
41 and 75◦, and d-spacings of ca. 0.258 and 0.149 nm, respectively (data not shown). Such
peaks are representative of pristine and metal-substituted 2-line ferrihydrite (for example,
Sb-containing ferrihydrite) [18,37]. No other ferric phase was obtained, according to the
XRD analysis that we performed.

3.2. Bioreduction of the Fh_Pb Series and Concentrations in Solution

We quantitatively monitored the Fe(III) reduction in the Pb-bearing Fh series upon the
two bioreduction periods of 7 days (Figure 1). No measurable Fe(III) reduction took place
in the control assays.
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Figure 1. Concentrations of Fe(II) ions formed in the Fh, Fh_Pb(0.02), and Fh_Pb(0.05) systems
during: (A) the RP1, and (B) the RP2 with Shewanella oneidensis MR-1. Error bars indicate the standard
deviations of triplicate microbial-reduction assays.

Pb did not inhibit the Fe(III) reduction in both RPs; however, it affected the rate and
the extent of the reduction (Figure 1). During RP1, the apparent rate of reduction was
of 0.04 ± 0.01 (Fe(II)tot/Fetot) day−1 for assays that were run with Fh and Fh_Pb(0.02),
while it decreased to 0.018 ± 0.01 (Fe(II)tot/Fetot) day−1 for the assays that were run with
Fh_Pb(0.05) (Figure 1A). The reduction extents were around 18, 16, and 7%, respectively, in
the Fh, Fh_Pb(0.02), and Fh_Pb(0.05) systems (Figure 1A).

During RP2, the apparent rates of reduction were of 0.06 ± 0.01 and 0.04 ± 0.01
(Fe(II)tot/Fetot) day−1, respectively, for the Fh and Fh_Pb(0.02) systems. The reduction
extent reached around 17 and 18%, respectively, in the pristine Fh and Fh_Pb(0.02) sys-
tems. On the contrary, no reduction was determined in the assays that were run with
Fh_Pb(0.05), as Fe(II) quantification was below the detection limit, if any occurred in the
system (Figure 1B). The concentrations of Fe(II) ions that were measured in solution during
the RP1 and RP2 phases were inferior to the ferrozine quantification limits in all of the
systems. No reduction was observed in the blank assays (data not shown).

Both the total and bioavailable concentrations of Pb were measured at the end of the
RPs, and the oxidation periods were inferior to the measurement methods’ quantification
limits (0.5 µM for AAS, and 85 nM for the luminescent biosensors, which represent less
than 0.038 and 0.007% Pb, respectively).

3.3. Biogenic-Mineral Characterization
3.3.1. Reduction Phase 1 (RP1)

The biogenic minerals that were formed within the Fh, Fh_Pb(0.02), and Fh_Pb(0.05)
systems during RP1 displayed X-ray diffraction peaks that had reflections that were char-
acteristic of lepidocrocite and goethite (Figure 2). The low signal-to-noise ratio and the
broadening of the peaks in the XRD pattern indicate the low crystallinity of the precipitated
phases, or a decrease in the crystallite size. No mineralogical changes were observed in the
control assays (data not shown).
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Figure 2. Diffractograms obtained following Co-XRD measurements of the (A) Fh, (B) Fh_Pb(0.02),
and (C) Fh_Pb(0.05) systems after the RP1 with Shewanella oneidensis MR-1.

All of the solid biogenic minerals that precipitated from the Fh, Fh_Pb(0.02), and
Fh_Pb(0.05) bioreductions were characterized by Mössbauer spectroscopy (Figure 3, Table 1).
After RP1, irrespective of the Pb/(Fe+Pb) molar ratio of the initial Fhs, the diffractograms
exhibited a mixture of lepidocrocite and goethite. The Mössbauer spectra were measured at
298 and 77 K (Figure 3A,B, respectively), where this last temperature could be necessary to
strengthen the identification. Indeed, 77 K is the temperature between those of the magnetic
ordering of the two phases so as to distinguish them unambiguously. Nevertheless, one
must remain vigilant to the superparamagnetic behavior of the phase-size effect, which
can also be a good indication as a signature for the presence of one phase or the other.
The Mössbauer spectra of the precipitates that were sampled during the bioreduction of
ferrihydrite without Pb (Fh) exhibited one first doublet with CS = 0.37 mm s−1 at room
temperature and 0.47 mm s−1 at 77 K, which is typical of lepidocrocite that corresponds
to a relative abundance of 23% [40]. The spectrum at 298 K shows that another doublet
overlaps that of lepidocrocite, but with larger quadrupole splitting (∆ = 0.67 mm s−1 versus
0.57 mm s−1) and a very broad magnetic sextet with a low hyperfine field. This doublet
resembles that of many other paramagnetic Fe3+-bearing species, and it is therefore not
applicable for the identification of any mineral. On the other hand, the broad sextet is
attributable to goethite, which is usually recognized by its relatively low H (hyperfine field)
and its asymmetrically broadened lines. By lowering the temperature at 77 K, the doublet
with large ∆ = 0.67 mm s−1 disappeared, and we observe the appearance of both sextets,
which are better resolved than those obtained at room temperature, but with different
hyperfine fields. The transformation during cooling (298 to 77 K) from the doublet with
large ∆ to the broad magnetic component that has a small hyperfine field corresponds to a
part of the goethite population that is in a superparamagnetic phase (nanocrystalline phase).
The second sextet, with a larger field (H = 488 kOe), is attributable to a microcrystalline
goethite, which indicates the nonuniformity of the particle size within the goethite particles.
This distributive behavior, and the reduction in the H, are explained by different effects,
such as magnetic collective excitations [41] and magnetic-exchange adjacent particles [42].
The average H depends on the particle size, and it diminishes strongly with increasing
temperature.
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Table 1. Mössbauer hyperfine parameters of the spectra of the Fh, Fh_Pb(0.02), and Fh_Pb(0.05)
secondary minerals obtained after the RP1 with Shewanella oneidensis MR-1, presented in Figure 3. CS:
center shift relative to αFe; ∆: quadrupole splitting; ε: quadrupole shift; H: hyperfine magnetic field;
and RA: relative area.

Sample Temperature Component CS [mm s−1] ∆ or ε [mm
s−1] H [kOe] RA [%]

Fh

298 K
Lepidocrocite 0.37 0.57 / 26
Goethite SP 0.37 0.68 / 32

Goethite 0.33 −0.07 377 42

77 K
Lepidocrocite 0.47 0.57 / 23
Goethite SP 0.44 −0.07 312 17

Goethite 0.59 −0.2 488 60

Fh_Pb(0.02)

298 K
Lepidocrocite 0.36 0.53 / 56

Goethite 0.41 −0.11 223 44

77 K
Lepidocrocite 0.47 0.58 / 51

Goethite 0.47 −0.11 493 32
Goethite SP 0.43 0.09 180 17

8 K
Lepidocrocite 0.51 0.14 390 49

Goethite 0.49 −0.07 469 51

Fh_Pb(0.05)

298 K
Lepidocrocite 0.37 0.55 / 55

Goethite 0.33 −0.11 192 45

77 K
Lepidocrocite 0.46 1.17 / 55

Goethite 0.46 −0.11 379 45

8 K
Goethite 0.48 −0.10 456 53

Lepidocrocite 0.48 0.001 408 47
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In the presence of Pb, the same ferric oxyhydroxide minerals were obtained, with
a significant increase in lepidocrocite versus goethite (55%/44%), as can be seen in the
Mössbauer spectra. Similar field-reducing effects in the goethite are also observed during
the increase in the Pb/(Fe+Pb) molar ratio.

3.3.2. Reduction Phase 2 (RP2)

The XRD analyses revealed the precipitation of a mixture of magnetite (Fe3O4) and
goethite in the Pb-free assays. The same mixture was also observed in the Fh_Pb(0.02)
assays, while no magnetite, but goethite and lepidocrocite, were observed in the Fh_Pb(0.05)
assays (Figure 4). These results indicate a mineralogical transformation in the Pb-free and
Fh_Pb(0.02) assays, while no significant changes were detected in the Fh_Pb(0.05) assays.
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and (C) Fh_Pb(0.05) systems after the RP2 with Shewanella oneidensis MR-1.

The Mössbauer spectra at 298 and 77 K of the biogenic-mineral precipitate in the
Pb-free assays during RP2 (Figure 5) are significantly different from those observed during
RP1, where lepidocrocite and goethite were obtained, as is shown above. During RP2, the
spectrum of the biogenic minerals that were formed from Fh display a magnetically ordered
system that approaches a probably well-crystallized sample. The total curve can be easily
fitted with three resolved subspectra, which result from tetrahedral Fe3+ with H = 475 kOe,
CSs = 0.31 mm s−1, and octahedral Fe2.5+ with H = 444 kOe and CS = 0.55 mm s−1, which
are both typical of magnetite [40]. Meanwhile, the third sextet (RA = 28%) corresponds to
goethite, and it is characterized by its lower hyperfine field at 403 kOe. The 4K spectrum
may be described by five sextets that are attributable to magnetite, as it is widely reported
in the literature [43–45].

The 298 K spectrum of the Fh_Pb(0.02) is rather complex (Figure 5). It displays overlap
in the central part, and asymmetric sextets that point to a small-particle morphology and
doublet that correspond to a phase with superparamagnetic behavior. The analysis at 4 K
helped to clarify this complexity, where the shape-line and the deconvolution are similar
to that of the biogenic minerals that are precipitated from Fh bioreduction, and it consists
of five sextets of magnetite, and one sextet of goethite. As was expected for a poorly
crystallized goethite, we observed, at 298 K, and simultaneously, a doublet and sextet
that were governed by superparamagnetic relaxation [18,46]. It was that the spectrum
at RT evolves drastically when the temperature decreases at 4 K with the collapse of the
paramagnetic doublets and their transformation in the magnetic contribution, as was
expected with the reduction in the thermal relaxation effects.
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Table 2. Mössbauer hyperfine parameters of the spectra of the Fh, Fh_Pb(0.02), and Fh_Pb(0.05)
secondary minerals obtained after the RP2 with Shewanella oneidensis MR-1, presented in Figure 5. CS:
center shift relative to αFe; ∆: quadrupole splitting; ε: quadrupole shift; H: hyperfine magnetic field;
and RA: relative area.

Sample Temperature Component CS [mm s−1] ∆ or ε [mm s−1] H [kOe] RA [%]

Fh

298 K

Magnetite
(tetrahedral Fe) 0.31 0 475 24

Magnetite
(octahedral Fe) 0.55 0 444 48

Goethite 0.51 0.03 406 28

4 K

Magnetite 0.29 0.026 523 20
Magnetite 0.63 0.05 430 20
Magnetite 0.53 0.2 501 11
Magnetite 1.2 −0.12 478 9
Magnetite 1.38 0.52 431 10
Goethite 0.49 −0.17 500 30

Fh_Pb(0.02)

298 K

Magnetite 0.4 0.026 326 50
Magnetite 0.51 0.08 446 20

Goethite SP 0.39 1.15 / 6
Goethite SP 0.37 1.47 / 12

Goethite 0.39 −0.011 201 12

4 K

Magnetite 0.26 0.026 511 27
Magnetite 0.51 0.08 523 23
Magnetite 0.57 0.02 507 26
Magnetite 0.33 1.88 355 3
Magnetite 0.35 2.13 420 5
Goethite 0.41 −0.36 510 16

Fh_Pb(0.05)

298 K
Lepidocrocite 0.31 0.55 / 67

Goethite 0.31 0.97 / 33

77 K

Lepidocrocite 0.46 0.57 / 52
Goethite SP 0.45 0.8 / 31

Goethite 0.46 −0.16 493 9
Goethite 0.43 −0.19 473 8
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Figure 5. Mössbauer spectra of the secondary products obtained in the Fh, Fh_Pb(0.02), and
Fh_Pb(0.05) systems at: (A) room temperature (RT), and (B) 77 or 4 K after the RP2 with
Shewanella oneidensis MR-1. Hyperfine parameters corresponding to these spectra are presented
in Table 2.
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When the substitution increases to 0.05, an evolution of the Mössbauer spectra is
observed when the temperature decreases from RT to 77 K (Figure 5). At RT, we can prac-
tically observe two paramagnetic doublets, which are discriminated by their quadrupole
splitting and which correspond to lepidocrocite and goethite with superparamagnetic
behavior, as well as a few traces of sextets in the noise. At 77 K, the spectrum shows that a
superparamagnetic goethite still appears, as well as a magnetic component for this phase.

4. Discussion

Our data indicate the absence of bioreduction and the precipitation of secondary min-
erals in the control assays (without bacteria), regardless of the Pb loading during RP1 and
RP2. This observation is in line with previous studies that show that the transformation of
Fh to a thermodynamically more stable mineral, such as goethite, necessitates an extended
period (months or years) under our experimental conditions (i.e., near-neutral pH and
room temperature) [47].

At the end of RP1 and RP2, no total Pb and bioavailable Pb were detected in the
aqueous phase. Yan et al. [48] have shown a transient release of zinc to the solution during
the transformations of zinc–ferrihydrite that is induced by Fe(II). The results suggest that
the Pb was either adsorbed (e.g., onto the surface, the structural defects, and the nanopores
of biogenic minerals), was structurally incorporated into the biogenic minerals, or was
occluded in the aggregate of biogenic minerals at the end of the incubation periods. In
addition, the O2-oxidation episode did not change the partitioning of the Pb.

Rate and extent of bioreduction during RP1. Metal-bearing Fh bioreduction has been
widely studied to decipher the impact of substituted metals on the reduction processes [48–50].
The nature and concentration of the metals modify the Fh particles’ physicochemical
properties, which disrupts the bioreduction process, compared to metal-free Fh. Although
no previous work has studied the effect of Pb on the bioreduction of Fh, our findings are in
line with previous studies that have run with other elements [18,51]. While the Fh_Pb(0.02)
reduction rates are comparable to those of Pb-free Fh, the reduction rate decreased by 60%
when the Pb loading reached 5%. Similarly, an increase of 13% in aluminum decreased
the bioreduction rate by 50% [51]. The same trend was observed in the presence of Sb and
Ni, among others [18,52]. Increasing Pb loading may limit the accessibility of Fh surface
sites and/or a significant loss of Fe(III) reactive sites, which thereby decreases the rate of
reduction [53].

Previous studies have shown that Al- and Sb-bearing Fh displayed more decreased
reducibility than metal-free Fh, which thus increases the Fe(II) loading to induce metal-
bearing Fh transformation. On the contrary, in our study, a drop of ~60% in the extent
of reduction was observed when the Pb/(Fe+Pb) molar ratio increased from 0 to 0.05,
relative to pure Fh. Our results suggest that the increase in the Pb in the system reduced
the amount of the Fe(II)/Fe(III) molar ratio to trigger the transformation of Fh toward
secondary minerals, which indicates the higher lability of the Pb-bearing Fh than that of
the Pb-free Fh.

Biogenic-mineral precipitation at the end of RP1. Fh is a thermodynamically metastable
solid that gradually converts to more stable and crystallized Fe(III)- or Fe(II)/Fe(III)-bearing
phases, such as goethite and magnetite, the latter of which is a mixed-valence iron oxide
mineral in the presence of dissolved Fe(II) [54,55]. Fe(II)-catalyzed transformations involve
adsorption and electron transfer to structural Fe(III) at the mineral surface. Subsequently,
this process leads to the production of reactive Fe(III) species, which facilitates mass transfer,
growth, and the precipitation of secondary minerals [56,57], which may halt the extent of the
reduction. As was shown previously, factors such as the pH and the ligand concentration
may affect the nature and the abundance of these secondary minerals [31,58,59]. During
bioreduction, the generation of Fe(II) upon Fe(III) reduction is the initial driving force that
catalyzes the Fh transformation; even micromolar concentrations of Fe(II) can trigger the
precipitation of substantially more stable minerals, such as goethite and lepidocrocite [60].
In our study, goethite and lepidocrocite were detected, regardless of the Pb loading, as
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is shown by the XRD and the Mössbauer spectroscopy. The transformation of Fh into
more stable phases in the presence of Fe(II) has been observed by several authors. The
nature of the secondary mineral that results from the transformation of Fh is related to
the Fe(II)/Fe(III) ratios, as is shown by Tronc et al. [61] and Jolivet et al. [62]. At a low
Fe(II) concentration (0.67 mM Fe(II) g−1 Fh), the ferrihydrite was transformed into goethite
and lepidocrocite [28]. Recently, Sheng et al. [56] showed the formation of labile Fe(III)
species that were derived from Fe(II), the concentration of which influences the nature of
the secondary minerals. The condensation pathway of labile Fe(III) species by olation and
oxolation leads to the formation of lepidocrocite and goethite.

The presence of a foreign element may direct the precipitation of one mineral over
another by favoring a given precipitation pathway, or by inhibiting/delaying the trans-
formation of Fh. For instance, Cr(III) substitution inhibited the Fe(II) transformation of
schwertmannite, which is a poorly-ordered Fe(III) oxyhydroysulfate [63]. Similarly, the
study of Hansl et al. [50] indicates that Al substitution reduces secondary mineralization
by preserving Fh. In our study, the presence of Pb did not dictate the nature of the sec-
ondary minerals, but it significantly altered their relative proportions, as was shown by
the Mössbauer spectroscopy. As the Pb/(Fe+Pb) molar ratio increased from 0 to 0.05, the
relative proportion of the goethite decreased from ~77 to ~45%. At the same time, the
lepidocrocite increased from ~23 to ~55% (Table 1). Several potential processes may be
responsible for driving the observed decrease in gothite and the increase in lepidocrocite.
When a solid has several allotropic forms, this is generally the phase of lesser stability and
higher solubility (lepidocrocite, in our case), which precipitates first. Lepidocrocite displays
a higher solubility (log[(Fe3+).(OH−)3]) = −40.5) and standard-state Gibbs free energy of
formation (−408.1 ± 1.4 kJ mol−1) than goethite. This metastable phase is transformed
during the ageing of the suspension into a thermodynamically more stable phase (goethite).
This process comes from the classical explanation of Ostwald’s rule of stages in its original
form, as is presented by Stranski and Totomanov [64]. In the nucleation step, the Gibbs–
Duhem equation and the classical equation of the nucleation rate, according to Nielsen and
Söhnel [65], show that the size of the germ (or the nuclei) is smaller, and that the nucleation
rate of a solid is greater than the solid–solution surface tension is low. Since solubility is
inversely proportional to surface tension [65], the precipitation of the lepidocrocite, which
is the most soluble phase, is kinetically favored. Because of its solubility and metastability,
lepidocrocite is sensitive to aging, which leads to the recrystallization of the more stable
phases, such as goethite, according to the spontaneous precipitation mechanism of Furedi–
Milhofer [66]. The buildup of lepidocrocite may arise from the inhibitory effect of the Pb
on the conversion of lepidocrocite to goethite. Another hypothesis is that Pb interferes with
the oloation—oxolation reactions of labile Fe(III) species that favor the accumulation of
lepidocrocite to the detriment of goethite.

Rate and extent of bioreduction upon RP2. After the oxidation period, the second
phase of bioreduction was initiated by introducing a fresh inoculum. No Fe(II) was detected
at the beginning of the incubation, which indicates that the O2 depleted the Fe(II) species
in the assays (Figure 1B). During the second reduction phase, although the starting Fe(III)
minerals corresponded to a mixture of lepidocrocite and goethite, their relative abundance
in each assay was distinct. The reduction rate of the Pb-free and Fh_Pb(0.02) Pb assays
did not vary significantly. However, an increase of ~7% in the extent of the reduction
was measured in the Fh_Pb(0.02) assay. There does not appear to be a consistent trend in
response to the Pb/(Pb+Fe) molar ratio. The initial mineral mixture in the Fh-without-Pb
and Fh_Pb(0.02) assays consists of 23% lepidocrocite - 77% goethite, and 51% lepidocrocite
- 49% goethite, respectively. Thus, the difference in the extent of the reduction could be
explained by the larger lepidocrocite content in Fh_Pb(0.02). Previous studies have shown
that lepidocrocite is more readily reduced compared to goethite [54]. The lack of reduction
in the Fh_Pb(0.05) assays, despite the same mineral mixture and relative abundance as in
Fh_Pb(0.02), indicates the inhibitory effect of Pb. If we assume that lepidocrocite is the
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bioavailable fraction, the absence of reduction may indicate that Pb blocks Fe(III) sites, or
that it diverts the electron flow.

Biogenic-mineral precipitation at the end of RP2. Goethite and magnetite, with distinct
relative abundance, precipitated in the Pb-free and Fh_Pb(0.02) assays. Compared to RP1,
a disappearance of lepidocrocite, a decrease in goethite, and an appearance of magnetite
was observed. The loss of lepidocrocite indicates that this was the main mineral that
was transformed by bioreduction, and goethite, to a lesser extent. On the basis of the
relative abundance that was established by the Mössbauer analyses (Tables 1 and 2), one
can assess the proportion of minerals that were transformed by bacterial activity. The
estimates are based on the assumption that the biogenic magnetite that precipitated could
be stochiometric, with the Fe(II) and Fe(III) abundances being 1/3 and 2/3, respectively,
and by taking into account the relative abundances that correspond to the best-resolved
spectra. During RP1, ~23% of lepidocrocite and ~77% of goethite precipitated in the Pb-free
assays. These phases were transformed into ~70% of magnetite and ~30% of goethite
during RP2. As the lepidocrocite vanished during RP2, we inferred that it was totally
reduced, which led to the formation of ~23% of Fe(II) in the system. The decrease in the
goethite implies that ~47% of the goethite was mobilized in the formation of magnetite. As
stochiometric magnetite is composed of 1/3 of Fe(II) and 2/3 of Fe(III), there is a need for
23% of Fe(II) (i.e., formed by lepidocrocite reduction) to react with the ~47% of Fe(III) that
originated from goethite. The fact that the relative abundance of the goethite decreased
from ~77 to ~30% supports our assumption (77% − 30% = 47%).

The same approach can be used to explain the phase distribution that was observed
in the Fh_Pb(0.02) assays. During RP1, ~51% of lepidocrocite and ~49% of goethite pre-
cipitated in the Pb-free assays. These phases were transformed to ~84% of magnetite
and ~16% of goethite. Stochiometric magnetite comprises ~28% of Fe(II) and ~56% of
Fe(III). As the lepidocrocite vanished at the end of RP2, we assumed it was bioreduced
to provide the ~28% of Fe(II) to form the magnetite. The necessary ~56% of Fe(III) origi-
nated from the remaining ~23% of lepidocrocite (51% − 28% = 23%) and ~33% of goethite
(49% − 33% = 16%).

This approach shows that the lepidocrocite was totally reduced to Fe(II) in the Pb-free
assays, while ~55% was reduced to Fe(II) in the Fh_Pb(0.02) assays, and no reduction
was achieved in the Fh_Pb(0.05) assays. We infer that Pb may interact with lepidocrocite
particles and inhibit the bioreduction and its mineralogical transformation process.

5. Conclusions

This study reports the bioreduction of Pb-bearing Fh during successive Fe redox cycles.
The data emphasize that the Fe redox cycling did not impair the bioreduction process, even
if the secondary minerals that formed during RP1 and RP2 differed. The precipitation of
ferric minerals was observed during RP1, while ferric and Fe(II)/Fe(III) mixed minerals
formed during RP2. The significant impact on the bioreduction process was the presence of
Pb rather than the Fe redox cycling. Thus, Pb loading affected the Fh bioreduction process
and the distribution of biogenic minerals. For example, during RP1, the relative abundance
of lepidocrocite increased while, in parallel, that of goethite decreased with the Pb loading.
In addition, neither Fe(III) bioreduction nor a mineralogical transformation was observed
in the assay with the higher Pb content (Fh_Pb(0.05)).

Although additional research is required to assess this study’s geochemical and en-
vironmental implications, the data presented here may be of interest to may improve our
understanding of the cycling of metal-bearing Fh in ferruginous nonsulfidic environments.
In a redox-dynamic environmental setting, where oxic and anoxic oscillations are estab-
lished, the redox cycling of iron minerals plays a significant role in the determination of the
environmental fate and mobility of the nutrients and contaminants. For instance, due to its
large specific surface area, its surface charge, and its high solubility relative to other Fe(III)
minerals, Fh has a high sorption capacity for various soil components, such as dissolved
carbon, nutrients, and pollutants. However, Fh is a metastable mineral compared to the
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more stable Fe(III) phases, and it will transform into these phases over time, catalyzed by
chemical reductants such as Fe(II), which potentially impact the fate and the transport of
the coassociated components in the environment through their retention or release [67].
The results presented in our study show that Pb is not mobilized in the aqueous phase
during the transformation of Fh to more crystallized minerals, even after Fe redox cycling.
Therefore, we hypothesize that metals that are associated with Fh are not easy mobilized
during Fe redox cycling. To fully understand the influence of the microbial Fe cycle and
metal mobilization, additional work is warranted to define whether this metal-retention
capacity is metal-specific or carrier-specific (iron oxide nature).
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analysis, Figure S1: Standard curves obtained by plotting the induction coefficients against (A) all the
standard solution concentrations and (B) only the lowest concentrations.
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