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ABSTRACT: Organic matter (OM) is present in most terrestrial
environments and is often found coprecipitated with ferrihydrite
(Fh). Sorption or coprecipitation of OM with Fe oxides has been
proposed to be an important mechanism for long-term C
preservation. However, little is known about the impact of
coprecipitated OM on reductive dissolution and transformation of
Fe(III) (oxyhydr)oxides. Thus, we study the effect of humic acid
(HA) coprecipitation on Fh reduction and secondary mineral
formation by the dissimilatory Fe(III)-reducing bacterium Shewanella
putrefaciens strain CN32. Despite similar crystal structure for all
coprecipitates investigated, resembling 2-line Fh, the presence of
coprecipitated HA resulted in lower specific surface areas. In terms of
reactivity, coprecipitated HA resulted in slower Fh bioreduction rates
at low C/Fe ratios (i.e., C/Fe ≤ 0.8), while high C/Fe ratios (i.e., C/Fe ≥ 1.8) enhanced the extent of bioreduction compared to
pure Fh. The coprecipitated HA also altered the secondary Fe mineralization pathway by inhibiting goethite formation, reducing
the amount of magnetite formation, and increasing the formation of a green rust-like phase. This study indicates that
coprecipitated OM may influence the rates, pathway, and mineralogy of biogeochemical Fe cycling and anaerobic Fe respiration
within soils.

■ INTRODUCTION

Iron (Fe) is the fourth most abundant element in the Earth’s
crust, and Fe (oxyhydr)oxide minerals can account for up to
50% of the bulk mass of soils.1,2 Iron minerals can have large
specific surface areas and reactive functional groups, which
make them strong sorbents for soil nutrients, contaminants,
and organic matter (OM).3−6 For example, Fe(III) (oxyhydr)-
oxides and Al (hydr)oxides are the primary sorbents for arsenic
in soils.7 Unlike Al (hydr)oxides, Fe(III) (oxyhydr)oxides can
undergo reductive dissolution in anoxic environments, releasing
Fe(II), which may remain in solution, precipitate as secondary
Fe(II) or mixed-valence Fe minerals, or become reoxidized to
form mixed valence Fe(II/III) or Fe(III) minerals, such as
green rust (GR) or Fh via biotic or abiotic processes.6,8,9

The reductive dissolution of Fe(III) (oxyhydr)oxides can
proceed by both biotic and abiotic means via dissimilatory
Fe(III)-reducing bacteria (e.g., Shewanella or Geobacter species)
or geochemical reduced species, such as reduced HA and
sulfide. Bioreduction of Fe(III) and humic substances was
recently suggested to play a major role in anaerobic respiration
in Arctic peat soils.10 Dissimilatory iron reduction (DIR) of Fh

may result in the formation of secondary Fe minerals, such as
goethite,11 magnetite,12,13 GR,14 vivianite,15,16 or siderite.17

Considering the ecological and environmental importance of
DIR, an extensive amount of research has been conducted over
the past decades with various pure synthetic Fe(III) (oxyhydr)-
oxides as electron acceptors. In nature, other cations, such as
Al3+, Si4+, or OM are often incorporated in Fe(III) (oxyhydr)-
oxides.3,18,19 For example, Fh is a poorly crystalline Fe
oxyhydroxide that is ubiquitous in soils and aquatic environ-
ments1,3 and often found associated with OM.20−22 In a
Colorado stream where lead and zinc mining is operated near
the headwaters, dissolved OM and Fe/Al ions form
coprecipitates, containing up to 10% of organic carbon.23 In
addition, the sorptive stabilization of OM by Fe(III)
(oxyhydr)oxides has also been proposed to protect OM from
microbial degradation and plays a major role in carbon
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sequestration.24−26 Lalonde et al. proposed that 21.5% of the
OM in sediments is bound to Fe through coprecipitation
(resulting in an average C/Fe molar ratio of 4.0 ± 2.8) and
direct chelation resulting in an important OM preservation
pathway. 27

In contrast to the studies of Fe’s role in OM stabilization,5

only a limited number of studies have investigated the impact of
OM associated with Fe(III) minerals on biogeochemical iron
cycling processes, such as reductive dissolution and secondary
mineral formation. The associations of 2-line Fh or goethite
with cellular-derived organic compounds have been shown to
form under anoxic conditions by Fe(II)-oxidizing bacteria. The
characterization of these particles revealed an intimate
association of the Fe minerals with the organic molecules and
a lower surface area compared to abiotically synthesized, pure
Fe(III) minerals.28,29 Fh synthesized abiotically in the presence
of polysaccharides via hydrolysis was also found to have lower
specific surface area compared to pure Fh due to stronger
aggregation of the coprecipitated particles.30 Organic matter or
organic acids can also stabilize Fh, thus preventing the
transformation to more crystalline goethite or hematite.31,32

For example, natural Fh containing OM was aged under
conditions favorable for goethite formation (boiled in a strong
alkaline solution). The natural Fh remained as Fh, while pure
lab synthesized Fh transformed to goethite.31 Given the fact
that OM coprecipitation can alter the physical and chemical
properties of Fh and ultimately the fate and transport of OM,
Fe, nutrients, and contaminants, it is important to understand
how OM coprecipitation affects microbial Fe(III) mineral
reduction, dissolution, and secondary mineral formation. To
our knowledge, there are no studies exploring the effect of OM
coprecipitation on the bacterial reduction and transformation of
Fh. In a recent study, Al substituted Fh was reduced
significantly slower than pure Fh by Shewanella putrefaciens
CN32.18 A second recent study showed that microbially
derived biomass that was coprecipitated with Fe(III) oxy-
hydroxides by Fe(II)-oxidizing bacteria significantly influenced
As mobility during reduction of As-loaded biogenic Fe(III)
minerals.33 Yet, it is uncertain if OM coprecipitation would
have similar effects on the Fe(III) reduction rate.
Thus, the main objectives of this research are to investigate

the impact of coprecipitated HA on DIR and on the secondary
mineralization of Fh in order to improve our current
understanding of the bioavailability and reactivity of Fe
(oxyhydr)oxides present in various environments.

■ MATERIALS AND METHODS
A detailed Methods description is provided in the Supporting
Information (SI).
Materials. All compounds used here are reagent grade, and

18 MΩ doubly deionized water was used to prepare stock
solutions. Humic acid was purchased from the International
Humic Substance Society (Atlanta, GA) as Elliot Soil Humic
Acid Standard. Shewanella putrefaciens strain CN32 was
obtained from the American Type Culture Collection
(ATCC, Manassas, VA).
Coprecipitate Synthesis. Two-line Fh was prepared by

neutralization of a 50 mM FeCl3•6H2O solution (initial pH of
2.1) with 0.4 M NaOH to a pH of 7.5 followed by repeated (5
times) washing/centrifugation (1753 g) steps with deionized
water to remove excess ions. Ferrihydrite humic acid (Fh-HA)
coprecipitates were synthesized by mixing a FeCl3·6H2O
solution (pH 2.1) with a HA solution at various C/Fe ratios

and then raising the pH up to 7.5 by the addition of NaOH.
Throughout the manuscript, Fh-HA coprecipitates are referred
to as C/Fe molar ratios of C/Fe = 0.4, 0.8, 1.8, and 4.3.
Ferrihydrite and Fh-HA coprecipitates were coated on quartz
sand as described previously.34

Analytical Procedures. The mineralogy of Fh and the Fh-
HA coprecipitates were characterized using dry powder X-ray
diffraction (XRD). In addition, the electrophoretic mobility
(EM) was measured to study the surface charge of the particles,
using a ZetaPals Zeta Potential Analyzer (Brookhaven
Instrument Corp., Brookhaven, NY). Brunauer−Emmett−
Teller (BET) surface area analysis was performed, using an
ASAP2020 Physisorption Analyzer (Micromeritics Instrument
Corp., Norcross, GA). Scanning transmission X-ray microscopy
(STXM) images were collected at beamline 5.3.2.2 and 11.0.2
at the Advanced Light Source, Berkeley, CA and at SM
beamline 10ID-1 at the Canadian Light Source, Saskatoon,
Canada. Coprecipitates were suspended in DDI water, and a
droplet was deposited on a TEM grid for the analysis. Data
were collected at C 1s and Fe 2p edges and processed, using the
program aXis 2000.35

Aqueous and solid phase Fe(II) and total Fe (after digestion
in 6 M trace metal grade HCl for 24 h under oxic condition)
were determined spectrophotometrically using the Ferrozine
method.36 Samples for X-ray absorption spectroscopy (XAS)
analyses were sonicated (<4 h) to remove the coprecipitates
from the sand, and then wet pastes were sealed between two
pieces of Kapton tapes. The local structural environment of Fe
was determined using the extended X-ray absorption fine
structure (EXAFS) region of XAS at the Stanford Synchrotron
Radiation Laboratory (SSRL) on beamline 11−2 and 4−1,
running under dedicated conditions. The XAS analytical
procedure used here were similar to those described
previously.11,37,38 A set of Fe reference compounds was used
to perform linear combination fitting (LCF) on k3-weightened
EXAFS spectra using the SIXPACK interface to IFEFFIT.39

Reference compounds were chosen based on their likelihood of
being a reaction product (including, for example, criteria such
as elemental composition), and were included in the fit only if
they contributed with a fraction of 5% or more. Detection limit
for minor constituents is approximately 5%.37

57Fe−Mössbauer spectroscopy was used to identify Fe
mineral phases after 12 days of inoculation with CN32 to
help constrain the EXAFS LCF procedure. In general, mineral
phases containing as little as 2% of total Fe can be identified
with this technique. The coprecipitate coated sand was
sonicated (10 min) to remove the coprecipitate from the
sand particles. Suspensions of the coprecipitate were shipped in
an anoxic container to Tübingen and stored in an anoxic
glovebox until Mössbauer analysis. Coprecipitate samples were
sealed between two pieces of Kapton tapes in an anoxic
glovebox. Mössbauer spectra were obtained with a standard
transmission setup (Wissel) using a triangular velocity
waveform and a 57Co source in rhodium matrix. The
Mössbauer data were modeled with the Recoil software
(University of Ottawa, Canada) using its Voigt-based fitting
analysis routine (see SI for a detailed description).

Experimental Setup. The role of coprecipitated HA on
microbial Fe(III) reduction and secondary mineralization
pathways was investigated by inoculation of the Fh or Fh-HA
coprecipitate coated sand for 12 days with S. putrefaciens CN32
to a cell density of ∼108 mL−1. The preparation of bacterial
cultures was described previously.11 Synthetic groundwater
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medium (SGM) at pH 7.2 was used in all experiments, and
sodium lactate (3 mM) was added as an electron donor.11 All
experiments were prepared in an anoxic glovebag (Coy
Laboratories, Inc., Grass Lake, MI), containing an anoxic gas
mixture (N2 95%; H2 5%). Reactions were performed in 125
mL serum bottles containing SGM purged with O2-free N2 gas,
microbes, and 5 g of coprecipitates. The bottles were crimp
sealed with butyl rubber septa. Each treatment was replicated
three times. Sterilized (autoclaved 15 min at 121 °C) control
setups consisted of anoxic buffer in place of the CN32 cell
suspension. Triplicate samples were placed on a horizontal
shaker at 80 rpm at 22 °C and sampled periodically for
analyses. No Fe reduction was observed in any of the sterilized
controls.
The role of dissolved HA on the microbial reduction of

coprecipitates was also investigated. Similar to the experiments
described above, coprecipitates (C/Fe = 0.4) were inoculated
with CN32 in SGM but in the concurrent presence of initial
(before sorption) dissolved HA concentrations of 2 mg HA/L,
10 mg HA/L, and 50 mg HA/L.

■ RESULTS
Characteristics of Coprecipitates. The effect of copreci-

pitated HA on the crystal structure of Fh-HA coprecipitates was
investigated using XRD. Regardless of the C/Fe ratio, the XRD
patterns for all coprecipitates showed two broad peaks,
resembling 2-line Fh (SI Figure S1). The EM and point of
zero charge (PZC) were significantly lower for the
coprecipitates than for pure Fh particles (SI Figure S9). The
PZC for pure Fh was approximately at pH 8.25. For the C/Fe =
0.4 coprecipitates, PZC dropped to approximately pH 5.25, and
the C/Fe = 0.8, 1.8, and 4.3 coprecipitates were all negatively
charged in the pH range from 5 to 9.5. The specific surface area
(SSA) analysis showed decreasing SSA as a function of
increasing C/Fe ratios (Table 1). The SSA of Fh (before

coating on sand) was determined to be 240 m2/g, whereas the
SSA dropped to 180 m2/g for C/Fe=0.4 and to 70 m2/g for C/
Fe = 4.3. In addition, the spatial distribution of HA within
coprecipitates was investigated, using STXM. STXM analysis of
the C/Fe = 0.4 coprecipitates indicated that C was distributed
rather evenly (Figure 1). Similar STXM observations were
made on other coprecipitates (data not shown).
Effect of HA on the Rate and Extent of Dissimilatory

Fe(III) Reduction. The effect of coprecipitated HA on
dissimilatory Fe(III) reduction was investigated by incubating
the coprecipitates with S. putrefaciens CN32 under anoxic
conditions. The Fh-HA coprecipitates were coated on quartz
sands to better represent natural environments where Fe(III)

(oxyhydr)oxides often exist as coatings on soil particles.3 Over
the course of 12 days, Fe(III) was continuously reduced to
Fe(II) in all samples (Figure 2), and the rate of Fe(III)
reduction was found to vary as a function of the C/Fe ratio.
The highest Fe(III) reduction rate was observed for the
coprecipitates containing the highest fraction of C (C/Fe =
4.3), whereas the lowest Fe(III) reduction rate was observed for
the coprecipitates with low C fraction of C/Fe = 0.4 and 0.8.
The Fe(III) reduction rate for pure Fh (C/Fe = 0) and C/Fe =
1.8 coprecipitates fell in the middle. Increasing C/Fe ratio in
the coprecipitates resulted in a concurrent increase of solid
phase associated Fe(II) (Figure 2). The data from Figure 2 are
replotted to also allow for a comparison of the relative
distribution of Fe(II) in the aqueous phase and solid phase (SI
Figure S3). In general, the relative concentration of Fe(II) in
the aqueous phase increases, and Fe(II) in the solid phase
decreases over time. During the course of the 12 day
incubation, any measurable amount of HA was not released
into the aqueous phase.
In addition to investigating the sole effect of coprecipitated

HA, the combined effect of dissolved HA and coprecipitated
HA on ferrihydrite reduction was investigated by the addition
of HA to setups, containing C/Fe = 0.4 coprecipitates and S.
putrefaciens CN-32 (Figure 3). Sorption isotherm studies with
C/Fe = 0.4 coprecipitates were conducted to determine the
amount of sorbed HA. The results indicated that a significant
portion of the added HA was adsorbed to the coprecipitates,
resulting in aqueous HA concentrations of 0.4, 3.2, and 35.9
mg/L for systems with initially added 2, 10, and 50 mg/L of
HA, respectively (SI Figure S5). The addition of 2 and 10 mg
HA/L resulted in slightly lower Fe(III) reduction rates, whereas
addition of 50 mg HA/L resulted in similar or greater Fe(III)
reduction rates than systems not added dissolved HA (Figure
3).

Role of Coprecipitated HA on Secondary Mineraliza-
tion Pathways of Fh-HA. Secondary Fe mineral phases
formed during microbial reduction were determined using
EXAFS LCF analysis and Mössbauer spectroscopy. Based on
EXAFS LCF analysis, in the pure Fh (C/Fe = 0) setup, 41% of
the Fh was transformed to goethite (17%), magnetite (18%),
and GR (6%) (Table 2), and the remaining 59% maintained Fh
structure. The ∼5 K Mössbauer spectrum of this system
confirms the transformation to goethite (SI Figure S6, SI Table
S1). Magnetite was not observed in this spectrum but ferrous
GR was observed in the 77 K spectrum (Figure 4). Kukkadapu

Table 1. C/Fe Ratio, Specific Surface Area (SSA) and Point
of Zero Charge (PZC) Determination of Fh-HA
Coprecipitates

initial C/Fe
ratio

(before
hydrolysis)

C/Fe ratio of
coprecipitates

on sand

SSA for Fh-
HA coated
sand (m2/g)

SSA for
Fh-HA not
coated on

sand
(m2/g)

PZC for Fh-
HA

coprecipitates
not coated on
sand (pH)

C/Fe = 0 0 4 ± 0.27 240 ≈ 8.25
C/Fe = 0.5 0.4 2.5 ± 0.46 180 ≈ 5.25
C/Fe = 1.5 0.8 0.42 ± 0.16 100 <5
C/Fe = 2.5 1.8 0.25 ± 0.006 80 <5
C/Fe = 6 4.3 0.20 ± 0.015 70 <5

Figure 1. STXM analysis of C/Fe = 0.4 Fh-HA coprecipitates. The left
image is an optical density representation of the Fe-distribution. The
right image is showing the distribution of carbon (in green) and iron
(in pink). Each image is 1.7 × 2 μm.
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Figure 2. Fe(II) production in Fh-HA coprecipitate setups inoculated with Fe(III)-reducing bacteria (Shewanella putrefaciens strain CN-32). The
amount of Fe(III) reduction is normalized to the initial amount of Fe in the coprecipitates.

Figure 3. Effect of dissolved HA on Fe(II) production in systems with Shewanella putrefaciens CN-32 and coprecipitates with a molar C/Fe ratio of
0.4. The Fh-HA coprecipitate coated sand and CN-32 was incubated for 12 days under the same condition as experiments shown in Figure 2
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et al.40 reported long-term instability of magnetite that had
formed upon DIR using the same bacterial strain (CN32) as we
did. They observed ferrous hydroxy carbonate as the trans-
formation product of magnetite. However, the Mössbauer
parameters they reported for that mineral are not consistent
with our data. EXAFS analysis showed that upon Fh
coprecipitation with HA, the extent of Fh transformation
drops from 41 to 16% at C/Fe = 0.4, clearly showing that the
coprecipitated HA limits the secondary mineralization of Fh. A
similar decrease (to 22%) was observed for C/Fe = 1.8.
However, the extent of transformation has a parabolic trend in
that a similar extent of original material was transformed for
pure Fh and the coprecipitates with the highest C fraction (C/
Fe = 4.3).
In addition, the secondary Fh mineralization pathways were

also altered by the HA coprecipitation. Coprecipitated HA
inhibited the formation of a secondary goethite phase (Table
2). While goethite represents 17% of the secondary Fe phases
in pure Fh systems, goethite was not present or below the
EXAFS detection limit (ca. 5%) in all systems containing
coprecipitates. Mössbauer analysis confirmed the absence of
goethite (SI Table S1). Also, the amount of secondary
magnetite was reduced by the HA coprecipitation from
approximately 20% in C/Fe = 0 to approximately 10% for all
coprecipitates based on EXAFS LCF analysis. While the HA
coprecipitation inhibited the formation of goethite and
magnetite, the coprecipitation stimulated the formation of a
green rust-like phase. Based on EXAFS LCF analysis,
approximately 30% of the coprecipitates were transformed to
GR in the C/Fe=4.3 systems. While magnetite was not
observed in the Mössbauer spectra of the C/Fe 0.4 and 1.8
systems, a ferrous green rust-like phase appeared in the spectra
and increased with increasing C/Fe ratio (SI Figure S6, SI
Table S1). The C/Fe = 4.3 system was not analyzed with
Mössbauer spectroscopy.

■ DISCUSSION
Effect of HA on Fh-HA Coprecipitate Reduction. The

results consistently indicate that coprecipitation with a low C/
Fe ratio or the presence of a small amount of additional
dissolved HA or adsorbed HA decreases the Fe(III) reduction
rates, while higher C/Fe ratios or the presence of a high
concentration of additional dissolved HA enhances the Fe(III)
reduction rates (Figures 2 and 3). Possible explanations for
these observations may be related to the role of HA as an
electron shuttle,41 a strong ligand,19 or in particle aggregation.42

It has been established that humic substances can enhance
Fe(III) reduction rates via an electron shuttling mechanism.43

Previous studies report that in order to enhance the Fh
reduction rate via HA electron shuttling, a threshold amount of
dissolved C (at least 5−10 mg dissolved C/L) has to be present
in the solution.44 In addition, solid-phase humic substances are
capable of shuttling electrons as well, transferring electrons
from microbes to Fe(III) oxides.41 These results imply that
coprecipitated HA also may transfer electrons and require a
threshold amount of C to enhance the Fe(III) reduction rate
via electron shuttling in the system. For the C/Fe = 0.4 and 0.8

Table 2. Shewanella putrefaciens Strain CN32 Induced
Conversion of Ferrihydrite-Humic Acid (Fh-HA)
Coprecipitates As a Function of C/Fe Ratio Following 12
Days of Incubationa

Fh-HA
coprecipitate

(%)
goethite
(%)

bmagnetite
(%)

green
rust (%)

reduced
chi2

C/Fe = 0 59 17 18 6 0.060
C/Fe = 0.4 85 0 9 6 0.036
C/Fe = 0.8 82 0 8 10 0.039
C/Fe = 1.8 74 0 10 16 0.052
C/Fe = 4.3 60 0 10 30 0.073
aThe secondary Fe mineral phases formed are presented as mole% Fe.
bNote that magnetite was not observed by Mössbauer spectroscopy.
For EXAFS fit without inclusion of magnetite see Table S3.

Figure 4. Mössbauer spectra obtained at 77 K of coprecipitates
following 12 days incubation with Shewanella putrefaciens CN-32. Top:
C/Fe = 0; middle: C/Fe = 0.4; bottom: C/Fe = 1.8. Hatched doublet:
Ferrihydrite; light-gray sextet: goethite; gray doublet: Ferrous green
rust.
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coprecipitates, the amount of C may not be sufficient to
support electron shuttling. However, high fractions of C (C/Fe
= 1.8 and C/Fe = 4.3) may stimulate electron shuttling, which
may explain the higher observed reduction rates (Figure 2). In
setups containing C/Fe = 0.4 coprecipitates with 2 and 10 mg/
L dissolved HA addition, less than 5 mg/L of dissolved C is
present in the solution (SI Figure S5), which could indicate that
the dissolved HA was not sufficient to enhance Fe(III)
reduction via electron shuttling. For the setup with additional
50 mg/L HA, approximately 36 mg/L of HA is present in
solution as dissolved HA, which is equivalent to 20 mg C/L.
The amount of dissolved HA in this setup is, in theory,
sufficient to enhance the Fe(III) reduction (>5 mg C/L
threshold).44 Enhanced Fe(III) reduction rates are observed at
day 2, 4, and 8 compared to setups without HA addition, but
the electron shuttling effect diminishes by day 12. This could be
due to the formation of more crystalline Fe(II) containing
minerals, such as magnetite or GR (described in detail below),
which may result in surface passivation by sorbed or structural
Fe(II), or changes in the mineral redox potential. An alternative
explanation could be the presence of microbially produced
flavines by S. putrefaciens with electron shuttling capacity45,46

which potentially could outcompete HA as an electron shuttle.
HA is likely to impact the reactivity or reducibility of Fh in

multiple ways depending on its concentration and mode of
sorption (e.g., adsorption vs coprecipitation). Previous research
indicates that Fe(III) forms stable mononuclear complexes with
natural organic matter (NOM) via carboxylic and hydroxyl
functional groups.47−49 Thus, hydrolysis of Fe(III) in the
presence of HA may first result in mononuclear Fe-HA
complexation at low pH followed by coprecipitation of Fh and
HA at higher pH. The amount of coprecipitated or physically
bound HA versus chemically complexed HA would then
depend on the amount of potential reactive Fe(III) sites or the
HA concentration. It has been proposed that mononuclear
complexation of NOM to Fe(III) limits hydrolysis and
precipitation of Fe(III) and may also impact the properties of
the Fh formed.48 The Mössbauer analysis further supports this
hypothesis since the mean magnetic hyperfine field for the
initial coprecipitates is lower compared to pure Fh.30,50 The
decrease in mean magnetic hyperfine field has been proposed
to be related to a decrease in the interparticle interactions of
individual Fh particles,50,51 which implies that the adsorbed or
coprecipitated HA is reducing the amount of potential reactive
surface sites. The blockage of Fe surface sites by HA might not
only suppress the electron transfer but also contribute to the
repulsion of bacteria from the coprecipitate due to the influence
of HA on the zeta-potential of the coprecipitate.42 The EM
studies showed that the HA coprecipitation resulted in more
negatively charged particles above pH 5 (SI Figure S9). S.
putrefaciens CN32 cells are also negatively charged due to their
lipopolysaccharide layers which may result in decreased cell-
mineral interactions and electron transfer.52 However, it is
noted that we measured the EM of the coprecipitates before
they were coated on silica sand for analytical reasons. Since
silica sands have a PZC around pH 2, it is difficult to determine
if there were any significant difference in electrostatic repulsion
between the cells and the different types of Fh used in these
experiments.53

In addition, the coprecipitated HA resulted in a large
decrease in specific surface area (SSA) with increasing C/Fe
ratio for both uncoated coprecipitates and coprecipitates coated
on sands (Table 1). It has been reported that microbial Fe(III)

reduction is proportional to the SSA of Fe (oxyhydr)oxide
minerals, regardless of the degree of crystallinity or crystal
structures.54 Thus, it is likely that the smaller SSA may have
limited the reduction of the low C/Fe ratio coprecipitates (C/
Fe = 0.4 and 0.8). The decrease in the SSA of coprecipitates is
likely due to multiple factors such as formation of larger
aggregates promoted by the coprecipitated HA, lower Fh
content or blocking of Fh sites by HA.30,50 It may be assumed
that the aggregation took place during the initial coprecipitate
synthesis, because the coprecipitates coated on sands also show
a similar SSA decrease as a function of increasing C/Fe ratio.
Coating of Fe-oxides onto sand limits further aggregation
during the incubation period due to decreased interactions
among Fe oxide particles. Thus, aggregation effects as observed
in systems with suspended Fe-oxides are not expected to the
same degree due to surface-promoted stabilization via binding
to the silica sand.42 Drying and coating as well as reaction with
Si and Al have also been reported to impact Fh reactivity.55,56

The Fe(III) reduction rates for coprecipitates with a C/Fe
ratio of 0.4 and 0.8 may be suppressed because the effect of
surface site blocking or aggregation is greater than electron
shuttling by HA, while electron shuttling or increased Fh
reduction becomes more relevant at higher C/Fe ratios (1.8
and 4.3). In addition, it is possible that a significant fraction of
occluded HA rather than adsorbed HA must be present for
electron shuttling to occur within the Fh particles.57

Secondary Mineralization Pathways of Fh-HA Copre-
cipitates. In addition to the extent of transformation being
modified, the transformation pathway was also modified by the
HA coprecipitation. Previous studies have shown that the
transformation products formed via dissimilatory Fh reduction
(e.g., goethite, magnetite, siderite, GR) are controlled by factors
such as pH,58 buffer system,59 Fe(III) reduction rate,60 cell
concentration,61 Fe(II) concentration,62 isomorphic substitu-
tion,55 adsorbed ions,11 and particle aggregation.42

In this study, the most notable difference in the secondary Fe
phases formed in the presence of HA is the apparent inhibition
of goethite precipitation and formation of a green rust-like
phase. Previous studies reported that adsorbed species, such as
phosphate or Pahokee Peat Humic Acid, can inhibit goethite
formation during the reduction of Fh by S. oneidensis strain MR-
1 or Fh coated sand by S. putrefaciens strain CN-32.11,63 In the
presence of Fh, goethite can be formed by aggregation based
crystal growth or the dissolution and recrystallization of Fh.3,64

The dissolution and recrystallization pathway is also likely
affected by coprecipitated HA. Aqueous Fe(II) produced via
reductive dissolution can adsorb to Fh and catalyze the
transformation of Fh to goethite.65 In this study, no goethite
was formed in systems containing HA irrespective of whether
low or high concentrations of dissolved Fe(II) were produced.
Thus, coprecipitated HA likely blocked reactive Fh surface sites,
limiting the amount of Fe(II) directly adsorbed on the Fh
surface, and therefore inhibiting the Fe(II) catalyzed goethite
formation through dissolution and recrystallization path-
ways.42,60

Another effect of coprecipitated HA on the secondary Fe
mineral phases is the reduction of magnetite formation, which
agrees with previous work showing that the presence of
phosphate or HA can inhibit magnetite formation.11,42,63,66 It
has been proposed that magnetite can form in Fh containing
systems by nucleation and crystallization or solid state
reduction and transformation.62,67,68 Solid state transformation
has been proposed to be the major pathway in systems with
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high electric current density or Fe(II) concentration (≥1.8
mM).68 At low electric current density or low Fe(II)
concentration (≤1.8 mM Fe(II)), magnetite is formed via
nucleation and crystallization, whereby the exact mechanism of
magnetite formation remains uncertain.68 However, it has been
proposed that at low electric current density or low Fe(II)
concentration, both goethite and magnetite can form
simultaneously. The only system that resulted in Fe(II)
concentrations close to 1.8 mM was the one containing pure
Fh (i.e., 1.6 mM Fe(II)total or 1.2 mM Fe(II)aq), which supports
the higher observed magnetite formation (18% of initial Fh).
All other Fh-HA coprecipitate setups contained between 0.3
(C/Fe = 0.8) and 0.7 (C/Fe = 4.3) mM Fe(II)aq resulting in a
50% reduction of the magnetite formed relative to the HA free
systems based on LCF EXAFS analysis. Despite the apparent
inhibition of goethite formation by coprecipitated HA, it did
not enhance the formation of magnetite through a nucleation
and crystallization pathway.68 Thus, the inhibition of magnetite
formation is likely a result of a low Fe(II) concentration,
blocking of surface sites, or HA induced aggregation.
In contrast to goethite and magnetite, the formation of a

green rust-like phase was stimulated by coprecipitated HA
based on EXAFS and Mössbauer analysis (SI Figure S6). GR
minerals are mixed-valence layered Fe(II)/Fe(III) hydroxide
plates with common interlayer anions such as chloride, sulfate,
and carbonate. In this study, GR carbonate is the most likely
product, based on EXAFS and Mössbauer spectroscopy analysis
and low sulfate concentration in the SGM (≈200 μM).69

Unlike the effect of coprecipitated HA on dissimilatory Fe(III)
reduction kinetics, the amount of GR formation is proportional
to the C/Fe ratio or increasing aggregation of the Fh-HA,
which may be an indication that the coprecipitated HA is
stimulating the GR formation. It was recently reported that “a
high bacterial cell to lepidocrocite ratio leads to densely packed
aggregates and GR formation while at lower cell densities
looser aggregates were formed and magnetite was systematically
produced.”70 The aggregate structure created by the presence
of a biofilm has been proposed to result in microenvironments
that may favor locally high concentrations of bicarbonate and
Fe(II) due to diffusion limitations ultimately resulting in ferrous
bearing phases such as GR.70−73 A similar hypothesis that may
apply in this study is that coprecipitated HA entraps Fe(II) and
bicarbonate, thereby concentrating these species within
diffusion limited microenvironments resulting in (ferrous)
green rust (Table 2 and SI Table S2).
There were some discrepancies in the Fe phases determined

by EXAFS and Mössbauer analysis. The most significant
difference was that the presence of magnetite was only
suggested by LCF EXAFS analysis with 18% magnetite
produced in systems containing pure ferrihydrite and
approximately 10% in systems containing Fh-HA coprecipi-
tates. Similar findings were observed in studies on the effect of
phosphate on the mineralization pathway of ferrihydrite.11

However, mössbauer analysis showed no evidence of magnetite.
One possible explanation is that the formed magnetite was
nanoparticulate, that is, superparamagnetic. In that case, it
would not be resolvable from the ferrihydrite doublet observed
at temperatures of 77 K and above. Below the Verwey
transition, magnetite spectra become complicated with up to
five sextets. The amounts of magnetite indicated by EXAFS
may be difficult to resolve from the ferrihydrite sextets.74 In
addition, the magnetite reference spectra used for LCF EXAFS
analysis may not perfectly represent the magnetite produced in

our systems due to different crystallinity possibly resulting in an
overestimation of the actual amount. We attempted LCF
EXAFS analysis without inclusion of the magnetite reference
spectra (SI Table S3). The reduced chi square value almost
doubled for the system containing pure ferrihydrite (C/Fe = 0),
which implies that magnetite is likely present. The reduced chi
square values did not change dramatically in systems containing
Fh-HA coprecipitates. One possible explanation is that Fe
adsorbed to HA or bacteria and Fe phases not included in the
LCF EXAFS analysis may have resulted in spectral features that
were better fitted with inclusion of magnetite (for further
discussion see SI).

Environmental Significance. The coprecipitation of
organic matter (OM) with Fe (oxyhydr)oxide minerals is a
commonly observed phenomenon in the environment.22

Previous studies have also shown that in contrast to pure Fh,
Fh-OM coprecipitates are more stable and do not easily
transform into more crystalline phases such as goethite and
hematite even after long-term aging under high temper-
ature.31,32,48,75,76 These observations along with observations
from this study may help to explain why soils and sediments
often contain substantial amounts of Fh-like phases.31 Also, this
study demonstrates that coprecipitated HA influences the fate
and reactivity of Fh under dissimilatory Fe(III) reduction
conditions. These observations could have implications for
predicting the impact of OM on biological Fe reduction in
climate sensitive areas such as Arctic peat soils where biological
Fe and OM reduction has been proposed to play an important
role in anaerobic respiration which may influence terrestrial
CO2 and CH4 fluxes.

10 In addition, the observed changes in the
secondary Fe mineralization pathway for the Fh-HA
coprecipitates relative to pure Fh are likely to influence many
environmentally relevant factors, such as mobility, bioavail-
ability, and redox reactivity of Fe minerals. GR can for instance
easily reduce U(VI) to U(IV), forming nanoscale UO2
compounds.77,78 However, it is largely unknown if GR formed
in the presence of OM is as reactive as pure GR. In summary,
this study suggests that the quantities of coprecipitated,
adsorbed, and dissolved OM should be considered when
evaluating the biological reactivity and transformation of Fe
(oxyhydr)oxide minerals in the environment.
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