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Abstract

The dynamics of iron (Fe)-bound organic carbon (OC) during dissimilatory microbial Fe(III) reduction has the potential
to play an important role in regulating the biogeochemical cycling of carbon (C) in permanently or transiently anoxic soils and
sediments. In this study, we investigated the release and transformation of ferrihydrite (Fh)-bound OC during microbial
reduction of Fe by Shewanella putrefaciens strain CN32 under a fixed Fe concentration of 13 mM and varying C/Fe molar
ratios. We found that reduction of Fe and reductive release of OC was dependent on the C/Fe molar ratio, with high C/
Fe ratio enhancing both reduction of Fe and release of OC. For Fh-OC co-precipitates with C/Fe ratio of 3.7, 54.7% of
Fh-bound OC was released to solution phase when 25.1% of Fe was reduced. The presence of OC inhibited the transformation
of Fh to more crystalline Fe phases both in the bulk and on the surface. Upon reduction, Fh-bound OC became more con-
centrated on the surface of Fh-OC co-precipitates, and surface components were enriched with carboxylic functional groups.
Reduction increased the lability of Fh-bound OC for Fh-OC co-precipitate with C/Fe ratio of 3.7, and aromatic OC was pref-
erentially retained within the co-precipitates. Our results indicate that microbial reduction altered the quantity and compo-
sition of OC released from Fh-OC co-precipitates, depending on the C/Fe ratio and associations between Fe and OC.
Assuming higher availability of released OC compared to original Fh-bound OC, reduction of Fh can likely lead to enhanced
degradation of OC and result in a shorter residence time for OC in soils and sediments.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Ferrihydrite (Fh), a poorly crystalline iron (Fe) oxide, is
an important Fe oxide mineral phase in soils, especially
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Spodosols and soils with relatively high organic matter con-
tent (Cornell and Schwertmann, 1996; Jambor and
Dutrizac, 1998). Fh can potentially play an important role
in regulating the biogeochemical cycling of carbon (C). Iron
oxide minerals have been demonstrated to bind a substan-
tial amount of organic carbon (OC) in soils and sediments
globally (Wagai and Mayer, 2007; Lalonde et al., 2012;
Zhao et al., 2016). Fh has a higher capacity to bind OC
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compared to other highly crystalline Fe oxides minerals
because of its higher surface area and incorporation of
OC during precipitation, with the ratio of C/Fe as high as
17.5 for Fh-OC co-precipitates (Tipping, 1981; Gu et al.,
1995; Kaiser and Guggenberger, 2007; Chen et al., 2014).
Understanding the dynamics of Fh-bound OC is, therefore,
critical for evaluating and predicting the turnover of OC in
natural soil and sedimentary environments.

Fh can be reduced by abiotic agents as well as dissimila-
tory metal-reducing bacteria (DMRB) in natural soils and
sediments (Roden, 2003, 2006; Weber et al., 2006). Because
of the high surface area of Fh, its reduction is relatively fas-
ter compared to more crystalline Fe oxides (Bose et al.,
2009; Shimizu et al., 2013). The reduction can also lead to
mineral phase transformations of Fh, generating secondary
minerals such as magnetite, goethite, lepidocrocite, siderite,
and akaganeite (Hansel et al., 2003; Kukkadapu et al.,
2003). The mineral phase transformation of Fh during the
microbial reduction can potentially weaken or break down
the associations between Fh and OC and release Fh-bound
OC, which has been rarely studied (Elsner et al., 2004). In
addition, the transformation of OC during reductive reac-
tion can significantly affect its consequent fate, including
degradation and mineralization (Adhikari and Yang,
2015; Adhikari et al., 2016). Previous studies have also
demonstrated that OC can be actively involved in Fe reduc-
tion as an electron shuttle (Chacon et al., 2006; Zhao et al.,
2017). Such involvement of OC in Fe reduction can likely
enhance the release and transformation of Fe-bound OC.
Therefore, uncovering how Fh-bound OC is released and
transformed upon reduction is important for understanding
the fate of Fe-bound OC in natural soils.

In this study, we investigated the release and transfor-
mation of OC in Fh-OC co-precipitates during reduction
by Shewanella putrefaciens strain CN32 (referred to here-
after as ‘‘strain CN32”). Strain CN32 has been used exten-
sively in previous studies of Fe(III) oxide reduction kinetics
and Fe mineral phase transformation (Fredrickson et al.,
1998; Roden, 2003, 2004; Zhao et al., 2017). Synthetic
Fh-OC co-precipitates with a range of C/Fe ratios (0.7–
3.7) were prepared to represent Fh-OC co-precipitates in
natural soils. The goals of the study were: to (1) analyze
the kinetics of Fe reduction and release of Fe-bound OC
to the solution phase; (2) characterize Fe mineral phase
transformation; and (3) determine how Fh-bound OC is
transformed during microbial reduction.

2. MATERIALS AND EXPERIMENTAL SETUP

2.1. Materials and preparation of HA solution

Elliot humic acid (HA) standard, purchased from Inter-
national Humic Substance Society (IHSS) (Atlanta, GA),
was used for the co-precipitate synthesis, as a model OC
to represent a variety of organic domains existing in natural
OC and study the impact of co-precipitated OC on the Fe
reduction and OC transformation. The HA contains
59.5% C, among which 1% as carbonyl, 11% as carboxyl,
41% as aromatic, 6% as acetal, 14% as heteroaliphatic,
and 27% as aliphatic domains (Supplementary Data,
Table S1, IHSS). All other chemicals used were above ana-
lytical grade. Following previous studies (Yang et al., 2011,
2012), HA solutions were prepared by dissolving a pre-
determined amount of HA in 0.1 mL of 3 M NaOH solu-
tion. The mixture was sonicated for 1 h and then diluted
to 5 mL with deionized water. Diluted solutions were sha-
ken overnight at 100 rpm at room temperature. The solu-
tions were then centrifuged at 3000 rpm for 20 min, and
supernatants were used as HA stock solutions. OC concen-
trations of HA solutions were measured with a Shimadzu
TOC-VCSH (Kyoto, KYT, Japan). The solutions were
stored at 4 �C and were used within a week after
preparation.

2.2. Bacteria incubation

Pure cultures of strain CN32 were maintained under aer-
obic conditions on Luria Broth (LB) agar at 4 �C. Cells
were aseptically transferred to 25 g/L LB medium and incu-
bated at 30 �C for 14–16 h to achieve the stationary phase.
Cells were centrifuged at 10,000 rpm for 5 min, and the
remaining media were decanted. The cell pellets were then
washed three times with deoxygenated 3 mM sodium bicar-
bonate (pH adjusted to 7 ± 0.2 using 0.1 M HCl) buffer by
adding 40 mL of fresh buffer, vortexing the mixture, and
then centrifuging the suspension at 10,000 rpm for 5 min.

2.3. Fh and Fh-OC co-precipitate synthesis

Fh was synthesized by neutralizing a 0.01 M FeCl3 solu-
tion from its original pH of around 1.8 to pH 7.5 with
0.04 M NaOH following previous studies (Hansel et al.,
2004; Shimizu et al., 2013). Once the desired pH was
achieved, the precipitated oxides were allowed to settle
for around 15 min, and the supernatant was decanted.
The process of settling the co-precipitates and decanting
the supernatant was repeated 3 times. Then the precipitate
was centrifuged at 7000 rpm for 10 min, and the super-
natant was discarded. After 3 deionized water rinses, the
precipitate was left in the slurry and stored at 4 �C for
future use. Fresh synthesized Fh was used within 2 months
after synthesis. For synthesizing Fh-OC co-precipitates,
pre-determined amounts of HA solution were added to
0.01 M FeCl3 solution, and the mixtures were neutralized
to pH 7.5 using 0.04 M NaOH. The molar ratios of C/Fe
in feedstock solutions were set at 0.5, 1, 2, and 4. The co-
precipitates were rinsed and stored, following the same pro-
tocol for Fh. Iron concentration in the co-precipitates was
determined by dissolving the co-precipitates in 12 M HCl,
reducing Fe(III) with hydroxylamine hydrochloride (10%
w/v hydroxylamine hydrochloride in 1 M HCl), and analyz-
ing Fe(II) concentration using the ferrozine assay (1% w/v
ferrozine in 50% w/v ammonium acetate (Stookey, 1970;
Hansel et al., 2003; Xu et al., 2016). Carbon content in
co-precipitates was measured using an elemental analyzer
(EuroVector SpA, Milan, Italy). Based on the measure-
ment, the actual molar ratios of C/Fe for the synthesized
co-precipitates were 0.7 ± 0.06, 0.9 ± 0.02, 1.8 ± 0.05 and
3.7 ± 0.45. The recoveries for Fe and OC in the co-
precipitates were 86.3 ± 12.7% and 94.0 ± 4.7%. The parti-
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cle size of Fh and Fh-OC co-precipitates was measured
using a Dynamic Light Scattering Analyzer (Nicomp Parti-
cle Sizing System, Santa Barbara, CA, USA). In addition,
the surface area of Fh and Fh-OC co-precipitates was esti-
mated based on the empirical model fitting for the relation-
ship between surface area and C/Fe ratio using the data
from Shimizu et al. (2013) (Supplementary Data, Fig. S1).
The basic characterizations for the Fh and Fh-OC co-
precipitates have been summarized in Table S2 (Supple-
mentary Data).

2.4. Reduction of Fe and reductive release of Fe-bound C

Fh and Fh-OC reduction experiments were conducted
under anaerobic atmosphere in a Coy glove box (6% H2,
94% N2). The H2 in the headspace served as an electron
donor for microbial reduction (Chacon et al., 2006). To
minimize the ramification in quantifying the release of
Fh-bound OC, no additional OC as a carbon source or elec-
tron donor was added. The buffer solution consisted of
3 mM NaHCO3 (pH = 7), which was purged with N2 gas
for 1 hour to remove dissolved oxygen. An aliquot of co-
precipitate was mixed with strain CN32 in the buffer, with
the final bacterial concentration of 108 cell/mL and final
sample volume of 5 mL in 20 mL glass amber vials. Initial
Fe concentration was set at 13 mM. The vials were sealed
with air-tight caps, and the samples were shaken at
150 rpm at 25 �C. At certain time points within a 288 h per-
iod, triplicate samples were sacrificed for analysis of Fe(II)
and OC release. Through the experiment, the pH of the sys-
tem remained stable around 7.2 ± 0.2. The system of pure
(OC-free) Fh with strain CN32 was used as the biotic con-
trol. For Fh-OC with C/Fe ratio of 0.7 and 3.7, we con-
ducted abiotic controls by mixing Fh-OC with the buffer
solution only.

For the solution phase Fe(II) analysis, 1 mL of sample
was centrifuged and the supernatant was analyzed for Fe
(II) using ferrozine assay (1% w/v ferrozine in 50 mM
PIPES at pH7) (Xu et al., 2016). To determine total Fe
(II) (solution phase + solid-associated) concentration,
175 mL of 12 M HCl was added to the remaining 4 mL of
slurry (final HCl concentration of 0.5 M), and the mixture
was analyzed for Fe(II) after 24 h using the ferrozine assay
(Eusterhues et al., 2014a,b; Xu et al., 2016). The concentra-
tion of solid-associated Fe(II) was determined as the differ-
ence between the total and solution phase Fe(II). For OC in
the solution phase, the samples were centrifuged at
12,000 rpm for 10 min, and the supernatants were analyzed
using a Shimadzu total organic carbon analyzer (TOC)-
VCSH (Kyoto, KYT, Japan).

2.5. Desorption experiment

We analyzed desorption kinetics of the Fe-bound OC
before and after the reduction under oxic condition as an
indicator for its lability. An aliquot of co-precipitate was
mixed with deionized water to achieve Fe concentration
of 13 mM, and the samples were then shaken at 200 rpm.
At different time points within 96 h, the samples were cen-
trifuged at 12,000 rpm for 10 min and the supernatant
was analyzed for dissolved OC (DOC) concentration (mg
C/L) using a Shimadzu TOC-VCSH (Kyoto, KYT, Japan).

3. ANALYTICAL TECHNIQUES

3.1. X-ray diffraction (XRD) analysis

The Fh and Fh-OC co-precipitates were analyzed using
a powder XRD diffractometer (Philips Electronic Instru-
ments, Mahwah, NJ, USA). XRD was analyzed for the
2h range of 20–90�, with a step size of 0.02�. Data was ana-
lyzed using the software JADE (Jacksonville, FL, USA).

3.2. X-ray absorbance spectroscopy (XAS) analysis

Iron K-edge XAS spectra were collected at beamline 4-1
of Stanford Synchrotron Radiation Lightsource using a 13-
element Ge detector. Energy calibration used a Fe foil. A
thin layer of sample slurries was dried on Kapton tape in
a Coy glove box (95% N2, 5% H2) at the beamline, immedi-
ately sealed with Kapton tape, transferred to a sample
chamber cooled with liquid nitrogen, and purged by He
gas to prevent potential beam-induced oxidation. Both flu-
orescence and transmission data were collected and com-
pared. Multiple scans were collected for each sample and
averaged. Data analysis was conducted using the programs
Sixpack and Ifeffit (Newville, 2001; Webb, 2005). Principle
component analysis (PCA) was conducted on the data to
evaluate the number of end member components needed
for reconstructing the data. Identification and quantifica-
tion of the unknown Fe mineral phases were determined
by linear combination fitting (LCF) for the k3-weighted
EXAFS of the unknown sample spectra using a library of
Fe reference compounds, including siderite, 2-line ferrihy-
drite, goethite, lepidocrocite, hematite, green rust, aka-
ganeite, magnetite, and an Fe(III)-organic matter [Fe(III)-
OM] co-precipitate (formed by precipitating Fe(NO3)3 with
dissolved organic matter extracted from field-fresh samples
of a forest floor layer at pH � 2.6) (Chen et al., 2014). LCF
of the empirical model spectra were optimized where the
only adjustable parameters were the percent of each model
compound contributing to the fit. The goodness of fit was
established by minimization of the R-factor (Newville,
2001).

3.3. Near edge X-ray absorbance fine structure (NEXAFS)

analysis

Carbon 1 s NEXAFS analysis was performed for co-
precipitates with C/Fe ratio of 0.7 and 3.7 (before and
after reduction) on the X-ray absorption spectroscopy
endstation on the SGM beamline at Canadian Light
Source (Saskatoon, Canada) (Lehmann et al., 2009). An
aliquot of sample was loaded onto a gold-coated silicon
wafer attached to a copper holder for the analysis. The
beamline has an energy range of 250–2000 eV, spot size
of 1000 lm � 100 lm, and a 45-mm planer undulator. A
silicon drift detector (SSD) and titanium filter were used
for the data collection. Scans were acquired from 270 to
320 eV with 0.2 eV step size.
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3.4. X-ray photoelectron spectroscopy (XPS)

XPS was used to analyze the surface chemical composi-
tions and speciation of Fh and Fh-OC co-precipitates. Ele-
mental survey scan, Fe2p, and C1s scan were obtained
using an AXIS-Ultra instrument (Kratos Analytical,
Manchester, United Kingdom) with monochromatic Al
Ka radiation (225 W, 15 mA, 15 kV). Quantification of
Fe phases on the surface was determined by the deconvolu-
tion of XPS spectra using a library of XPS for Fe com-
pounds in the co-precipitates (identified by EXAFS
analysis). For C1s spectra, we calibrated binding energies
using C1s peak at 284.8 eV. Data analysis was performed
using CasaXPS software package. C1s binding energies
were assigned as: CAC (284.6 eV), CAOAC (286.2 eV),
C@O (287.6 eV) and COOH (289.1 eV) (Cheng et al.,
2006; Nguyen et al., 2008).

3.5. Specific ultraviolet absorbance (SUVA) analysis

SUVA at 254 nm (SUVA254) was analyzed for the OC
released to the solution phase, as an index for aromaticity
(Weishaar et al., 2003). To minimize the influences of Fe
(II) and dissolved biomolecules, the released OC was recov-
ered through a previously developed precipitation-re-
dissolution method, because the model OC (humic acid)
could precipitate out at low pH (Adhikari and Yang,
2015). The samples after reduction were centrifuged at
12,000 rpm for 10 min, and supernatants were collected.
For precipitation of released OC, the pH value of super-
natants was lowered to below 2 by adding concentrated
HCl. After precipitation, the samples were centrifuged at
12,000 rpm for 10 min, and the supernatants were decanted.
The precipitates were dissolved in 1 MNaOH. Based on our
test, 106 ± 13% of HA was recovered through this
precipitation-re-dissolution process. Using the same proto-
col, we also determined that the recovery of OC mixed with
bacteria (CN32) was 104 ± 2%. For the solutions with re-
dissolvedOC,UVabsorbance at 254 nmwasmeasured using
Evolution 260 BIO (Thermo Scientific, Waltham, MA) in a
10 mm quartz cuvette. SUVA254 was calculated using:

SUVA254 ¼ UV 254

TOC � L ð1Þ

where SUVA254 is the specific UV absorbance at 254 nm
(L mg C�1 m�1), UV254 is the UV absorbance at 254 nm,
TOC is the total organic carbon concentration (mg C/L),
and L is the path length (m).

3.6. Thermal gravimetric analysis (TGA)

TGA analysis was performed under N2 purge (20 mL/
min) from 30 to 900 �C with temperature increments of
10 �C/min using a Perkin Elmer STA 6000. The data was
analyzed using Pyris software version 9.0.1.0174.

3.7. Statistical analysis and model fitting

T-test and Pearson correlation analysis were performed
with IBM SPSS Statistics 24. First order kinetic fitting
and other empirical model fittings were conducted with
Matlab 2013. Linear regression was done in Microsoft
Excel 2016.

4. RESULTS

4.1. Reductive release of Fh-bound OC

A total of 12.5% of Fe in the pure Fh was reduced within
288 h (Fig. 1, Supplementary Data, Fig. S2 and S3). The
Fh-OC co-precipitate with a C/Fe ratio of 3.7 was reduced
more extensively (25.1%) than the pure Fh, whereas the Fh-
OC co-precipitates with lower C/Fe ratios were reduced less
than pure Fh. Based on the linear regression for Fe(II) con-
centration or fraction versus time, Fe in Fh-OC co-
precipitate was reduced at a rate of 2.7 � 10�3 to
9.7 � 10�3 mM Fe(II)/h or 2.0 � 10�2 to 7.2 � 10�2%/h
(Supplementary Data, Table S3). The reduction of Fe can
also be fitted well with the first order kinetics (R2 > 0.90
for co-precipitates and R2 = 0.76 for ferrihydrite), and the
rate constant ranged from 2.05 � 10�4 to 8.24 � 10�4 h�1

(Supplementary Data, Figs. S4 and S5, Table S4). Consis-
tently with the results for the reduction rate calculation,
the reduction rate constant for pristine Fh was higher than
that for co-precipitates with C/Fe ratio of 0.7, 0.9, and 1.8,
but lower than that for co-precipitates with C/Fe of 3.7.
The surface area-normalized Fe reduction was highest for
Fh-OC with C/Fe of 3.7, with 2.21 � 10�3 mmole Fe(II)/
m2 after 288 h reduction (Supplementary Data, Fig. S6
and Table S5).

The release of Fh-bound OC was also dependent on the
C/Fe ratio of the co-precipitates. As shown in the bacteria
control containing only strain CN32 cells, the release of
microbial biomass or extracellular biomolecules con-
tributed 5.3 ± 0.5 to 10.8 ± 2.9 mM C (Supplementary
Data, Fig. S7). Use of pure strain CN32 as a control was
validated by multiple additional experiments (Supplemen-
tary Data, Figs. S8 and S9). Subtracting the bacterial con-
tribution, less than 4.9% of Fe-bound OC in co-precipitates
with C/Fe ratio ranging 0.7–1.8 was released during micro-
bial reduction, lower than the percent of Fe reduction.
However, for co-precipitates with a C/Fe ratio of 3.7,
54.7% of Fh-bound OC was released at the 288-h reduction
period, when 25.1% of Fe was reduced. Bacteria-free con-
trols for Fh-OC co-precipitate with C/Fe ratio of 3.7
showed only minimal (6.3% of total) release of Fe-bound
OC, indicating that the abiotic release of Fe-bound OC
was much lower than that driven by microbial reduction
for co-precipitates with C/Fe of 3.7 (Supplementary Data,
Fig. S7).

4.2. Transformation of Fe mineral phase upon reduction

The original Fh and Fh-OC mineral phases were con-
firmed to be 2-line Fh by XRD analysis (Supplementary
Data, Fig. S10). EXAFS analysis with linear combination
fitting using multiple reference compounds demonstrated
the formation of secondary minerals during reduction
(Fig. 2; Supplementary Data, Figs. S11 and S12;
Table S6). The co-precipitate C/Fe ratio had a significant
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impact on secondary Fe mineral formation. After 288 h of
reduction, pure Fh was completely transformed to goethite
(29.0%) and magnetite (71.0%). The percent of secondary
minerals decreased with increasing co-precipitate C/Fe
ratio. For co-precipitates with C/Fe ratio of 0.7, 0.9 and
1.8, 25.2%, 23.7%, and 44.0% of the Fh were preserved after
288-h of reduction, respectively (Fig. 2; Supplementary
Data, Fig. S12; Table S6). For co-precipitate with C/Fe
ratio of 3.7, 78.5% of the Fh was preserved (Fig. 2; Supple-
mentary Data, Table S6).

It is more challenging to unambiguously determine the
composition of secondary minerals on the surface of the
Fh-OC co-precipitates, because of the significant overlap
in XPS signals for different Fe mineral phases (McIntyre
and Zetaruk, 1977; Grosvenor et al., 2004; Biesinger
et al., 2011). Deconvolution of XPS data showed that the
generations of secondary mineral phases were similar on
the surface compared to the bulk obtained from XAS data
(Fig. 3; Supplementary Data, Figs. S13–S14; Table S7). For
instance, the Fh-OC co-precipitates with C/Fe ratio of 3.7
had 78.5% of residual Fe as Fh in the bulk, while 75.7%
of Fe on the surface stayed as Fh after the reduction. For
Fh-OC co-precipitates with C/Fe ratio of 0.7, Fh, lepi-
docrocite, and akaganéite contributed to 25.2%, 34.7%,
and 40.0%, in the bulk, and 23.8%, 35.8%, and 40.4% on
the surface, respectively.

4.3. Fate of Fh-bound OC during reduction

4.3.1. Fe-bound OC release

Release of Fh-bound OC during reduction was also
dependent on the chemical composition of OC. The pres-
ence of Fe prevented the direct analysis of OC chemical
composition using nuclear magnetic resonance (NMR)
spectroscopy. Instead, we measured SUVA254 as an index
for the aromaticity of released OC. SUVA254 of the released
OC increased with increasing C/Fe ratio for the co-
precipitates (Fig. 4; Supplementary Data, Table S8). After
288 h reduction, SUVA254 values were 1.0 ± 0.8, 0.9
± 0.5, 4.2 ± 0.2, and 7.4 ± 2.8 L mg C�1 m�1 for OC
released from co-precipitates with C/Fe ratio of 0.7, 0.9,
1.8, and 3.7, respectively. The biotic control experiment
(using strain CN32 only) showed very low SUVA254 values
(0.2 ± 0.04 L mg C�1 m�1), indicating that the aromatic
carbon input from biomass was negligible.

4.3.2. Fh-OC co-precipitates surface composition

XPS analysis also provided insights into the alteration of
OC chemical compositions and Fh-OC associations during
the reduction process (Fig. 5; Supplementary Data,
Fig. S15 and Table S9). The surfaces of Fh-OC co-
precipitates were mainly composed of C, O, and Fe
(Fig. 5). C was enriched on the surface (C/Fe ratio = 2.6–
15.4), as compared to the bulk (C/Fe ratio = 0.7–3.7) (Sup-
plementary Data, Fig. S16). With increasing bulk C/Fe
ratio, the surface C/Fe ratio also increased. More surface-
enriched OC prevented Fh from undergoing mineral phase
transformation, as demonstrated by EXAFS and XPS anal-
ysis of Fe mineral species (Fig. 2; Supplementary Data,
Figs. S12 and S13). After 288 h reduction, the surface C/
Fe ratio increased significantly from 7.2 to 68 and from
16.0 to 70.3 for co-precipitates with bulk C/Fe ratio of
1.8 and 3.7 respectively (Supplementary Data, Fig. S16).

In addition to the surface enrichment of C, C1s XPS
spectra showed a change in the chemical composition of
OC on the surface (Fig. 6; Supplementary Data,
Fig. S17). Based on the spectra and deconvolution results,
the surfaces of original Fh-OC co-precipitates were mainly
composed of CAC, CAOAC and COOH, with minor con-
tribution from C@O. The deconvoluted fraction of CAC,
CAOAC, and COOH for original Fh-OC co-precipitates
ranged 38.5–49.4, 31.1–45.3, and 12.5–18.4%, respectively
(Supplementary Data, Table S10). After reduction, the
components of CAC increased to 49.6–68.5%, which is
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represent the original spectra, and the solid lines represent the
linear combination fit. A and B represent pure Fh before and after
288-h reduction. C, E, G, and I stand for the original Fh-OC co-
precipitates with OC/Fe ratios of 0.7, 0.9, 1.8, and 3.7, respectively.
D, F, H and J represent the corresponding Fh-OC co-precipitates
after 288-h reduction.
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mainly contributed by the biomass and biomolecules of
strain CN32. CAC usually comprises 50% or more of the
cell carbon (Dufrene et al., 1997; Ojeda et al., 2008). XPS
analysis for a related Shewanella species (S. oneidensis)
showed that its surface carbon was mainly composed of
CAC functional groups (Neal et al., 2002). For the biotic
control using pure Fh, there was also significant increase
in CAC from 36.9% to 50.6%. In parallel, the relative con-
tribution of COOH increased for Fh-OC co-precipitates
after the reduction. Ratio of COOH/CAOAC increased
from 0.59 to 0.61, 0.31 to 0.49, 0.37 to 0.50, and 0.41 to
1.41 for Fh-OC co-precipitates with C/Fe ratio of 0.7,
0.9, 1.8 and 3.7, respectively. Possible C input from the
bicarbonate was ignored as bicarbonate sorption by Fh
was minimal, about 0.3 mM-C/m2-Fh (Zachara et al.,
1987; Appelo et al., 2002). Total OC content for C/Fe ratio
of 0.7 is about 53 mM/m2 Fh. Hence, any influence on sur-
face carbon concentration due to bicarbonate sorption
would be a small fraction of total OC.

4.3.3. Change in thermal stability

Thermal properties can serve as another indicator for
the structure of Fh-OC co-precipitates and the interactions
between OC and Fe (Fig. 7; Supplementary Data, Fig. S18).
For the original Fh-OC co-precipitates with C/Fe ratio of
0.7 and 0.9, substantial mass loss started at 180 �C, with
68.9% and 61.5% residual mass upon heating to 900 �C.
For Fh-OC co-precipitates with higher C/Fe ratios (1.8
and 3.7), the mass loss started at lower temperatures and
at a higher rate, which was partially contributed by the
lower mass fraction of Fe oxides. To account for the influ-
ences of residual Fe oxides, we calculated the residual frac-
tion of OC:

F OCðT Þ ¼ F Fh�OC � F Fhð0ÞF FhðT Þ
1� F Fhð0Þ ð2Þ

F Fhð0Þ ¼ 1� TOC
F C

ð3Þ

where FOC(T) is the residual fraction of OC at a certain
temperature, FFh-OC is the residual fraction of Fh-OC at a
certain temperature (directly measured mass), FFh(0) is
the original mass fraction of Fh in Fh-OC co-precipitates,
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FFh(T) is the residual fraction of Fh at a certain tempera-
ture (directly measured for pure Fh), TOC is the original
mass fraction of OC in Fh-OC (directly measured by an ele-
mental analyzer, and Fc is the fraction of elemental C in the
humic acid materials (0.60 IHSS, http://www.humicsub-
stances.org/). We assume the thermal stability of Fh in
Fh-OC co-precipitate was same as for pure Fh. For Fh-
OC with C/Fe ratio of 0.7, the FOC(T) decreased to 0 at
560 �C, when the corresponding temperature was 762 �C
for Fh-OC with C/Fe ratio of 3.7 (Supplementary Data,
Fig. S18). After the reduction, it is challenging to accurately
calculate the FOC(T) because of various mineral transfor-
mations as shown by EXAFS. We used Eq. (2) to calculate
the FOC(T) for only Fh-OC with C/Fe ratio of 1.8 and 3.7
after reduction, as the mineral transformation was smaller
compared to Fh-OC with lower C/Fe ratios. The highest
FOC(T) was 119% at 234 �C, because of the underestimate
of the thermal stability of secondary minerals using the data
collected for Fh. The final FOC(T) for Fh-OC with C/Fe
ratio of 3.7 was 43.5%, much higher than that for original
Fh-OC. The trend is similar for the Fh-OC with C/Fe ratio
of 1.8.

4.3.4. Change in OC lability

Finally, we measured desorption of the Fh-bound OC as
an indicator for the lability of OC. For co-precipitates with
C/Fe ratio of 0.7, 0.9, 1.8 and 3.7, 7.3 ± 5.1, 5.0 ± 0.2, 5.3
± 1.4 and 9.8 ± 0.2% of Fh-bound OC was desorbed after
4 days (Supplementary Data, Fig. S19). After reduction,
0–30.3% of Fh-bound OC was released to solution phase.
Only Fh-OC with C/Fe ratio of 3.7 showed substantial des-
orption with a maximum level of releasable OC, which was
enhanced by the reduction.

5. DISCUSSION

5.1. Fe reduction and mineral phase transformation

OC affects the reduction of Fe and mineral phase trans-
formation through multiple ways. First, OC can enhance

http://www.humicsubstances.org/
http://www.humicsubstances.org/
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the Fe reduction by accelerating extracellular electron
transport (Kappler et al., 2004; Bose et al., 2009; Roden
et al., 2010). Like in a previous study (Shimizu et al.,
2013) there was a threshold value of C/Fe ratio between
1.8 and 3.7 to stimulate the reduction of Fe(III). Our addi-
tional experiments using higher C/Fe ratios of 4 and 4.9
showed more rapid reduction of Fe (Supplementary Data,
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Fig. S20). Jiang and Kappler (2008) demonstrated that min-
imal concentration of 5–10 mg C/L humic substances for
stimulating extracellular electron transport. We also mea-
sured the HA-mediated electron transfer and electron
accepting capacity (EAC) of HA and it was 2.43 mmol e�/-
mol C (Supplementary Data, Fig. S21). There can be differ-
ences in the EAC between dissolved and solid-phase OC.
Roden et al. (2010) suggests that the EAC of solid-state
OC could be 1/10 of that for dissolved OC. Using that fac-
tor, the EAC of Fh-bound OC would be 0.283 mmol e�/-
mol C. This will lead to a threshold EAC of Fe-bound
OC to be 0.5–1.0 mmol e-/mol Fe for facilitating the reduc-
tion of Fe. In addition, OC can also affect the Fe reduction
through altering the particle size of precipitates and their
dispersion. The average particle size for Fh-OC co-
precipitates with C/Fe ratio of 0.7, 0.9, 1.8, and 3.7 was
1862, 2362, 1833, and 170 nm respectively, compared to
92 nm for Fh. As shown in previous studies (Mikutta,
2011; Amstaetter et al., 2012), OC can affect the particle size
and aggregation of Fh by increasing repulsion between par-
ticles or acting as bridging materials. In systems with high
C/Fe ratio, the sorption of OC on Fh surface can result
in a net negative surface charge, which can minimize further
aggregation of the co-precipitate particles due to electro-
static repulsion. However, in systems with lower C/Fe ratio,
OC can act as a bridge to form larger aggregates. The rel-
atively small size of co-precipitate with C/Fe ratio of 3.7
could facilitate its dispersion and Fe reduction.

Second, OC can protect Fh from reaction with Fe(II)
and consequent mineral transformation, and increase the
Fe reduction. Both aqueous and sorbed Fe(II) can promote
the abiotic transformation of Fh to secondary minerals
(Tronc et al., 1992; Yee et al., 2006; Liu et al., 2007). The
transformation of Fh to more crystalline forms like goethite
requires reconstructive transformation for poorly ordered
octahedral units of Fh to edge-sharing octahedral units,
which can be catalyzed by the presence of Fe(II) (Yee
et al., 2006; Liu et al., 2007). The transformation of Fh to
hematite is favored in the absence of Fe(II) via the process
of dehydration and dehydroxylation (Yee et al., 2006).
Electron exchange between Fe(II) and Fe(III) in Fh can
100 300 500 700 900
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ipitates with C/Fe ratios ranging 0.7–3.7 before and after 288-h
and B); temperature-dependent weight loss rate (C and D).
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enhance the reductive dissolution and mineral transforma-
tion of Fh (Chen et al., 2015). However, the presence of
DOC can inhibit the interactions of Fe(II) and Fh by
chelating with Fe(II). Strong complexation between DOC
and Fe(II) can also reduce the rate of electron transfer
between Fe(II) and Fe(III) as well as dissolution and recrys-
tallization of Fh. In addition, at higher C/Fe ratio, OC in
the complex can act as a physical barrier to prevent interac-
tions between Fe(II) and Fh by blocking the surface sites
(Chen et al., 2015). In addition to impacting the extent of
secondary mineral formation, the mineral transformation
pathway was also altered by the presence of OC. Increasing
C/Fe ratio favored magnetite formation and retarded lepi-
docrocite. For example, for co-precipitates with C/Fe ratio
of 0.7, 0.9, 1.8 and 3.7, percent of lepidocrocite were 34.7%,
21.7%, 8.5%, and 0%, and percent of magnetite were 0%,
15.2%, 22.5%, and 21.5%, respectively (Supplementary
Data, Table S6). The presence of OC increased the forma-
tion of goethite, although further increase of C/Fe ratio
decreased the formation of goethite (Supplementary Data,
Table S6). Goethite and lepidocrocite are formed through
Ostwald ripening of Fh, and OC could prevent the further
transformation of lepidocrocite to goethite (Cornell and
Schwertmann, 1996; Shimizu et al., 2013; Chen et al.,
2015). The Fh-OC co-precipitate with C/Fe of 3.7 showed
increased percent of Fe(II) in solution phase (Supplemen-
tary Data, Fig. S3); at 288 h, 39.5% of Fe(II) was in solu-
tion, as compared to 4.7% of Fe(II) in solution for pure
Fh respectively. Formation of multiple types of secondary
Fe minerals implies that the Fe mineral phase transforma-
tion was regulated by interactions between Fe(II), OC,
and Fh.

Third, OC covering on the surface and complexing with
Fh can inhibit the accessibility of Fe to microbial reduction
(Amstaetter et al., 2012; Shimizu et al., 2013). Especially,
inner-sphere coordination between OC and Fe oxide pre-
vents Fh from microbial reduction (Brunschwig et al.,
1982; Johnson et al., 1998). Potential blockage of Fh sur-
face reaction sites by OC can also inhibit the microbial
reduction (Shimizu et al., 2013; Chen et al., 2015). Further-
more, decrease in surface area corresponding to increase in
C/Fe could reduce the number of surface sites for interac-
tions between bacteria and co-precipitates. Decreased Fe
reduction rate for co-precipitates with lower C/Fe ratio
was likely due to both reduced surface area and increased
site blockage by OC. However, for co-precipitates with C/
Fe ratio of 3.7, the electron shuttling by OC played a
greater role in regulating the Fe reduction than surface area
and site blockage due to OC. The overall impact of associ-
ated OC on Fe reduction would be a result of combined
effects.

5.2. OC release and transformation during reduction

Our previous studies showed that hematite-bound OC
was released at a much faster rate than Fe reduction during
the initial stage of reduction (Adhikari and Yang, 2015;
Adhikari et al., 2016). Compared to hematite, Fh has
higher surface area as well as a higher capacity for incorpo-
ration and sorption of OC, yet it can be reduced more easily
and rapidly than hematite (Bose et al., 2009; Xu et al.,
2016). Therefore, the dynamics of OC release during micro-
bial reduction are likely to be complex, as our results show,
the C/Fe ratio clearly playing an important role in the
processes.

For co-precipitates with C/Fe ratio of 3.7, there were
strong correlations (Pearson correlation coefficient
r = 0.97, significance p = 0.01) between the percentage of
DOC release (as compared to total OC content) and Fe
reduction (as compared to total Fe in the Fh-OC co-
precipitate) (Supplementary Data, Fig. S22; Table S11).
Similar correlations were also observed between the con-
centrations of DOC and concentration of dissolved, solid-
associated, and total Fe(II) (r = 0.97, p = 0.01). These cor-
relations indicate that the reduction and dissolution of Fh
was a governing process for the release of DOC, consistent
with a recently published study (Pan et al., 2016).

The SUVA254 for the released OC was much lower com-
pared to that of the original HA (SUVA254 = 8.7) (Fig. 4).
For the synthesis of Fh-OC co-precipitates, the SUVA254

for OC in supernatant after centrifugation of Fh-OC was
7.4, indicating aromatic OC was preferentially co-
precipitated with Fh. Such comparison indicates that the
aromatic fraction of the original OC was preferentially
retained in the Fh-OC co-precipitates during the reduction
process. Carbon NEXAFS spectroscopy data also showed
an increased fraction of phenolic carbon in the residual
fraction of the co-precipitates after reduction (Supporting
Data, Fig. S23). This is different from the observations
for hematite-OC sorption complex, for which aromatic
OC was more easily released during the reduction reaction
(Adhikari and Yang, 2015; Adhikari et al., 2016). Our
result is consistent with previous findings that phenolic
and oxalic ligands stabilized Fe(III) and consequent Fe-
OC co-precipitates (Varela and Tien, 2003; Hall and
Silver, 2015).

In our system, OC was not used as an electron donor for
Fe reduction. Measurement of CO2 in headspace indicated
minimal oxidation of OC (<0.01%) during the anaerobic
reduction of Fh (Fig. 8). These results are consistent with
the well-known inability of Shewanella and other dissimila-
tory Fe(III)-reducing bacteria to degrade complex organic
carbon compounds coupled to Fe(III) reduction (Lovley,
2000). There was no substantial generation of CH4 either.
All these results suggest the transformation of Fh-bound
OC was mainly occurring in aqueous phase. On the surface
of Fh-OC co-precipitates, the relative fraction of COOH vs.
CAOAC increased after the reduction (Fig. 6). This indi-
cates the COOH was more resistant to reductive release,
likely as a result of ligand complexation with Fe. The rela-
tive increase was greatest for Fh-OC co-precipitates with a
C/Fe ratio of 3.7, for which the reductive release was much
higher than other co-precipitates. Reduction led to the
change in structure of Fh-OC co-precipitates, and shift in
the surface chemistry of Fh-bound OC. Together with
SUVA254 analysis, our results indicate that aromatic/
carboxylic-enriched OC was selectively retained in the
solid-phase during the reduction of Fh.

Selective retention of aromatic/carboxylic-enriched OC
was also supported by the thermal analysis. Based on the
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calculated FOCT, thermal stability of Fe-bound OC
increased with the C/Fe ratio (Fig. 7; Supplementary Data,
Fig. S18). Association with Fe can likely increase the ther-
mal stability of OC by complexation between Fe oxides and
OC and increase in the related bond strength. After the
reduction, the thermal stability of Fe-bound OC was
increased for Fh-OC co-precipitates with C/Fe of 1.8 and
3.7, and this was likely caused by the preferential retention
of Fh-OC co-precipitates. Johnson et al. (2015) observed
that sorption to manganese (Mn) oxide increased the ther-
mal stability of OC, as a result of inner-sphere binding
between OC and Mn oxides. These findings are consistent
with the increase in the percent of carboxylic functional
groups after reduction, as shown by XPS.

5.3. Lability of residual OC

For Fh-OC with C/Fe ratio of 3.7, we fit the kinetics for
DOC with the equation:

F DOC ¼ F DOC0
þ F DOCsð1� expð�ktÞÞ ð4Þ

where FDOC is the time-dependent fraction of DOC versus
total OC in the complex, FDOC0 is the fraction of original
DOC versus TOC, FDOCs is the steady-level reductive
release fraction of DOC versus total OC in the co-
precipitate, k (h�1) is the first order rate constant for the
desorption, and t is time (h). For Fh-OC co-precipitate with
C/Fe ratio of 3.7, both the FDOCs and k were significantly
increased upon the reduction, from 7.4% and 0.02 h�1 to
17.3% and 0.04 h�1. This indicates, along with the reduc-
tion release of Fh-bound OC, the lability of OC was also
increased partially due to the enrichment of C on the sur-
face shown in XPS analysis.

XPS results showed a substantial increase in C/Fe ratio
after the reduction compared to original Fh-OC co-
precipitates. The contribution to surface C/Fe ratio from
bacteria biomass was low, as observed in pure Fh reacted
with strain CN32. After 288 h of reduction, the C/Fe ratio
on the surface of pure Fh increased from 1.3 to 5.2. This
indicated that the major influence on surface enrichment
of C was caused by the alteration in Fh-OC co-
precipitates rather than from biomass. It is possible that
surface Fe(III) weakly complexed with OC was readily
reduced, which could increase surface C/Fe ratio. The
increased surface C/Fe ratio can also be contributed by
the sorption of released DOC on the residual Fh-OC,
through both Fe-OC interactions and OC-OC interactions
(Hedges and Keil, 1995). The higher content of OC on
the surface after reduction can lead to the higher mobility
of OC, as shown for the Fh-OC co-precipitates with a C/
Fe ratio of 3.7.

Overall, our results provided comprehensive analysis for
the dynamics of Fh-OC co-precipitates in the microbial
reduction. Compared to a previous similar study performed
by Shimizu et al. (2013), there are critical differences. This
study is focused more on the release and transformation
of OC, when Shimizu et al. (2013) emphasized the impact
of co-precipitated OC on the Fe reduction and mineral
transformation. We have measured the electron shutting
capacity of HA directly in this study, and used it to inter-
pret the role of HA in the redox reactions. In addition,
we have used multiple analysis, including XPS, UV analy-
sis, C1s NEXAFS, and CO2/CH4 measurement, to deter-
mine the release and transformation of OC. The
desorption in DI water for the Fe-bound OC was measured
as an indicator for the mobility of OC. Last not least, we
directly used co-precipitates, when the previous study used
the precipitate-coated sands.

6. CONCLUSIONS

Our results demonstrated that the reduction of Fh-OC
co-precipitates by facultative Fe-reducing bacteria (CN32)
can release a significant amount of OC, depending on the
initial solid-phase C/Fe ratio. For Fh-OC co-precipitates
with C/Fe ratio of 3.7, 54.7% of Fh-bound OC was
released, when 25.1% of Fe was reduced. Release of Fh-
bound OC was not observed for co-precipitates with C/Fe
ratio of 0.7, 0.9, and 1.8. The residual OC in co-
precipitate with C/Fe ratio of 3.7 after reduction was more
easily desorbed compared to original Fh-bound OC, and
potentially more available for microbial degradation (Keil
et al., 1994; Kalbitz et al., 2005). After the reduction, Fh-
bound OC was more concentrated on the surface of co-
precipitates, enriched in the carboxylic functional group
on the surface, and the aromatic in the bulk. Surface enrich-
ment will likely make the Fh-bound OC more accessible for
microbial degradation, even without release to the solution
phase. Our findings highlight that reductive release and
transformation will be important for the degradation of
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Fh-bound OC, especially under the scheme of dynamic cli-
mate with more extreme precipitation events and changing
water cycles.

In this study,we used apure culture of strainCN32,which
reduced Fe(III) but did not degrade/mineralize OC. Using
strain CN32 provided an opportunity to study the release
of Fh-bound OC and transformation of structure of Fh-
OC co-precipitates, but not the degradation or mineraliza-
tion of OC. It deserves further efforts to analyze the degrada-
tion andmineralization of Fe-boundOCduring reduction by
a natural microbial community, which contains both Fe
reducer and OC degrader. Finally, it must be noted that
the results obtained with the model HA may not translate
directly to the behavior of natural organic matter in soils
and sediments, e.g. due to the differences in the chemical
composition of HA and natural organic matter (Schmidt
et al., 2011; Lehmann andKleber, 2015). However, extensive
studies showed the electron shuttling capacity of HA, which
can serve as a good model of redox-active natural OC
(Lovley, 2000; Jiang and Kappler, 2008; Roden et al.,
2010). Our on-going studies of behavior of natural OC dur-
ing the Fe reduction process will provide valuable compar-
ison between natural OC and the model HA.
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