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The eﬀects of electron shuttles (biochar/anthraquinone-2,6-disulphonate (AQDS)) on the process of the
Shewanella oneidensis MR-1-induced As(V)-adsorbed ferrihydrite reduction were studied. The results showed that
biochar could stimulate Fe(Ⅱ) and As release during the ferrihydrite bioreduction. After the addition of biochar,
more dissolved organic matter (DOM) can be consumed as an electron donor to promote the metabolism of
microorganisms by the ﬂuorescence excitation-emission matrix spectra analysis. After microbial treatment,
cyclic voltammetry (CV) showed that a unique cathodic peak and a distinct anodic peak appeared, which may
represent the reduction of Fe(OH)3 to Fe(OH)2 and the complexed oxidation of Fe2+ to Fe3+. No characteristic
peak was associated with arsenate reduction or arsenite oxidation. The mineralogical characterization of the
ﬁnal products indicated that AQDS can promote solid-state conversion from ferrihydrite to vivianite
(Fe3(PO4)2·8H2O). However, the addition of biochar inhibited solid-state conversion of ferrihydrite. It was shown
that after 6 d, the secondary mineral vivianite production in the bacteria alone and AQDS treatments was 8.12%
and 15.6% respectively by mössbauer spectroscopy analysis. Moreover, the XPS indicated that As(V) has no
species transformation. It provided new data for understanding the iron-reducing bacteria induced mineralization process and related biogeochemical cycles of Fe and As.
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1. Introduction

(AQDS)) could act as electron donors, electron acceptors and electron
shuttles and facilitate electron transfer between microbes and iron
minerals (Roden et al., 2010). As a carbon-rich material, biochar produced by pyrolysis of biomass under oxygen limitation is widely used as
a soil amendment which could improve water holding capacity and
nutrient availability, increase pH and bulk density, remediate environmental contaminants as well as aﬀect microbial communities
(Beesley et al., 2011; Ruan et al., 2019). The iron-biochar (Fe-BC)
composites, in which the adsorptive, reductive and complexing capacities of BC and Fe are complementary and coupled, is widely applied in
wastewater or soil remediation for the removal of potentially toxic
elements (e.g., As) (Sun et al., 2019). In addition, biochar is a solidphase humic substance and can participate in abiotic and biotic redox
reactions (Roden et al., 2010). Bioﬁlm carriers play an important role in
attached growth systems for wastewater treatment processes (Zhao
et al., 2019). A recent study shows that biochar can act as an electron
shuttle and stimulator for the denitriﬁcation (Wu et al., 2019). Moreover, biochar as an insoluble redox mediator may play an important
role in biotransformation of recalcitrant micropollutants (Zhao et al.,
2019). Biochar has been revealed to contain quinone and phenazine
groups, which are considered to be most important functional groups
for direct electron transfer (Klüpfel et al., 2014; Roden et al., 2010).
Dong et al. (2014) reported that semiquinone radicals in dissolved organic matter (DOM) from biochar participated in As(III) oxidation.
Chen et al. (2016) also reported that biochar increased DOM bioavailability and promoted the bioreduction of Fe(III) and As(V). Kappler
et al. (2014) indicated that biochar can act as an electron shuttle for the
bioreduction of Fe(III) minerals with the Fe(II) precipitated as siderite
(FeCO3), but in the presence of AQDS magnetite (Fe3O4) and siderite
(FeCO3) were all formed.
In conclusion, mineral transformation may occur during the reductive dissolution of Fe(III) (hydr)oxides and newly formed secondary
minerals such as vivianite, magnetite, siderite, vivianite and chukanovite, which could be major scavengers for As re-adsorption, thus decreasing As mobility (Hansel et al., 2003; Johnston and Singer, 2007;
O’Loughlin et al., 2010). However, whether the electron shuttle facilitated bioreduction of Fe(III) (hydr)oxides would lead to release or
immobilization of As as well as its related mechanisms are not clear and
need further investigation. Moreover, ferrihydrite is a common Fe(III)
(hydr)oxides widely distributed in environments, especially with the
higher reductive rates by microorganisms compared with other Fe(III)
(hydr)oxides (Peak and Regier, 2012; Li et al., 2012). Therefore, this
study focused on solid-state conversion of ferrihydrite and related arsenic (As) fate during the facilitated reduction of ferrihydrite by AQDS
and biochar as electron shuttles. The change of DOM concentration and
the reaction mechanism of As and Fe were also explored. Our results
provide valuable information for understanding the eﬀect of biochar on
the As-bearing ferrihydrite reduction process, and are also signiﬁcant
for assessing the biogeochemical process of Fe and As in arsenic-contaminated soils and sediments.

Widespread arsenic (As) contamination in groundwater and soil has
been a serious environmental issue and threatens human health globally (Jiang et al., 2013). Groundwater concentrations of As are reported
to be very high in the range of 0.5–5,000 μg·L−1 found in more than 70
countries (Singh et al., 2015). In lower Silesia, Southwestern Poland, up
to 18,100 mg kg−1 of As was reported in soils (Singh et al., 2015).
Chronic human exposure to As could cause cardiovascular disease and
skin cancer as well as internal cancers (Guo et al., 2013; Wu et al.,
2017). Elevated levels of As in groundwater and soil are derived from
natural processes, mining, smelting, herbicide application and other
anthropogenic activities (Zhu et al., 2014). The risk of As exposure,
along with the bioavailability and toxicity of As, is largely dependent
upon its speciation (Ying et al., 2011). Arsenite [As(III)] and arsenate
[As(V)] are the most common species of As found in the environment
(Wu et al., 2016). In reducing environments such as anoxic soils and
sediments, arsenic typically presents as the arsenite oxyanion (H3AsO3),
which is mostly dissociated at the normal pH range (pH < 8) (Zhao
et al., 2010). As(V) typically dominates as the oxyanions H2AsO4− or
HAsO42− under oxidizing conditions, strongly absorbs on a range of
iron (hydr)oxides such as ferrihydrite and hematite and may form
crystalline hydrated iron arsenate minerals such as scorodite (FeAsO4∙2H2O) (Vaxevanidou et al., 2012). As(III) is more mobile than As(V)
due to its lesser adsorption capacity on minerals and the greater solubility of arsenic-containing compounds (Tufano et al., 2008). Both
biotic and abiotic processes such as microbial transformation, pH and
redox potential aﬀect interconversion between As(III) and As(V) in
soils, sediments and natural waters (Jia et al., 2014). In the environment, arsenic undergoes dynamic biogeochemical processes such as
adsorption/desorption, coprecipitation/dissolution as well as oxidation/reduction (Li et al., 2017). Iron redox cycling, including iron minerals formation, transformation and dissolution, plays an important
role in these processes (Zhang et al., 2017). On the one hand, iron
(hydr)oxides can strongly sorb As due to their abundant adsorption
sites, large speciﬁc area and positive surface charge under the conditions of neutral pH (Guo et al., 2013), so iron-based materials are always used for As removal in wastewaters (Li et al., 2017). On the other
hand, recent studies have indicated that the reductive dissolution of
iron-bearing minerals mediated by microbial activity can promote As
into soil and sediment solutions and cause the change of As speciation
(Osborne et al., 2015; Wang et al., 2016). Ferrihydrite is a common iron
oxide widely distributed in soils, sediments, and surface waters (Peak
and Regier, 2012). It had the highest Fe reduction rate and largest
surface areas in studied Fe(III) (hydr)oxides (ferrihydrite, goethite, lepidocrocite and hematite) (Li et al., 2012). In addition, mineral transformation may occur during the reductive dissolution of Fe(III) (hydr)
oxides and newly formed secondary minerals such as magnetite, siderite, vivianite and chukanovite, which could be major scavengers for As
re-adsorption, thus decreasing As mobility (Guo et al., 2010; Hansel
et al., 2003; Johnston and Singer, 2007; Lee et al., 2011; O’Loughlin
et al., 2010). Consequently, whether the reductive dissolution of Fe(III)
(hydr)oxides would lead to release or immobilization of As remains a
matter for further investigation.
Electron shuttles can transfer electrons in redox reactions between
various inorganic and organic compounds (Van der Zee and Cervantes,
2009). Reduced electron shuttles can transfer electrons to organic and
inorganic substances such as azo dyes and oxidized metalloids, etc., and
these pollutants can be reduced and transformed. In addition, reductive
molecules with oxidation-reduction properties can support the microbial reduction of electron acceptors (Van der Zee and Cervantes, 2009).
Microbial extracellular electron transfer (EET) plays an important role
in iron cycling in soils and sediments (Reguera et al., 2005), which
aﬀects the solubility, valence and morphology of iron (hydr)oxides and
leads to formation of secondary minerals (O’Loughlin et al., 2010).
Meanwhile, organic matter (such as anthraquinone-2,6-disulphonate

2. Experimental
2.1. Microorganisms and cultivation
Shewanella oneidensis MR-1 was obtained from the Research Center
for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing,
P.R. China. The bacteria were stored under strictly anaerobic conditions
at −80 °C and were then collected to incubate to the late-log phase in
LB medium broth at 30 °C (Jiang et al., 2013). Late-log phase cells were
harvested by centrifugation (7500 g for 5 min), washed four times with
PBS (phosphate buﬀer solution, 20 mM, pH 7), which was autoclaved at
121 °C for 20 min and then suspended in the PBS buﬀer (OD600 = 2.0)
(Kappler et al., 2014; Lee et al., 2007).
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Instruments Co., China and HG-AFS, AFS-8230, Beijing Jitian Instruments Co., China). The EEMs were measured using a ﬂuorescence
spectrophotometer (F-4600, Hitachi, Japan) (Excitation (Ex) Sampling
Interval: 2.0 nm; Emission (Em) Sampling Interval: 5.0 nm; Scan speed:
12,000 nm·min−1; Ex Slit: 10.0 nm; Em Slit: 10.0 nm; PMT Voltage:
400 V). The CVs were measured using an electrochemical workstation
(Chi660E, Shanghai Chenhua Instrument Co., China). The existing
functional groups of biochar and ferrihydrite were detected by the
Fourier transform infrared spectrometer (FTIR) (Nicolet iS50, Thermo
Fisher, USA). Nitrogen sorption isotherms were conducted on a surface
area analyzer (Quadrasorb evo, Quantachrome Instruments, USA),
which was applied to the Brunauer-Emmett-Teller (BET) analysis of
ferrihydrite and biochar. Final solid products were freeze-dried and
sieved (< 48 μm) for the characteristic analysis, analyzed using XRD
(TTR III, Rigaku Corporation, Japan) and Mössbauer spectroscopy
(Wang et al., 2018). The As and P species were analyzed using XPS
(ESCALAB 250Xi, Thermo Fisher-VG Scientiﬁc Instruments Co.,
America). All data were analyzed in Microsoft Excel 2010 and SPSS
19.0. Fitting of XPS peaks was performed using the Avantage 5.52
processing software. XRD patterns were analyzed with MDI Jade 5.0.
Mössbauer spectrum evaluation was carried out using the MossWinn
4.0. All ﬁgures were created in Origin 9.5.

2.2. Preparation of ferrihydrite and biochar
Ferrihydrite was synthesized according to Jiang et al. (2013) by
adding 1 mol·L−1 NaOH to 1 L 0.4 mol·L-1 FeCl3, followed by pH adjustment to 7. After freeze-drying, the ferrihydrite was ground under
liquid nitrogen and sieved (< 48 μm).
The biochar was synthesized according to Zou et al. (2018), which
was prepared by rice straw pyrolysed under a stream of N2 in a muﬄe
furnace (SX2-5-12, Yuandong Therm Corporation in Changsha, China)
at 600 °C for 6 h. The biochar was then washed thoroughly with deionized water, oven-dried at 80 °C, grounded and sieved (< 48 μm)
(Zhang and Gao, 2013). For the deoxygenating treatment, powdered
biochar was reserved in the evacuated vacuum chamber of an anoxic
glovebox (100% N2) for a night. The treated biochar was suspended in
the PBS buﬀer to a ﬁnal concentration of 50 g·L−1. To suspend the
biochar uniformly, the suspensions were treated with an ultrasonic
probe for 10 min (Kappler et al., 2014).
2.3. Experiments
The experiments were carried out in the evacuated vacuum
chamber. The sample bottle was 150 mL (serum bottle). All solutions
except bacterial suspensions were purged with N2 to remove dissolved
oxygen and capped with thick butyl rubber stoppers and aluminum
seals (Jiang et al., 2013). The materials, experimental apparatus and
solutions were sterilized by autoclave at 121 °C for 20 min and then
cooled to room temperature before use (Jiang et al., 2013; Li et al.,
2012). Based on previous studies and the mineralization promotion
dosage of AQDS and ferrihydrite (Chen et al., 2017; Kappler et al.,
2014; Jiang et al., 2013), the experiment treatments were carried out as
follows (all samples containing 1 mM Na2HAsO4·7H2O and 30 mM sodium lactate): Control, 150 mL PBS (CK); Treatment A, 150 mL biochar
suspension (ﬁnal concentration of 5 g·L−1) (C); Treatment B, 150 mL
ferrihydrite powder suspension (ﬁnal concentration of 30 mM) (F);
Treatment C, 150 mL ferrihydrite powder and biochar suspension (ﬁnal
concentration of 30 mM, 5 g·L−1) (CF); Treatment D, 150 mL ferrihydrite powder suspension (ﬁnal concentration of 30 mM) containing
AQDS (ﬁnal concentration of 0.1 mM) (AF). To disperse ferrihydrite
powder or biochar, all the sealed sample bottles were put in a shaking
table, with the rotating speed of 180 r min−1 and incubated for 24 h.
Then, after ﬁltered with a syringe ﬁlter unit, the samples were analyzed
for total As. To disperse ferrihydrite powder or biochar, all the sealed
sample bottles were put in a shaking table, with rotating speed of
180 r min-1 and incubated for 24 h. Then, ﬁltration with a syringe ﬁlter
unit followed, and the concentration of total As was analyzed. After
adsorption equilibrium, 2% (v/v) Shewanella oneidensis MR-1 cell suspensions were inoculated into serum bottles (BF, BAF, BCF) (Jiang
et al., 2013). Controls were treated the same, except for the absence of
bacteria. All incubations were carried out on a shaking table
(180 r min−1, 30 °C). All samples were separated into two parts. One
half was used for the analysis of the concentrations of Fe and As for 12
d. The other half of the samples was destructive sampled, with the
solids for the measure of X-ray diﬀraction (XRD), X-ray photoelectron
spectroscopy (XPS) and Mössbauer spectroscopy to study mineral phase
transformation, as well as that the 6-d supernatants were ﬁltered for the
measure of cyclic voltammograms (CV) and ﬂuorescence excitationemission matrix (EEM) spectra. Samples for diﬀerent analysis in each
treatment were performed in triplicate.

3. Results and discussion
3.1. Adsorption eﬀect of diﬀerent materials on arsenate
The sorption capacities of biochar (C), ferrihydrite (F), biochar + ferrihydrite (CF) and AQDS + ferrihydrite (AF) for As(V) were
shown in Fig. 1. The results showed that the total As concentrations in
the supernatants were 66.55, 52.74, 48.00 and 52.41 mg L−1, respectively, with the control group 73.42 mg L−1. And the As adsorption
rates were 9.36%, 28.2%, 34.6% and 28.6%, respectively. There were
signiﬁcant diﬀerent treatment eﬀects on As adsorption (p < 0.05),
with biochar showed no signiﬁcant adsorption eﬀect for As, while the
adsorption capacity of ferrihydrite for As was signiﬁcantly higher than
that of biochar. Meanwhile, the treatments of biochar + ferrihydrite
(CF) and AQDS + ferrihydrite (AF) enhanced the As adsorption.
Compared with ferrihydrite (273 m2 g−1), biochar has a lower BET
(91.6 m2 g−1). Generally, the increased BET could accelerate the adsorption ability (Yu et al., 2019). As shown in Fig. S1, biochar has a
number of organic functional groups (3448 and 1628 cm-1 for OeH,
1092 cm-1 for C–O, C–N and SieO, 450 cm−1 for SieO) on the surface
and a negative surface charge, which has a strong adsorption eﬀect on
metal cations (Klüpfel et al., 2014; Yu et al., 2019). Nevertheless,

2.4. Analytical methods
In the experiment, samples were taken using a syringe ﬁlter unit,
with total Fe and Fe(Ⅱ) quantiﬁed using the ferrozine assay (Kappler
et al., 2014). The concentrations of total As and As(III) were measured
by high-performance liquid chromatography-hydride generation atomic
ﬂuorescence spectrometry (HPLC-HG-AFS) (Shimadzu LC-15C Suzhou

Fig. 1. The concentrations of total As after biochar (C), ferrihydrite (F), biochar + ferrihydrite (CF) and AQDS + ferrihydrite (AF) additions.
3
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Fig. 2. The concentrations of (a) Fe(II) and (b) total As released during the reduction by Shewanella oneidensis MR-1 with ferrihydrite (BF), AQDS + ferrihydrite
(BAF), biochar + ferrihydrite (BCF) during 12-d; B and BC represented the change of As concentrations during 12-d with bacterial and bacterial + biochar additions
respectively.

content of total As in BF, BAF and BCF reached the maximum after 4 d,
and the values were 63.0, 61.5 and 65.4 mg L−1 respectively. Speciation analysis (Fig. S2) showed that As existed only as As(V) in the supernatants and Shewanella oneidensis MR-1 didn’t have the ability to
convert As(V) into As(III). In the early process of microbial ferrihydrite
reduction, we found a positive correlation between Fe(Ⅱ) and total As
content in the supernatants. The results conﬁrmed that the release of As
was related to the reduction of Fe. In the later stage, Fe(Ⅱ) and As
concentrations decreased, showing that the addition of AQDS could
inhibit the release of As, possibly due to the formation of secondary
minerals and related re-adsorption of Fe(II) (Jiang et al., 2013; Kappler
et al., 2014; Muehe et al., 2016). The long-term microbial reduction of
ferrihydrite may lead to the transformation of iron minerals, which
could give rise to re-adsorption of As.
As a typical electron shuttle, AQDS contains a large number of
quinone structures that can participate in electron transfer among microbes-minerals (Chen et al., 2016). With strong redox activity, AQDS
can stimulate the extracellular electron transfer process of Shewanella
oneidensis MR-1 and ferrihydrite reduction (Chen et al., 2016). As a
humic-quinone model compound, biochar contains a large number of
quinone and phenazine structures (Klüpfel et al., 2014). With strong
redox activity, biochar can not only be an electron donor and electron
acceptor, but can also be an electron shuttle taking part in electron
transfer among microbes-humus-minerals, which can facilitate the
long-range transmission of electrons (Kappler et al., 2014). Even in the
absence of bacteria, the biochar can also promote the reduction of
ferrihydrite (Kappler et al., 2014). In addition, the reduced Fe(II) adsorbed on biochar instead of on ferrihydrite can also promote the reduction of ferrihydrite (Kappler et al., 2014). The capacities of biochar
and AQDS to promote the ferrihydrite reduction may be also related to
the amount of addition. In our study, 5 g·L−1 biochar treatment promoted Shewanella oneidensis MR-1 to reduce ferrihydrite better than
0.1 mM AQDS. Kappler et al. (2014) and Chen et al. (2017) demonstrated that as an electron shuttle to facilitate ferrihydrite reduction and
As release, AQDS levels seem to be stable during the experimental
process. When the amount of AQDS added increased from the lower
concentration (0.05 mM) to the higher concentration (0.1 mM), the
bioreduction rate of Fe(III) was decreased (Chen et al., 2017). The
ferrihydrite reduction was beneﬁcial at lower AQDS dosage but was not
beneﬁcial at higher concentrations of AQDS (Chen et al., 2017), possibly also explaining why the eﬀect of iron reduction with 5 g·L−1
biochar was better than with 0.1 mM AQDS.

arsenic is generally present in the form of oxyanions in the environment
(As(V) is H2AsO4− or HAsO42- at pH 4–8; As(III) is H3AsO3 at pH < 8),
causing biochar to have no signiﬁcant eﬀect on As adsorption. Ferrihydrite has a large speciﬁc surface area, the positive surface charge and
abundance adsorption sites (3414 and 1628 cm-1 for OeH, 579 cm-1 for
Fe−OH, 447 cm-1 for Fe2O3). Ferrihydrite has a strong adsorption eﬀect
on anions such as arsenate, and especially for As in water, the adsorption rate can reach more than 90% (Doušová et al., 2011; Tang
et al., 2018).
3.2. Microbial reduction of As(V)-adsorbed ferrihydrite
To describe the rates and extent of microbial ferrihydrite reduction
(Kappler et al., 2014; Wu et al., 2018a), the changes of the concentration of Fe(Ⅱ), total As, Fe(Ⅱ)/Fe(T) ratio and As(III) during the 12
d of ferrihydrite reduction are shown in Figs. 2 and S2. As shown in
Fig. 2(a), ferrihydrite was reduced to soluble Fe(Ⅱ) by Shewanella
oneidensis MR-1 and released into the solution rapidly. With the increasing incubation time, the Fe(Ⅱ)/Fe(T) ratios all showed a trend of
increase. The orders for Fe(Ⅱ) production as well as Fe(Ⅱ)/Fe(T) ratio in
the 12 d ferrihydrite reduction process were as follows: BCF >
BAF > BF. The maximum values of the Fe(Ⅱ)/Fe(T) ratios were 90%,
85% and 62% for BCF, BAF and BF respectively. The content of Fe(Ⅱ) in
BCF and BAF treatments was signiﬁcantly higher than in BF treatment.
By ferrihydrite bioreduction, the concentration of Fe(Ⅱ) in BAF treatment reached the maximum after 3 d, which was 13.0 mg L−1. The
concentration of Fe(Ⅱ) in BF and BCF treatments reached the maximum
after 4 d, and the values were 8.80 and 18.8 mg L−1 respectively.
However, after a slight decrease, the Fe(Ⅱ) concentrations in all treatments tended to be stable. The results showed that the order for the Fe
(Ⅲ) reduction rate was as follows: BCF > BAF > BF, indicating that
biochar stimulated ferrihydrite reduction rates more strongly than
AQDS. With the increasing time, the slope of the curve gradually decreased, which suggested that the rate of Fe(Ⅲ) reduction was decreasing gradually.
As shown in Fig. 2(b), it was observed that Shewanella oneidensis
MR-1 had a slight ability to adsorb As in the early stage, and after a few
days As was gradually released into the solution, so that the As concentrations then increased to the initial level. With the reductive dissolution of ferrihydrite, in BF, BCF and BAF treatments, the concentrations of total As in the supernatants all increased ﬁrst, then
decreased, and ﬁnally stabilized. Within 3 d of ferrihydrite reduction,
the total As concentration order was BCF > BAF > BF, suggesting
that biochar promoted As release more strongly than AQDS. However,
in the following 9 d, the total As order was BCF > BF > BAF. The
4
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Fig. 3. Cyclic voltammograms of supernatants (a) PBS, PBS + R and PBS + R+As(V), (b) PBS + R+ As(V)+F and PBS + R+ As(V)+F + B, (c) PBS + R+ As(V)
+AQDS + F and PBS + R+As(V)+AQDS + F.
+B, (d) PBS + R+As(V)+C + F and PBS + R+As(V)+F + C+B after 6 d and locally enlarged views (R, sodium lactate). ʋ = 0.005 v/s, potential range: -1.5–1.5 V
vs. Ag/AgCl.

(Kappler et al., 2014). However, no characteristic peaks related to As
changes were detected in all the systems.
Possible associated reactions are as follows:

3.3. Electrochemical analysis of iron reduction process
Representative cyclic voltammograms over a wide potential range
were shown in Fig. 3. PBS buﬀer was used as the control, and the solution was weakly acidic, with one small and broad cathodic peak (A)
observed at -0.4 V, which may be described by (1). On this basis, after
adding sodium lactate, As(V) and ferrihydrite step by step, the anode
current was enhanced slightly, but there was no signiﬁcant diﬀerence in
the peak position on the curve. There was a large anodic current at a
potential of 1.5 V and a large cathodic current at -1.5 V, which may be
due to the evolution of oxygen and hydrogen, respectively (Wei and
Somasundaran, 2004). After 6 d of microbial reaction, the solution was
weakly alkaline (pH: 8.6–9.0). One cathodic peak (B) and one distinct
anodic peak (C) were detected at -1.34 V and 1.31 V (Wei and
Somasundaran, 2004). The cathodic peak (B) may represent a reduction
reaction as in (2). The anodic peak (C) may indicate the complicated
reaction of Fe2+ to Fe3+ in the solution (Luo et al., 2017). The peak
strength of BCF was higher than the peak strength of BF, which was
consistent with the results of Fe2+ in solution. In the solution system
with AQDS, two anodic peaks (D1, D2) and two cathodic peaks (E1, E2)
were detected. These two pairs of peaks represent sequential single
electron transfers with an intermediate semiquinone group (i.e.,
Q + e− ⟷ Q-, Q- + e− ⟷ Q2-) (Nurmi and Tratnyek, 2002). AQDS
has the function of electron shuttling, which can accept the electrons
transferred by microorganisms and transfer the electrons to insoluble
minerals and can promote the dissolution and reduction of ferrihydrite

O2 + H+ + e− = HO2
Fe(OH)3 + e

−

(1)
−

=Fe(OH)2 + OH

(2)

3.4. Dynamic changes of DOM under the action of microorganisms
Changes of DOM in supernatants before and after (6th d) microbial
reduction were observed in the EEMs (Fig. 4). EEMs reﬂect a dynamic
change of DOM coming from aromatic protein, soluble microbial byproduct-like compounds, fulvic acid-like and humic acid-like compounds (Chen et al., 2003, 2017). A weak peak was detected in F
treatment without the electronic shuttle, possibly due to the sodium
lactate in the buﬀer. After the 6 d reaction, BF treatment exhibited
stronger ﬂuorescence peaks derived from fulvic acid-like and soluble
microbial by-product-like compounds. In BAF treatment, there were
peaks related to fulvic acid-like and soluble microbial by-product-like
compounds after biological reduction, which was the same as the BF
treatment. However, the ﬂuorescence intensities of AF and BAF peaks
before and after the reaction were weaker than the ﬂuorescence intensities of F and BF caused by the ﬂuorescence quenching of AQDS
(Chen et al., 2017). The addition of biochar produced stronger ﬂuorescence peaks caused by fulvic acid-like and humic acid-like
5
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Fig. 4. (a) FRI regions and typical representative model compounds (Chen et al., 2003); (b) EEM ﬂuorescence spectra of DOM in diﬀerent treatments before
biological reduction (control (F), biochar (CF) and AQDS (AF)) and after biological reduction (BF-6th d, BCF-6th d, BAF-6th d).
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Fig. 5. XRD datas for iron minerals produced by Shewanella oneidensis MR-1 during the 6-d with (a) control (BF), (b) biochar (BCF) and (c) AQDS (BAF) additions.

buﬀer, the ﬁnal product of ferrihydrite reduction was magnetite
(Fe3O4) (Li et al., 2012). In the buﬀer containing HCO3−, ferrihydrite
was easily reduced to magnetite (Fe3O4) and siderite (FeCO3) (Kappler
et al., 2014). When phosphate was present in the medium, vivianite
(Fe3(PO4)2·8H2O) was also formed (Li et al., 2012). Generally, a phosphate concentration less than 4 mM is considered conducive to the
formation of green rust, while green rust is unstable and will be
transformed into vivianite at a relatively high phosphate concentration
(Li et al., 2012). In the ﬁeld conditions, phosphate is widely distributed
in water, soils and sediments contaminated with arsenic (Roberts et al.,
2004; Wu et al., 2018b). In the process of iron mineral reduction with
iron-reducing bacteria in these environments, the same secondary minerals with our study may form and aﬀect the mobility of arsenic.
To study the elemental composition and valence change of diﬀerent
treatments, XPS analysis was carried out. The elements C, O and Fe
were detected with intense peaks. Elements detected with lower intensities were As and P (Table 1). The relative content of Fe in BF and
BAF treatments was 17.77% and 14.62%, respectively, indicating that
AQDS could promote the reduction of ferrihydrite and the related Fe(II)
release into the solution. The relative contents of elements P and As in
BAF treatment were 6.21% and 0.66%, respectively, greater than 4.95%
and 0.49% in BF treatment. It indicated that AQDS could promote the

compounds. After biological reduction, the fulvic acid-like compound
peak disappeared, and the humic acid-like and soluble microbial byproduct-like compounds were present, indicating that DOM humiﬁcation occurred in the supernatants. However, the peak strength was
weaker than the peak strength from the BF and BAF treatments. On the
one hand, after the addition of biochar, more DOM as electronic donors
were oxidized and consumed, which resulted in the DOM in the system
being relatively lower, while the concentration of Fe(II) in the biochar
treatment was higher than the concentration in BF and BAF treatments.
On the other hand, microbial growth was mostly attached to the solid
phase medium in the solution, with that microbes may adsorb onto the
biochar, so there were few soluble microbial by-product-like compounds (Chen et al., 2016).
3.5. Mineralogical characterization of the ﬁnal products
The artiﬁcially synthesized ferrihydrite belonged to 2-line ferrihydrite (Fig. 5), which was a poorly crystalline material. In BF, the
characteristic peak of Fe3(PO4)2·8H2O (vivianite) was found on the 6th
d. However, the formation time of vivianite was reduced to 2 d with the
addition of AQDS. The results showed that the addition of AQDS could
promote the solid-state conversion of ferrihydrite. However, no secondary mineral formation was observed in the XRD patterns of BCF,
indicating that the addition of biochar inhibited solid-state conversion
of ferrihydrite and could be due to the formation of the biochar-Fe(II)
minerals composite decreasing Fe(II) mobility. In addition, the formation of a new mineral may be one of the reasons for the decrease in the
As and Fe(II) concentrations. The types of secondary minerals induced
by the iron reduction process of iron-reducing bacteria are closely related to the types of anions in the culture system and controlled by the
relative content of these anions (Kappler et al., 2014; Li et al., 2012).
When piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) was used as the

Table 1
Results of XPS elemental analysis for iron minerals produced by Shewanella
oneidensis MR-1 during the 6-d with control (BF), AQDS (BAF), biochar (BCF)
additions.
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treatment

C1s(%)

O1s(%)

Fe2p(%)

As3d(%)

P2p(%)

BF
BAF
BCF

25.61
28.88
62.22

51.18
49.63
32.17

17.77
14.62
4.37

0.49
0.66
0.01

4.95
6.21
1.23
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Fig. 6. XPS results of (a) As element, (b) P element of iron minerals produced by Shewanella oneidensis MR-1 during the 6-d with control (BF) and AQDS (BAF)
additions.

transformation of mineral phases in the process of ferrihydrite microbial reduction and the new mineral generation, which inhibited the
release of As. In BCF treatment, the relative contents of Fe and As were
much lower, possibly because the relative contents of C and O were
much higher or because of the promotion of Fe reduction and related As
release.
The XPS ﬁtting results of As and P in F, BF and BAF treatments are
shown in Fig. 6. An excellent peak ﬁt was obtained of the P2p signal at
133.4 eV, and this peak was interpreted to the result from the phosphate component of vivianite (Pratt, 1997). The binding energy values
of the As3d signal were found at 44.7 eV and 45.6 eV. These values are,
respectively, typically Na2HAsO4·7H2O and As(V) (Frau et al., 2010).
Frau et al. (2010) revealed that after immersion of ferrihydrite in
2 mg L−1 As(V) solution, the As3d peak maximum was centred at
45.6 ± 0.2 eV. The peak area ratios ((peak 45.6 eV)/(peak 44.7 eV)) in
BF and BAF were 1.73 and 1.95, respectively. Possibly after the biological reduction, more arsenic was immobilized from the iron minerals
in BAF treatment. The XPS results of As show that there was no signiﬁcant diﬀerence in the representative peaks between diﬀerent treatments. In this experiment, there was no redox of arsenic in the reaction
system before and after biological reduction of ferrihydrite. In fact, a
recent study has shown that Shewanella oneidensis MR-1 doesn’t have
the ability to convert As(V) into As(III) (Jiang et al., 2009, 2013; Wu
et al., 2018a). Speciﬁcally, Muehe et al. (2016) reported that As(V)
partially replaced phosphate in vivianite to form vivianite-symplesite of
Fe3(PO4)1.7(AsO4)0.3·8H2O. Jiang et al. (2013) found that the poorly
crystalline Fe3(AsO4)2 minerals were formed on the surface of ferrihydrite during the reduction process. There was no signiﬁcant change in
the spectrogram in our experiment, possibly because As may exist in the
form of AsO4-bearing phases before and after the reduction.
To identify if any Fe(II) was present in the reaction products and if
biochar and AQDS cause the formation of any secondary minerals and
their relative contents, ferrihydrite and the reaction products after 6 d
were characterized by Mössbauer spectroscopy (Fig. 7). Based on the
magnetic behaviour of Fe in crystal, the electron structure, chemical
environment and coordination information for Fe can be obtained. The
synthetic ferrihydrite Mössbauer spectrum gave a paramagnetic doublet
with isomer shift of 0.35 mm·s−1, quadrupole splitting of 0.65 mm·s−1,
and line width of 0.49 mm·s−1 (a). These parameters are similar to data
from previous published papers for two-line ferrihydrite ﬁtted with one
doublet (Stevens et al., 2005). The small Fe(II) doublets were found in
BF and BAF with isomer shift of 1.221, 1.078 and 1.213, 1.069 mm·s−1,
quadrupole splitting of 2.903, 2.617 and 2.882, 2.571 mm·s−1. These
results are similar to the previously reported Mössbauer spectra of vivianite (Mccammon and Burns, 1980). Iron atoms occupy two distinct
octahedral sites in the crystal structure of vivianite(b, FeB2+; c, FeA2+)
(Wilfert et al., 2018). One is the isolated FeA2+ octahedron, with that
the six ligands of Fe2+ are four H2O in the rhombohedral plane and two
trans-O belong to the PO4-3 tetrahedron. The other is the FeB2+

octahedron, in which two ligands are cis-H2O, and the other four ligands are also oxygen of the PO4-3 tetrahedron (Fig. 8) (Mccammon and
Burns, 1980). The ratio of FeB2+/FeA2+ is usually 2. However, in our
results, the ratio was often higher than 2, which may be caused by the
oxidation of vivianite. Mccammon and Burns (1980) reported that vivianite was easy to oxidize in the air, where FeA2+ is relatively easier to
oxidize than FeB2+ with antioxidant capacity, and the ratio of FeB2+/
FeA2+ increases as the degree of oxidation increases. In addition, the
results of Mössbauer spectral data were closer to the vivianite data after
oxidation (Mccammon and Burns, 1980). According to the results of
XRD and Mössbauer spectrum ﬁtting, vivianite was generated in BF and
BAF treatments, which amounted to 8.12% and 15.6% of the total iron
respectively. The results also suggested that the reduced Fe(II) was not
completely released into the liquid phase, and AQDS could promote the
accumulation of Fe(II) in the solid phase. Nevertheless, Mössbauer
spectra of BCF treatment were with isomer shift of 0.36 mm·s−1,
quadrupole splitting of 0.66 mm·s−1, and line width of 0.45 mm·s−1,
and there was no signiﬁcant diﬀerence between the BCF treatment and
the ferrihydrite before the reduction, which was consistent with the
previous XRD results.

4. Conclusions
In this paper, the eﬀects of biochar and AQDS on the bioreduction of
arsenic-adsorbed ferrihydrite and the related As fate were studied. The
addition of biochar accelerated the biological reduction process of iron,
and at the same time, more arsenic was released into the solution. The
result of the ﬂuorescence excitation-emission matrix (EEM) spectra
indicated that biochar increased the concentration of DOM in the supernatants, which not only enhanced the electron transfer process of
iron-reducing bacteria but could also be used by microorganisms for
growth and metabolism. Compared with the control, the addition of
biochar inhibited solid-state conversion of ferrihydrite. However, As(V)
can be adsorbed on the vivianite or incorporated into the vivianite
structure to reduce the amount released. In a word, biochar did not play
a positive role in reducing the release of arsenic during ferrihydrite
reduction process. This study expanded the understanding of the mechanism of biochar in the As and Fe behaviour in arsenic-contaminated
environments from the perspective of microorganism-mediated iron
reduction.
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Fig. 7. Mössbauer spectras of ferrihydrite (F) and minerals after 6 d reduction with control (BF), biochar (BCF) and AQDS (BAF) additions.

Fig. 8. Crystal structure of vivianite.
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