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an important host for arsenic. However, limited information is known about the redox reactions between arsenic and structural Fe in clay minerals. In this study, the redox reactions
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between As(III)/As(V) and structural Fe in nontronite NAu-2 were investigated in anaerobic
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batch experiments. No oxidation of As(III) was observed by the native Fe(III)-NAu-2. Interest-

Nontronite NAu-2

ingly, anaerobic oxidation of As(III) to As(V) occurred after Fe(III)-NAu-2 was bioreduced. Fur-

Arsenic

thermore, anaerobic oxidization of As(III) by bioreduced NAu-2 was significantly promoted

Redox reactions

by increasing Fe(III)-NAu-2 reduction extent and initial As(III) concentrations. Bioreduction

Clay mineral

of Fe(III)-NAu-2 generated reactive Fe(III)-O-Fe(II) moieties at clay mineral edge sites. Anaerobic oxidation of As(III) was attributed to the strong oxidation activity of the structural Fe(III)
within the Fe(III)-O-Fe(II) moieties. Our results provide a potential explanation for the presence of As(V) in the anaerobic subsurface environment. Our findings also highlight that clay
minerals can play an important role in controlling the redox state of arsenic in the natural
environment.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Clay minerals are widely distributed in soils and sediments in
the subsurface environment. The redox reactions on clay mineral surface always control the mobility and transformation
of a wide range of redox-sensitive contaminants (Dong, 2012;
Stucki, 2011). Structural Fe(III) in clay minerals can be reduced
biotically by iron- or sulfate-reducing bacterium (Dong, 2012;
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Luan et al., 2015; Stucki, 2011) and abiotically by surface-bound
Fe(II), sodium dithionite, and reduced natural organic matter
(Ilgen et al., 2012; 2017a; Neumann et al., 2011; Schaefer et al.,
2011). Structural Fe(II) in clay minerals is a viable reductant
for the reduction of organic pollutants (chlorinated solvents,
nitroaromatic explosives) (Hofstetter et al., 2006; Luan et al.,
2015; Neumann et al., 2008) and toxic metals (U(VI), Cr(VI), and
Tc(VII)) (Bishop et al., 2011; Brigatti et al., 2000; Komlos et al.,
2008).
Arsenic is a typical environmental contaminant and
is widely distributed in the subsurface environment
(Fendorf et al., 2010; Smedley and Kinniburgh, 2002). Inorganic
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Fig. 1. – The different distribution of structural Fe(II) and structural Fe(III) in partially bioreduced clay mineral (a) and
chemically reduced clay mineral (b).

As(III) and As(V) are the main species of arsenic in soils and
sediments, and the change of the redox state of arsenic can
significantly influence its mobility and toxicity (Dixit and
Hering, 2003; Kulp et al., 2008; Oremland and Stolz, 2003).
Understanding the redox reactions of arsenic is necessary for
better prediction of its environmental behavior. Based on the
environmentally relevant redox potentials of Fe(III)/Fe(II) and
As(V)/As(III), the oxidation of As(III) by Fe(III) was thermodynamically unfavorable under neutral conditions (Borch et al.,
2010). In previous studies, no oxidation of As(III) by Fe(III) was
observed in As(III)-iron (oxyhydr)oxides reactors. However,
an abnormal observation was reported that As(III) oxidation
rather than As(V) reduction occurred after the addition of
dissolved Fe(II) into iron (oxyhydr)oxides reactors under
anaerobic conditions (Amstaetter et al., 2010; Burton et al.,
2010; Gubler and ThomasArrigo, 2021; Sheng et al., 2020;
Wang and Giammar, 2015; Zhang et al., 2019). Only a few
studies have explored the redox reactions of arsenic with
chemically reduced clay minerals (Ilgen et al., 2012, 2017a,
b, 2019). Similar observations were also reported that As(III)
was oxidized by structural Fe(III) in clay mineral when the
clay mineral was partially reduced by sodium dithionite or
dissolved Fe(II) (Ilgen et al., 2012, 2017a, b, 2019). However,
the redox reactions of arsenic with structural Fe(III)/Fe(II)
in clay mineral still remains to be further understood. The
redox reactions between arsenic and chemically reduced
clay mineral were studied but only restricted to just one
specific reduction extent (Ilgen et al., 2012, 2017a, b, 2019).
The different reduction extent of clay minerals may influence
the redox reaction of arsenic. The adsorption of arsenic onto
clay minerals was reported as a necessary step for redox
reactions (Ilgen et al., 2017a), suggesting that the adsorbed
arsenic concentrations may be also an important factor that
influences the redox reactions of arsenic with clay minerals.
Bioreduced clay minerals are commonly found in the subsurface environment due to microbial activity. The distribution of generated structural Fe(II) in biologically reduced clay
minerals is different compared to the chemically reduced
clay minerals (Fig. 1) (Komadel et al., 2006; Ribeiro et al.,
2009; Zhao et al., 2015). The domains of structural Fe(II) and
structural Fe(III) in biologically reduced clay mineral are distinctly separated (Fig. 1a), but the mixed-valent Fe(II)-Fe(III)

is the dominant entities in chemically reduced clay mineral
(Fig. 1b) (Komadel et al., 2006; Ribeiro et al., 2009; Zhao et al.,
2015). The different distribution of structural Fe(II) in bioreduced and chemically reduced clay minerals might result
in a different redox reaction. Given that clay minerals are
an important arsenic carrier in the subsurface environment
(Fakhreddine et al., 2015; Masuda et al., 2012; Yang et al., 2016),
it is of particular interest to understand the redox interaction
of arsenic with bioreduced clay minerals.
Overall, the redox reactions between arsenic and bioreduced clay mineral still remain unclear, which might be regulated by the reduction extent of clay minerals and the concentrations of arsenic. The goal of this study is to reveal the redox
reaction of arsenic with bioreduced clay minerals. Anaerobic
batch experiments were conducted to investigate the redox
reactions of arsenic with bioreduced clay minerals. Nontronite
NAu-2 was a typical iron-bearing smectite, which was already
widely used in previous studies (Jaisi et al., 2005; Luan et al.,
2014; Meng et al., 2018; Zhao et al., 2021). Furthermore, the
large amount of iron in NAu-2 was suitable for the investigation of the reactions of arsenic and structural Fe in clay minerals.

1.

Materials and methods

1.1.

Microorganism

A typical iron-reducing bacterium Shewanella oneidensis MR-1
(MR-1) (Jiang et al., 2013; Meng et al., 2018; Tian et al., 2015)
was selected in this study. Cells were cultivated in tryptic soy
broth without dextrose (TSB-D) medium under aerobic conditions and subsequently prepared anaerobically as previously
reported (Meng et al., 2018).

1.2.

Minerals and chemicals

Iron-bearing clay mineral Nontronite NAu-2 was obtained
from Source Clay Repository of the Clay Minerals Society. It
contained 4.2 mmol of Fe/g clay, and nearly all of the iron
was structural Fe(III) (99.2%) (Zhao et al., 2021). The size fraction (0.5–2.0 μm) of NAu-2 used in this study was separated
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by centrifugation as previously reported (Zhao et al., 2021).
Na2 HAsO4 •7H2 O (Alfa Aesar) and NaAsO2 (Merck) were used
for the preparation of the stock solutions of As(V) or As(III)
(10 mg/L each), respectively. All chemicals used in this study
were reagent grade or higher.

1.3.

Preparation of bioreduced NAu-2

All experiments in this study were conducted in an N2 atmosphere glovebox (Universal 2440/750, Mikrouna, China) unless otherwise noted. The reduction of NAu-2 by MR-1 was
performed in serum bottles (50 mL) that were filled with
40 mL sterilized and deoxygenated solution which contained
10 mmol/L PIPES (pH = 7), 5 mmol/L sodium lactate, 2 g/L NAu2, and 1 × 108 cells/mL MR-1. Serum bottles were sealed with
rubber stopper and aluminum foil and were then put on a
shaker (120 r/min) at 25 °C. The suspension was sampled periodically from serum bottles during the incubation time and
subsequently centrifuged at 11,000 r/min for 10 min. The supernatant from the centrifuge tube was removed using needles and syringes after centrifugation. The obtained solid was
used for measuring the concentration of structural Fe(II). To
obtain a series of different reduction extent of NAu-2, the reduction was terminated at a specific time by pasteurization at
70 °C for 30 min. The suspension was pasteurized three times
every other day. The termination time for the bioreduction of
NAu-2 depends on whether the reduction extent of NAu-2 is
suitable for preparing a series of reduction extents of NAu-2.
Five different reduction extent of Fe(II)-NAu-2 were obtained,
and the reduction extent were 4.3%, 12.4%, 17.0%, 23.6%, and
34.4%, respectively.

1.4.

Redox reaction of arsenic and bioreduced NAu-2

The redox experiments were investigated as a function of arsenic concentration and reduction extent of NAu-2. The redox
reactions of arsenic and bioreduced NAu-2 were performed
in serum bottles (10 mL) that were filled with 5 mL suspension, which contained bioreduced NAu-2 and As(III) or As(V),
respectively. Three different As(III) and As(V) concentrations
(50, 200, 1000 μg/L) were added into the reactors with a specific reduction extent Fe(II)-NAu-2 (34.4%), respectively. A specific concentration (200 μg/L) of As(III) and As(V) were added
into the reactors with different reduction extent of Fe(II)-NAu2 and native Fe(III)-NAu-2. All serum bottles were put on a
shaker (120 r/min) at 25 °C and reacted for four days. After
that, the concentrations and species of dissolved arsenic in solution were measured. Furthermore, the total concentrations
and species of arsenic (including both dissolved and adsorbed
arsenic) were also measured after extracted the adsorbed arsenic by H3 PO3 (1%, V/V) and NH2 OH•HCl (0.1 mol/L) as previously reported (Zhao et al., 2021).

1.5.

Samples analysis

The modified HF-H2 SO4 /phenanthroline digestion method
was used to measure the concentration of structural Fe(II)
in NAu-2 (Luan and Burgos, 2012). The solid was mixed with
HF, H2 SO4 , and phenanthroline in glovebox and was then

Fig. 2. – The concentrations of dissolved As(V) (a) and total
As(V) (b) in different reduction extent of bioreduced NAu-2
reactors. Native Fe(III)-NAu-2 (contains about 0.8% of
structural Fe(II)) was used for control experiment.

boiled in boiling water for 30 min. After that, the suspension was mixed with boric acid. Finally, the suspension was
measured by ultraviolet spectrophotometer at 510 nm after coloration with sodium citrate. High-performance liquid chromatography (HPLC-20A, Shimadzu, Japan) coupled
with atomic fluorescence spectrometry (AFS-8500, Haiguang,
China) was used to measure the concentrations and species
of arsenic (Tian et al., 2015; Zhao et al., 2021).

2.

Results and discussion

2.1.

Redox reaction of As(III) with bioreduced NAu-2

2.1.1. Bioreduction of clay mineral induces anaerobic oxidation
of As(III) to As(V)
Different reduction extent (native, 4.3%, 12.4%, 17.0%, 23.6%,
and 34.4%) of Fe(II)-NAu-2 were used to investigate the redox
reactions of As(III) and bioreduced NAu-2. The concentrations
of dissolved As(V) and total As(V) were showed in Fig. 2a and
Fig. 2b, respectively. No As(V) was detected in native Fe(III)NAu-2 reactors (Fig. 2), suggesting that As(III) could not be oxidized by native Fe(III)-NAu-2. However, the dissolved As(V) was
detected after As(III) reacted with bioreduced NAu-2 (Fig. 2),
indicating that the oxidization of As(III) occurred after NAu-2
was bioreduced.
Clay minerals were stable to reductive dissolution, and the
structural Fe(III) was bioreduced to structural Fe(II) in NAu2. Three possible moieties, Fe(III)-O-Fe(III), Fe(II)-O-Fe(III), and
Fe(II)-O-Fe(II) could be formed at the edge sites of bioreduced
NAu-2 (Fig. 3b). After As(III) was added in bioreduced NAu-2 re-
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Fig. 3. – The proposed pathways for the anaerobic oxidation of As(III) by bioreduced NAu-2. (a) Native Fe(III)-NAu-2; (b)
Bioreduced NAu-2 contains both active sites and non-active sites; (c) As(III) could be adsorbed on both active sites and
non-active sites in bioreduced Fe(II)-NAu-2; (d) The part of As(III) that adsorbed on the active sites were oxidized to As(V)
and subsequently desorbed from NAu-2, the other part of As(III) that adsorbed on non-active sites remained in the species
of As(III).

actors, it might be adsorbed on all these three possible adsorption sites (Fig. 3c). No oxidation of As(III) by structural Fe(III)
was observed when the structural Fe in clay minerals was all
in the structural Fe(III) form (Ilgen et al., 2012, 2019), suggesting
that As(III) could not be oxidized by the Fe(III)-O-Fe(III) moieties. The concentrations of dissolved As(V) increased with
increasing Fe(III)-NAu-2 reduction extent (Fig. 2a). This result indicated that the structural Fe(II) in NAu-2 played an
important role in the oxidation of As(III). However, structural Fe(II) alone in NAu-2 could not act as an electron acceptor for the redox reactions, and electron balance considerations suggested that structural Fe(III) was the only electron acceptor in bioreduced NAu-2. Therefore, the oxidation
of As(III) was attributed to the combined effect of structural
Fe(II) and structural Fe(III) in clay minerals, and the reactive
Fe(II)-O-Fe(III) moieties were likely responsible for the oxidation of As(III). Ilgen et al. (2019) found that iron-bearing
clay mineral could be activated when partial of structural
Fe(III) was chemically reduced to structural Fe(II), and they
also proposed that structural Fe(III) in Fe(III)-O-Fe(II) moieties
at edge sites might be responsible for the oxidation of As(III)
(Ilgen et al., 2019). Similar results were also observed that iron
(oxyhydr)oxides also could be activated after dissolved Fe(II)
was added in iron (oxyhydr)oxides reactors, and As(III) also
could be oxidized by active iron (oxyhydr)oxides under anaerobic conditions (Amstaetter et al., 2010; Burton et al., 2010;
Gubler and ThomasArrigo, 2021; Sheng et al., 2020; Wang and
Giammar, 2015; Zhang et al., 2019). The formation of highly
reactive intermediate Fe(III) phase due to the electron transfer between adsorbed Fe(II) and iron (oxyhydr)oxides was
proposed as a possible reason for the anaerobic oxidation
of As(III) in iron (oxyhydr)oxides reactors (Amstaetter et al.,
2010; Burton et al., 2010; Gubler and ThomasArrigo, 2021;
Sheng et al., 2020; Wang and Giammar, 2015; Zhang et al.,
2019). Therefore, we proposed that the anaerobic oxidation
of As(III) in this study was attributed to the strong oxidation
activity of Fe(III)-O-Fe(II) moieties in NAu-2 (Fig. 3b). The increase in the reduction extent of NAu-2 suggested the increase
in active redox sites of Fe(III)-O-Fe(II) moieties in bioreduced
NAu-2, which further resulted in more As(III) was oxidized to
As(V) (Fig. 2). In addition, a part of the adsorbed As(III) was
not oxidized to As(V), which could be attributed to the limited
numbers of reactive Fe(III)-O-Fe(II) moieties at the edge sites
of NAu-2.

Fig. 4. – The concentrations of dissolved As(V) (a) and total
As(V) and remaining adsorbed As(III) (b) in a specific
reduction extent of bioreduced NAu-2 reactors with
different As(III) concentrations.

2.1.2.

Effect of As(III) concentrations on the oxidation of As(III)

Three different As(III) concentrations (50, 200, and 1000 μg/L)
were used to explore the effect of initial As(III) concentrations
on the oxidation of As(III) by bioreduced NAu-2. The concentrations of dissolved As(V) and total As(V) versus the initial
As(III) concentrations were shown in Fig. 4a and Fig. 4b, respectively. The generated concentrations of As(V) were significantly increased with increasing initial As(III) concentrations
(Fig. 4a). The increase of initial As(III) concentrations could induce more As(III) were adsorbed on the active Fe(III)-O-Fe(II)
moieties and further resulted in more As(III) was oxidized to
As(V).
In this part, all experiments were run with bioreduced
NAu-2 at a specific reduction extent (34.4%). In theory, the active Fe(III)-O-Fe(II) moieties numbers were the same in these
reactors with different initial As(III) concentrations. The generated concentration of dissolved As(V) was 91.8 μg/L in the
initial 1000 μg/L of As(III) reactors (Fig. 4a), suggesting that

journal of environmental sciences 110 (2021) 21–27

25

the active Fe(III)-O-Fe(II) moieties sites were enough for the
fully oxidation of As(III) in the initial 50 μg/L of As(III) reactors. However, some of the adsorbed As(III) (14.1 μg/L) in the
initial 50 μg/L of As(III) reactors were not oxidized to As(V)
on clay mineral surface although there were excessive active
sites (Fig. 4). This was likely due to the adsorption of As(III)
onto non-active moieties (Fe(III)-O-Fe(III) and Fe(II)-O-Fe(II)),
which cannot oxidize As(III) to As(V).

2.1.3. Oxidation capacity of bioreduced clay mineral versus
chemically reduced clay mineral
Our results demonstrated that As(III) could be oxidized by
bioreduced clay mineral. However, the amount of As(III) oxidized by biologically reduced NAu-2 in this study was much
lower than that by chemically reduced clay mineral. The maximum concentration of oxidized As(III) was 1.24 μmol/L in our
study (NAu-2 2 g/L, reduction extent 34.4%, structural Fe(II)
2.9 mmol/L, As(III) 13.3 μmol/L). However, up to 13.8 μmol/L
of As(III) was oxidized to As(V) in partial (˜20%) chemically reduced clay minerals (NAu-1 5 g/L, structural Fe(II) 3.8 mmol/L,
As(III) 21.25 μmol/L) (Ilgen et al., 2012). The structural Fe(II)
concentrations in chemically reduced clay minerals was 1.3
times higher than that in bioreduced clay minerals. However,
the generated As(V) concentrations by chemically reduced
clay mineral was 10.7 times higher than that by bioreduced
clay mineral. These results suggested that the oxidation capacity of biologically reduced clay minerals was much lower
than the oxidation capacity of chemically reduced clay minerals.
The different oxidation capacity between biologically reduced clay minerals and chemically reduced clay minerals
might be ascribed to the different structural Fe(III) reduction
pathways. There were only Fe(III)-O-Fe(III) moieties in native
Fe(III)-NAu-2 (Fig. 3a). Microbial reduction of structural Fe(III)
in clay minerals followed by the “moving front” model that
Fe(II) was initially generated at the edge sites of clay minerals and then formed distinctly separate domains of Fe(II)
and Fe(III) around the clay minerals (Fig. 1a) (Ribeiro et al.,
2009; Zhao et al., 2015), where Fe(II)-O-Fe(II) moieties rather
than Fe(II)-O-Fe(III) moieties were the dominant Fe(II) species.
As(III) could be adsorbed on Fe(III)-O-Fe(III), Fe(III)-O-Fe(II) and
Fe(II)-O-Fe(II) moieties. However, only Fe(III)-O-Fe(II) moieties
in bioreduced NAu-2 were active for the oxidation of As(III)
(Fig. 3b). Therefore, only the part of As(III) adsorbed on Fe(III)O-Fe(II) moieties were oxidized to As(V) (Fig. 3d). Chemical reduction structural Fe in clay minerals followed the “pseudo
random” model, where the reduction was initiated at the basal
surface of clay minerals (Komadel et al., 2006; Ribeiro et al.,
2009). Chemical reduction of Fe(III)-O-Fe(III) moieties in native
Fe(III)-NAu-2 generated Fe(III)-O-Fe(II) and Fe(II)-O-Fe(II) moieties. However, the generated Fe(III)-O-Fe(II) moieties were the
dominant Fe(II) species when the reduction extent of Fe(III)NAu-2 was less than 50% (Fig. 1b) (Neumann et al., 2011;
Ribeiro et al., 2009). Therefore, there were more active Fe(III)-OFe(II) moieties in chemically reduced clay minerals than that
in the bioreduced clay minerals at the same reduction extent,
and thus the chemically reduced clay minerals exhibited a
stronger oxidation capacity of As(III) than the bioreduced clay
minerals. No obvious changes were found for the dissolved
and extracted concentrations of As(V) in this study (Figs 2,

Fig. 5. – The proportions of dissolved As(III) and As(V) (a)
and total As(III) and As(V) (b) after in different reduction
extent of bioreduced NAu-2 reactors. Native Fe(III)-NAu-2
(contains about 0.8% of structural Fe(II)) was used for
control experiment.

4), indicating that generated As(V) mainly existed in solution. A previous study has confirmed that the formation of an
inner-sphere adsorption complex might be a necessary step
for the further oxidation of As(III) under anaerobic conditions
(Ilgen et al., 2017a), suggesting that the anaerobic oxidation
of As(III) occurs on clay mineral surface. Therefore, we speculated that the generated As(V) was subsequently desorbed
from NAu-2 after the oxidation of adsorbed As(III) (Fig. 3d). Previous studies also reported that dissolved As(V) was detected
in the aqueous phase after As(III) reacted with chemically reduced clay mineral under anaerobic conditions (Ilgen et al.,
2012, 2017a), suggesting that the generated As(V) also released
from chemically reduced clay mineral. However, the mechanism of the desorption of generated As(V) from bioreduced
and chemically reduced clay minerals still remains unclear,
which needs to be further studied.

2.2.

Redox reaction of As(V) with bioreduced NAu-2

The redox reactions of As(V) with NAu-2 might be also regulated by the different reduction extent of NAu-2 and the initial
As(V) concentrations. Different reduction extent (native, 4.3%,
12.4%, 17.0%, 23.6%, and 34.4%) of Fe(II)-NAu-2 were used to
investigate the redox reactions of As(V) (200 μg/L) and NAu-2.
The species and the proportions of dissolved arsenic and total arsenic before and after extraction were showed in Fig. 5a
and Fig. 5b, respectively. No dissolved As(III) was detected in
the native Fe(III)-NAu-2 and different reduction extent Fe(II)NAu-2 reactors, and the proportions of As(V) were also nearly
100% after extracted the solid arsenic (Fig. 5). These results
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than a reductant in the As-clay mineral reactor. The formation
of reactive Fe(III) in Fe(III)-O-Fe(II) moieties at the edge sites of
bioreduced NAu-2 was responsible for the oxidation of As(III).
The anaerobic oxidation of As(III) by bioreduced NAu-2 was
enhanced with increasing bioreduction extent of NAu-2 and
initial As(III) concentrations.
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