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A B S T R A C T

This study examined the role of intermittent illumination/dark conditions coupled with MnO2-ammendments to
regulate the mobility of As and Fe in flooded arsenic-enriched soils. Addition of MnO2 particles with intermittent
illumination led to a pronounced increase in the reductive-dissolution of Fe(III) and As(V) from flooded soils
compared to a corresponding dark treatments. A higher MnO2 dosage (0.10 vs 0.02 g) demonstrated a greater
effect. Over a 49-day incubation, maximum Fe concentrations mobilized from the flooded soils amended with
0.10 and 0.02 g MnO2 particles were 2.39 and 1.85-fold higher than for non-amended soils under dark condi-
tions. The corresponding maximum amounts of mobilized As were at least 92 % and 65 % higher than for non-
amended soils under dark conditions, respectively. Scavenging of excited holes by soil humic/fulvic compounds
increased mineral photoelectron production and boosted Fe(III)/As(V) reduction in MnO2-amended, illuminated
soils. Additionally, MnO2 amendments shifted soil microbial community structure by enriching metal-reducing
bacteria (e.g., Anaeromyxobacter, Bacillus and Geobacter) and increasing c-type cytochrome production. This
microbial diversity response to MnO2 amendment facilitated direct contact extracellular electron transfer pro-
cesses, which further enhanced Fe/As reduction. Subsequently, the mobility of released Fe(II) and As(III) was
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partially attenuated by adsorption, oxidation, complexation and/or coprecipitation on active sites generated on
MnO2 surfaces during MnO2 dissolution. These results illustrated the impact of a semiconducting MnO2 mineral
in regulating the biogeochemical cycles of As/Fe in soil and demonstrated the potential for MnO2-based bior-
emediation strategies for arsenic-polluted soils.

1. Introduction

Arsenic (As) pollution derived from mine tailings is of worldwide
concern as it severely deteriorates the quality of nearby farmland soil,
as well as the safety of animals and residents in surrounding regions
(Chen et al., 2018c; Liu et al., 2010; Xue et al., 2017). Under flooded
(anoxic) conditions, the mobility of As is closely correlated with iron
(Fe), both being released into soil solution by reductive dissolution of
As(V)-Fe(III)-bearing minerals (Gorny et al., 2015; Qiao et al., 2019).
The reductive dissolution is mainly driven by metal-reducing bacteria
through extracellular electron transfer (EET) processes (Chen et al.,
2017, 2016). These processes involve oxidation of labile organic sub-
strates by metal-reducing bacteria for respiration and synchronous re-
duction of extracellular high-valence metal compounds to form an in-
tegrated respiratory chain (Shi et al., 2016). Hence, elucidating the
behavior of As/Fe mobility in flooded, mine-tailing soils and the role
microbial processes will enhance our comprehensive understanding of
As/Fe biogeochemical cycling in natural environments.

Previous studies demonstrated that a variety of non-photosynthetic
microorganisms harbor EET capabilities allowing electron exchange
with extracellular minerals for their metabolism and survival in various
environments (Chen et al., 2019a, b; Lu et al., 2012, 2014). Notably,
many semiconducting minerals are photosensitive to visible light al-
lowing production and migration of excited photoelectrons and holes
from the conduction and valence bands of these minerals upon solar
illumination (Lu et al., 2019; Xu and Schoonen, 2000). In some tran-
sitional zones of flooded soils, sunlight, microorganisms and semi-
conducting minerals are in intimate contact, and their interactions may
alter biogeochemical transformation of both inorganic and organic
compounds (Shi et al., 2016). Thus, electron interchange between
semiconducting minerals, metal-reducing bacteria and sunlight could
contribute to important and dynamic biogeochemical processes. Given
that excited mineral photoelectrons are highly reductive and can trigger
a series of redox reactions (Yang et al., 2011), it is highly plausible that
intimately coupled microbial EET with semiconducting mineral derived
photocatalysis could regulate the biogeochemical fate and transport of
As/Fe in mine-tailing soils.

Semiconducting manganese dioxide (MnO2) is an analogue for
naturally existing pyrolusite (Darmane et al., 2008). It has gained
considerable attention as a semiconductor material due to its high
thermal stability, widespread abundance and outstanding photo-
catalysis capability (Chhabra et al., 2019; Kitchaev et al., 2017; Kumar
et al., 2018). In particular, MnO2 with its relatively narrow band gap
(e.g., indirect band gap of α-MnO2 is only 1.3 eV) displays enhanced
performance for visible light absorption (Cockayne and Li, 2012),
making it superior to several competing semiconductor materials (e.g.,
titanium dioxide with a band gap of 3.2 eV can only absorb ultraviolet
light with wavelengths< 387 nm) (Chen and Mao, 2007). Thus, pho-
toelectrons generated from MnO2 upon solar irradiation might theore-
tically participate in microbial EET processes, thereby increasing the
electron flux delivered to extracellular electron acceptors. Considering
pyrolusite is abundant in the surface soil layer that experiences close
contact with microorganisms and sunlight, processes involving the in-
timate coupling of microbial EET with the photocatalysis properties of
pyrolusite likely contribute to the reductive dissolution of As/Fe in
sunlight illuminated flooded soils. A previous study confirmed that
MnO2 particles displayed a strong adsorption capability for Fe, but a
relatively low ability to immobilize As (Lenoble et al., 2004). Thus, the
underlying mobilization of As/Fe in MnO2-amended soils is elusive as a

number of potentially interconnected processes are likely involved in
the complex biogeochemical environment of soil. Herein, the merits of
a comprehensive examination to discern possible microbial mediation
and abiotic reactions in MnO2-amended soils are strongly warranted.
Elucidating environmental controls upon biogeochemical mechanisms
is highly important for targeting applications of MnO2-based hybrid
microbial-photoelectrochemical strategies for use in remediating As-
polluted soils.

In this study, we selected MnO2 particles as a model compound for
pyrolusite to rigorously investigate the effects of combined MnO2-de-
rived photocatalysis with microbial EET processes on Fe/As mobiliza-
tion in flooded arsenic-enriched soils formed on mine tailings. We
further assessed mechanisms responsible for electron exchanges/
transport involving MnO2 particle stimulation of soil microbial di-
versity and dissolved organic matter bioavailability. Results of this
study will inform basic and applied research targeting MnO2-based
hybrid microbial-photoelectrochemical technologies for remediation of
arsenic-polluted soils.

2. Materials and methods

2.1. Soil sampling and MnO2 characterization

Arsenic-enriched soils were sampled from abandoned farmland
(20–30 cm depth below the surface) located near a realgar (α-As4S4)
mine-tailing site in Heshan Village, Changde City, Hunan Province,
China (Chen et al., 2018c). Samples were stored at 4 °C before a sub-
sample was gently crushed, sieved (2-mm screen) and homogenized for
subsequent use. Another subsample was passed through a 0.16-mm
screen for elemental and mineralogical characterization. Detailed
methods for elemental analysis are summarized in Method S1 of sup-
plemental materials. The soil contained 30.8±2.9 g/kg total iron and
507± 98 mg/kg total arsenic (Table S1). Analysis of representative
crystalline compounds indicated predominantly oxidized states for both
As and Fe (Fe(III) & As(V), shown in Fig. S1).

2.2. Soil microcosm experiments

To evaluate the mobilization/speciation changes of As and Fe in
response to the addition of MnO2 particles, batch anoxic microcosms
were conducted in parallel for two illumination conditions (i.e., inter-
mittent illumination and dark conditions). The MnO2 particles were
purchased from Aladdin (USA). The morphology and crystalline struc-
ture of MnO2 particles (1−50 μm) were identified by scanning electron
microscopy (SEM) and X-ray powder diffraction (XRD) (Fig. S2a and
2b). Each treatment was carried out in triplicate in 105-mL serum
bottles at 30 °C. Briefly, each experimental microcosm was incubated
with 12.0 g tailing soils, 36.0 mL of 30.0 mM sodium acetate (NaAc)
solution, and 0.02 or 0.10 g MnO2 particles. A series of control treat-
ments containing no MnO2 amendment was incubated under respective
illuminated/dark conditions. Under intermittent illumination, soil mi-
crocosms were incubated using a 12-h day/night cycle with simulated
sunlight (50 μmol/m2·s from white LED lamp). Light energy sur-
rounding the microcosm was measured using a light energy meter
(Diving-PAM, WALZ, Germany). After purging oxygen with high purity
nitrogen for 1.0 h in the liquid phase and another 0.5 h in the head-
space, all microcosms were sealed with butyl rubber stoppers and
aluminum caps before transfer to an incubator. Additionally, a batch of
abiotic microcosms was incubated under parallel conditions, but using
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sterilized soils and NaAc solutions (sterilized by autoclaving at 120 °C
for 20 min). A detailed experimental design is provided in Table S2.

2.3. Assays for adsorption and speciation transformations of As and Fe

Considering adsorption of As and Fe by MnO2 particles (Nishimura
and Umetsu, 2001), the mobility of As and Fe from flooded soils is
altered. Herein, we conducted two assays to assess As and Fe sorption
dynamics with MnO2 particles. In the first assay, sorption was de-
termined by reacting 0.02 or 0.10 g of MnO2 particles and 36.0 mL
gradient concentrations of As(V), As(III), Fe(III) or Fe(II) in 50-mL
centrifuge tubes (detailed procedures reported in Method S2). Samples
were shaken at 200 rpm and 30 °C for 24 h. At the end of the reaction
period, As and Fe in the solution were subjected to qualitative and
quantitative analyses to determine the effect of MnO2 particles on ad-
sorption and speciation changes of As and Fe.

In the second assay, 0.02 or 0.10 g of MnO2 particles and 4.0 mL of
soil extracted dissolved organic matter (containing 352± 21 mg/L of
TOC) were sealed in a semi-permeable dialysis bag (molecular weight
cutoff: 500 Daltons) that enables the exchange of released metal ions
and electrons but prevents the penetration of MnO2 particles and high-
molecular-weight DOM. DOM for the dialysis bags was extracted from
freeze-dried soils using Milli-Q water with a ratio of 1:3 (weight: vo-
lume) while stirring at 200 rpm for 48 h at 20 °C in the dark. The sealed

semi-permeable dialysis bags were placed on the soil and incubated in
the same anoxic microcosms as described in Section 2.2 (Fig. S3). At the
end of the incubation period, we separated the sealed MnO2 particles
for acid digestion to (1) quantify adsorbed As and Fe and (2) determine
the speciation of adsorbed As/Fe by XPS (Quatum-2000, USA).

2.4. Analytical methods

2.4.1. Quantification of released arsenic, iron and manganese
Concentrations of dissolved Fe(II), Fe(T) (total iron), As(III) and As

(T) (total arsenic) in supernatants were determined for each soil mi-
crocosm. Prior to measurement, ∼2.0 mL of supernatant was filtered
through a sterile 0.22-μm filter (polyethersulfone, Jinteng Co., Ltd,
China). Dissolved Fe(II) and Fe(T) were quantified using a ferrozine
assay as previously described (Chen et al., 2018c). Dissolved As(III) and
As(T) were quantified using HPLC-AFS (Titan, SA-50, China) and ICP-
Mass Spectrometry (NexION 2000, PerkinElmer, USA), respectively
(Chen et al., 2016; Farías et al., 2015). All operations mentioned above
were conducted in an anaerobic glovebox. To determine Mn(T) (total
manganese) concentration, ∼1.0 mL of supernatant from each micro-
cosm was filtered through a sterile aforementioned filter and acidized
using nitric acid (wt%: 65 %). The concentration of released Mn(T) was
detected using flame atomic absorption spectrometry (Shimadzu, AA-
6880, Japan) (Sachdev et al., 1967).

Fig. 1. Concentrations of soluble Fe(T) (a), Fe(II) (b), As(T) (c) and As(III) (d) released from anaerobic soil microcosms amended with 0.02 and 0.10 g MnO2 particles
under dark and intermittent illumination conditions (mean±SD, n = 3). Note: Different lowercase letters within experimental groups indicate significant differ-
ences at P<0.05.
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2.4.2. Analysis of dissolved organic carbon
In soil microcosms, dissolved organic matter (DOM) plays several

important roles in controlling metal mobility (Han et al., 2016). On the
one hand, labile DOC fractions, like low-molecular-weight sugars, or-
ganic acids and amino acids, serve as important electron donors
through microbial metabolism to supply bio-electrons which are sub-
sequently transferred to high valence metals, promoting the reductive
dissolution of metal from soil (Chen et al., 2018b). On the other hand,
high-molecular-weight organic carbon compounds, such as humic and
fulvic acid like-compounds, are considered as a capture agent for
photoholes, suppressing the recombination of electron-hole pairs (Chen
et al., 2019a). Thus, we analyzed (1) DOC derived from the soil and
liquid phases (abbreviated as SDOC and LDOC, respectively) of the
microcosms, and (2) changes in the fluorescence intensities of high-
molecular-weight humic and fulvic acid-like compounds. SDOC was
extracted from a mixture of 2.0 g freeze-dried soil and 20.0 mL-Milli-Q
water shaken at 200 rpm and 25 °C for 24 h in the dark (Xu et al.,
2013). LDOC and SDOC supernatants were passed through a pre-com-
busted GF/F filter (Whatman, UK) before quantification using a TOC
analyzer (Shimadzu, TOC-L CPH, Japan). The abundances of fulvic and
humic acid-like compounds in SDOC extracts were estimated from their
respective fluorescence intensities at 451 and 464 nm, respectively,
following excitation at 279 nm using a fluorescence spectrophotometer
(FS5, Edinburgh, UK) (Koo et al., 2017).

2.4.3. Determination of c-type cytochromes
Outer-membrane c-type cytochromes (c-cyts) of microorganisms

play a critical role in EET processes, which could provide rapid electron
transfer via direct contact with c-cyts and electron acceptors (Liu et al.,
2015; Richardson et al., 2012). To compare c-cyts production, a 0.5-g
soil sample from each treatment cultured for 49 days and 1.0 mL 0.01 M
PBS solution were mixed in a 2.0-mL sterilized centrifuge tube and then
manually homogenized for 3 min. The resulting mixtures were cen-
trifuged at 3000 rpm for 15 min to separate the supernatant. Production
of c-cyts was determined according manufacturer’s protocols for the c-
cyt ELISA Kit (Shanghai Lanpai Biotechnology, China) (Jin et al., 2019).
Optical density (O.D.) values at 450 nm were recorded within 15 min
using a microtiter plate reader (PerkinElmer, EnSpire, USA). Finally, c-
cyts concentration was quantified according to the standard curve for c-
cyts concentration versus O.D. values.

2.4.4. High-throughput sequencing
The 0.5-g soil samples derived from the 49-day microcosms of all

treatments were collected for total DNA extraction. DNA extraction
followed protocols for the Fast DNA Spin Kit for Soil (MP Biomedical,
USA). To assess the composition of microbial communities, extracted
total DNA was subjected to high throughput sequencing. In the high-
throughput sequencing process, the 338 F and 806R primers were used
to amplify the bacterial V4-V5 region of 16S rRNA genes by PCR (Chen
et al., 2017). PCR products were pooled into 2% agarose gels for
electrophoresis. The resulting products were purified using an AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, USA) and quantified using
a QuantiFluor™-ST Kit (Promega, USA). The purified amplicons were
pooled at equal molar concentrations, and paired-end sequencing (2 ×
250) was conducted on an Illumina MiSeq platform. The 16S rRNA gene
sequence data were processed using the QIIME 1.8.0 tool kit. Detailed
information regarding the sequencing analysis is given in Method S3.

2.5. Statistical analysis

We assessed treatment differences by analysis of variance in con-
junction with the least significant difference test at a significance level
of P<0.05 using SPSS 20.0. Weighted UniFrac principal coordinate
analysis (PCoA) of the potentially active bacterial community and re-
dundancy analysis (RDA) were performed using CANOCO 4.5 to assess
differences in community composition and correlations between key

functional microbial members and environmental variables.

3. Results and discussion

3.1. Release of As(III) and Fe(II) from flooded soils

Over the 49-day incubation period, very limited amounts Fe(T) and
As(T) (less than 0∼0.5 mg/L and 100∼700 μg/L) were released from
abiotic (i.e., sterilized) assays (Fig. S4). In contrast, Fe(T) and Fe(II)
mobilization in non-sterile (biotic) treatments gradually increased with
greater incubation time, with concentrations of released Fe(II) and Fe
(T) being similar (Fig. 1a-b). These results indicated that microbial
activities played an important role in the reductive dissolution of Fe
(III). Importantly, Fe(III) dissolution was promoted by intermittent il-
lumination compared to dark conditions. We attributed this response to
enhanced production of photoelectrons originating from the illumi-
nated endogenous minerals that then flowed into microbial extra-
cellular electron transfer chains (Chen et al., 2019b). MnO2-ammended
soils showed a sharp decrease in reductive dissolution of Fe(III) and
demonstrated a dose-dependent response. At the end of the 49-day
incubation period, maximum Fe(II) concentrations released from
MnO2-ammended soils under intermittent illumination were 66.0± 6.5
(0.02 g) and 38.3±5.3 mg/L (0.10 g) (Fig. 1b). These maximum values
were only 77 and 44 percent that of their respective control groups
under the same illumination conditions. Therefore, MnO2 amendment
decreased the mobility of released Fe(II).

Intermittent illumination resulted in higher As(V) reductive dis-
solution than for dark conditions under biotic conditions, regardless of
supplementation with MnO2 particles (Fig. 1c and d). MnO2 particles
produced an inhibitory effect on As mobility under illuminated condi-
tions in comparison to their respective control groups (Fig. 1c and d). In
general, average concentrations of As(T) and As(III) followed the order:
soil (intermittent illumination)> soil+0.02 g MnO2 (intermittent il-
lumination)> soil (dark)> soil+0.02 g MnO2 (dark)> soil+0.10 g
MnO2 (intermittent illumination)> soil+0.10 g MnO2 (dark). As the
dosage of MnO2 particles increased from 0.02 to 0.10 g, maximum As
(III) concentrations decreased from 9498±65–5202± 412 μg/L and
7938±605–3816± 708 μg/L under intermittent illumination and
dark conditions, respectively (Fig. 1d). These As(III) values were sig-
nificantly lower than that of the illuminated control (12383± 337 μg/
L) and dark control (9667±570 μg/L) groups. Notably, the fraction of
As(III) to As(T) released from MnO2-supplemented assays was lower
than for their corresponding control groups. At the end of the 49-day
incubation, the As(III) fraction released from the illuminated and dark
control groups were 87 % and 91 %. In contrast, the associated fractions
for the 0.02 and 0.10 g MnO2-amended assays were 83 % and 75 %
under dark conditions, whereas corresponding fractions were 76 % and
67 % under intermittent illumination. These results revealed that a
portion of the released As(III) originated from oxidation by MnO2

particles (Chen et al., 2018a; Xiong et al., 2017), particularly at higher
MnO2 doses. The discrepancy in As(III) to As(T) fractions across all
amendments might be attributed to the differential adsorption cap-
ability of MnO2 for As and Fe and also to associated redox reactions
induced by MnO2 particles (Ma et al., 2020). The involved mechanisms
were further discussed in the following sections.

3.2. Quantification and speciation of adsorbed As and Fe on MnO2 particles

We further investigated the effects of MnO2 particles on As and Fe
adsorption and species transformations by conducting adsorption ex-
periments (Tables S3–S6). In agreement with the above-mentioned re-
sults, MnO2 demonstrated a weaker adsorption efficiency for As(III)/As
(V) (< 90 % adsorption efficiency for 2000 μg/L with 0.10 g MnO2)
compared to that for Fe(II)/Fe(III) (nearly 100 % for 20 mg/L at 0.10 g
MnO2). The higher sorption affinity for Fe(II)/Fe(III) occurred even
though Fe concentrations were at least an order of magnitude higher
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than those of As(III)/As(V). These differences in adsorption affinities
might be ascribed to electrostatic repulsion between negatively charged
MnO2 particles and arsenite/arsenate oxyanions (Crimi and Ko, 2009)
or to competitive adsorption between As and Fe (Thanh et al., 2012).
The competitive adsorption interpretation is supported by results from
subsequent sorption assays with coexisting As and Fe concentrations
(Table S7). Notably, MnO2 contains intermediate valency Mn(IV),
which is capable of oxidizing Fe(II) and As(III) into Fe(III) and As(V),
but is not able to reduce Fe(III) and As(V) (Table S4 and Table S6).
These mechanisms are attributed to a higher oxidation potential (Eo′)
for MnO2 than that of AsO4

3− and Fe3+, which is described by the
following reactions:

2H+ + AsO3
3− + MnO2(S) → Mn2+ + AsO4

3− + H2O (1)

4H+ + 2Fe2+ + MnO2(S) → Mn2+ + 2Fe3+ + 2H2O (2)

The MnO2 particles contained within the dialysis bags were sub-
jected to acid digestion for quantification of adsorbed As and Fe.
Concurrently, we determined As(T) and Fe(T) concentrations contained
in the liquid phase and dialysis bags. The total masses of As and Fe in
the solution (liquid + dialysis) and solid (sorbed to MnO2) phases were
used to calculate the mass of As/Fe mobilized from each amendment
(Formulas S1-S2 of supplemental materials). Treatments with MnO2

particles under intermittent illumination resulted in higher mobiliza-
tion of As and Fe than other treatments (Fig. 2). At the end of the in-
cubation period (day 49), the total amounts of Fe mobilized from il-
luminated soils amended with 0.02 and 0.10 g MnO2 particle were 1.85
and 2.39-fold greater than non-amended soil under dark conditions
(Fig. 2a); As mobilization was 1.65 and 1.92-fold greater for illumi-
nated + MnO2 amended soil versus dark, non-amended soil (Fig. 2b).
These results indicated that addition of MnO2 particles, particularly
under intermittent illumination, significantly promoted mobilization of
As/Fe from flooded soils.

To identify the existence and speciation of As and Fe adsorbed onto
MnO2 particles, MnO2 particles were separated for TEM observation
and XPS analysis. TEM-EDS mapping provided direct evidence for
sorption of As and Fe on MnO2 surfaces (Fig. 3a). The chemical states
and corresponding contents of adsorbed As, Fe, Mn and O were ex-
amined by XPS analysis (Fig. 3b–e). In terms of content and valence
changes for these elements, nearly 87.9 % and 88.1 % of As(T) and Fe
(T) were presented as As(V) and Fe(III) after MnO2 adsorption (Table
S7), indicating that MnO2 promoted oxidation of the released As(III)
and Fe(II). In the As 3d spectrum, a pair of representative peaks for As
(V) and As(III) were located at 45.7 and 44.8 eV (Ma et al., 2020) and
indicated a greater sorption of As(V) than As(III) on MnO2 particles
(Fig. 3b). Further, the larger integral area for the fitted peak of Fe(III)
than Fe(II) (709.0 and 710.8 eV in the Fe 2p spectrum, respectively
(Biesinger et al., 2010)) demonstrated that much of the adsorbed Fe(II)
was oxidized to Fe(III) (Fig. 3c). The distributions of Mn(II), Mn(IV) and
Mn(III) with the binding energies at 644.2, 643.4 and 643.1 eV were
depicted in the Mn 2p spectrum (Xiong et al., 2017). These results in-
dicated that a transitional Mn(III) species was produced during redox
reactions of Mn(IV)/Mn(II) (Fig. 3d). Finally, the three overlapping
peaks in the O 1s spectrum were assigned to functional groups of ad-
sorbed water (H2O), hydroxyl (−OH) and lattice oxygen (O2−)
(532.84, 531.72 and 529.60 eV, respectively (Biesinger et al., 2010))
(Fig. 3e). In particular, the high proportion of O2

− and −OH moieties
(20.4 and 51.5 percent) in oxygen-bearing groups (shown in Table S7)
provided evidence for more active sites available for subsequent ad-
sorption and/or complexation between released Mn(II) and As(V)/Fe
(II). Thus, the O 1s spectrum suggested that binary oxide and hydroxyl
groups were formed in the mineral phase during As and Fe adsorption
to MnO2 particles.

Concentrations of released Mn(T) did not increase in MnO2-
amended assays (Fig. S5), even though greater amounts of As(V) and Fe
(III) might be expected to promote reductive dissolution of MnO2.

Rather, the concentration of released Mn(T) was perceived to decreased
at higher dosages of MnO2 particles under selected conditions. This
phenomenon might be attributed to adsorption of Mn(II) following
reductive dissolution as it is easily complexed with adsorbed Fe(III) (Li
et al., 2019a). Similarly, multi-step As(III) adsorption with adsorbed Fe
(III) and Mn(II) might form As(V)/Fe(III)/Mn(II)-complexes via oxida-
tion of As(III) to As(V) during the reductive dissolution of MnO2 par-
ticles (Nishimura and Umetsu, 2001; Ociński et al., 2016). Therein, the
mechanism regarding As(III) oxidation/adsorption resulting from dy-
namic Fe(II) oxidation-adsorption/readsorption of Fe(III) under anae-
robic conditions merits further investigation. Nevertheless, our results
clearly indicated that MnO2 particles stimulated reductive dissolution
of As(V)/Fe(III) from flooded soils and subsequently suppressed the
mobility of released As(III) and Fe(II) due to rapid adsorption/oxidation
on MnO2 particles.

3.3. Regulation of microbial DOC consumption by MnO2 particles

Microorganisms assimilate low-molecular-weight DOC (e.g., labile
acetate) for their extracellular respiration and synchronously produce
bio-electrons (Chen et al., 2018b; Liu et al., 2018). In general, the re-
moval of LDOC and SDOC is a proxy for microbial consumption of DOC
in our microcosms. The utilization of LDOC followed a similar trend
with that of SDOC among all treatments (Fig. 4a-4b). After incubating
for 35 days, DOC loss from intermittently illuminated microcosms was
lower than for microcosms incubated in the dark. This indicated that
dark condition promoted microbial DOC consumption. Different doses
of MnO2 particles also induced a differential impact on DOC loss in
illuminated versus dark conditions. Specifically, DOC loss increased as
the dosages of MnO2 particles increased under dark conditions, whereas
DOC loss was decreased with increasing MnO2 dosages under inter-
mittent illumination. When comparing the 0.02 versus 0.10 g MnO2-
ammendments under dark conditions, the utilization efficiencies for

Fig. 2. Total amounts of Fe (a) and As (b) released in experimental assays using
semi-permeable dialysis bags (mean± SD, n = 3). Note: Different lowercase
letters within experimental groups indicate significant differences at P<0.05.
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LDOC and SDOC of the 0.10 g MnO2-treatment on the 49th day were
8.4 and 6.3 % higher, respectively. This implied that supplementation
with greater doses of MnO2 particles stimulated a higher consumption
of DOC for supplying greater amounts of bio-electrons under dark
conditions. Notably, we found higher reductive dissolution of As(V)/Fe
(III) with greater dosages of MnO2 particles under dark conditions
(Fig. 2). This implied that As/Fe reduction in dark conditions could be
boosted through adding greater dosages of MnO2 particles to stimulate
microbial production of bio-electrons.

Although lower DOC consumption occurred at greater MnO2 do-
sages under intermittent illumination, the corresponding reductive
dissolution of As(V)/Fe(III) was distinctly higher at greater MnO2 do-
sages (Fig. 2). Thus, we inferred that a greater amount of photoelec-
trons excited from exogenous semiconducting MnO2 particles were
supplied to promote the higher reductive dissolution of As(V)/Fe(III) in
the intermittently illuminated assays (Chen et al., 2019b). Additional
evidence for this supposition resulted from a greater decline of fluor-
escence signals, corresponding to the heavy-molecular-weight humic/
fulvic acids-like compounds, in the intermittent illumination versus
dark treatments (Fig. 4c). Particularly, the loss of fulvic/humic acids-

like compounds caused by intermittent illumination was magnified in
the presence of greater dosages of MnO2 particles. Thus, these results
suggested that photoelectron-hole recombination was effectively hin-
dered as a greater number of holes were quenched by fulvic/humic
acids. This allowed for a hopping migration of photoelectrons, which
subsequently fed into the microbial extracellular respiratory electron
transfer chain. Hence, the more pronounced As/Fe reductive dissolu-
tion stimulated by MnO2 particles in intermittently illuminated assays
was resulted from enhanced photoelectron production from the MnO2-
amended soils under intermittent illumination.

3.4. Stimulation of c-cyts production by MnO2 particles

Although MnO2 particles display outstanding visible light-driven
photocatalysis capability, the mechanisms underlying the production of
c-cyts at the molecular level remain relatively unexplored. Our results
indicated a dose-dependent effect of MnO2 particles on c-cyts produc-
tion, where higher c-cyts production resulted from greater MnO2 do-
sages, regardless of light illumination (Fig. 5). Increased production of
c-cyts derived from the addition of 0.02 and 0.10 g MnO2 particles were

Fig. 3. TEM morphology (a) of MnO2 particles separated from dialysis bag and corresponding EDS maps of Mn, As and Fe distribution. XPS spectra showing
speciation of adsorbed As (b) Fe (c), Mn (d) and O (e) on separated particles.
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nearly 1.9 and 1.3-fold of that of non-MnO2 amended assays under dark
conditions. Additionally, previous findings demonstrated that a nearly
14-fold expression of omcS (a gene encoding specific c-cyt OmcS) in
Geobacter was up-regulated in the presence of Mn(IV) oxide (Aklujkar
et al., 2013). Our results are consistent with these previous findings.
Because outer-membrane c-cyts contain several iron porphyrins or
hemes that are responsible for electron transport (Wang et al., 2019),
higher production of c-cyts will inevitably lead to more extracellular
electron transport across c-cyts of microbes to extracellular electron
acceptors (Hernandez and Newman, 2001; Reguera et al., 2005). Such
behavior is particularly important to EET processes involving the direct
contact between metal-reducing bacteria that possess electrically con-
ductive pili (e.g., Geobacter and Shewanella) and extracellular Fe(III)/As
(V) via microbial nanowires (Chen et al., 2019c; Gorby et al., 2006; Li
et al., 2019b). Therefore, our results identified a mechanism by which
MnO2 particles promoted a direct contact based EET process by sti-
mulating more c-cyts production in the soil microbial community.

3.5. Microbial community composition

High-throughput sequencing results revealed that the predominant

Fig. 4. Utilization of dissolved organic carbon derived from liquid (a) and soil phases (b) and the ratio representing the change of fluorescence intensities of HA and
FA in comparison to that of the initial incubation samples in soil phase (c) (mean±SD, n = 3). HA, FA, I0 and It refer to humic- and fulvic-acid like compounds, and
intensities of fluorescence emissions from the initial incubation and various sampling times, respectively. Note: Different lowercase letters within experimental
groups indicate significant differences at P<0.05.

Fig. 5. Production of c-type cytochromes in each amendment after a 49-day
incubation (mean± SD, n = 3). Note: Different lowercase letters indicate
significant differences at P<0.05.
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bacterial phyla belonged to Firmicutes (43–67 %), Proteobacteria (11–24
%), Bacteroidetes (4–17 %) and Acidobacteria (2–5 %) (Fig. 6a). Com-
pared to dark conditions, intermittent illumination resulted in an in-
creased abundance of Bacteroidetes (4–17 %), whereas it led to a de-
crease of Proteobacteria (14–25 %). For MnO2-amended treatments,
abundances of several representative phyla (e.g., Proteobacteria, Bac-
teroidetes and Acidobacteria) either increased or decreased in response to
increased MnO2 dosages under a given illuminated condition. In terms
of general members, MnO2 amendments resulted in a pronounced in-
crease to abundances of Geobacter (13–20 %), Bacillus (4–9 %) and
Clostridium (4–8 %) in contrast to their respective control groups under
corresponding illumination conditions (Fig. 6b). Especially, the abun-
dance of Geobacter, a genus that generally assembles electrically con-
ductive c-cyts (Liu et al., 2015), was markedly increased as the MnO2

dosages increased of under both illuminated and dark conditions. We
further calculated total abundances for eight representative genera
known to be responsible for the reduction of high valence metal com-
pounds via the EET process (Table 1) (Chen et al., 2017; Qiao et al.,
2018a, b). This result confirmed a higher abundance of metal-reducing
bacteria in MnO2-amended soils, particularly in those supplemented
with greater MnO2 dosages. These findings demonstrated that the
combination of intermittent illumination and MnO2 amendment altered
the microbial community structure of flooded soils by enriching metal-
reducing bacteria.

The changes in bacterial communities regulated by MnO2 and/or
illumination were further investigated using PCoA based on the
weighted Fast UniFrac metric (Fig. 7a). Principal axis 1 of the PCoA
matrix contained 51.7 % of the variation among sample positions. The
positions corresponding to microbial communities with the same do-
sage of MnO2 particles were closely associated. The closely overlapping
positions between intermittent illumination and dark treatments re-
ceiving 0.10 g MnO2 particles indicated a close similarity in microbial
communities, suggesting that MnO2 is a more important driver than
illumination condition in shaping microbial communities.

We further employed RDA to assess correlations between bacterial
genera and Fe/As mobilization (Fig. 7b). The main metal-reducing
members (e.g., Bacillus, Anaeromyxobacter, Desulfitobacterium and
Thermincola) were positively correlated with the mobility of As and Fe
from flooded soils. For the intermittent illumination + MnO2 amend-
ment, sharp angles occurred between the corresponding centrifugal
lines derived from genera variables (e.g., Bacillus, Anaeromyxobacter
and Pseudomonas) and environmental variables (e.g., mobility of Fe and
As). This pattern revealed that the activities of these bacteria were
positively correlated to the reductive dissolution of Fe/As under such
combined treatment. In contrast, for MnO2-amended soils under dark
conditions, the abundance of Thermincola was negatively correlated
with the mobility of As and Fe, but was positively correlated with loss of
LDOC and SDOC. Moreover, positive correlations were observed among

Fig. 6. Relative abundance of potentially active bacterial community at phylum (a) and genus (b) levels in respective amendments. Only those microbial members
with an abundance greater than 1% are displayed.
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c-cyts production, abundance of Geobacter and DOC loss, suggesting
that DOC bioavailability and enrichment of Geobacter were associated
with enhanced production of c-cyts. Overall, these results highlighted
important relationships between microbial diversity and environmental
factors in response to semiconducting minerals and illumination con-
ditions in flooded arsenic-enriched soils.

3.6. Environmental implications

Commonly, electron transfer is not initiated by an independent
factor within a multicomponent system. Instead, it is more likely to be

instigated by multiple factors in a synergistic manner (Chen et al.,
2019a, b; Yu et al., 2020). In these processes, microbes might adjust
their metabolisms, physiologies and other biotic interactions to opti-
mize EET performance (Barberan et al., 2012). Notably, most c-cyts
serve as critical carriers for delivering electrons in the EET process
(Wang et al., 2019), making the electrical interplay between c-cyts and
minerals a rapidly growing research topic (Shi et al., 2016). Previous
investigations demonstrated that magnetite amendment could decrease
the production of c-cyts in various microbial systems (Jin et al., 2019;
Wang et al., 2018). However, many manganese oxides display similar
physiochemical property with that of iron oxides, and their effects on
production of c-cyts remains limited. Notably, our findings revealed a
novel mechanism whereby MnO2 stimulated microbe physiological
behaviors by increasing the production of c-cyts. In contrast with tra-
ditional independent photocatalysis/microbial EET processes, MnO2-
assisted intimate coupling processes produced a greater amount of
electrons and largely circumvented the inefficiency associated with
independent processes to realize enhanced reaction efficacy. Con-
sidering manganese oxide minerals are abundant in natural environ-
ments, the biogeochemical cycling of As/Fe associated with pyrolusite
(MnO2) in soil is worthy of further consideration.

A schematic representation of the integrated mechanisms involved
in regulation of As and Fe mobility in anoxic, arsenic-enriched soils by
MnO2 particles is shown in Fig. 8. Excited mineral photoelectron-hole
pairs are separated in solar-irradiated soils due to scavenging of holes
by soil humic/fulvic compounds, thereby enabling efficient photoelec-
tron participation in microbial extracellular respiration processes. Ad-
ditionally, an increased electron flux in illuminated flooded soils might
also be supplied from the photodegradation of labile soil DOM by
exogenous MnO2 and/or other endogenous semiconducting minerals
(Chen and Jaffe, 2016). These reactions supplied additional electrons to
facilitate Fe(III)/As(V) reduction. Furthermore, MnO2 amendment in-
creased the abundance of metal-reducing bacteria (e.g., Anaeromyx-
obacter, Bacillus, Geobacter, and etc.), as well as increased production of
c-cyts responsible for direct electron transfer. Additional factors, such
as increased bioavailability of DOM as a substrate for metal-reducing
bacteria and direct contact based EET processes via microbial nano-
wires, enhanced the reductive dissolution of Fe(III)/As(V) in flooded
soils. Thereafter, a portion of the As(III) and Fe(II) released from the
soil was attenuated by coupled adsorption/oxidation on MnO2 surfaces.
Precipitation of Fe/Mn hydr(oxides) on the MnO2 surfaces provided
additional reactive sites that enhanced further adsorption/oxidation of
As(III)/Fe(II) in conjunction with complexation/coprecipitation of re-
leased Mn(II), that in turn reacted to produce As(V) and Fe(III).

Our findings enhanced the current understanding of the biogeo-
chemical behaviors of As/Fe within a ternary “microbe-MnO2-sunlight”
composite system that is naturally occurring in flooded soils. This work
demonstrated the efficacy of exploiting coupled microbial EET-photo-
electrochemical technologies augmented with MnO2 particles to en-
hance As migration from arsenic-polluted soils as a soil remediation
strategy. Considering the economic and commercial accessibility of

Table 1
Relative abundance (%) of metal-reducing bacteria for each amendment after a 49-day incubation (mean±SD, n = 3).

Genera Soil (Light-on/
off)

Soil+0.02 g MnO2 (Light-on/
off)

Soil+0.10 g MnO2 (Light-on/
off)

Soil (Dark) Soil+0.02 g MnO2 (Dark) Soil+0.10 g MnO2 (Dark)

Anaeromyxobacter 5.7± 0.4a 1.6±0.3c 4.9± 0.3b 6.3±0.6a 1.5± 0.4c 5.0±0.4ab

Bacillus 8.1± 0.4b 9.1±0.1a 8.0± 0.1b 1.8±0.8d 7.4± 1.0bc 3.8±1.1c

Clostridium 4.2± 0.2c 4.0±1.1c 4.0± 0.8c 6.1±0.4ab 5.3± 0.9b 7.5±1.3a

Desulfitobacterium 1.1± 0.1d 2.0±0.1b 1.8± 0.2bc 1.9±0.1b 2.3± 0.1a 1.8±0.0c

Desulfovibrio 1.3± 0.0b 1.2±0.0c 1.4± 0.0a 1.3±0.0b 1.2± 0.1c 1.4±0.1a

Geobacter 9.9± 0.9d 12.5± 0.5c 14.9± 1.4b 12.3± 0.4c 15.3± 0.7b 20.3± 2.0a

Pseudomonas 1.0± 0.0a 1.0±0.2a 1.0± 0.0a 1.0±0.0a 1.0± 0.0a 1.0±0.0a

Thermincola 1.3± 0.0b 5.0±1.1a 1.9± 0.1b 1.3±0.1b 5.5± 0.4a 1.0±0.1c

Total 32.4±1.2c 35.9± 3.1bc 37.9± 2.8b 31.9± 2.4c 39.4± 3.3ab 42.4± 4.1a

Note: Different lowercase letters within each row indicate significant differences at P<0.05.

Fig. 7. PCoA of microbial diversity based on Operational Taxonomic Units
using the weighted Fast UniFrac metric (a) and RDA based on relationships
between key genera and environmental variables (b).
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MnO2 particles, development of MnO2-based regenerable adsorbents for
As removal from wastewater have been deployed in recent years (Chen
et al., 2018a; Ociński et al., 2016; Zhang et al., 2018). To maximize As
removal, incorporating a MnO2-based hybrid microbial-photoelec-
trochemical system confers several attractive advantages for remedia-
tion of arsenic-polluted soils. These coupled processes overcome several
of the current inefficiencies associated with sequential processing and
may be beneficial to realize rapid, continuous and efficient removal of
As from arsenic-polluted soils in the future.

4. Conclusions

This study documented enhanced reductive dissolution of Fe(III)/As
(V) from flooded soils under the combined treatment of MnO2

amendment and intermittent illumination. Owing to the visible light-
driven photocatalysis capability of MnO2 particles, photoelectrons were
generated upon illumination of the MnO2-amended soils and fed into
the microbial EET process, thus contributing more electrons for en-
hanced Fe(III)/As(V) reduction. The enhanced reductive-dissolution
was also attributed to increased abundance of selected metal-reducing
bacteria and production of c-cyts in the soil microbial community. Such
regulation stimulated metal-reducing bacteria to degrade labile organic
substrates to accelerate Fe/As reduction and facilitated more direct
contact based EET processes. The cumulative impacts of MnO2 particles
on Fe/As reduction displayed a dose-response effect with higher con-
centrations resulting in greater Fe/As reduction. The mobility of a
portion of the released Fe(II) and As(III) was attenuated due to a series
of reactions with the MnO2 particles that included adsorption, oxida-
tion, complexation and/or coprecipitation. Overall, this study improved
our mechanistic understanding of the functions of MnO2 particles in
regulating the biogeochemical fate and transport of As/Fe. These new
findings demonstrated potential application for optimization of hybrid
MnO2 photocatalysis-microbial strategies for remediation of arsenic-
polluted soils.
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