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H I G H L I G H T S

• Microbial-photoelectrochemical sy-
nergetic process favors As(V)/Fe(III)
reduction.

• Mineral photoelectrons can partici-
pate in microbial electron transfer
chains.

• Suppressed As(V)/Fe(III) reduction is
exhibited in ZnS-amended soil under
dark.

• Biogeochemical cycles of metal in
sunlight-enriched soils deserve more
attention.

G R A P H I C A L A B S T R A C T
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A B S T R A C T

Semiconducting minerals are ubiquitous in soil and their association with microbes often affects the environ-
ment. In this study, the impacts of zinc sulfide (ZnS, used as a model compound for semiconducting sphalerite)
on As/Fe mobility of flooded tailing soils under dark and intermittent illumination conditions were elucidated
for the first time. Microbial reductive dissolution of As(V) and Fe(III) was more pronounced under intermittent
illumination than under dark conditions. In ZnS-amended soils, release of As(III) and Fe(II) was 1.3 and 1.7 times
higher, respectively, under intermittent illumination than the highest concentrations released from soils
amended with acetate alone under dark conditions (12741.1 ± 714.3 μg/L and 37.9 ± 2.3mg/L, respectively).
However, under dark conditions in ZnS-amended soil, the release of As(III) and Fe(II) was 0.8 and 0.7 times that
of the highest concentrations released from soils amended with acetate under dark conditions, respectively.
Treatment with ZnS potentially decreased the abundance of several metal-reducing bacteria (e.g., Bacillus,
Geobacter, Clostridium, and Desulfitobacterium), which resulted in lower As/Fe reduction than for the acetate
alone treatment under dark conditions. However, under intermittent illumination, the excited mineral photo-
holes were scavenged by humic/fulvic acids, and photoelectrons were synchronously separated and participated
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in the microbial electron chain. The fortification provided by the photoelectrons subsequently boosted As/Fe
reduction, even though there was a lower abundance of metal-reducing bacteria. Hence, this study provides an
in-depth understanding of the impacts of semiconducting minerals on the fates of metal pollutants, microbial
diversity, and the bioavailability of dissolved organic matter in flooded soils.

1. Introduction

Arsenic-bearing slag from mine tailing sites is a prominent en-
vironmental hazard and often results in adverse environmental impacts,
such as land degradation and toxicological effects to crop growth and
local residents [1,2]. The pattern of arsenic (As) in soil is closely cor-
related with the enrichment of iron (Fe) through the formation of As-Fe-
bearing minerals (such as arsenoferrite) by co-precipitation [3,4]. Our
previous studies demonstrated that microbial reductive dissolution of
Fe(III)-bearing (hydr)oxides largely determined the transport and fate
of As under anaerobic-reducing conditions, and resulted in elevated
release of As from flooded soils [5,6]. The elucidated mechanism in-
volved a metal-reducing bacteria-driven extracellular electron transfer
(EET) process. This process can be accelerated by metal-reducing bac-
teria through synchronous oxidation of extracellular electron donors
(such as labile dissolved organic matter (DOM)) and utilization of mi-
nerals with high valence states for energy conversion in the presence of
redox mediators (such as biochar and quinone compounds) [7,8].
Therefore, the underlying electrical interplay pattern between metal-
reducing bacteria and As-Fe-bearing minerals in tailing soils is related
to the fate and transport of As/Fe, as well as the bioavailability of DOM.

The abundant semiconducting minerals in natural sediments and
soils, such as hematite, goethite, and rutile, are highly responsive to
sunlight [7,9]. Upon illumination, mineral photoelectrons are excited
from their valence band to the conduction band of semiconducting
minerals, forming photoelectron-hole pairs and triggering a series of
redox reactions [10]. The separation of photoelectron-hole pairs and
the released energy are desirable for non-photosynthetic microorgan-
isms [11]. This suggests that possible synergetic interactions between
mineral photoelectrons, semiconducting minerals, and microorganisms
occur when there is a lack of bioavailable electron donors, and the
excited photoelectrons are transferred to metal-reducing bacteria for
metabolism [12,13]. In recent years, photocatalysis driven by semi-
conducting materials has received considerable attention as it may be
used in solar energy conversion and environmental remediation
[14–16]. However, the impact of the semiconducting mineral-driven
biogeochemical processes of metal pollutants in soil under sunlight il-
lumination has not been systematically examined. Such information
may reveal the presence of a hybrid microbial-photoelectrochemical
system involved in solar-to-electrical conversion for metal-reducing
bacteria that regulate As/Fe mobility in organic matter limited soils.

Sphalerite (cubic β-zinc sulfide structure) is a representative semi-
conducting metal-sulfide mineral that is highly responsive to solar ir-
radiation at the Earth’s surface [17]. Owing to the favorable negative
potential of the conduction band of sphalerite (−1.4 V vs. SCE) [18],
there are many amendments that can favor the photocatalytic reductive
degradation of organic pollutants, such as the photoreductive de-
gradation of carbon tetrachloride and decolorization of azo dye by
sphalerite [19,20]. Considering the widespread presence of natural
sphalerite in the Earth’s surface, it is reasonable to infer that sphalerite
could regulate the fate of As/Fe, organic carbon stability in soil, and
diversity of the microbial community through delivering solar energy to
the indigenous metal-reducing bacteria and As-Fe-bearing minerals in
soils. Nevertheless, until now, few studies have examined the impact of
sphalerite on the fate of As/Fe in arsenic-rich soils, particularly in those
receiving mine tailings. Hence, there is an important need for research
targeting the sphalerite-driven microbial-photoelectrochemical
pathway responsible for the fate and transport of As/Fe.

In this study, we selected zinc sulfide (ZnS) as a model compound of

sphalerite to examine its impact on the fate of As/Fe in flooded tailing
soils. The specific objectives of this paper are to (i) compare the spe-
ciation and mobilization performance of As/Fe in ZnS-amended soils
with and without light illumination, and (ii) determine the connection
between diversity of the microbial community and DOM modification
linked to the fate of As/Fe in flooded tailing soils. The findings of this
study will provide a newly identified a new electron transfer pathway
between metal-reducing bacteria and semiconducting minerals that
might be a vital component of biogeochemical metal cycles.

2. Methods and materials

2.1. Soil sampling

Arsenic-rich soils were sampled from a realgar tailing mine near
Heshan Village, Shimen County in Changde City, central China.
Detailed characteristics of the sampling site were previously described
by Dong et al. [21]. Soil samples were collected from a low-lying land
area on abandoned cropland. A soil corer (20× 20 cm square, 10 cm in
height) was used to obtain soil cores from each sampling site (total
depth of 20–30 cm). After sampling, the soils were uniformly mixed,
combined to form a composite sample, sealed in a sterile plastic bag,
and transported to the lab. Subsamples were naturally air-dried, sieved
to< 2mm, and soil properties analyzed as outlined in Method S1. Se-
lect chemical and mineralogical properties of the experimental soils are
shown in Table S1. According to x-ray diffractogram (XRD) spectra of
the soil minerals, the main oxidation states of Fe and As in the crys-
talline compounds of the arsenic-rich soils are Fe(III) and As(V) (Fig.
S1). To retain the original environment for the survival of indigenous
bacteria, moist subsamples of soil were stored at 4 °C in polyethylene
vinyl containers [5].

2.2. Anaerobic soil microcosm incubation

To investigate the influence of ZnS on the mobilization and spe-
ciation of As and Fe from flooded tailing soils, batch anaerobic micro-
cosm assays were conducted in triplicate using 50-mL serum bottles.
ZnS powder (99.99% and 3.3–4.3 µm) was purchased from Aladdin
Company (United States). UV–vis diffuse reflectance (DRS) and XRD
spectra, and a SEM image of the ZnS are shown in Figs. S2 and S3. The
intrinsic bandgap and maximum absorption wavelength of ZnS are
3.52 eV and 350 nm, respectively, which are close to those of natural
sphalerite (3.60 eV and 345 nm) [17].

The experimental anaerobic soil microcosms contained 12.0 g soil,
36.0 mL of 30.0-mM sodium acetate (NaAc) solution, and 0.10 g ZnS.
Two biotic amendments were designed as follows: (i) microcosms were
incubated under intermittent illumination, and (ii) microcosms were
incubated under dark conditions. Two biotic control assays that were
not supplemented with ZnS were also prepared and incubated under the
respective illumination conditions. Another batch of anaerobic abiotic
microcosms was simultaneously incubated by amending sterile soils
with sodium acetate in the absence or presence of sterile ZnS under
parallel conditions. All samples were incubated at 30 °C. To maintain an
anoxic environment, high-purity nitrogen gas was bubbled into the li-
quid phase for 60min and the headspace for another 30min before
sealing the serum bottles. To simulate natural conditions with the al-
ternation of day and night, the incubator (MGC-300A, Yiheng, China)
was programmed to provide 12 h light and 12 h darkness per day. The
simulated sunlight was supplied with white LED irradiation, with
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approximate light energy of 50 μmol/m2·s.

2.3. Bioelectrochemical reactor configuration and electrochemical
measurements

To determine the electron transfer performance, the electrogenesis
capacity was estimated in an air-cathode electrochemical reactor. A
batch of commercially available water bottles (Fig. 1a and b) (348mL,
Baisuishan, Ganten Co., Ltd, China) was modified and configured as
single-chamber electrochemical reactors (Fig. 1a) composed of an
anode and cathode. Commercial carbon cloths (7×7 cm, CW1001,
purchased from Taiwan Carbon Technology Co., Ltd, Taiwan) were
used as the anode and connected to the circuit via titanium wires. Upon
connecting the circuit, the electrodes that enabled the oxygen reduction
reaction served as the cathode. Here, an air-cathode membrane elec-
trode was assembled following a method proposed by Wu et al., with a
slight modification [22]. To fabricate an assembled air-cathode, a rod-
form polyvinyl alcohol-hydrogel elastomer membrane electrode was
loaded into a modified 15.0-mL screw-top plastic centrifuge tube. De-
tails of the construction and fabrication procedures for the assembled
air-cathodes are presented in Fig. S4 and Method S2.

Control reactors were incubated with 75.0 g of anaerobic arsenic-
enriched soils and 225.0mL of 30.0-mM sodium acetate solution, while
the experimental reactors were also supplemented with 0.625 g of ZnS
powder. The deoxygenization procedures followed the N2 gas purging
mentioned above. In each branch circuit, an external resistance
(1000Ω) was connected between the anode and cathode to close the
circuit. Thereafter, a chain of branch circuits was connected in parallel
via an external circuit. Voltage across the resistance was recorded every
600 s by a multimeter (Keithley-2700, Tektronix, USA). All reactors
were incubated and illuminated under the same incubation conditions
used for the soil microcosms. The potential responses of all reactors
were recorded to reflect the energy transfer performance of the corre-
sponding systems.

Electrochemical behaviors in the electrochemical reactors were
analyzed by measuring the cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) using an electrochemical ana-
lyzer (660D, CHI Instruments Inc. Shanghai, China) [15,23]. All mea-
surements were taken from a standard three-electrode system with the
defined filtrate as the electrolyte. The standard three-electrode system
was composed of a Pt wire as the counter electrode, Ag/AgCl as the
reference electrode, and a carbon cloth obtained from the corre-
sponding amendment as the working electrode. The defined filtrate was
obtained from the supernatant collected from the corresponding re-
actors and filtered through syringe filters (0.2 µm, nylon, Millipore,

USA). CV analysis was conducted at a scan rate of 0.05 V/s over a po-
tential window of −0.8 to 0.6 V for the experiments conducted in tri-
plicate. To fit the EIS Nyquist plot, the potential bias was set at open
circuit voltage with a frequency ranging from 100 kHz to 100MHz and
a scan amplitude of 5mV [23].

2.4. Analytical methods

Concentrations of dissolved As(T) (total arsenic), As(III), Fe(T)
(total iron), and Fe(II) were quantified at each temporal sampling point.
Briefly, 5mL of supernatant from each culture was passed through a
sterile 0.45-μm nylon filter. The As(T) concentration was measured
using an ICP-Mass Spectrometer (NexION 2000, PerkinElmer, USA) [6].
Dissolved As(III) was quantified through high-performance liquid
chromatography coupled with hydride-generation atomic-fluorescence
spectrometry (HPLC-AFS, Titan, SA-50, China) [24]. Dissolved Fe(II)
and Fe(T) were measured using the ferrozine assay [2]. As the excited
photo-holes could be scavenged by endogenous humic and/or fulvic
acid-like compounds in the soil [25], the humic and fulvic acid-like
compounds contained in the soil-extracted DOM were monitored using
a fluorescence spectrophotometer (FS5, Edinburgh, UK). Humic and
fulvic acid-like compounds were measured by determining their re-
spective fluorescence intensities under emission wavelengths of 464
and 451 nm by fixing the excitation wavelength at 279 nm [26]. Prior
to analysis, DOM was extracted from a mixture of 3.0 g of freeze-dried
soil and 30.0 mL of Milli-Q water while stirring at 200 rpm for 24 h at
20 °C, which was then filtered through a 0.45-μm membrane filter
(Millipore, USA) [27].

The dissolved organic carbon extracted from the liquid and soil
phases (henceforth referred to as LDOC and SDOC) was measured using
a TOC analyzer (Shimadzu, TOC-L CPH, Japan) to estimate the de-
gradation of organic substrate that was associated with the supply of
bio-electrons and photoelectrons. LDOC was determined from the su-
pernatant of each microcosm, and SDOC was determined from the soil
DOM filtrate of each microcosm. Soil DOM filtrate was extracted from a
mixture of Milli-Q water and freeze-dried soil (10:1, volume/weight,
shaken for 24 h with a mixing speed of 200 rpm at room temperature in
the dark) [27]. Prior to determination of LDOC and SDOC, the super-
natant and soil DOM filtrate were filtered through a 0.45 μm membrane
filter (Millipore, USA). The content of SDOC (mg/g) was calculated
using Eq. (1):

=
×SDOC C V
m (1)

where C (mg/L) is the DOC concentration of the DOM filtrate, V (L) is

Fig. 1. Components of a new type of single-chamber microbial-photoelectrochemical reactor (a). Photograph of the single-chamber reactor used in this study (b).
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volume of DOM filtrate, and m (g) is mass of freeze-dried soil. The ratio
of absorbance at 250 nm to that at 365 nm (E2/E3) and the specific
ultraviolet absorbance at 254 nm (SUVA254) were used to estimate the
moleculas size and aromatic degree of DOM [28]. Owing to the dif-
ferent ZnS-induced photodegradation capacities of the different organic
substrates, the removal of TOC was monitored in the individual iden-
tification assays designated as: (1) ZnS (0.1 g)+ sodium acetate solu-
tion (30mM, 36mL), and (2) ZnS (0.1 g)+ soil extracted DOM solution
(36mL) under the same intermittent illumination.

2.5. Soil DNA extraction, PCR amplification, and sequencing

To explore changes in soil microbial composition in response to ZnS
amendment and light illumination, DNA derived from the microcosms
cultured for 7, 30, and 45 days was extracted and subjected to high-
throughput sequencing targeting the V4-V5 regions of the bacterial 16S
rRNA gene [29]. Total DNA was extracted from a 0.5-g soil sample
using the Fast DNA Spin Kit for soil (MP Biomedical, USA). The 338F
and 806R primers were used to amply the V4-V5 regions of the 16S
rRNA gene by PCR, and the 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 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
(Illumina, USA). The 16S rRNA gene sequence data were processed

using the QIIME 1.8.0 tool kit. Details of the PCR amplification and
sequencing analyses are reported in Method S3.

2.6. Data analysis

All data were analyzed using Microsoft Excel, Origin, and SPSS.
Treatment effects were examined using analysis of variance (ANOVA).
The least significant difference (LSD) multiple range test was conducted
to determine the statistical significance (P < 0.05) between pairs using
SPSS 22.0.

3. Results

3.1. Biotransformation of as and Fe

Fig. 2 presents the response of iron/arsenic mobilization to ZnS
amendment under intermittent illumination and dark conditions.
Throughout the incubation period, negligible concentrations
(< 1.0 mg/L) of soluble Fe(T) and Fe(II) were released from the flooded
sterile soils (Fig. 2a and b). In contrast, iron mobilization from the
biotic assays was higher with the concentration of Fe(II) similar to that
of Fe(T), indicating that microbial activity drove the reduction and
mobilization of Fe(III). In addition, higher mobilization/reduction of Fe
(III) was observed in soil under intermittent illumination compared to
dark conditions. The addition of ZnS greatly increased mobilization/
reduction of Fe(III) in the biotic assay under visible light illumination,
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while an inhibitory effect was observed in the biotic assay without il-
lumination. After 45 days of incubations, the highest Fe(II) concentra-
tions in the presence and absence of ZnS for intermittent-illuminated
soils were 64.0 ± 3.9 and 49.9 ± 4.1mg/L, which were higher than
those released from soils without illumination (26.8 ± 4.3 and
37.9 ± 2.3mg/L).

The dissolution and reduction of As(V) followed a similar trend to
that of Fe(III) under parallel conditions (Fig. 2c and d). Although ap-
preciable amounts of As(T) were detected in the abiotic assays
(280.3–740.5 µg/L), the reductive dissolution of As(V) was more pro-
minent in the biotic assays, and released As(III) concentrations were
much higher. In particular, the treatment with ZnS under intermittent
illumination exhibited the highest release of As(III) from tailing soils
with the highest As(III) concentration reaching 16924.1 ± 974.4 µg/L.
Under dark conditions, the amount of As(III) released from the ZnS-
supplemented soil was 0.79 times that of the control group
(10072.3 ± 675.1 µg/L). Therefore, the gain or loss of electrons caused
by ZnS amendment is likely correlated to the contribution of bio-elec-
trons produced from microbial degradation of organic substrates, as
well as photoelectrons excited from light-illuminated endogenous and/
or exogenous semiconducting minerals [30,31].

3.2. Bioavailability of DOM

As labile DOM serves as an electron donor, a large amount of
electrons obtained from the mineralization of labile DOM can be
transferred from metal-reducing bacteria to electron donors (i.e., Fe(III)
and As(V)) and form an integrated respiratory chain of EET [5,28]. As

acetate was predominant in the liquid phase of the flooded soils, the
removal of LDOC mainly resulted from the degradation of acetate.
Throughout the incubation period, the removal of LDOC was lower in
the intermittent-illuminated soils than from soils without illumination
(Fig. 3a). After 45 days, almost 27.6%, 37.4%, 48.7%, and 59.10% of
the LDOC was removed from the soils that were amended with acetate-
ZnS (intermittent illumination), acetate alone (intermittent illumina-
tion), acetate-ZnS (dark), and acetate alone (dark), respectively. Loss of
LDOC may be attributed to acetate used in the growth of soil micro-
organisms [32], microbially degraded for electron donation [6], or
photodegraded by semiconducting minerals [33]. Considering the
input-output electron balance in redox reactions, the behaviors for the
conversion of organic substrates and electron transfer should be further
studied.

Soils contain a wide array of organic substrates that play different
roles in controlling electron transfer [5,25,32]. For instance, some low-
molecular-weight DOM (such as sugars and amino acids) can readily
serve as electron donors for soil microorganisms [32], while some
heavy-molecular-weight DOM (such as fulvic and humic acids) can
serve as scavengers of photoholes [25]. Thus, we monitored the re-
moval of SDOC to further confirm the potential input of mineral pho-
toelectrons in flooded soils. SDOC removal in all treatments contrasted
with LDOC removal, i.e., higher removal of SDOC was observed in in-
termittent-illuminated soils than in soils without illumination (Fig. 3b).
This suggested that the degradation of endogenous organic substrates
was greater in intermittent-illuminated soils, and particularly in the
intermittent-illuminated soils that were supplemented with ZnS.
Moreover, DOM spectral results indicated that the ratio of E2/E3 and
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SUVA254, and fluorescence signals responding to fulvic and humic acid-
like compounds were much lower in intermittent-illuminated soils than
those in soils without illumination (Fig. 3c and d and Table S2).
Therefore, it is likely that endogenous labile DOM in soils is photo-
degraded and the photoelectrons are transferred to As(V)/Fe(III), while
photoholes are quenched by the endogenous fulvic/humic acids in in-
termittent-illuminated soils.

3.3. Electron transfer performance

Fig. 4 presents the response of electron transfer performance to each
amendment. The variation in the potential of the light illuminated re-
actors exhibited an instant photo-response under simulated sunlight
illumination (Fig. 4a), as the potential increased with the light on and
immediately decreased with the light off. In contrast, over 120.0 mV vs.
Ag/AgCl of potential was retained in the ZnS-amended reactor under
intermittent illumination, which was nearly 1.13-, 1.68-, and 3.10-
times those in the intermittent-illuminated control reactor, dark control
reactor, and ZnS-amended dark reactor, respectively (Fig. 4b). This
demonstrates that ZnS amendment can excite more mineral photo-
electrons under intermittent illumination.

Further, the CV curves presented in Fig. 4c indicate the character-
istics of current generation derived from the biofilm matrix. For the
protocol with supplementation with ZnS, the maximum current density
was 10.56mA/m2 higher than the dark control reactor (9.43 mA/m2)
with intermittent illumination, but was 4.82mA/m2 lower without
light illumination. This electrochemical performance could be a

response to the reductive dissolution of As(V)/Fe(III) from soil to ZnS
amendment and illuminated conditions (Fig. 2). As indicated by the
smallest diameter of the curve, coincidentally, the reactor that was
amended with ZnS and light illumination exhibited the lowest charge-
transfer resistance among all electrochemical reactors (Fig. 4d). Hence,
these electrochemical characteristics suggest that amendment with ZnS
under illumination can boost photoelectron transfer, while the behavior
of ZnS under dark conditions appeared to suppress electron transfer. As
bio-electrons were supplied from microbial degradation of organic
substrates [32,34], the composition of the microbial community should
be further examined.

3.4. Composition of soil microbial community

High-throughput sequencing analysis was conducted to provide an
overview of the composition of the active bacterial communities in the
soil microcosms. In total, 14 distinct phyla were identified as pre-
dominant members of all biotic samples (Fig. S5). Generally, the phyla
of Firmicutes (18–65%), Proteobacteria (17–36%), Acidobacteria
(8–15%), Bacteroidetes (2–15%) and Actinobacteria (3–7%) were iden-
tified as the most dominant bacterial members under intermittent il-
lumination and dark conditions. It appeared that the abundances of
Firmicutes and Acidobacteria were increased under intermittent illumi-
nation, whereas the abundances of Proteobacteria and Actinobacteria
were only increased under dark conditions. Specifically, the growth of
Proteobacteria and Acidobacteria seemed to be inhibited by the presence
of ZnS when compared to their respective control groups.
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Fig. 5 profiles the response of microbial diversity to each amend-
ment at the genus level. Bacillus, Geobacter, and Anaeromyxobacter were
representative metal-reducing bacteria [2,5,35], and were also the
main genera in all biotic microcosms. Increases in the abundances of
Azotobacter (2–11%), Geobacter (2–21%), and Bacillus (27–58%) under
dark conditions were more pronounced than, or at least comparable to,
those under intermittent illumination (1–5%, 3–8%, and 12–45%).
These genera were dominant under darkness, indicating their specific
roles and/or advantages in flooded ecosystems lacking illumination
with sunlight. Additionally, ZnS addition resulted in a large increase in
the abundance of Bacillus (38%) under the intermittently illuminated
treatment at the end of the incubation period, while ZnS inhibited
Bacillus in the dark treatment (27%). With the ZnS amendment, the
abundance of Geobacter positively responded (8%) to intermittent il-
lumination, but negatively responded (13%) to darkness, in contrast to
their respective control groups (5% and 20%). Thus, ZnS addition under
different illumination conditions resulted in different influences to the
diversity of the soil microbial community and could affect the en-
vironment, to a certain extent [17,20].

4. Discussion

4.1. Soil microbial diversity response to ZnS amendment

Principal coordinate analysis (PCoA) revealed that the intermittent
illumination treatments were similar, regardless of ZnS supplementa-
tion, but were distant from amendments with acetate-ZnS and acetate
alone under dark conditions (Fig. 6a). Meanwhile, redundancy analysis
(RDA) identified a positive relationship between environmental factors
(including As(III), Fe(II), and SDOC) and representative metal-reducing
bacteria (such as Bacillus, Geobacter, and Anaeromyxobacter) under in-
termittent illumination (Fig. 6b). This indicates that Bacillus, Geobacter,
and Anaeromyxobacter species might be responsible for As/Fe reduc-
tion. However, in ZnS-amended soils under dark conditions, the abun-
dance of Anaeromyxobacter did not correlate strongly with dissolved As
(III) and Fe(II) concentrations (r2= 0.578, P > 0.05 and r2= 0.300,
P > 0.05, respectively, Table 1). Therefore, the results suggest that
these active microbes might regulate environmental effects through
developing specific survival strategies (metal resistance or metabolic
flexibility) under their respective conditions [36,37].

In this study, amendment with ZnS without illumination decreased
the abundances of metal-reducing bacteria (Table 2). This may be ex-
plained by lower DOM bioavailability and lower As/Fe reduction in
ZnS-amended soils than those in control samples under dark conditions
(Figs. 2 and 3). In addition, we found intermittent illumination sup-
pressed the enrichment of metal-reducing bacteria (Table 2), as in-
dicated by the lower total abundances (33–34%) of metal-reducing
bacteria than under dark conditions (48–61%). If EET occurred only
through the acceptance of bio-electrons by metal-reducing bacteria, this
might suggest restricted As/Fe reduction under a given environmental
condition. We found that the magnitude of As/Fe reduction under in-
termittent illumination was greater than under dark conditions (Fig. 2)
and was particularly magnified in the presence of ZnS. Reasons for
enhanced As/Fe reduction include: (i) higher mineral photoelectron
production under the illumination treatment [31,38], and (ii) stimu-
lation by photodegradation of low-molecular-weight DOM by illumi-
nation, which then supplies electrons [39].

4.2. Degradation of DOM and separation and transfer of photoelectrons

If the supply of bio-electrons was the sole pathway for donating
electrons, the lower degradation of labile DOM would not explain the
higher As/Fe reduction in the intermittently illuminated soils.
Therefore, some of the electrons may have originated from mineral
photoelectrons [40,41], which then began a photoelectric conversion
process to support As/Fe reduction. In addition to supplementation
with the exogenous, superior semiconducting ZnS, the reductive dis-
solution of As(V)/Fe(III) in intermittent-illuminated soils was promoted
by microbial-photoelectrochemical-coupled administration (Fig. 2).
Moreover, the results of the identification assays indicated that the
addition of ZnS induced a small amount of acetate photodegradation
alongside the visible photodegradation of endogenous soil DOM (Fig.
S6). Due to the sensitive optical properties of some labile DOM sources
[42,43], some low-molecular-weight DOM might be easily photo-
degraded by oxidative photoholes under illumination conditions and
thereafter supply more electrons. These results are further supported by
the lower ratio of E2/E3 detected in the intermittently illuminated soils
(Table S2). We infer that the greater amount of electrons in the inter-
mittent-illuminated soils is likely supplied by mineral photoelectrons
and photodegradation of endogenous low-molecular-weight DOM in

Fig. 5. Dynamic shift (7, 30, and 45 days) in the relative abundance of the potentially active bacterial community at the genus level in respective amendments.
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flooded soils, in addition to microbial degradation of acetate.
The findings regarding DOM bioavailability (Figs. 3 and S6, and

Table S2) provided further insight into the behavior of photoelectron

transfer, and suggested that the recombination of electron-hole pairs
under illumination was effectively suppressed. Further, the separation
of electron-hole pairs was facilitated by the capture of the photohole by
fulvic and/or humic acid [44–46]. In addition, sulfides in the soil are
effective in scavenging the photohole [47]. These strategies might favor
the transfer of photoelectrons from metal-reducing bacteria to As(V)
and Fe(III), and effectively overcome the rapid recombination process.
Thereafter, the synergy between microbial oxidation of organic matter
and photodegradation of labile soil DOM, and enhanced photoelectrons
transfer will further facilitate the reductive dissolution of As(V)/Fe(III)
in flooded soils.

4.3. Electron transfer pathway associated with As/Fe mobilization

Results of this study indicated that interactions between semi-
conducting minerals and indigenous microorganisms boosted or in-
hibited As/Fe reduction, providing important information regarding the
dissolution behavior of As in flooded tailing soils. Semiconducting ZnS
appears to have an ecological and evolutionary disadvantage as it
suppresses the enrichment of metal-reducing bacteria in flooded tailing
soils under dark conditions (Fig. 7). The mechanism by which ZnS
amendment inhibits the reductive dissolution of As(V)/Fe(III) from
tailing soils under dark conditions is still unclear. As microbial activity
plays an important role in controlling As/Fe mobility, the underlying
mechanism might involve the expression of the targeted genes or
complex redox protein systems for implementing electron transfer [48].
Therefore, suppression of metal-reducing Bacillus (r2=−0.939 and
P < 0.01) and Clostridium (r2=−0.890 and P < 0.01) species by ZnS
could be a reason for the inhibition of reductive dissolution of As(V)
from tailing soils (Table 1).

In contrast, under illumination, mineral photoelectrons pass
through the conductive band to soils, where they may indirectly
transfer to metal-reducing bacteria and/or release As(V) and Fe(III) via
reductive dissolution of As(V)/Fe(III) (illustrated in Fig. 7). Further,
photogenerated holes in the valence band can mineralize low-mole-
cular-weight compounds or be scavenged in the bulk phase (such as
terrestrial humic substances or surface defect clusters) [44,49,50], fa-
cilitating the separation of photogenerated electron-hole pairs. Semi-
conducting minerals can also participate in microbial metabolism and
may serve as an electron shuttle through employing photoholes as
electron acceptors and mineral photoelectrons as electron donors in
microbial electron transfer chains [31,38]. In the presence of semi-
conducting minerals and illumination, integration of semiconducting
minerals with microbial biotransformation decouples the requirements
for biocatalytic reaction and light-capture [49], creating a new pathway
that boosts As/Fe mobilization in flooded soils via a hybrid microbial-
photoelectrochemical conversion.

Fig. 6. Weighted UniFrac PCoA (a) of the soil microbial community based on
16S rRNA high-throughput sequencing, and RDA (b) based on environmental
factors and microbial communities at the genus level.

Table 1
Pearson correlation matrix for dissolved levels of As(III) and Fe(II) impacted by the abundances of key metal-reducing bacteria in respective amendments.

Correlation Soil+NaAc+ZnS (Intermittent illumination) Soil +NaAc (Intermittent illumination) Soil +NaAc+ZnS (Dark) Soil +NaAc (Dark)

Dissolved As(III)
Bacillus 0.250 (P=0.550) 0.195 (P=0.644) −0.939** (P < 0.01) −0.955** (P < 0.01)
Geobacter 0.641 (P=0.087) 0.559 (P=0.150) 0.821* (P < 0.05) 0.940** (P < 0.01)
Anaeromyxobacter 0.420 (P=0.300) 0.616 (P=0.104) 0.578 (P=0.134) 0.494 (P=0.213)
Clostridium −0.897** (P < 0.01) −0.906** (P < 0.01) −0.890** (P < 0.01) −0.818* (P < 0.05)
Desulfitobacterium −0.891** (P < 0.01) −0.841** (P < 0.01) −0.578 (P=0.134) −0.688 (P=0.059)

Dissolved Fe(II)
Bacillus 0.448 (P=0.266) 0.341 (P=0.409) −0.772* (P < 0.05) −0.897** (P < 0.01)
Geobacter 0.790* (P < 0.05) 0.715* (P < 0.05) 0.884** (P < 0.01) 0.973** (P < 0.01)
Anaeromyxobacter 0.198 (P=0.639) 0.373 (P=0.363) 0.300 (P=0.470) 0.330 (P=0.425)
Clostridium −0.761* (P < 0.05) −0.751* (P < 0.05) −0.685 (P=0.061) −0.699 (P=0.054)
Desulfitobacterium −0.752* (P < 0.05) −0.685 (P=0.061) −0.404 (P=0.321) −0.556 (P=0.153)

Note: Symbols of * and ** are significant at levels 0.05 and 0.01 (2-tailed), respectively.
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4.4. Role of semiconducting minerals

Knowledge of the potential impacts of semiconducting minerals on
metal transformation by sunlight illumination in anoxic arsenic-enrich
tailing soils is currently limited. In natural environments, non-photo-
synthetic microorganisms, semiconducting minerals, DOM, and solar
radiation serve as a notable quaternary reciprocal system [7,31,38].
With the presence of semiconducting minerals under illumination,

conversion of solar to electrical energy will supply more electrons for
As/Fe reduction [11,39]. However, an integrated bioelectro-photo-
catalytic system can be established when bioavailable electron donors
are lacking. This involves the transfer of mineral photoelectrons to
metal-reducing bacteria through the minerals, as some minerals have
the capacity to serve as electrical conductors [7,51,52]. Photoelectron
separation and transfer could alleviate the lack of bio-electrons supplied
from microbial degradation of organic matter under extremely adverse
conditions. Notably, a variety of semiconducting minerals are present in
nature, which may contribute to As/Fe mobilization in tailing soils
when they come into contact with indigenous microorganisms [7,53].
Fully assessing the various kinds of minerals (e.g., rutile and pyrite),
mobility of metal pollutants, microbial diversity, and bioavailability of
DOM in a wide range of soils requires further study. Considering that
the environmental impacts might result from interactions among sev-
eral minerals, research to validate mineral co-occurrence patterns based
on a dosage-response protocol is necessary.

This is the first study to report the differential impacts of semi-
conducting ZnS under illumination and dark conditions on As/Fe mo-
bilization in tailing soils. The mechanisms elucidated in this study in-
fluence the fate and transport of metal pollutants by altering their
speciation and solubility, and may either weaken or enhance potential
environmental risks. Understanding mechanisms resulting from the
interactions between microbes, semiconducting minerals, and metal
pollutants provide a comprehensive understanding to develop alter-
native bioremediation technologies. Considering the widespread pre-
valence of microbes, DOM, and minerals in soils, an alternative solar-
microbial extracellular electron transfer pathway is likely to occur in
environments where bioavailable electron donors are limited [11,54].
Our work provides a rigorous understanding for the role of semi-
conducting minerals in the biogeochemical cycling of metals and
carbon. Correspondingly, the biogeochemical cycles of metal pollutants
and the underlying environmental risk linked to hydrogeological con-
ditions, particularly in sunlight irradiated and anoxic dark zones of
flooded soils, deserve further consideration. Overall, these findings
have important implications for development of alternative bior-
emediation strategy for arsenic-polluted soil and for understanding the
ecological impact of semiconducting minerals in naturally flooded en-
vironments.

5. Conclusions

In this study, we demonstrated the impacts of semiconducting ma-
terial on As and Fe mobilization in flooded tailing soils. The enhanced
reductive dissolution of As(V)/Fe(III) under intermittent illumination
was attributed to a microbial-photoelectrochemical synergetic me-
chanism. In the ZnS treatment with illumination, additional mineral
photoelectrons were produced from semiconducting minerals and they
subsequently participated in As/Fe reduction, despite a lower

Table 2
The relative abundance (%) of representative metal-reducing bacteria at the genus level in respective amendments.

Amendments Time Bacillus Geobacter Anaeromyxobacter Clostridium Desulfitobacterium Total

Soil+NaAc+ZnS (Intermittent illumination) 7 day 31.56 ± 3.35 3.86 ± 0.81 0.67 ± 0.12 1.03 ± 0.07 1.89 ± 0.55 39.01 ± 2.1
30 day 22.06 ± 2.15 3.21 ± 0.47 5.89 ± 0.74 0.14 ± 0.02 0.12 ± 0.05 31.42 ± 5.6
45 day 35.24 ± 4.71 5.90 ± 1.15 2.19 ± 0.16 0.04 ± 0.11 0.14 ± 0.06 43.51 ± 7.6

Soil+NaAc (Intermittent illumination) 7 day 26.40 ± 2.49 3.76 ± 0.52 0.41 ± 0.02 0.90 ± 0.21 1.10 ± 0.12 32.58 ± 8.4
30 day 22.43 ± 3.64 3.45 ± 0.29 6.41 ± 0.45 0.13 ± 0.04 0.10 ± 0.01 32.43 ± 2.5
45 day 29.42 ± 1.25 5.07 ± 1.15 5.65 ± 0.78 0.04 ± 0.01 0.13 ± 0.02 40.31 ± 5.1

Soil+NaAc+ZnS (Dark) 7 day 52.22 ± 6.78 2.23 ± 0.07 1.05 ± 0.08 1.09 ± 0.16 0.41 ± 0.07 57.01 ± 5.7
30 day 32.25 ± 4.15 5.54 ± 0.47 10.15 ± 1.16 0.48 ± 0.12 0.21 ± 0.09 48.64 ± 3.0
45 day 28.54 ± 2.44 12.97 ± 2.41 5.57 ± 0.78 0.07 ± 0.02 0.23 ± 0.05 47.38 ± 2.9

Soil+NaAc(Dark) 7 day 54.50 ± 5.02 2.92 ± 0.46 1.06 ± 0.06 1.36 ± 0.24 1.27 ± 0.18 61.11 ± 5.9
30 day 35.60 ± 3.17 8.77 ± 2.01 7.77 ± 0.49 0.07 ± 0.02 0.10 ± 0.02 52.31 ± 2.7
45 day 29.60 ± 2.87 20.06 ± 3.17 4.65 ± 1.06 0.18 ± 0.07 0.37 ± 0.08 54.86 ± 3.4

Fig. 7. Mobilization of As and Fe in the ZnS-amended flooded tailing soils
under intermittent illumination (a) and dark (b) conditions.
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abundance of metal-reducing bacteria. In contrast, under dark condi-
tions, the reductive dissolution of As(V)/Fe(III) was suppressed in ZnS-
amended soils due to a decreased abundance of several metal-reducing
bacteria (e.g., Bacillus, Geobacter, Clostridium, Anaeromyxobacter, and
Desulfitobacterium). These findings enriched our understanding for the
role of semiconducting minerals in the biogeochemical cycle of arsenic-
bearing pollutants in flooded tailing soils and inform development of
alternative bioremediation strategy for metal-polluted soils.
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