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ABSTRACT

Elemental sulfur ($°) plays a vital role in the coupled cycling of sulfur and iron, which in turn affects the
transformation of carbon and various pollutants. These processes have been well characterized under static
anoxic or oxic conditions, however, how the natural redox fluctuations affect the bio-mediated sulfur cycling and
coupled iron cycling remain enigmatic. The present work examined S° disproportionation as driven by natural
microbial communities under fluctuating redox conditions and the contribution of s° disproportionation to
ferrihydrite transformation. Samples were incubated at either neutral or alkaline pH values, applying sequential
anaerobic, aerobic and anaerobic conditions over 60 days. Under anaerobic conditions, S° was found to undergo
disproportionation to sulfate and sulfide, which subsequently reduced ferrihydrite at both pH 7.4 and 9.5.
Ferrihydrite promoted S° disproportionation by scavenging biogenic sulfide and maintaining a suitable degree of
sulfate formation. After an oxic period, during the subsequent anoxic incubation, bioreduction of sulfate occurred
and the biogenic sulfide reduced iron (hydr)oxides at a rate approximately 25 % lower than that observed during
the former anoxic period. A 16S rDNA-based microbial community analysis revealed changes in the microbial
community in response to the redox fluctuations, implying an intimate association with the coupled cycling of
sulfur and iron. Microscopic and spectroscopic analyses confirmed the S’-mediated transformation of ferrihydrite
to crystalline iron (hydr)oxide minerals such as lepidocrocite and magnetite and the formation of iron sulfides
precipitated under fluctuating redox conditions. Finally, a reaction mechanism based on mass balance was
proposed, demonstrating that bio-mediated sulfur transformation maintained a sustainable redox reaction with
iron (hydr)oxides under fluctuating anaerobic-aerobic-anaerobic conditions tested in this study. Altogether, the
finding of our study is critical for obtaining a more complete understanding of the dynamics of iron redox re-
actions and pollutant transformation in sulfur-rich aquatic environments.

1. Introduction

Desulfurivibrio alkaliphilus) and may serve as important sources of energy
(Dahl and Friedrich, 2008; Philippot et al., 2007). Furthermore, the

Sulfur is a redox-active element that occurs in most aquatic envi-
ronments and can drive a spectrum of redox reactions that govern the
redox cycling of sulfur, iron, carbon, and pollutants in natural and
engineered systems (Kappler et al., 2021; Milucka et al., 2012). The
redox state of sulfur ranges from +6 to -2, allowing for interconversions
among different sulfur species via microbial activity and chemical re-
actions. Sulfur species with intermediate redox states, including
elemental sulfur (SO), polysulfides, and thiosulfate, can be readily
metabolized by certain organisms (e.g. Db. Propionicus and
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redox reactions of sulfur species with environmental compounds, such
as iron (hydr)oxides and organic matter (Peiffer et al., 1992; Yu et al.,
2015; Wang et al., 2023a), contribute to redox reactions that can control
the transformations of various pollutants such as heavy metals (e.g., Hg,
As, Cr, Sb), organic pollutants (e.g., nitro compounds and halogenated
compounds), and nutrients (e.g., NO%’, PO?{), via adsorption, incorpo-
ration, and redox reactions (Bai et al., 2023; Borch et al., 2010; He et al.,
2023; Karimian et al., 2018; Qiu et al., 2020; Wang et al., 2022; Zhang
et al., 2022; Zou et al., 2023), thus maintaining specific ecosystems.
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Fig. 1. The experimental design of this study.

As a major sulfur species with intermediate redox state, S° is
commonly found in terrestrial hot springs as well as marine and fresh-
water sediments, and can act as either an electron donor or acceptor in
various sulfur-mediated geochemical processes (Karimian et al., 2018;
Thamdrup et al., 1993). Given the abundant occurrence of sin aquatic
systems, with concentration ranging from several to hundreds pg g™
(Burton et al., 2006; Troelsen and Jgrgensen, 1982; Wang et al., 2023b;
Yiicel et al., 2010), S°-mediated electron transfer processes are likely to
play an important role in the transformation of elements and pollutants
in aquatic environments. Disproportionation of S° to sulfide and sulfate
is a critical part of sulfur cycling, affecting the cycling of iron and carbon
(Flynn et al., 2014; Thamdrup et al., 1993). Furthermore, iron (hydr)
oxides have been found to promote the disproportionation of S° by
reacting with generated sulfide (Finster, 2008; Thamdrup et al., 1993).
Recent advances have also revealed that iron (hydr)oxides can, in turn,
promote rapid microbial sulfate reduction by stimulating cryptic sulfur
cycling under anoxic conditions (Hansel et al., 2015; Jgrgensen et al.,
2019). However, previous studies investigating the coupled cycling of
sulfur and iron focused heavily on either anoxic or oxic conditions
(Bronner et al., 2023; Flynn et al., 2014; Poser et al., 2013). These single
condition studies fail to accurately represent the natural, redox dynamic
conditions, where the coupled cycling of sulfur and iron under fluctu-
ating redox conditions is also of prime importance.

In many subsurface environments (e.g., coastal sediments, flood-
plain/wetlands soils, shallow aquifer sediments), the water table un-
dergoes periodic fluctuations between oxic surface water and anoxic
groundwater. The fluctuation create a zone with redox fluctuations
(Karimian et al., 2018; O’Day et al., 2004; Peiffer et al., 2021; Sharma
et al., 2022; Zhao et al., 2022). When Os-containing rainfall and surface
water infiltrate this zone, a temporary influx of O, promotes the
chemical oxidation of Fe(Il) and sulfide. Conversely, when anoxic
aquifer water diffuses upward or O; is depleted, previously formed
oxidized iron and sulfur species (i.e., Fe(IlI) (hydr)oxides and sulfate)
can be reduced (Thompson et al., 2006). Therefore, the biogeochemical
cycling of sulfur and iron frequently occurs within these fluctuating
redox environments, characterized by active sulfur and iron compounds
interacting with diverse microbial communities (Ginn et al., 2017;
Zhang et al., 2020). Thus, it is reasonable to assume that redox fluctu-
ations would play a significant role in the interplay between S°, iron, and
bacteria, thereby influencing element cycling and pollutant

transformation. However, our understanding of the role of S° in iron
cycling and the reciprocal effect of iron in sulfur cycling under fluctu-
ating redox conditions is still limited. Particularly, it remains enigmatic
whether sustainable electron transfer reactions can be maintained dur-
ing anoxic conditions after an oxic period. Therefore, it is crucial to
develop a mechanistic and quantitative understanding of the role of
redox fluctuations in S%-mediated cycling of sulfur and iron. Such in-
formation is essential for comprehensively understanding the iron-sulfur
reaction framework and accurately assessing pollutant mitigation
processes.

The objective of the present study was to assess the impact of redox
fluctuations on bio-mediated S° disproportionation in conjunction with
the transformation of iron (hydr)oxides over a range of environmentally
relevant conditions. To this end, laboratory microcosms mimicking the
s? disproportionation occurring in natural microbial communities were
employed. To better represent fluctuating redox conditions, the exper-
imental microbial communities were obtained from a lake sediment and
incubated at both neutral and alkaline pH values via a sequential
anaerobic-aerobic-anaerobic process over a 60 d time span. Throughout
the experimental work, various sulfur and iron species in addition to the
microbial communities were periodically analyzed using a combination
of aqueous and solid phase techniques. Results gained from this study
are expected to greatly expand our understanding of the role of S° in
sulfur cycling and the redox-based transformation of iron under fluc-
tuating redox conditions. This work will also provide increased knowl-
edge concerning the S°-mediated transformation of pollutants in sulfur-
rich aquatic environments.

2. Materials and methods
2.1. Microbes and materials

All chemicals were purchased from Sinopharm Chemical Reagent
Co., Ltd. and were of analytical grade. The cultivation medium, bacterial
community, and cultivation conditions are described in detailed in Text
S1 of the Supplementary Materials (SM). Briefly, cultivation medium
was prepared and autoclaved at 120 + 2 °C for 20 min. After cooling to
room temperature, the medium was transferred into an anoxic glovebox
filled with a mixture of 5 % Hy and 95 % N3 (O2 < 0.1 mg/L, COY
Laboratory, with Pd catalyst). The native microbial community was
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obtained from a lake sediment in Southwest China (Fig. S1), which was
collected at a depth of 30 m below ground surface. The powdered
elemental sulfur (Sinopharm Chemical Reagent Co., Ltd) used in this
work was stored overnight in the anoxic glovebox to remove adsorbed
O,. Ferrihydrite was synthesized following Schwertmann and Cornell
(2008) (see details in Text S2).

2.2. Batch incubations

All batch experiments were performed at least in duplicate. Trials
involving the biotransformation of $° were carried out in 250 mL serum
bottles containing 150 mL culture medium in the absence or presence of
ferrihydrite. In the case of incubation in the absence of ferrihydrite,
approximately 45 mg of powdered S° was transferred into the bottle to
yield an initial S° concentration of 9.38 mM. In the trials incorporating
ferrihydrite, both ferrihydrite and S° were added so as to obtain con-
centrations of 9.38 mM Fe(IIT) and 3.12 mM S°. A control batch was also
produced containing ferrihydrite at the level of 9.38 mM Fe(IlI) but
without S°. Prior to each incubation, 12 mM of sodium acetate was
added as a carbon source for bacterial growth, after which the enriched
bacterial strain was inoculated into the incubation medium to give an
initial bacterial concentration of approximately 1 x 10% cells/mL and to
initiate the reaction. To explore the effect of pH on the dissimilatory
metabolisms of S° and ferrihydrite, incubations were performed at pH
values of 7.4 or 9.5, based on the pH values typically found in natural
waters and alkaline aquifers, respectively (Flynn et al., 2014; Poser
et al., 2013). The pH values were buffered using 0.030 g/L KH2PO4
contained in culture medium by adding 0.1 M HCI or 0.1 M NaOH so-
lution to desired pH values following Bingjie et al. (2014) and Shi et al.
(2020). All incubations involved successive anaerobic (28 d), aerobic
(12 d), and anaerobic (20 d) periods over a total span of 60 d (see Fig. 1
for the experimental design). Each incubations vial was initially pre-
pared in the anoxic glovebox then crimp-sealed with a rubber stopper
and aluminum cap to ensure anaerobic conditions inside the vial (the
dissolved oxygen concentration was < 0.1 mg/L), following which the
vial was incubated at 30 + 2 °C while agitated using a horizontal shaker
(180 rpm) for 28 d under anaerobic conditions. This incubation tem-
perature was selected because the optimum growth for
sulfur-metabolism bacteria is at 28-32 °C (El Houari et al. 2017; Kojima
et al., 2016; Shimoshige et al., 2022). To strengthen the agitation, a 4
cm-long glass bar was placed in the reaction vial. After the first anaer-
obic incubation, the incubations vials were transferred to aerobic con-
ditions, where the rubber stopers and aluminum caps were replaced
with 0.22 pm pore-size breathable sealing films. This operation allows
an air exchange between the vial headspace and the atmosphere (Pgy =
0.21 bar) to initiate the aerobic incubation. We monitored the dissolved
O, concentration in the suspension and observed that after 6 h the dis-
solved O, concentration reached a level greater than 6.3 mg/L, indi-
cating that the reaction suspensions were well oxygenated. For the
second anaerobic incubation, the vials were purged with 99.99 % N for
0.5 h to remove dissolved oxygen then transferred into the anaerobic
condition again. The vials were subsequently sealed with rubber stop-
pers and aluminum caps and incubated on a horizontal shaker for a
further 20 d. In addition to biotic experiments, abiotic controls (no
bacteria addition) were performed with 3.12 mM S% and 9.38 mM Fe(III)
ferrihydrite under anoxic conditions at pH 7.4 and 9.5, respectively.
After 60 d of reaction, no reaction products such as Fe(II) (< 1.8 uM), S
(-ID (< 2.5 pM), and SO%‘ (< 1.1 pM) were detected (Fig. S2), indicating
that the abiotic reaction between S° and ferrihydrite can be excluded in
our study.

The sulfur species having intermediate redox states, such as poly-
sulfides and thiosulfates, that are likely to be produced during sulfur
cycling are reactive and tend to disproportionate to generate sulfate
(Jorgensen, 1990a, 1990b; Poser et al., 2013). Therefore, to assess the
effects of polysulfides and thiosulfate on sulfate formation, a comple-
mentary experiment was performed under anaerobic conditions (see
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Text S3). In addition, sulfate (a potential SY transformation product)
may affect the biotransformation of S°. Thus, another complementary
incubation incorporating sulfate but not ferrihydrite was conducted to
assess the effect of sulfate on the biotransformation of S° (see Text S4).
Considering that the S° concentration in natural environments spans a
wide range from several to hundreds of pg g™ (Burton et al., 2006; Yiicel
et al., 2010), this work additionally examined the effect of S° concen-
tration on the transformation of S at a fixed ferrihydrite concentration
of 9.38 mM Fe(IIl). In these trials, the S/Fe molar ratio was set to 1:9,
1:6, and 1:1 with S° concentrations of 1.03, 1.56, and 9.38 mM,
respectively. The incubation conditions and procedures were the same
as those applied during the incubation experiments with a fixed S°
concentration of 3.12 mM.

2.3. Analytical methods

Subsamples were collected periodically during each anaerobic and
aerobic period for wet chemistry analysis, solids characterization, and
microbial community analysis. To minimize any effect of O3, O2-sensi-
tive samples were promptly processed under anaerobic conditions.

2.3.1. Wet chemical analysis

Elemental sulfur remaining in each suspension was first extracted by
dissolving a 0.1 mL aliquot of the unfiltered suspension in 1 mL of
oxygen-free methanol. After shaking for 20 min, the sample was passed
through a 0.22 pm poly(tetrafluoroethylene) syringe filter and the
resulting filtrate was analyzed by high performance liquid chromatog-
raphy (HPLC, Agilent 1290 Infinity) with ultraviolet/visible (UV/VIS)
Diode Array detection following Wan et al. (2014). The HPLC instru-
ment was equipped with a reverse phase C18 column and a meth-
anol/water mixture (95 % methanol) was used as the eluent. The sulfide
concentration in the aqueous phase (< 0.22 pm) was determined using
the methylene blue method (Cline, 1969). The concentration of sulfide
that associated with iron (referred to as acid volatile sulfide, AVS) was
determined by mixing a 0.2 mL of suspension with 0.2 mL of anoxic 12
M HCl in a serum bottle containing a sulfide trap comprising 0.15 mL of
10 wt% zinc acetate solution and incubated for 24 h. The trapped sulfide
was quantified using the methylene blue method. The concentration of
aqueous polysulfides (Sﬁ’, 2 < n < 8) (< 0.22 pm) was photometrically
determined at 285 nm (see details in Text S5) (Kleinjan et al., 2005). The
sulfate and thiosulfate concentrations were determined by analyzing
aqueous samples using ion chromatography (ICS90, Dionex) with a
NaHCOs3/NayCOs solution as the eluent following Hansel et al. (2015).
Total Fe(II) (Fe(IDo) was determined after digesting a 0.5 mL unfiltered
aliquot with 0.1 mL of 6 M HCl for 12 h at room temperature in the dark.
A desired amount of fluoride was added to inhibit the formation of
colored Fe(Ill)-phenanthroline complexes (Liao et al., 2017; Tamura
et al., 1974). The resulting suspension was centrifuged and the super-
natant was analyzed using the 1,10-phenanthroline method (Tamura
et al., 1974).

2.3.2. Microscopic and spectroscopic analyses of solid phase species

Solid samples were collected at the end of the corresponding
anaerobic/aerobic incubation periods by centrifugation, freeze-dried,
and then stored in an anaerobic glovebox for further characterization
using X-ray diffraction (XRD), high-resolution transmission electron
microscopy (HR-TEM), and synchrotron-based X-ray photoelectron
spectroscopy (XPS). The phase transformation of the ferrihydrite was
monitored by XRD using a Rigaku MiniFlex X-ray diffractometer with
Ni-filtered Cu Ka radiation in angles ranging from 10° to 90° 26 in 0.02°
steps and employing the MDI JADE 6 software package. The morphol-
ogies of the solid particles were characterized based on TEM observa-
tions with a JEM-2100 instrument operating at 200 keV (LaB6, JEOL
Ltd., Japan) in conjunction with selected-area electron diffraction
(SAED). Changes in the oxidation states of sulfur and iron were char-
acterized by XPS performed at the Catalysis and Surface Science
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Fig. 2. Evolutions of (a) S% and (b) S(-II) and SO%’ in the incubations of S°
without ferrihydrite at 30 & 2 °C. The incubations went through an anaerobic
period in the first 28 d, followed by an aerobic period for 12 d (shaded area),
and then a 20-d anaerobic period again. The variation in pH was < 0.3 pH unit
throughout the whole incubation period. Error bars represent the standard
deviations of at least duplicate measurements. Where error bars are not visible,
they are smaller than the data symbols.

Endstation at the BL11U beamline in the National Synchrotron Radia-
tion Laboratory (NSRL) in Hefei, China (see details in Text S6). To obtain
the vertical distribution of Fe and S along the surface of sample, a fine-
scale XPS depth profiling technique was used to etch samples from
sample top-surface to a depth of approximately 20 nm using an argon
gun operating at 2 kV over a duration of 20 min (Li et al., 2022; Zhu
et al,, 2014). C 1s and Fe 2p spectra were obtained on the mono-
chromatic Al Ka X-ray source while S 2p spectra were acquired using a
synchrotron beam at 380 eV. The binding energy data obtained from the
synchrotron beam were calibrated using the bulk Au 4f;/, core level
located at 84.0 eV following Ding et al. (2020). In the case of data ac-
quired using the Alka beam, the binding energies were calibrated rela-
tive to the C 1s peak at 284.8 eV as an internal standard. Peak-fitting was
performed via a least squares procedure with the Gaussian-Lorentzian
function (80 % Gaussian-20 % Lorentzian) after subtracting a Shirley
background, using the CasaXPS 2.3.16 software package.

2.3.3. Microbial community

The evolutions of microbial communities were investigated by taking
suspension aliquots in triplicate at regular intervals for high-throughput
sequencing of the 16S rDNA gene. The bacterial primers for sequencing
were 338 F (5-ACTCCTACGGGAGGCAGCA-3) and 806R (5-GGAC-
TAHVGGGTWTCTAAT-3'). Raw sequencing reads were quality trimmed
using the Quantitative Insights Into Microbial Ecology (QIIME 1.8.0)
program. Tags were clustered with 97 % similarity by employing the
Usearch software and taxonomic annotations were analyzed based on
Silva (bacteria) taxonomic databases. The 16S rDNA sequence data were
analyzed using the PICRUSt genome prediction software to assess the
functional gene compositions in the samples. Data are presented herein
in the form of mean =+ standard deviation. The statistical significance of
differences between samples was determined using the one-way analysis
of variance (ANOVA) technique followed by Duncan’s multiple range
test in the SPSS 22.0 software package and a p value < 0.05 was
considered statistically significant.
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Fig. 3. Evolutions of (a) S° and (b) S(-II) and SO in the incubations of S°
amended with ferrihydrite (9.38 mM Fe) at 30 + 2 °C. The incubations went
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12 d (shaded area), and then a 20-d anaerobic period. The variation in pH was
< 0.3 pH unit throughout the whole incubation period. Error bars represent the
standard deviations of at least duplicate measurements. Where error bars are
not visible, they are smaller than the data symbols.

3. Results and discussion
3.1. Biotransformation of S° in the absence of ferrihydrite

During the first anaerobic incubation of the trial without ferrihy-
drite, S% was consumed while S(-IT) was generated but SO%’ was not
detected (Fig. 2). Furthermore, the biotransformation of s%at pH7.4 was
more rapid than at pH 9.5. After 14 d of incubation, the S° concentration
decreased from an initial value of 9.38 mM to 2.96 mM at pH 7.4 and to
7.34 mM at pH 9.5 (Fig. 2a), with the simultaneous formation of S(-II) to
give concentrations of 4.36 and 1.27 mM at these same pH values,
respectively (Fig. 2b). This observation contradicts the observation
made by Flynn et al. (2014) that the reduction of S° is more favorable at
higher pH values. This discrepancy can possibly be explained by higher
bacterial activity at pH 7.4 based on the bacterial community having
been obtained from a near-neutral lake sediment (Hao et al., 1996).

During the subsequent aerobic incubation, both S° and S(-II) were
quickly consumed in conjunction with the rapid formation of sulfate. In
contrast, during the second anaerobic incubation, the sulfate concen-
tration remained almost unchanged while the sulfide concentration
accumulated, reaching levels below 0.2 mM at pH 7.4 and 1.4 mM at pH
9.5 (Fig. 2b). Clearly, during anaerobic incubations, sulfur-reducing
bacteria in the suspension reduced S% to S(-II) (see microbial commu-
nity analysis in the section of Microbial community dynamics) (Eq. (1)). In
addition, under aerobic conditions, S% and S(-IT) were both oxidized by
reaction with O, to form SO?{ (Eq. (2)). Given that the sulfur-reducing
bacteria were also able to reduce sulfate to S(-II) (Eq. (3)), therefore,
the evident lack of sulfate during the first anaerobic incubation does not
guarantee that sulfate was not produced. These data demonstrate that
the bioreduction of S° occurred and the formation of sulfate is signifi-
cantly restrained in the absence of ferrihydrite, and the extent of
reduction is more pronounced at neutral pH compared to alkaline pH.

microbial

S° + CH,0,,, + 2H,0 "= H,S + HCO; + H* (€D)]
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0; 002

S(~1I) = 8° = S0~ @)

microbial

SO2™ +2CH,0,,, = H,S +2HCO; 3

3.2. Biotransformation of S° in the presence of ferrihydrite

3.2.1. Evolution of sulfur species with ferrihydrite

Ferrihydrite addition stimulated the disproportion of S° to sulfide
and sulfate during the first anaerobic incubation (Fig. 3). At both pH 7.4
and 9.5, the S° concentration decreased rapidly from the initial value of
3.12 mM to 0.27-0.35 mM after 14 d and then to 0.08-0.16 mM by the
end of the incubation (i.e., after 28 d) (Fig. 3a). Simultaneously, after 14
d of incubation, the sulfide and sulfate concentrations were increased to
1.51-1.59 and 0.65-0.85 mM, respectively (Fig. 3b). The ratio of the
moles sulfide generated to the moles sulfate generated was in the range
of 1.8 to 2.3 and so was lower than the expected value of 3 based on Eq.
(4) (Poser et al., 2013; Thamdrup et al., 1993). This discrepancy can
likely be attributed to the oxidation of sulfide by the ferrihydrite (Eq.
(5)). As a result, a general stoichiometry for the turnover can be
expressed by Eq. (6). The variable x, which represents the fraction of
generated sulfide from Eq. (4) and its subsequent reaction with iron
(hydr)oxides as described in Eq. (5), will be discussed and estimated in
the following section.

48° 4 4H,0-S0?™ + 3HS™ + 5H* 4
3H,S + 2FeOOH—S° + 2FeS + 4H,0 (5)

(4 —x) % S” 4+ 2x * FeOOH + 4 * (1 — x) * H,0—SO; ™ +3(1 —x)*HS~
+2x xFeS + (5 —3x) « H'
(6)
In addition, a decrease in the sulfide concentration was observed at
the end of the first anaerobic period (over the time span of 20-28 d).
This finding is consistent with the decrease in the total Fe(II) concen-
tration (cf. Fig. 6), indicating a reaction between FeS and Fe(II) as pre-
viously reported by Hellige et al. (2012) that FeS, SO, and Fe(II) reacted
to produce FeSy and Fe304 (Eq. (7)).

S° + FeS + Fe(Il) + 2FeOOH—FeS, + Fe;0, + 2H" %)

During the aerobic period, both §° and sulfide were oxidized by O, to
sulfate, which is similar to the results obtained from incubation in the
absence of ferrihydrite (Eq. (1)). The peak sulfate concentration was
2.96-3.36 mM and so was approximately equal to the initial S° level of
3.12 mM. During the second anaerobic incubation (40-60 d), S%and S
(-I) again accumulated (Fig. 3) in conjunction with the generation of
Fe(II) (cf. Fig. 6). This regeneration of S° can likely be ascribed to the
oxidation of sulfide by Fe(IlI)-based minerals (Eq. (5)). This phenome-
non suggests that bio-mediated sulfur cycling still occurred after 60 d of
anaerobic-aerobic-anaerobic fluctuations.

It is worth noting that sulfate was always present under the anaer-
obic conditions. Sulfate concentrations in the range of 0.65-0.85 mM
were found during the first anaerobic incubation (Fig. 3b). Among the
various pathways contributing to sulfate formation, the disproportion-
ation of S° to SO%’ and $% s important (Eq. (4)) (Thamdrup et al., 1993).
Furthermore, ferrihydrite is able to scavenge the generated sulfide, thus
promoting the disproportionation of s° (Finster, 2008; Thamdrup et al.,
1993). On this basis, it appears that the formation of sulfate under
anaerobic conditions is maintained by sulfur cycling in the presence of
ferrihydrite.

As noted, a complementary experiment was performed to examine
the effects of polysulfides and thiosulfate on sulfate formation (see Text
S3). During this trial, the biogenic sulfide was found to be consumed
through reaction with introduced ferrihydrite, accompanied with the
formation of Fe(II) and FeS (Fig. 4a and Table S1). The polysulfides
concentration was found to remain constant over the first 4 d In contrast,
the thiosulfate concentration decreased by approximately 12.8 pM,
while the sulfate concentration increased by approximately 10.1 pM
(Fig. 4a and Table S1). These observations suggest that the ferrihydrite
reacted with thiosulfate, rather than polysulfides, to produce sulfate
(Eq. (8)). Our findings align with the observations made by Wan et al.
(2014) regarding the interaction between iron (hydr)oxides (goethite
and lepidocrocite) and aqueous sulfide. Wan et al. (2014) noted the
presence of polysulfides but not sulfate during this interaction, sug-
gesting that the reaction of polysulfides with iron (hydr)oxides does not
lead to the generation of sulfate. Although thiosulfate was not detected
during the anaerobic-aerobic-anaerobic incubation, the formation of
this species cannot be excluded because any thiosulfate that was pro-
duced may have been consumed by reaction with iron (hydr)oxides (Eq.
(8)) or microbial respiration (Eq. (9)) (Jgrgensen, 1990a, 1990b), thus
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Anaerobic incubation (60 d)

Surface Surface

Syl )
SO

pH 7.4

(c)

Surface

168 166 164 ‘162 160 172 170 168 166 164 168 166 68 ‘1(.52 160
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Surface (d) | |surface so.z (e)| | surface (f)
o3

166 164 162 160

Binding energy (eV)
S(-I1)

Sy(-l1), Sn(-1)

SO

S0,%, SO, .
* 8 172

170
Binding energy (eV)

160

162
Binding energy (eV)

168 166 164 168 166 164

Fig. 5. Synchrotron XPS S 2p spectra of solid samples collected (a,d) at the end of first anaerobic incubation (28 d), (b,e) at the end of aerobic incubation (40 d), and
(c,f) at the end of second anaerobic incubation (60 d). Spectra of (a—c) are samples collected at pH 7.4, and spectra of (d—f) are samples collected at pH 9.5. The
probing depths were recorded at the surface and approximately 20 nm depth along the sample surface. Each S 2p spectrum was fitted with a doublet due to spin-orbit
splitting of S 2 py /5 (dashed line) and S 2p3,» (solid line). Peak fitting for S 2p peaks was assigned based on literature-reported values summarized by Baraket et al.

(2007), Nandasiri et al. (2017) and Wan et al. (2014).

contributing to sulfate formation. Moreover, the complementary
experiment intended to examine the effect of sulfate on the biotrans-
formation of S° (see Text S4) demonstrated that both sulfate and S° were
consumed at pH values of 7.4 and 9.5 (Fig. 4b). These results suggest
that, under anaerobic conditions, considerable S° bioreduction can
occur even in the presence of sulfate. These data provide further evi-
dence for the important role of S° in sulfur cycling.

S,0%" + 8FeOOH + 14H"—2S03 + 8Fe*" + 11H,0 (€)
S0 + H0 ", §02 + HS™ + H* ©

The biotransformation of S° in the presence of ferrihydrite was
investigated using synchrotron-based XPS combined with a depth
profiling technique. At the end of both anaerobic incubation periods (i.
e., after 28 and 60 d), these analyses established that reduced sulfur
species (meaning S(-II) (161.2 + 0.3 eV), Sa(-II) (162.1 + 0.2 eV) and
Sp(-II) (n > 2) (163.2 £ 0.3 eV)) were the main sulfur species (Fig. 5a, c,
d and f). The samples collected after 28 d each generated a characteristic
S° peak at 164.5 eV, consistent with the results of the wet chemical
analysis showing that traces of S° remained in the suspensions. Despite
the observation of the S° peak, its precise determination was challenging
due to the volatilization of S° under ultrahigh vacuum of the XPS (i.e.,

1.0 x 1078 Torr) (Hampton et al., 2011). Further cryogenic XPS analysis
is required to prevent volatilization and improve the intensity of the S°
peak measurement (Wan et al., 2014). The XPS depth profiling results
showed that more intense disulfide/polysulfide peaks were obtained at
the near-surface (i.e., typically the topmost 1 — 10 nm) compared with a
depth of approximately 20 nm along the surface. In contrast, the in-
tensity of the S(-II) peak was higher at a depth of approximately 20 nm
along the surface (Fig. 5a, ¢ and f). This observation implies that the
residual S° might have been associated with the reaction of sulfide to
produce disulfide and polysulfides at the near-surface of iron minerals.
In contrast to the wet chemistry results, sulfate was not detected by XPS,
possibly because the sulfate concentrations were low in the solid sam-
ples. However, following aerobic incubation for 12 d (at 40 d), charac-
teristic peaks of sulfate (at 168.6-169.2 eV) and sulfite (at
approximately 167.2 eV) (Baraket et al., 2007; Nandasiri et al., 2017;
Wan et al., 2014) appeared at both pH 7.4 and 9.5, accompanied by the
disappearance of the sulfide peaks (Fig. 5b and e). Evidently, after an
oxic period, active sulfate reduction and sulfide generation occur once
subject in a subsequent anaerobic incubation, thereby driving continued
iron redox transformations.
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Fig. 6. Evolution of Fe(Il) in the incubations (a) without S% amendment and (b)
with $° amendment at 30 + 2 °C. The incubations went through an anaerobic
period in the first 28 d, followed by an aerobic period for 12 d (shaded area),
and then an anaerobic period for 20 d. The variation in pH was < 0.3 pH unit
throughout the whole incubation period. Error bars represent the standard
deviations of at least duplicate measurements. Where error bars are not visible,
they are smaller than the data symbols.

3.2.2. Biotransformation of S° in conjunction with the reduction of
ferrihydrite

The biogenic sulfide from S° greatly promoted ferrihydrite reduction
under the anaerobic conditions. During the first anaerobic incubation
(0-28 d) without the addition of SO, the Fe(II) concentration was below
0.5 mM at pH 7.4 and below 0.1 mM at pH 9.5 (Fig. 6a). In comparison,
with S° at both pH 7.4 and 9.5, the Fe(Il);; concentration was in the
range of 5.35-5.44 mM after 14 d, accounting for 57 % of total Fe
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(Fig. 6b). Therefore, compared to the sulfur-mediated Fe(II) reduction,
the dissimilatory Fe(IIl) reduction is of minor significance. Given the
strong coupling between the disproportionation of S° and Fe(IIl)
reduction, we can estimate the extent of interaction between biogenic
sulfide and iron (hydr)oxides, represented as the variable x in Eq. (6).
Based on the mole ratios of Fe(Il) to sulfide collected at 14 d, x is
calculated to be 1.93 at pH 7.4 and 1.88 at pH 9.5. Notably, x approaches
twice the value of 1, implying the presence of cryptic sulfur cycling—a
phenomenon characterized by concurrent sulfate reduction and sulfide
oxidation (Canfield et al., 2010; Hansel et al., 2015; Holmkvist et al.,
2011).

As the anaerobic incubation progressed, the Fe(Il),: concentration
decreased, possibly as a consequence of the Fe(I)-induced trans-
formation of ferrihydrite (Jeon et al., 2003). This decrease in the Fe(ID);ot
concentration also explains the decreased sulfide concentration, based
on the formation of crystalline iron sulfide minerals such as pyrite (Eq.
(7)) (Hellige et al., 2012). Following successive aerobic and anaerobic
incubations, the resulting Fe(III) minerals were again reduced during the
second anaerobic period, exhibiting a same evolution of sulfide as shown
in Fig. 3b. Interestingly, incubations with varying initial S° concentra-
tions yielded similar results (Fig. S3). During the first anaerobic period,
the S° concentration decreased rapidly together with the rapid forma-
tion of Fe(Il) and sulfide. Moreover, a significant positive correlation
was observed between the initial S° concentration and the Fe(I) peak
concentration at 14 d, providing further evidence that S° played an
important role in ferrihydrite reduction (Fig. S4).

Although pH has been shown to affect the sulfidation rate of iron
(hydr)oxides, with the maximum rate at near neutral pH values (Peiffer
et al., 1992; Poulton, 2003), the generation of Fe(II) from ferrihydrite
reduction by biogenic sulfide occurred to the same extent at pH 7.4 and
9.5. This result can possibly be ascribed to the limitations associated
with the sampling technique that was used, in that it was not possible to
see small variations in the sulfidation rates of ferrihydrite at different pH
values (Peiffer et al., 2015). In any case, the data confirm that biogenic
sulfide from the transformation of S° promoted ferrihydrite reduction at
both neutral and alkaline pH values.

3.2.3. S%mediated ferrihydrite transformation
XRD patterns demonstrated the mineralogical changes of ferrihydrite
in the presence of $° (Fig. 7). During the first anaerobic incubation and
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Fig. 7. XRD patterns of the solid phases with incubation proceeding at (a) pH 7.4 and (b) pH 9.5, respectively. The standard samples are referred to as PDF#75-1594
for FeO(OH), PDF#13-0458 for y-Fe;03, PDF#11-0151 for FeS, PDF#83-2153 for KFeO, and PDF#99-0066 for $°). Noted that the samples at 40 d (shaded) were
collected at the end of aerobic incubation, and the other samples were collected in anaerobic incubations.
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Fig. 8. HR-TEM images with electron diffraction patterns collected from incubations (a-d) without amendment of S% and (e-h) with amendment of S° at (a,b,e,f) 28
d and at (c,d,g,h) 60 d. Blue square indicates the region selected for selected area electron diffraction (SAED).

at pH 7.4, lepidocrocite formed at 14 d and subsequently transformed
into maghemite (Fig. 7a). In contrast, at pH 9.5, lepidocrocite and
maghemite were observed throughout the entire incubation period,
regardless of whether anaerobic or aerobic conditions (Fig. 7b). The
characteristic S° peak was found to rapidly decrease in intensity over
time, confirming that S° was involved in the iron transformation pro-
cess. At days 6 and 14 for both pH 7.4 and pH 9.5, two strong peaks

appeared at 20=31.6 and 45.6, which may be attributed to an inter-
mediate phase of KFeOs. The formation of KFeO, was likely due to the
incorporation of K ion from culture medium (0.028 g/L KCl and 0.030 g/
L KH,POy) into the lattice of iron (hydr)oxides during incubation pro-
cess (Li and Shanks, 2009). HR-TEM images showed that, without s0
addition, magnetite and lepidocrocite formed at both pH values under
anaerobic conditions (Fig. 8a-d). Additionally, the HR-TEM images



K. Zhang et al.

Anaerobic incubation (28 d)

Aerobic incubation (40 d)

Water Research 245 (2023) 120589
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Fig. 9. Synchrotron XPS Fe 2p spectra of solid samples collected (a,d) at the end of first anaerobic incubation (28 d), (b,e) at the end of aerobic incubation (40 d) and
(c,f) at the end of second anaerobic incubation (60 d). Spectra of (a,b,c) are samples collected at 7.4, and spectra of (d—f) are samples collected at 9.5. The probing
depths were recorded at the surface and approximately 20 nm depth along the sample surface. The probing depths were recorded at the surface and 20 nm depth
along the sample surface. Peak fitting for Fe 2p peaks was assigned based on literature-reported values summarized by Mullet et al. (2008), Tauson et al. (2008) and

Wan et al. (2014).

indicated the formation of nanocrystalline FeS after 28 d of incubation
with §° at pH 7.4 and 9.5. This material exhibited a fibrous morphology
with the fibers having widths and lengths of approximately 1-3 nm and
50-100 nm, respectively (Fig. 8e and f). By the end of this whole incu-
bation period (i.e., at 60 d), lepidocrocite and iron sulfide minerals were
observed (Fig. 8g and h). The SAED pattern obtained from the FeS
exhibited concentric rings and diffraction spots attributable to (111),
(001), (200), and (101) diffraction planes (Fig. 8e, f and h) (Malek et al.,
2018). The SAED pattern also established the cubic structure of the
maghemite phase (Fig. 8e) and the diffraction planes that were observed
(e.g., the (200), (011), (020) and (120) planes) were similar to those of a
lepidocrocite-rich structure (Fig. 8f~h) (Iconaru et al., 2012).

The synchrotron-based XPS analysis also revealed changes in the
redox states of the surface Fe of the various minerals during the incu-
bation. At the end of the two anaerobic incubations (28 and 60 d), peaks
appeared at 711-714 and 709.3 eV that were attributed to Fe(IIl) in
lepidocrocite and Fe(II) in magnetite, respectively (Grosvenor et al.,
2004b; Wan et al., 2014) (Fig. 9a, ¢, d and f). An additional peak at
707.6 eV was ascribed to surface Fe(II)-FeS (Tauson et al., 2008; Wan
et al., 2014) and was obtained regardless of the pH (Fig. 9a, c, d and f).
After 12 d of aerobic incubation, characteristic Fe(III) peaks (711-714
eV) and satellite peaks (approximately 715 and 717 eV) (Grosvenor
etal., 2004a; Mullet et al., 2008) appeared in the spectra (Fig. 9b and e).

These results collectively suggest that the biotransformation of S°
drove the transformation of ferrihydrite under the fluctuating redox
conditions. Specifically, biogenic sulfide reduced ferrihydrite to
generate iron sulfide precipitates under anaerobic conditions and
various crystalline iron (hydr)oxides (i.e., lepidocrocite and maghemite)
under both anaerobic and aerobic conditions. The exchange of redox
conditions between the anaerobic and aerobic conditions would be ex-
pected to interrupt the ripening process of iron (hydr)oxides towards
mineral with higher crystallinity and stability and thus promote the
reduction of these iron (hydr)oxides (Peiffer et al., 2021; Winkler et al.,
2018; Zhao et al., 2023). However, the unambiguous determination of
the composition and structure of each of the various iron (hydr)oxide
mineral products will require the use of advanced techniques such as
X-ray absorption spectroscopy, Mossbauer spectroscopy, and
cryo-electron microscopy in future studies.

After redox fluctuations, a fraction of the initial ferrihydrite trans-
formed to more crystalline iron (hydr)oxides (e.g., lepidocrocite,
maghemite) and iron sulfides. These secondary iron minerals, compared
to ferrihydrite, which is one of the most reactive iron minerals, are likely
to retard the redox reactions of iron with environmentally relevant
components (Cornell and Schwertmann, 2003). On the other hand,
during the oxic period, the phosphate present in the culture medium
(0.22 mM) may coprecipitate with Fe(II) generated from the anoxic
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period. The phosphate coprecipitated ferric (hydr)oxides generally in-
crease the reactivity and dissolution rate of ferric (hydr)oxides towards
sulfide (Kraal et al., 2022; Kraal et al., 2019). While phosphate copre-
cipitated ferric (hydr)oxides were not detected in XRD and HR-TEM, we
cannot completely rule out its presence as well as its potential influence
on the subsequent interaction of iron (hydr)oxides with sulfide. The
abovementioned transformations of ferrihydrite collectively raise the
question of whether, after several redox fluctuations, the redox reactions
between iron (hydr)oxides and sulfide can still occur to a high extent. To
this end, we compared the reactivity between iron (hydr)oxides and
sulfide before and after the oxic period. The generation rate of Fe(II) was
used as a good proxy for the reaction rate between sulfide and iron
(hydr)oxides (Peiffer et al., 1992; Poulton et al., 2004). The generation
rates of Fe(II) were obtained though fitting selected data points under
the first and second anaerobic conditions following Amstaetter et al.
(2012) (Fig. S5). The results revealed that the Fe(II) generation rates in
the first anaerobic incubation were 0.395 mM/d and 0.475 mM/d at pH
7.4 and 9.5, respectively. While in the second anaerobic incubation, Fe
(II) generation rates were 0.306 mM/d and 0.368 mM/d at pH 7.4 and
9.5, respectively, which were approximately 25 % lower than those in
the first anaerobic incubation. Interestingly, the generation rates of Fe
(II) at pH 7.4 are lower than those at pH 9.5, contracting with previous
report that sulfidation rate of Fe(IIl) reaches its highest rate at neutral
pH (Peiffer et al., 1992; Poulton et al., 2004). This difference is likely
due to the higher generation rate of sulfide from S° reduction at higher
pH values (Flynn et al., 2014). Taken together, our results suggest that
under fluctuating redox conditions, the degree of interactions between
iron (hydr)oxides and sulfide decreased by less than 25 % compared to
the interactions in the first anaerobic incubation period, but still
remained a sustainable electron transfer process through coupled iron
and sulfur cycling, which could govern the redox transformation of
contaminants in natural and engineered systems.

3.3. Microbial community dynamics

To explore the role of bacteria in the transformation of sulfur and
iron (hydr)oxides under different conditions, we used the 16S rDNA
based technique to monitor the structure of the bacterial community
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throughout the experimental trials (Figs. 10 and S6-S11). The results
showed that iron-reducing bacteria accounted for a principal proportion
(16.2-48.3 %) of the bacterial community throughout the whole incu-
bation period (Fig. 10). Despite the high abundance of iron-reducing
bacteria, the wet chemical result suggested that the bio-reduction of
ferrihydrite occurred at a negligible extent and is favored at neutral pH
(Fig. 6a), consistent with previous report by Flynn et al. (2014). The
incorporation of S° promoted the proliferation of both sulfur-oxidizing
and sulfur-reducing bacteria. After 28 d of incubation at pH 7.4, the
proportions of sulfur-oxidizing and sulfur-reducing bacteria increased
from negligible levels (< 0.1 %) to 9.4 % and 20.7 %, respectively
(Fig. 10), demonstrating the promotion of sulfur-based metabolic
pathways in the system.

In the incubations with S°, the abundance of sulfur-metabolism
bacteria exceeds that of iron-metabolism bacteria. The total propor-
tion of sulfur-metabolism bacteria increased from 30.1 % at 28 d to 55.2
% at 60 d In contrast, the total proportion of iron- metabolism bacteria
decreased from 50.8 % at 28 d to 20.4 % at 60 d at pH 7.4 (Fig. 10). Thus,
we proposed that sulfur cycling may precede iron cycling under the
fluctuating redox conditions. This abundance of sulfur-oxidizing bacte-
ria might be responsible for the formation of sulfate, since chemical
oxidation of sulfide by iron (hydr)oxides is unlikely to produce sulfate
(Poulton, 2003; Wan et al., 2014). Furthermore, following a 60 d aero-
bic-anaerobic cycle at pH 9.5, the proportion of sulfur-reducing bacteria
in the presence of S° (14.3 %) was significantly higher than that ob-
tained without S° (3.4 %) (Fig. 10). This increase in the number of
sulfur-reducing bacteria explains the enhanced production of Fe(Il)
compared with that observed in the incubations without S°. Under
anaerobic conditions, regardless of the addition of S°, the proportions of
iron-reducing bacteria were at the same level as each other, which does
not explain the higher extent of Fe(II) production in incubations with
added S°. These data suggest that biogenic sulfide promoted Fe(IIT)
reduction in the incubations that incorporated S°. Overall,
microbial-mediated elemental sulfur disproportionation contributed to
the cycling of sulfur and iron under fluctuating redox conditions.
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Fig. 11. Conceptual model of proposed reaction network that sustain redox reactions between iron and sulfur species at pH 7.4 and 9.5 under anaerobic conditions (a
and c at 14 d, b and d at 60 d). The text in yellow shadow indicates the reaction pathway. Values shown in dark-blue are the concentrations (in mM) measured at the
selected reaction points. Values shown in red at arrows are the amounts of transformed pathway calculated via chemical stoichiometries (see details in Table S2). The
value in orange shadow is the calculated S(-II) concentration. Fe(II),., is measured as extractable in 1 M HCl extraction, including sulfide associated Fe(II) and excess
Fe(ID) that associated with iron (hydr)oxides. Residual sulfide is measured as acid volatile sulfide (since free sulfide is not detected, the measured sulfide also points to
the concentration of FeS). Sulfide that reacted with Fe(III) to produce S° calculated via Fe(II)o; concentration; sulfide formation is calculated via s0 disproportionation
and sulfate reduction. S° regeneration is calculated stoichiometrically via Eq. (S1) based on Fe(Il),,; concentration. Sulfate formation is calculated as S° dispro-
portionation, sulfate consumption through sulfate reduction is calculated via the difference between sulfate formation and residual sulfate concentration. To simplify
the calculation, bioreduction of Fe(IIl) is not taken into account due to its minor contribution to Fe(II) generation.

3.4. Mechanisms of microbial-mediated S° transformation

Based on the data obtained in this work, a mechanism for S° meta-
bolism under fluctuating redox conditions can be proposed. Under
anaerobic conditions, the microbial disproportionation of S° in the
presence of iron (hydr)oxides produces sulfide and sulfate, with sulfate
becoming further reduced by sulfate-reducing bacteria to sulfide. The
biogenic sulfide drives the reduction of iron (hydr)oxides (Eq. (5)), and
iron (hydr)oxides, in turn, promoted further disproportionation of s? by
scavenging sulfide. After an oxic period, upon being subjected to
renewed anaerobic conditions, the sulfate-reducing bacteria reduce
sulfate to sulfide to continually drive the cycling of sulfur, as well as the
coupled transformation of iron (hydr)oxides.

To quantitatively substantiate this proposed mechanism, mass bal-
ance calculations were performed via redox reactions. To do this we took
the results at 14 d (the first anaerobic conditions) and 60 d (the second
anaerobic conditions) for analysis. The data at 14 d was selected because
all reactants reached their peak concentration, indicating the highest
reaction extent. After 14 d, the concentrations of sulfide, total Fe(II), and
sulfate began to decline, suggesting a transformation of these sub-
stances, making our calculation more complicated. Accordingly, the
data at 60 d was selected because it represented the end situation of the
system. The data in the aerobic condition was not chosen, because the
involution of Oy challenged our calculation. Due to the cryptic sulfur
cycling in which biogenic sulfide from S° disproportionation can be
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reoxidized by Fe(IIl) to replenish the s pool (Canfield et al., 2010;
Hansel et al., 2015; Holmkvist et al., 2011), it becomes a significant
challenge to determine the number of replenishment cycles for S°.
Consequently, it appears unfeasible to accurately quantify the electron
transfer process through S° consumption. An alternative and reasonable
approach for quantifying electron transfer processes would entail the
examination of Fe(I) generation. While we cannot quantitatively
determine the extent of Fe(IlI) bioreduction, we estimate that it is a
minor contributor compared to abiotic reduction of Fe(IIl) by sulfide
(Fig. 6) (Flynn et al.,, 2014; Hansel et al., 2015). Consequently, to
simplify the calculation of redox reactions between Fe and S species, the
bioreduction of Fe(III) was not taken into account due to its minor
contribution. Thus, we determined the amounts of sulfide that reacted
with Fe(III) based on the amount of generated Fe(II). By employing this
approach (see Text S7 for details), we estimated the FeS accumulation
using measured data of relevant species (Fig. 11). The estimated sulfide
accumulation (denoted as FeS in Fig. 11) is slightly higher than the
measured sulfide concentration (Table S2). The obtained S recovery and
percent discrepancy of S(-II) ranged from 80.4 % to 100.3 % and 7.4 %
to 19.6 %, respectively, suggesting a reasonable balance. Nevertheless,
there are some uncertainties in our calculation, including undetected
sulfur species (i.e., thiosulfate), incompletely recovered species (i.e., the
Fe(II) and S(-II) that contained in crystalline iron sulfide minerals), as
well as some uncharacterized carbon or bacteria involved reactions. To
achieve a more accurate mass balance calculation, a more detailed and
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comprehensive reaction mechanism is required in future. Taken
together, this proposed mechanism suggests that under fluctuating
redox conditions, sulfur-based transformation maintained a sustainable
electron transfer process in the coupled cycling of sulfur and iron,
potentially governing a span of iron-sulfur relevant pollutants trans-
formation under fluctuating redox conditions.

3.5. Environmental significance

Our experiments illustrate that after redox fluctuations, reactions
between iron (hydr)oxides and sulfide can remain a sustainable electron
transfer process driven by sulfur metabolism, in which S° acts as a novel
electron pump to promote these reactions, especially at alkaline pH
values that may greatly inhibit iron cycling (Bronner et al., 2023; Flynn
et al., 2014). Under anaerobic conditions, the biotransformation of S°
produces sulfide and sulfate. The sulfide subsequently reductively
dissolve iron (hydr)oxides and thus affects the transformation of certain
pollutants (Borch et al., 2010; Zhang et al., 2022). Importantly, redox
fluctuations can impede the transformation of ferrihydrite to highly
crystalline iron (hydr)oxides (Peiffer et al., 2021). This characteristic
allows for sustained iron-based redox reactions, including the coupled
cycling of sulfur, in response to environmental changes. Moreover, in
the presence of iron (hydr)oxides, sulfate generation under anaerobic
conditions enables the anaerobic oxidation of methane to carbon diox-
ide (Kappler et al., 2021; Milucka et al., 2012), thus potentially affecting
global warming. Overall, the present study demonstrates the critical role
of S in sulfur and iron cycling under fluctuating redox conditions,
suggesting new approaches to bio-remediation. For example, in specific
environments with low natural organic matter but abundant sulfur and
iron, such as aquifers where the activity of bacteria may be restricted,
the acetate or sulfur-reducing bacteria can be introduced to stimulate
the cycling of sulfur and iron and effectively mediate the transformation
of pollutants. As organic carbon is inevitably involved in the trans-
formation of iron and sulfur, the mass balance analysis in the present
study might be not fully comprehensive. Consequently, further research
is needed to identify the specific contribution of organic matter to the
redox interactions between iron and sulfur, which would facilitate ad-
vancements in the biotransformation of relevant pollutants.

4. Conclusions

This study reveals that in the copresence of ferrihydrite and S°, the
biotransformation of S is the dominant electron-shuttling process and
play a major role in the reduction of ferrihydrite under fluctuating redox
conditions. Ferrihydrite, in turn, promotes the disproportionation S° by
scavenging biogenic sulfide through reoxidation of sulfide to S° and
precipitating sulfide as iron sulfide minerals, thus maintaining the
cycling of sulfur. The cryptic sulfur cycling enhanced Fe(III) reduction.
Further, the results also demonstrate that the active redox reactions
between sulfur and iron species are sustainable after a sequential
anaerobic-aerobic-anaerobic incubation as in the first anaerobic condi-
tion. This study provides valuable knowledge by highlighting that redox
fluctuations can maintain a sustainable electron transfer process be-
tween bio-mediated sulfur and iron cycling.
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