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Methylmercury (MeHg), derived via inorganic mercury (Hg(II)) methylation by anaerobic microorganisms, is a
neurotoxic contaminant causing concern worldwide. Establishing how to reduce Hg(II) methylation and MeHg
bioavailability is essential for effective control of Hg pollution. Iron sulfide nanoparticles (FeSNP) is a promising
passivator for Hg(II) methylation. However, its effect on the fate of MeHg in aquatic systems remains poorly
understood. This study investigated the effect of FeSNP on Hg(II) bioavailability, MeHg production and
bioavailability in aquatic environments. Results demonstrated that FeSNP rapidly sorbed Hg(II) and MeHg, with
sorption affected by pH, chloride ion and dissolved organic matter. Hg-specific biosensor analysis showed that
Hg(II) sorbed onto FeSNP significantly reduced its bioavailability to microorganisms. Double stable isotope
(199Hg(II) and Me201Hg) addition revealed that FeSNP significantly inhibited MeHg production in anaerobic
sediments. Furthermore, synthetic gut juice extraction suggested that FeSNP decrease concentrations of
bioavailable MeHg and Hg(II), reducing their integration into food webs. However, the sorbed MeHg and Hg(II)
in sediments can be released after FeSNP oxidation, potentially enhancing the risk of exposure to aquatic or
ganisms. Overall, these findings increase our understanding of Hg transformation and exposure risks in aquatic
systems, providing valuable information for the development of in situ Hg remediation systems.
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1. Introduction
Mercury (Hg) is a toxic contaminant of serious concern worldwide
(Liu et al., 2012a; Selin, 2009). Following the requirements of the
Minamata Convention, established in August 2017 (www.mercuryconve
ntion.org), anthropogenic Hg emissions have been gradually reduced
and the fate and transformation of Hg in the environment has received
increasing attention (Wang et al., 2019). A key concern is that the
inorganic mercury (Hg(II)) can be transformed into highly toxic meth
ylmercury (MeHg), which is neurotoxic and can be bioaccumulated
within the food chain (Clarkson and Magos, 2006; Hintelmann, 2010).
Therefore, a comprehensive understanding of the fate, transformation

and bioavailability of Hg in the environment is crucial for controlling Hg
pollution and effectively implementing the Minamata Convention.
Anaerobic sediments constitute the main pool of Hg in aquatic sys
tems (Ullrich et al., 2001), where the transformation of Hg(II) to MeHg is
mainly mediated by sulfate-reducing bacteria, iron-reducing bacteria
and/or methanogens (Gilmour et al., 2013; Hsu-Kim et al., 2013; Parks
et al., 2013). As microbial methylation of Hg(II) occurs intracellularly,
the bioavailability of Hg(II) to Hg-methylating microorganisms is a
critical factor determining MeHg production and is closely related to its
geochemical speciation in the natural environment (Lin et al., 2012). In
addition, studies have shown that uptake and assimilation of MeHg in
sediments by benthic organisms is a key step for MeHg bioaccumulation

* Corresponding author at: Laboratory of Environmental Nanotechnology and Health Effect, Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences, Beijing 100085, China,.
E-mail address: ygyin@rcees.ac.cn (Y. Yin).
https://doi.org/10.1016/j.jhazmat.2021.127399
Received 1 July 2021; Received in revised form 7 September 2021; Accepted 28 September 2021
Available online 30 September 2021
0304-3894/© 2021 Elsevier B.V. All rights reserved.

Y. Xiang et al.

Journal of Hazardous Materials 424 (2022) 127399

in aquatic food webs, particularly in benthic and shallow pelagic food
webs (Lee et al., 2000; Sunderland et al., 2009). Therefore, converting
bioavailable Hg(II) and MeHg to inert species is a vital step in the
reduction of MeHg production and bioaccumulation, respectively,
providing a potential method for Hg remediation in natural
environments.
As a soft Lewis acid, Hg(II) has an extremely strong affinity to
reduced sulfur species and various sulfide minerals have been shown to
be good scavengers for the removal of Hg(II) from aqueous solution,
such as FeS, Fe3S4, Fe1− xS, and FeS2 (Ehrhardt et al., 2000; Jean and
Bancroft, 1986; Jeong et al., 2007). Among these minerals, FeS has been
found to be a major constituent of acid-volatile sulfides (AVS) in
anaerobic sulfidic sediments. Therefore, it is considered to be one of the
most promising passivators for the immobilization of Hg(II) from
polluted environments, due to its strong adsorption capacity effectively
limiting Hg(II) bioavailability (Jeong et al., 2007; Liu et al., 2008; Rivera
et al., 2019; Wang et al., 2020). Compared to macroscale FeS minerals,
FeS nanoparticles (FeSNP) are more reactive for Hg(II) immobilization
due to their higher surface area-to-mass ratio (Lee et al., 2009). In
addition to reducing MeHg production, some field studies have sug
gested that FeS might also adsorb MeHg and subsequently reduce its
migration and bioaccumulation in aquatic environments (Benoit et al.,
1999, 1998; Feyte et al., 2012; Zhong et al., 2018). However, to date
there is no direct evidence to support this inference. Current knowledge
regarding the effect of FeS on the sorption and bioavailability of MeHg
remains incomplete and therefore, comprehensive investigation is
essential for a thorough understanding of both Hg cycling in natural
aquatic systems and Hg remediation in contaminated environments.
The overall aim of this study was to investigate the effect of FeSNP on
Hg(II) bioavailability and MeHg production, as well as the effect of
FeSNP on MeHg bioaccumulation within the food chain. Specifically, this
study aimed to: 1) investigate the sorption kinetics, isotherms and
environmental factors affecting Hg(II) and MeHg sorption by synthe
sized FeSNP; 2) test the hypothesis that FeSNP sorption limits the
bioavailability of Hg(II) to microorganisms, using an Hg-specific
biosensor system under anaerobic conditions; 3) assess the effect of
FeSNP amendment on the production, demethylation, distribution, and
bioavailability of MeHg in anaerobic sediments, using double stable
isotope (199Hg2+ and Me201Hg) addition experiments. Overall, this
study helps provide a comprehensive understanding of the trans
formation and bioavailability of Hg in aquatic environments, as well as
supporting the development of effective in situ Hg remediation
techniques.

grinding, and sieving), and sample preparation procedures were per
formed inside an anaerobic glovebox (Electrotek, AW400SG, UK) with
an atmospheric composition of 80% N2, 10% H2 and 10% CO2. To ensure
that all the solutions used for FeSNP synthesis were free of oxygen,
deoxygenated deionized water (DDW) was prepared by heating deion
ized water to boiling and aerating with nitrogen for at least 2 h. For
FeSNP synthesis, 60 mL of 0.85 M Na2S solution was gently combined
with 840 mL of 0.0614 M FeSO4 solution, at a Fe:S molecular ratio of
1:1. To ensure a complete reaction, the mixtures were maintained with
continual stirring at 200 rpm for 24 h in anaerobic glovebox. After
centrifugation at 10,000 rpm (10,397 g) for 15 min, the supernatants
were discarded and the precipitates were washed at least three times
using DDW. Then, the washed precipitates were freeze-dried at − 80 ℃
under vacuum and subsequently ground and passed through a 200-mesh
sieve for further use.

2. Materials and methods

Hg(II) and MeHg sorption kinetics and isotherms were investigated
in 12 mL brown borosilicate glass vials under anaerobic conditions, with
all solutions aerated with nitrogen for at least one hour prior to exper
iments to remove oxygen. For kinetics tests, FeSNP suspensions were
added to each vial to obtain initial FeSNP concentrations of 5, 10, 20, and
100 mg⋅L-1 in 5 mmol⋅L-1 phosphate buffer (PB) at pH 6.0, with fixed Hg
(II) or MeHg concentrations of 20 ng⋅L-1. All vials were tightly sealed
under anaerobic conditions and then shaken at 200 rpm at ambient
temperature, with triplicate samples removed for analysis at selected
time points (0, 0.12, 0.5, 1, 2, 3, 5, and 8 h).
For isotherm tests, FeSNP suspensions were added to vials to obtain
initial FeSNP concentrations of 20 mg⋅L-1 in 5 mmol⋅L-1 PB at pH 6.0,
with initial Hg(II) and MeHg concentrations ranging from 10 ng⋅L-1 to
30 mg⋅L-1. All vials were tightly sealed under anaerobic conditions and
shaken at 200 rpm at ambient temperature. After equilibration for 5 h,
samples were removed for analysis.
After being syringe-filtered through a 0.22 µm PTFE membrane, Hg
(II) and MeHg concentrations in the filtrate were analyzed using a
modified online solid phase extraction (SPE)-high performance liquid
chromatography (HPLC)-inductively coupled plasma mass spectrometry
(ICP-MS) method (Yin et al., 2010). The PTFE membrane filter was
found to effectively retain the nanoparticles under these experimental

2.3. Characterization of FeS nanoparticles
The morphology and chemical composition of synthesized FeSNP
were analyzed using transmission electron microscopy (TEM) and X-ray
energy dispersive spectroscopy (EDS) (Tecnai G2 F30 S-Twin, US). The
average particle size of FeSNP was found to be 6.44 ± 2.85 nm based on
the analysis of low-resolution TEM mages with Nano Measure software
v.1.2 (Fig. S1A and S1B). High-resolution TEM images showed that
FeSNP exhibited two characteristic lattices planes with interplanar
spaces of 0.19 nm and 0.22 nm (Fig. S1C), corresponding to the 110 and
111 planes of mackinawite (FeS). EDS analysis showed these nano
particles contained Fe and S elements (Fig. S1D), further confirming that
the particles were FeS. The major mineralogy of the synthesized FeSNP
was evaluated by X-ray powder diffraction (XRPD) spectra, using a X’s
Pert3 power diffractometer (PANalytical, Netherlands) with Cu-kα ra
diation. Diffractograms were collected from 10◦ –70◦ 2θ with a 0.02 step
size (λ = 1.54 Å). The XRPD spectra (Fig. S2) showed that the synthe
sized FeSNP fitted well with the description of mackinawite as noted
previously (Lennie et al., 1995). Additionally, the mean hydro-dynamic
diameter and zeta potential (ζ) were analyzed using a Zetasizer NS in
strument (Malvern, UK). The hydrated particle size of FeSNP was found
to be 299.2 ± 48.5 nm according to dynamic light scattering measure
ments (Fig. S3). The measured ζ was − 25.2 ± 4.89 mV at pH 6.0,
indicating that FeSNP exhibited relatively good stability in this experi
mental system (Gong et al., 2012).
2.4. Sorption kinetics and isotherms of Hg on FeS nanoparticles

2.1. Chemicals and reagents
Fe(SO4)2⋅7H2O (analytical grade) and Na2S (95%), used for FeSNP
synthesis, were obtained from Sinopharm Chemical Reagent (Shanghai,
China) and Aladdin (Shanghai, China), respectively. Hg(II) (Hg(NO3)2)
standard solution was obtained from Agilent (Palo Alto, California,
USA), and MeHg (MeHgCl) was purchased from the National Institute of
Metrology (Beijing, China). Enriched stable Hg isotopes of 199Hg(II)
(199HgCl2) and 201Hg(II) (201HgCl2) were purchased from Trace Sciences
International (Ontario, Canada). Me201Hg was chemically synthesized
from 201HgCl2 using methylcobalamin (Martin-Doimeadios et al., 2002).
Besides, all the other fundamental chemicals and reagents were
analytical grade or higher, and were purchased from Sinopharm
Chemical Reagent (Shanghai, China). The ultrapure water (18.3 Ω) used
in this study was prepared by Milli-Q IQ700 system (Merck Millipore,
Massachusetts, USA).
2.2. Synthesis of FeS nanoparticles
Unless otherwise specified, FeSNP synthesis, isolation (washing,
2
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conditions, as FeSNP formed large aggregates with a hydrodynamic
diameter of 299.2 ± 48.5 nm (Fig. S3). In addition, a control test using
PB demonstrated that Hg loss by filtration was negligible during the
experiments (Fig. S4).

tightly and aged for two weeks. The basic properties of the original
sediments and surface water samples, including MeHg, total Hg (THg)
and AVS concentrations, are presented in Table S1.
The effects of FeSNP on Hg(II) methylation and MeHg bioavailability
were assessed in the anaerobic chamber during incubation. Typically,
40 g of slurry was added to each 50 mL Corning vial containing FeSNP
concentrations of 0, 70, 140, or 350 mg⋅g-1 (dry weight). It was assumed
that all the FeSNP could be converted to AVS after acidification (Liu
et al., 2008, 2009), thus the final S(-II) concentration in slurries was 0.8
(AVS in the original slurry), 1.6, 2.4, or 4.8 µmol⋅g-1, respectively. Then,
199
Hg(II) and Me201Hg isotopes were spiked into the slurry to form a
final concentration of 2.5 ng⋅g-1 (wet weight) and 0.25 ng⋅g-1 (wet
weight), respectively. The spiked concentrations of 199Hg(II) and
Me201Hg were at approximately 10% of the ambient total Hg and MeHg
levels. Triplicate treatments were employed for each trial.
After incubation for 0, 2, 5, and 8 days, triplicate vials for each trial
were taken for analysis. The sediment was divided into two, with one
portion directly freeze-dried, ground and passed through a 100-mesh
sieve for analysis of 1) total MeHg, including Me199Hg (Hg methyl
ation), Me201Hg (MeHg demethylation) and Me202Hg (ambient Hg
methylation); 2) bioavailable MeHg (BioMeHg), including BioMe199Hg
(bioavailable fraction of Me199Hg), BioMe201Hg (bioavailable fraction of
Me201Hg) and BioMe202Hg (ambient bioavailable MeHg); and 3)
bioavailable Hg(II) (BioHg), including Bio199Hg (bioavailable fraction
from 199Hg(II) added for methylation assay) and Bio202Hg (to calculate
ambient total Hg). The second portion of sediment was immediately
freeze-dried and laid flat in a clean beaker, which was sealed with a
breathable sterile film (GenTel, Beijing, China) to ensure aeration and
avoid any contamination. After 15 days, the aerated sediment was
frozen-dried, ground, and sieved as described above. Detailed analysis
methods, quality assurance and quality control (QA/QC), as well as the
calculations for methylation/demethylation rate constants (km/kd), can
be found in the supporting information (SI 1).

2.5. Factors affecting Hg(II) and MeHg sorption onto FeS nanoparticle
To investigate the effect of pH, chloride ion (Cl-), and dissolved
organic matter (DOM) concentrations on the Hg sorption capacity of
FeSNP, initial FeSNP concentrations of 20 mg⋅L-1 in 5 mmol⋅L-1 PB at pH
6.0, were combined with Hg(II) and MeHg at a concentration of 20 ng⋅L1
. To establish the effect of pH on sorption, NaH2PO4 and Na2HPO4 were
combined in different proportions to obtain 5 mmol⋅L-1 PB with a final
pH ranging from 4.0 to 9.0. Meanwhile, aqueous Fe(II) concentrations
under different pH conditions were measured using ferrozine method
(Viollier et al., 2000) on a Varoskan Flash Microplate reader (Thermo
Scientific, US), to assess the dissolution of FeSNP. To establish the effect
of Cl- on sorption, NaCl was added to each vial to obtain a final Clconcentration ranging from 0 to 1.21 × 104 mg⋅L-1. To assess the effect
of DOM on sorption, SRNOM (Suwannee River NOM, 2R101N) stock
solution was added to each vial to obtain final total organic carbon
(TOC) concentrations ranging from 0 to 40 mg C⋅L-1.
2.6. The bioavailability of Hg(II) to microorganisms
An Escherichia coli biosensor (E. coli PRL) was constructed based on
previously reported literature (Golding et al., 2002; Halloran et al.,
1989; Phillipsjones, 1993; Ralston and O’Halloran, 1990) and used for
microbial Hg(II) uptake assays. E. coli PRL contains the
pUC57merR-LuxCDABE plasmid, which is Hg(II) inducible and results in
the production of luminescence following activation of MerR, a tran
scription regulator that is specifically activated by Hg ions. The growth
of E. coli PRL was maintained in the presence of 100 µg⋅mL-1 ampicillin
(Amp), resistance to which is conferred by the pUC57merR-LuxCDABE
plasmid.
All E. coli PRL handling and incubation were conducted under
anaerobic conditions at atmosphere of 80% N2, 10% H2 and 10% CO2.
Cells were first activated in LB-Amp broth at 30 ℃ overnight and then
trans-inoculated in modified MOPS-Amp buffer (MMOPS-Amp) at a 1%
inoculation level and cultured at 30 ℃. Once mid-log growth phase
(OD600 ~ 0.6) was reached (approximately 24 h), cells were harvested
and washed three times with fresh MMOPS-Amp prior to subsequent
experiments.
Four treatments were compared to explore the role of FeSNP in the
microbial uptake of Hg(II), using 1) Hg-laden FeSNP, in which Hg(II) and
FeSNP were pre-equilibrated for 5 h prior to the addition of cells (OD600
~ 0.6), to ensure that most Hg(II) (>80%) was adsorbed onto FeSNP; 2)
FeSNP-Hg mixture, in which FeSNP, Hg(II) and cells were simultaneously
added to the exposure medium, so that cells and FeSNP have an equal
capacity to interact with Hg(II); 3) soluble Hg(II), in which cells were
exposed to Hg ions without the addition of FeSNP; and 4) the control
group, in which no Hg was added. At 1 h intervals during a 4 h exposure
period, samples were transferred into a 96-well plate and removed from
the anaerobic chamber for luminescence intensity assay, using a Var
oskan Flash Microplate reader (Thermo Scientific, US) with a read time
of 300 ms. Prior to luminescence analysis, samples in the 96-well plate
were shaken for 30 s to ensure aeration as required for the luminescence
emitting reaction (Golding et al., 2002).

2.8. Calculation of Hg speciation
To examine the changes of Hg and Fe species and potential effects of
phosphate buffer during the sorption, the thermodynamic speciation
modeling program PHREEQC from the U.S. Geological Survey (USGS)
was used to calculate the species and concentrations of Hg and Fe. The
model includes four modules: dissolved species in the solution, a solidsolution system characterizing the equilibrium between metacinnabar
(black HgS) precipitation and dissolved Hg species, a surface complex
ation module on Hg sorption on FeS, and a solid phase system on the
dissolution of FeSNP. The molality of major dissolved Hg and Fe species,
HgS solid, FeS-sorbed Hg, and FeS particles were calculated in the
model. The effect of pH and binding ligands (e.g. S(-II), Cl- and DOM)
were considered in the modeling programs, and the temperature was set
at 25 ºC. The model used the default database file MINTEQ.v4.dat in the
PHREEQC program, which contains equilibrium constants for common
Hg complexation reactions (e.g. formation of Hg-Cl complexes and
HgS22-), and additional important Hg-phosphate species (HgHPO4 and
HgPO4-). In addition, Hg complexation by FeS surface was also included
according to the literatures (Morse and Arakaki, 1993; Wolthers et al.,
2005).
2.9. Statistical analysis
All data processing and statistical analysis was conducted using SPSS
v.19.0, while all figures were plotted using Origin 2018. Analysis of
variance (ANOVA) test was performed to test the differences for total
MeHg, bioavailable MeHg and Hg, methylation and demethylation rate
constants under different dosage of FeSNP or at different incubation
time. Statistical significances were defined at p < 0.05 and p < 0.01,
indicating the “significant” and “highly significant” differences,
respectively.

2.7. Hg(II) methylation and MeHg bioavailability in sediments
Sediment and surface water samples were collected from a fresh
water lake in Beijing, China (116.398852 E and 40.020934 N), which
were returned to the lab and fully homogenized into a 40% moisture
content slurry. Subsequently, the slurry was purged with ultrahigh pu
rity nitrogen (N2) for 5 h to maintain anaerobic condition, then sealed
3
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3. Results and discussion

models (Huang et al., 2019) were used to fit the data to establish the
sorption kinetics (Fig. 1C-1 F). The resulting fitting parameters,
including the coefficient of determination (r2), the rate constant (k) and
the sorbed Hg concentration at equilibrium (qe), are summarized in
Table S2. For both Hg(II) and MeHg, the pseudo-second-order kinetic
model (Hg(II): r2 = 0.999, MeHg: r2 = 0.999, Fig. 1E and F) performed
better than the pseudo-first-order model (Hg(II): r2 = 0.538, MeHg: r2 =
0.034, Fig. 1C and D). These results suggest that the rate-limiting step for
both Hg(II) and MeHg removal is chemical sorption involving valency
forces formed between FeSNP and Hg through sharing or exchange of
electrons, but not the film diffusion or intraparticle diffusion (Atun and
Sismanoglu, 1996; Ho and Mckay, 1999). The Hg(II) and MeHg sorption
rates (k2) by FeSNP were 0.0010 g mg-1 h-1 and 0.0012 g mg-1 h-1,
respectively, which were relative lower than the rate of Hg(II) sorption
reported for carboxymethyl cellulose (CMC) stabilized FeS (0.0061 g
mg-1 h-1), probably due to the CMC-enhanced dispersion and surface
area of FeS (Wang et al., 2020).
Hg sorption isotherms by FeSNP are presented in Fig. 2A and B. For
Hg(II), the sorbed amounts increased linearly (r2 = 0.946) with
increasing initial Hg(II) concentrations, with saturation not reached
even at an initial concentration of 30 mg⋅L-1 Hg(II) (>1392 mg g-1). In
this batch test, FeSNP concentration was fixed at 20 mg L-1
(227.5 µmol⋅L-1); therefore, it is speculated that surface complexes of Hg
(II) and FeSNP is responsible for Hg(II) sorption when the initial Hg(II)
concentration was lower than 2.28 mg⋅L-1 (for Hg(II)/FeS molar ratio of
< 0.05), whereas HgS precipitation is dominant at higher Hg(II) con
centrations (Jeong et al., 2007). This could be further supported by the

3.1. FeS nanoparticle sorption of Hg(II) and MeHg
The sorption of Hg(II) and MeHg on FeSNP was first assessed in a 5hour incubation test under anaerobic conditions (Fig. S5). In the pres
ence of 10 mg⋅L-1 FeSNP, only 0.41 ± 0.11 ng⋅L-1 (or 2.1 ± 0.6%) soluble
Hg(II) could be detected in FeSNP-Hg(II) mixtures after filtration. This
result is in accordance with previously reported findings that FeS is an
effective sorbent for Hg(II) (Jeong et al., 2007), implying that synthetic
FeSNP can potentially be applied to Hg remediation. Similar levels of
MeHg sorption were also observed in the presence of FeSNP, with only
19.0 ± 0.1% (or 3.81 ± 0.02 ng⋅L-1) of spiked MeHg remaining in the
filtrate (Fig. S5). In addition, no significant differences in the recoveries
of MeHg were observed in the presence (after FeSNP dissolution) or
absence of FeSNP (Fig. S6), implying that sorption of MeHg onto FeSNP
occurred without any loss or degradation. Overall, these results suggest
that FeSNP is also an effective sorbent for MeHg, with the potential to
affect its geochemical fate in aquatic systems.
Hg(II) and MeHg sorption kinetics by different concentrations of
FeSNP are presented in Fig. 1A and B, respectively. All the tests
demonstrate a rapid initial phase of sorption within the first 0.5 h fol
lowed by a relatively slow sorption phase. With the increase of FeSNP
concentration, the sorption of both Hg(II) and MeHg reached equilib
rium more rapidly, achieving nearly complete removal of Hg(II) or
MeHg within 3 h (Fig. 1A and B). The generally used pseudo-first-order
(SI2, Equation (1)) and pseudo-second-order (SI2, Equation (2)) kinetic

Fig. 1. Hg(II) (A) and MeHg (B) sorption kinetics by
5–100 mg⋅L-1 of FeSNP (initial Hg(II) or MeHg = 20 ng⋅L-1,
FeSNP = 5–100 mg⋅L-1, and pH = 6.0), as well as the
pseudo-first-order kinetic fittings of Hg(II) (C) and MeHg
(D), and pseudo-second-order kinetic fittings of Hg(II) (E)
and MeHg (F) sorption by FeSNP under anaerobic condi
tions (initial Hg(II) or MeHg = 20 ng⋅L-1, FeSNP = 20 mg⋅L1
, and pH = 6.0). Data were presented as mean of tripli
cates or duplicates and error bars (calculated as standard
deviation). qt and qe (mg⋅g-1) represent the sorbed amount
of mercury by FeSNP at time t (h) and equilibrium (h),
respectively.
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Fig. 2. Hg(II) (A) and MeHg (B) isotherms by FeSNP (Hg(II)
or MeHg = 0–30 mg⋅L-1, FeSNP = 20 mg⋅L-1, and pH = 6.0),
as well as the Langmuir and Freundlich fitting curves (95%
confidence level) for Hg(II) (C and E) and MeHg (D and F)
sorption by FeSNP, respectively. Data were presented as
mean of triplicates or duplicates and error bars (calculated
as standard deviation). Ce and qe represent the equilibrium
concentration of mercury in the solution phase (mg⋅L-1)
and the equilibrium sorbed amount of mercury by FeSNP
(mg⋅g-1), respectively. lgCe and lgqe are the logarithmic
value of Ce and qe to base 10.

PHREEQC calculation, which predicted that FeS-sorbed Hg was the most
predominant Hg species under various pH and ligands conditions
(Table S3~S5). The extremely high sorption capacity of FeSNP for Hg(II)
is indicative of its role in limiting the bioavailability of Hg(II) to
Hg-methylating microorganisms in anaerobic environments (Liu et al.,
2009; Rivera et al., 2019). For MeHg, the sorbed amounts also increased
with higher initial MeHg concentrations, reaching a plateau at
241 ± 8.9 mg⋅g-1 with initial MeHg concentrations higher than
20 mg⋅L-1. Langmuir (Fig. 2C and D, SI 3 Eq. (3)) and Freundlich
isotherm models (Fig. 2E and F, SI 3 Equation (4)) were used to describe
the sorption characteristics of Hg(II) and MeHg by FeSNP (Sun et al.,
2018), with the fitting parameters presented in Table S6. For both Hg(II)
and MeHg, the Freundlich model (Hg(II): r2 = 0.994, MeHg: r2 = 0.993)
fitted the data better than the Langmuir model (Hg(II): r2 = 0.122,
MeHg: r2 = 0.771). These results suggest that Hg interactions and
sorption occurred in multiple layers of the synthetic FeSNP (Mesa et al.,
2020).

Chen, 1973). However, under lower pH conditions, FeSNP is prone to
dissolution (Fig. S7 and Table S3), decreasing the overall level of Hg
sorption (Lee, 2009).
The effect of Cl- on Hg sorption to FeSNP was explored with Clconcentrations of 0–1.21 × 104 mg⋅L-1. For both Hg(II) (Fig. 3C) and
MeHg (Fig. 3D), FeSNP sorption decreased with increasing Cl- concen
trations, which was likely due to the competitive formation of chloro
complexes between Cl- and Hg species, thus decreasing Hg sorption onto
FeSNP (Forbes et al., 1974; Liu et al., 2012b; Morel et al., 1998; Wang
et al., 1991).
The effect of DOM on Hg sorption to FeSNP was investigated using a
DOM concentration range of 0-40 mg C⋅L-1. Similar to the results for Cl-,
sorption of both Hg(II) (Fig. 3E) and MeHg (Fig. 3F) by FeSNP exhibited a
decreasing trend with enhanced DOM concentrations, due to interaction
between Hg and DOM thiol groups (Liu et al., 2012b).
Through PHREEQC thermodynamic speciation calculation, it was
observed that FeS was still the primary Fe species in phosphate buffer,
although a fraction was converted into FeH2PO4+, FeHPO4 or dissolved
Fe2+ under different pH or ligands conditions (Table S3~S5). In addi
tion, PHREEQC models show that FeS-sorbed Hg and HgS(solid) were
the most dominant Hg species in solution, which is highly consistent
with the experiment observations. For instance, when pH increased from
4.0 to 7.0, the percent FeS-sorbed Hg species increased from 59% to
99%, which then slightly decreased to 98% at pH 9.0 (Table S3). When
Cl- increased from 6.06 to 1.21 × 104 mg⋅L-1, the percent FeS-sorbed Hg
species in solution decreased from 92% to 65% (Table S4). When DOM
increased from 1 to 40 mg⋅L-1, the percent FeS-sorbed Hg species in
solution decreased from 87% to 58% (Table S5). Besides, a small fraction

3.2. Factors affecting the sorption of Hg to FeS nanoparticles
The effect of pH on Hg sorption by FeSNP was studied in the range of
pH 4.0–9.0. Overall, the sorption of Hg(II) and MeHg by FeSNP (Fig. 3A
and B, respectively) was the highest at pH 6.0, showing an initial in
crease, followed by a slight decrease with increasing pH. This may be
due to pH-dependent species variation of Hg and FeSNP in solution (Kim
et al., 2004; Mesa et al., 2020). Under higher pH conditions, Hg(II) and
MeHg become associated with hydroxide groups, hindering the sorption
of Hg by HgSNP (Barrow and Cox, 1992; Liu et al., 2012b; Lockwood and
5
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Fig. 3. Effect of environmental factors on sorption of Hg
(II) and MeHg on FeSNP, including pH on the sorption of Hg
(II) (A) and MeHg (B) (Hg(II) or MeHg = 20 ng⋅L-1; FeSNP
= 20 mg⋅L-1; pH = 4.0–9.0); Cl- concentration on the
sorption of Hg(II) (C) and MeHg (D) (Hg(II) or MeHg
= 20 ng⋅L-1; FeSNP = 20 mg⋅L-1; pH = 6.0; Cl= 0–1.21 × 104 mg⋅L-1); DOM concentration on the sorp
tion of Hg(II) (E) and MeHg (F) (Hg(II) or MeHg = 20 ng⋅L1
; FeSNP = 20 mg⋅L-1; pH = 6.0; DOM = 0–40 mg C⋅L-1). In
all experiments n = 3.

of Hg existed as Hg(0) (Bone et al., 2014), while other species were
negligible under each conditions (Table S3–S5). Overall, these results
suggest that the immobilization of both Hg(II) and MeHg by FeSNP was
affected by various environmental factors, which could further influence
the bioavailability of Hg and its remediation efficiency.
3.3. Reduced microbial uptake of Hg(II) by FeS nanoparticles
The effect of FeSNP on the bioavailability of Hg(II) was investigated
using E. coli PRL, a Hg-specific biosensor, via comparing the lumines
cence intensity of the biosensor in the presence of soluble Hg(II), Hgladen FeSNP and a FeSNP-Hg mixture under anaerobic conditions
(Fig. 4). In all cases except the control group, the luminescence intensity
increased sharply in the first two hours, reaching equilibrium after 3 h of
exposure. Results show that pre-equilibrating FeSNP with Hg(II) for 5 h
(Hg-laden FeSNP) prior to cell incubation achieved the highest level of
Hg(II) sorption by FeSNP (>80%, Fig. 2A), resulting in the lowest level of
luminescence emittance by the sensing cells (Fig. 4). This result dem
onstrates that the sorption of Hg(II) by FeSNP decreases the bioavail
ability of Hg(II), as only intracellular Hg ions can activate the expression
of luminescence reporter genes. Although the E. coli-based biosensor
may not fully mimic the cellular uptake of Hg(II) by Hg methylating
bacteria, the advanced understandings of microbial uptake of Hg by
methylator, using biosensor (Stenzler et al., 2017) and traditional

Fig. 4. Effect of FeSNP on the bioavailability of Hg(II) monitored by Hg-specific
biosensor under anaerobic conditions. Four treatments were set: 1) Hg-laden
FeSNP, in which Hg(II) and FeSNP were pre-equilibrated for 5 h prior the
addition of cells; 2) FeSNP-Hg mixture, in which FeSNP, Hg(II) and cells were
simultaneously added into exposure medium; 3) soluble Hg(II), in which cells
were exposed to Hg ions without FeSNP; and 4) control group, in which no Hg
were added.
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approaches (Schaefer et al., 2014), suggest the feasibility of biosensors
for assessing Hg methylation. Overall, this result also suggests FeSNP
might further reduce MeHg production in anaerobic environments, due
to the decrease in bioavailable Hg(II) as a substrate for Hg methylation
(Paranjape and Hall, 2017; Ullrich et al., 2001).
In addition, it was found that in the initial 1 h of exposure the
luminescence intensity induced by the FeSNP-Hg mixture, in which Hg
(II), FeSNP and cells were added simultaneously to the exposure system,
was 1.93-fold higher than that of the soluble Hg(II) treatment. This
result suggests that FeSNP might serve as a shuttle, carrying Hg into cells
(Cronholm et al., 2012), resulting in enhanced intracellular Hg levels.
However, with ongoing incubation, the luminescence intensity induced
by the FeSNP-Hg mixture was significantly lower than that of soluble Hg
(II), implying that desorption of Hg(II) from FeSNP is critical to its
bioavailability. Furthermore, these observations suggest that the sorp
tion of Hg(II) by FeSNP involves two stages: 1) chemisorption (or surface
complexation), where Hg(II) is relatively weakly sorbed onto the surface
of FeSNP so that it could be desorbed and utilized by microorganisms; 2)
chemical transformation between sorbed Hg(II) and FeSNP, forming
inert Hg species, e.g. Hg sulfide (HgS) as predicted by PHREEQC
calculation (Table S3–S5), and therefore reducing its desorption/disso
lution and bioavailability.

Fig. 5. Methylation rate constants (km, day-1) of newly spiked 199Hg (A) and
ambient Hg (B), as well as demethylation rate constants (kd, day-1) of Me201Hg
(C) in anaerobic sediments amended with different dosage of FeSNP
(0–350 µg⋅g-1). Categories sharing common letter do not differ significantly
(p > 0.05): lower case letters are for comparison of km or kd under different
dosage of FeSNP; capital letters are for comparison of km or kd at different in
cubation time.

3.4. FeS nanoparticles inhibited MeHg production in anaerobic sediments
Double isotope tracing was applied to monitor Hg(II) methylation in
anaerobic sediments spiked with FeSNP. Results show that the net pro
duction of Me199Hg increased in the initial 2 days of incubation,
decreasing thereafter (Fig. S8A). For ambient MeHg, no significant
variations were observed during the incubation, besides the control
group (Fig. S8B). Overall, with the increasing FeSNP addition, net pro
duction of Me199Hg and ambient MeHg were obviously inhibited in the
initial 5 days of incubation. However, on the 8 day, Me199Hg and
ambient MeHg showed a slight increase with the increasing FeSNP
addition (Figs. S8A and S8B). In addition to the reduced Hg(II)
bioavailability by FeSNP, the effect of FeSNP on microbial activities might
be another factor resulting these variated trends.
A modified model (SI 4), which considers the contributions of both
Hg(II) methylation and MeHg demethylation in the function describing
the variation of MeHg concentration, is applied to estimate the
methylation rate constants (km) (Li et al., 2012). For the newly spiked
199
Hg(II), the km values of the control sediments were significantly
higher than those amended with FeSNP (Fig. 5A). For instance, during
0–2 d, the km values of 199Hg(II) was (2.06 ± 0.04)× 10-2 d-1, signifi
cantly (p < 0.05, ANOVA) decreasing to (1.53 ± 0.09)× 10-2 d-1,
(1.47 ± 0.13)× 10-2 d-1, and (1.69 ± 0.01)× 10-2 d-1 when spiked with
70, 140 and 350 µg⋅g-1 FeSNP, respectively. A similar inhibitory effect of
FeSNP was observed for the ambient Hg methylation (Fig. 5B). These
results were highly consistent with a paddy field study, which observed
that the reactive Hg(II) concentration decreased with increasing total
reduced sulfur in sediment along natural gradients under seasonal
wetting and drying (Marvin-DiPasquale et al., 2014).
However, with further incubation, the km values for all treatments
displayed a decreasing trend. In addition, during the initial 0–2 d, the km
values of 199Hg(II) were significantly higher than those of ambient Hg,
while there were no significant differences observed between them in
the later periods. These results suggest that newly deposited Hg can be
quickly passivated by FeSNP in anaerobic sediments, resulting in
decreased bioavailability to Hg methylators. Overall, these results are in
good agreement with the reduced bioavailability of Hg-laden FeSNP and
FeSNP-Hg mixtures observed using the biosensor E. coli PRL (Fig. 4), as
well as the reduction in Hg(II) methylation in FeS spiked pure culture
experiments (Wang et al., 2020). These results further support that
FeSNP is a good candidate for Hg remediation in aquatic systems.

3.5. Reduction of bioavailable MeHg by FeS nanoparticles
In aquatic systems, anaerobic sediments serve as an important pool
for MeHg production, with the assimilation of benthos to sediment
MeHg being the key to determining MeHg accumulation in benthic
aquatic food webs (Lee et al., 2000). In this study, extraction using a
synthetic benthic invertebrate gut juice (Ma et al., 2009; Voparil and
Mayer, 2004; Zhong and Wang, 2008) was employed to assess the
impact of FeSNP on MeHg bioavailability.
At each selected time-point, both the concentration and the per
centage of bioavailable Me199Hg (BioMe199Hg) in sediments decreased
with increasing FeSNP dosage (Fig. 6A and Fig. S9A). For example,
BioMe199Hg accounted for 10 ± 1.4% (or 11.6 ± 1.55 ng⋅kg-1) of the
total Me199Hg content in control sediments at the initial point of incu
bation (0 d), decreasing significantly (p < 0.05, ANOVA) to 1.6 ± 0.5%
(or 2.36 ± 0.90 ng⋅kg-1) in sediments amended with 350 µg⋅g-1 FeSNP.
After 5 days of incubation, the percentage of BioMe199Hg in the control
group was 5.5 ± 0.9% (or 5.19 ± 1.22 ng⋅kg-1), while it was 3.7 ± 1.2%
(or 3.84 ± 0.51 ng⋅kg-1) for sediments amended with 350 µg⋅g-1 FeSNP.
A similar decrease in bioavailability was also observed for ambient
MeHg (Fig. 6B and Fig. S9B) and newly spiked Me201Hg (Fig. 6C and
Fig. S9C) in sediments during the whole exposure period.
With further incubation, the percentage of BioMe199Hg and Bio
201
Me Hg in sediments amended with FeSNP exhibited a decreased trend,
whereas no obvious variation was observed for ambient BioMeHg
(Fig. 6A–C). This phenomenon might be due to the originally present
ambient MeHg having already been passivated in anaerobic sediments
and therefore existing in an inert state, indicating that the effect of FeSNP
on the bioavailability of ambient MeHg was not significant to newly
formed/spiked MeHg. Overall, these results suggest that FeSNP amend
ment can reduce the bioavailability of MeHg in anaerobic sediments,
reducing the risk of MeHg exposure via integration into aquatic food
webs (Lee et al., 2000). This further supports the finding that synthetic
FeSNP could be a good candidate for Hg pollution remediation in
anaerobic systems.
In addition, it was found that the bioavailable fraction of inorganic
7
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Fig. 6. The percentage of bioavailable MeHg in anaerobic (A–C) and oxidized (D–F) sediments. The oxidized sediments were the anaerobic ones after exposed to air
for 15 days. Categories sharing common letter do not differ significantly (p > 0.05): lower case letters are for comparison of bioavailable MeHg under different
dosage of FeSNP; capital letters are for comparison of bioavailable MeHg at different incubation time.

Hg exhibited a similar trend to BioMeHg (Fig. S10A and S10B). How
ever, the overall percentages of Bio199Hg (1.7 ± 0.1–5.2 ± 0.5%) and
ambient BioHg (1.2 ± 0.1–5.6 ± 1.5%) were lower than those of
Bio199MeHg
(1.2 ± 0.4–14 ± 3.8%)
and
ambient
MeHg
(4.3 ± 0.6–10.6 ± 1.5%), respectively, suggesting that Hg(II) is less
bioavailable than MeHg within the food chain.
In addition, double isotope tracing revealed that the demethylation
rate constant (kd) of Me201Hg increased from 0.15 ± 0.04 d-1 to
0.30 ± 0.01 d-1 when FeSNP increased from 0 to 350 µg⋅g-1 during 0–2
d of exposure (Fig. 5C), further verifying the potential role of FeSNP in
MeHg risk reduction. For the increased MeHg demethylation with
increasing FeSNP, one possible explanation was that the binding of MeHg
to reactive sites (e.g. reduced sulfur group) on FeSNP facilitate dime
thylmercury ((CH3)2Hg) formation, thus enhancing the degradation of
MeHg (Jonsson et al., 2016). However, with extension of the incubation
period, kd values reduced with increasing FeSNP concentrations, indi
cating that FeSNP could reduce the microbial degradation of MeHg over
longer time periods, thus enhancing the persistence of MeHg in anaer
obic environments.
Overall, these results suggest that FeSNP was a double-edged sword
for Hg cycling in anaerobic sediments, not only decreasing Hg(II)
methylation and MeHg bioaccumulation, but also elevating the persis
tence of MeHg in environment. Notably, in actual anaerobic environ
mental remediation using FeSNP, other co-existed sulfide species, e.g.
dissolved HS- and H2S might compete with FeSNP for Hg(II) binding
through formation of insoluble HgS and bi-/poly-sulfide complexes
(Chai et al., 2010; Liu et al., 2012b; Skyllberg, 2008). Therefore, it is
necessary to evaluate the long-term effect of FeS, especially in the
presence of different sulfide species, on Hg cycling in order to achieve
effective pollution remediation in the natural environment.

3.6. The oxidation of sediments would enhance the bioavailable MeHg
When the anaerobic sediments were oxidized via air exposure for 15
days, the percentage of BioMe199Hg showed no significant change
compared to the control sediments (Fig. 6D and S9D). However, in the
sediments amended with FeSNP, the fraction of BioMe199Hg in the
oxidized ones significantly enhanced compared with the corresponding
anaerobic ones. For instance, the percentage of BioMe199Hg in anaerobic
sediments (after 8 d) amended with 70, 140 and 350 µg⋅g-1 FeSNP were
2.2 ± 1.0%, 1.5 ± 0.3% and 1.2 ± 0.4% (Fig. 6A), respectively, which
was enhanced to 5.2 ± 2.1%, 3.6 ± 0.3% and 3.5 ± 1.5% after 15 days
of oxidation (Fig. 6D), respectively. Similar anaerobic versus aerobic
trends were also observed for the fraction of ambient BioMeHg (Fig. 6E
and Fig. S9E), BioMe201Hg (Fig. 6F and Fig. S9E) and Bio199Hg
(Fig. S10C).
The AVS fraction is usually oxidized during a few hours of exposure
of an anaerobic sediment to oxic water and therefore, transformation
from the sulfide bound phase to the oxide phase is expected to be rapid
(Morse, 1994). Previous studies have also demonstrated that pyritized
metals, including As, Cu and Hg, could potentially be bioavailable after
pyrite oxidation (Morse, 1994). In this study, the sharp decrease of AVS
concentrations in sediments after 15 days of aeration confirmed that the
sediments had been oxidized (Table S7). Therefore, it is likely that the
enhanced bioavailability of MeHg and Hg(II) in sediments was due to
the reactivation of FeSNP-fixed Hg through oxidation, enhancing their
exposure risk to aquatic organisms and subsequently to humans. Over
all, these findings also imply that increased research attention should be
paid to the risks of MeHg exposure in aquatic environments affected by
seasonal water-level variation, such as the water level alternation zones
of reservoirs, wetlands, rice paddy, and intertidal zones.
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4. Conclusions
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