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Mercury and ferrous iron commonly co-exist in anaerobic environments, the hotspots of microbial mer-
cury methylation that leads to formation of neurotoxic methylmercury. However, the influence of ferrous
iron on mercury bioavailability and methylation remains unclear. Here, we discover that microbial
methylmercury production is inhibited by iron addition in a non-monotonical manner, reaching the min-
imal level at the initial molar ratio of dissolved Fe/Hg as 1/3, when highly aggregated Hg–S–Fe nanopar-
ticles occur and prevent the nanoparticle–bacteria interactions. The dominant mercury species formed
upon Hg–S–Fe co-precipitation is iron-incorporated nano-metacinnabar with short-range structural dis-
order. The methylation potential of this mercury species is inversely correlated with the aggregation state
of nanoparticles. The non-monotonical trends of the aggregation state and subsequent methylation of
nano-metacinnabar are due to the opposite effects of ferrous iron on the nucleation and particle attach-
ment that determine the formation of nanoparticle aggregates. Increased Fe/Hg ratio hinders particle
nucleation and thus decreases the density of particle monomers for aggregation. However, Fe substitu-
tion of sub-surface Hg weakens the inner-sphere coordination of surface Hg with natural thiol ligands
and consequently enhances nano-metacinnabar aggregation. This new mechanistic insight is important
for assessing and minimizing the risks of mercury methylation, and informs how intertwined iron and
sulfur cycling may influence metal bioavailability in the changing environment.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Inorganic mercury is released to the environment from various
natural and anthropogenic sources, such as volcanic eruption, gold
mining and fossil fuel combustion (United Nations Environment
Programme, 2019). Of particular concern is the conversion of inor-
ganic mercury to the bioaccumulative neurotoxin, methylmercury
(MeHg), which biomagnifies through the food chain and severely
endangers human health (Driscoll et al., 2013; Tang et al., 2020).
Mercury methylation is predominantly driven by anaerobic
microorganisms carrying hgcAB genes dwelling in aquatic settings,
such as sulfate reducing bacteria, iron reducing bacteria, and
methanogens (Parks et al., 2013; Podar et al., 2015). Given that sul-
fate reduction and iron reduction are common electron-accepting
processes in anaerobic environments (Muyzer and Stams, 2008;
Lovley, 1991), the main metabolic products from these processes,
sulfide and ferrous iron, are expected to co-occur with mercury
at the environmental ‘‘hotspots” for MeHg production.

The environmental significance of understanding the influence
of sulfide and iron on mercury bioavailability and methylation
has long been recognized, but findings from previous research
were inconsistent (Mehrotra et al., 2003; Mehrotra and Sedlak,
2005; Han et al., 2008; Ulrich and Sedlak, 2010; Bravo et al.,
2015). On one hand, substantial mercury methylation was
observed in iron-rich sediments impacted by organic matter dis-
charged from sewage treatment plants (Bravo et al., 2015). Upon
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addition of relatively low concentration of iron, MeHg production
was unchanged or mildly enhanced in sediment slurries
(Mehrotra and Sedlak, 2005; Han et al., 2008). On the other hand,
iron amendment was reported to mitigate MeHg production in
pure cultures of methylating bacteria and anoxic sediments
(Mehrotra et al., 2003; Ulrich and Sedlak, 2010). These mitigating
effects have been explained by two mechanisms related to how
ferrous iron modulates the abundance and speciation of dissolved
mercury, including mercury sequestration via precipitation with
(Jeong et al., 2007; Jeong et al., 2010; Skyllberg and Drott, 2010;
Zhang et al., 2014; Rivera et al., 2019) or adsorption to iron sulfide
(Merritt and Amirbahman, 2007; Jeong et al., 2007; Jeong et al.,
2010; Rivera et al., 2019), as well as iron decreasing the concentra-
tion of dissolved sulfide that reduces the formation of dissolved
neutral mercury sulfide complexes (Mehrotra et al., 2003; Ulrich
and Sedlak, 2010).

Improved understanding of mercury bioavailability requires not
only attention to dissolved mercury speciation at equilibrium con-
ditions (Benoit et al., 1999), but also consideration of kinetically-
controlled metastable species of particulate mercury (Gerbig
et al., 2011; Zhang et al., 2012). In fact, previous research has
shown that nanoparticulate mercury is widely present in the envi-
ronment and appears to be persistent (Poulin et al., 2016; Gilmour
et al., 2018; Xu et al., 2021), as the precipitation processes of mer-
cury sulfide are kinetically hindered by natural organic matter
(NOM) and low-molecular-weight thiols (Deonarine and Hsu-
Kim, 2009; Poulin et al., 2017; Mazrui et al., 2018). Although
nanoparticulate mercury led to prominent MeHg production in a
number of pure culture (Zhang et al., 2012; Graham et al., 2012;
Graham et al., 2013; Tian et al., 2021), sediment microcosm
(Jonsson et al., 2012; Zhang et al., 2014; Mazrui et al., 2016; Ndu
et al., 2018) and mesocosm studies (Jonsson et al., 2014), the
effects of iron on the formation and bioavailability of nanoparticu-
late mercury remains unclear and nanoparticulate mercury–sul
fide–iron (Hg–S–Fe) species has not yet been proposed, which
may help understand the wide range of mercury methylation
potential observed in natural environment (Cossa et al., 2014;
Tang et al., 2020). Here, we discern the nature of the precipitation
products in the Hg–S–Fe system, and the mechanisms via which
ferrous iron modulates the nano-crystalline structure and subse-
quent methylation potential of agglomerated nanoparticulate
mercury.
2. Materials and methods

2.1. Co-precipitation of Hg–S–Fe in the presence of natural ligands

Ultrapure water (>18.0 MO�cm) was purged with high purity
nitrogen (99.999%) prior to use in all anaerobic experiments.
Sodium nitrate (NaNO3, 99.0%) and sodium sulfide nonahydrate
(Na2S�9H2O, 99.99%) were purchased from Aladdin Bio-Chem Tech-
nology Co., Ltd. (Shanghai, China). Ferrous sulfate heptahydrate
(FeSO4�7H2O, >99%) was purchased from Dalian Meilun Biotechnol-
ogy Co., Ltd. (Dalian, China). Mercury nitrate monohydrate (Hg
(NO3)2�H2O, analytical grade) was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and used to prepare
the mercury (Hg) stock solution containing 0.15 M HNO3 (trace
metal grade). Reduced glutathione (GSH, 99%) was purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). The stock solu-
tions of Na2S, FeSO4 and GSH were prepared using N2-purged ultra-
pure water within 4 h before the precipitation experiments.
Suwannee River Fulvic Acid Standard II (SRFA, 2S101F) was pur-
chased from the International Humic Substances Society and used
to prepare the SRFA stocks in ultrapure water. The SRFA stocks
were filtered through 0.22-lm membrane filters and the concen-
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trations of dissolved organic carbon (DOC) were quantified using
a total organic carbon (TOC) analyzer (multi N/C3100, Analytik
Jena AG, Jena, Germany). Natural ligands, 5 mg-C/L SRFA or
100 lM GSH, were added into a 0.1 M NaNO3 solution (filtered
to <0.1 lm), followed by the addition of ionic divalent iron and
mercury with different Fe/Hg molar ratios, ranging from 300/1 to
1/30. These experimental matrices were then spiked with
100 lM sulfide and mixed end-over-end prior to sample character-
ization. The sum of the mercury and iron spikes were also kept at
100 lM. The ‘‘no ligand” controls contained the same chemical
compositions except that no ligands (i.e., no SRFA or GSH) were
added to these samples. The pH of all samples was adjusted to
7.0 ± 0.7 using 1 M NaOH and 1 M HNO3. All precipitation experi-
ments were performed inside an anaerobic chamber filled with
97% N2 and 3% H2 (Type A glovebox, Coy Laboratory Products
Inc., USA). The initial solutions’ composition and saturation indices
(SI) with respect to iron sulfide (FeS) and mercury sulfide (HgS)
were calculated using Visual MINTEQ 3.1.

2.2. Microbial mercury methylation experiments

The model strain of methylating bacterium, Pseudodesulfovibrio
mercurii ND132 (P. mercurii ND132, previously known as Desul-
fovibrio desulfuricans ND132, Gilmour et al., 2011; Gilmour
et al., 2021), was utilized for assessing the methylation potential
of the Hg–S–Fe co-precipitation products. According to previously
established protocols (Gilmour et al., 2011), the bacterial cultures
were maintained in sulfate-reducing media and transferred to fer-
mentative media (with sulfate replaced by fumarate as the elec-
tron acceptor) before the methylation experiments. The sulfate-
free fermentative media were used to minimize the production
of sulfide, which is known to influence Hg speciation and methy-
lation. The precipitation products were synthesized as described
above. Then, aliquots of each Hg–S–Fe samples were added to
the late-exponential-phase cultures with equal total mercury
addition of 10 nM. A separate set of aliquots from the precipita-
tion products were centrifuged in 3 kDa ultrafiltration tubes
(Amicon Ultra-4, Merck Millipore Ltd., Ireland) at 7,500 g for
40 min and the dissolved mercury concentrations were measured
from the filtrates by following USEPA method 1631 (U.S.
Environmental Protection Agency, 2002). All experiments were
performed in an anaerobic chamber at room temperature (23–
26 �C). Four control groups were included: (1) ‘‘abiotic control”
consisting of uninoculated media amended with the precipitation
products of HgS with SRFA or GSH; (2) ‘‘killed control” consisting
of autoclaved cultures amended with the precipitation products
of HgS with SRFA or GSH; (3) ‘‘no mercury” control consisting
of active cultures amended with the precipitation products of
FeS with SRFA or GSH; (4) ‘‘no iron” control consisting of active
cultures amended with the precipitation products of HgS with
SRFA or GSH. At each time point, triplicate cultures were sacri-
ficed and aliquots were taken for quantification of cell density
using flow cytometry (Accuri C6 Plus, BD Biosciences, USA). The
bacterial cells were counted after stained with SYBR Green I
(Thermo Fisher Scientific, USA). The remaining cultures were col-
lected to quantify the concentrations of total mercury and MeHg
by following USEPA method 1631 (U.S. Environmental Protection
Agency, 2002) and 1630 (U.S. Environmental Protection Agency,
2001), respectively. After the mercury exposure, a subset of test
cultures (4.3 ± 0.2 � 108 cells mL�1) was centrifuged at 11,139
g for 5 min to collect bacterial cells, which was then resuspended
in a fixative solution containing 2.5% (v/v) glutaraldehyde. After-
ward, the cells were thoroughly washed with phosphate buffered
saline (pH 7.4), treated with 1% osmium tetroxide, and embedded
in epoxy resin. The 200–300 nm resin sections were deposited on
a copper grid and examined with transmission electron
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microscopy coupled with energy dispersive X-ray spectroscopy
(TEM–EDX).

2.3. Characterization of Hg–S–Fe co-precipitation products

The particle morphology and chemical composition was charac-
terized using TEM–EDX analysis (JEM-2800, JEOL Ltd., Japan). A
small sample aliquot was deposited on a copper grid supported
by ultrathin carbon films and allowed to air-dry prior to TEM–
EDX analysis. The crystal structure of the co-precipitation products
of Hg–S–Fe in the absence of thiol ligands was determined with
synchrotron-based X-ray diffraction (XRD, k = 0.68879 Å) at beam-
line BL14B1 of Shanghai Synchrotron Radiation Facility (SSRF).
Before XRD analysis, particles were collected with filtration and
freeze-drying. Immediately after addition of sulfide, the samples
were mixed end over end. A 1-mL aliquot was dispensed into a
cuvette and was placed in the instrument sample holder. The
scattered light intensity at 90� was assessed. The hydrodynamic
diameters of the precipitation products were estimated every
2 min from independent measurements consisting of ten
10-second runs on a Zetasizer instrument (Nano ZS90, Malvern
Instruments Ltd., UK).

The binding environment of mercury in the precipitation prod-
ucts was assessed using Hg LIII-edge extended X-ray absorption
fine structure (EXAFS) analysis at beamline BL14W1 of SSRF. We
employed the solid phase extraction method reported previously
to pre-concentrate our samples for Hg LIII-edge (12,284 eV) EXAFS
analysis (Gerbig et al., 2011; Pham et al., 2014). Briefly, 1-L Hg–S–
Fe samples were prepared with 5 mg-C/L SRFA, aged for up to 12 h
and passed through cartridges that contained 0.4 g of C18 resins
(pre-processed according to Pham et al., 2014). Afterwards, the
resins were collected, homogenized with an agate mortar and pes-
tle, loaded on an aluminum sample holder. The resins were then
pressed into 10-mm slices, sealed with Kapton tapes, flash-frozen
and kept in liquid N2 prior to EXAFS analysis. Metacinnabar (b-
HgS) reference material was prepared following the same proce-
dure except that no iron or SRFA was added to the sample matrix.
The mercury LIII-edge EXAFS spectra were collected at beamline
BL14W1 of SSRF. Energy calibration was carried out using an Au
foil. The electron beam energy was 3.5 GeV and the mean stored
current was 200 mA. The energy of X-ray was detuned by using
a fixed-exit double-crystal Si(111) monochromator. The EXAFS
spectrum of the metacinnabar reference material was recorded in
transmission mode using ionization chambers. For samples with
low mercury content, the EXAFS spectra were collected in flores-
cence mode using a 32-element pixel high purity Ge solid-state
detector. All samples were kept under liquid N2 atmosphere
(�150 �C) during analysis. The EXAFS data were processed using
ATHENA and ARTEMIS interfaces to IFEFFIT software (Newville,
2001; Ravel and Newville, 2005). After data deglitching, merging
and normalization, background subtraction was performed for all
sample spectra. EXAFS oscillations, v(k), were extracted from the
normalized spectra, and Fourier transformation was carried out
over a k range of 2–10 Å�1 from k-space to R-space using k3

weighting. Our EXAFS analysis was limited to the first coordination
shell. The short-range structural parameters that were determined
during spectra fitting included coordination number (CN), ampli-
tude reduction factor (S02), Hg–S interatomic distances (R),
Debye–Waller (DW) factors (r2), and energy shifts (DE0). Ampli-
tude reduction factor was fixed at 0.76 in accordance with the
spectrum fitting of the metacinnabar reference material. The
EXAFS signals were fitted with the ARTEMIS program (Newville,
2001; Ravel and Newville, 2005), using nonlinear least-squares
curve fitting, and the precision of data fitting was estimated
according to the square root of the average square difference
between the fitted and measured values. We coupled different
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spectra of the same group during ARTEMIS running. The spectra fit-
ting was deemed reliable as the number of variables was signifi-
cantly lower than the number of independent points from the
experiments. The reduced chi-square was 7 for samples formed
in the presence of SRFA and the obtained R-factor was below 5.0%.

Synchrotron-based small-angle X-ray scattering (SAXS) analysis
was conducted at beamline BL16B1 of SSRF to examine the time-
dependent particle formation. All SAXS measurements were per-
formed at room temperature with a three-slit collimation system
at beamline BL16B1 of SSRF. After the addition of NaNO3, SRFA,
FeSO4 and Hg(NO3)2, sulfide was added to the experimental matri-
ces, which were immediately mixed end-over-end and injected
into 1-mm sample cells sealed with Kapton tapes. The sample cells
were then loaded onto a holder at a sample-to-detector distance of
1600 mm to record 2D SAXS patterns with a Pilatus 2 M area detec-
tor that collected light intensities every 2 min. The 2D SAXS pat-
terns were converted into SAXS scattering curves with the
software Fit2D from European Synchrotron Radiation Facility
(Hammersley et al., 1996). The SAXS spectrum of the sample
matrix containing NaNO3, SRFA, FeSO4 and Hg (NO3)2, but no
Na2S, was utilized for background subtraction in data analysis.
After background subtraction, Lorentz-corrected intensity curves
(i.e., I � q2 versus q) were plotted and used for calculating the X-
ray scattering invariant (Q), which represents the total volume of
particles in solution (Li et al., 1992):

Q ¼
Z 1

0
I qð Þq2dq ð1Þ

The extent of interactions between particulate Hg–S–Fe and
SRFA was characterized using fluorescence spectroscopy. Fluores-
cence intensity of SRFA before and after reacting with nanoparti-
cles was used to investigate fluorescence quenching. A 1-mL
aliquot was dispensed into a quartz sample pool and placed in
the sample holder for measurements. Fluorescence intensity was
measured on a fluorescence spectrophotometer (F-7100, Hitachi,
Japan) at a scan rate of 12000 nm/min, with sampling intervals
of 5 nm for both excitation (Ex, 250–450 nm) and emission (Em,
360–540 nm) modes.

2.4. Density functional theory (DFT) calculations

The specific binding of thiol groups (represented by thioglycolic
acid) on the surface of particulate Hg–S–Fe was simulated and
compared to that with HgS using theoretical computation based
on DFT. The geometry optimizations of HgS and Fe-incorporated
HgS surfaces and their adsorptions of the thiol functional group
were calculated in the DFT framework with the projector-
augmented wave method in the Vienna Ab initio Simulation Pack-
age (VASP) (Kresse and Hafner, 1993; Kresse and Furthmuller,
1996). To describe the exchange–correlation interaction, the gen-
eralized gradient approximation with Perdew-Burke-Ernzerhof
functional was utilized herein (Perdew et al., 1996). The long-
range dispersion forces were accounted for employing the DFT-
D3 method proposed by Grimme (Grimme et al., 2010; Grimme
et al., 2011). To optimize the simulation accuracy, the Brillouin
zone was sampled using a 7 � 7 � 7 Monkhorst-Pack k-points
mesh for HgS bulk calculations, respectively, with a plane-wave
energy cutoff of 400 eV. The atomic positions were relaxed until
the Hellmann–Feynman forces on all atoms were below
0.02 eV/Å and their energy convergence of the energy difference
was below 10�4 eV between two consecutive self-consistent steps.
To mimic realistic surfaces, we constructed slab models with rea-
sonable thickness. Specifically, for the metacinnabar (111) surface
calculations, the p(2 � 2) supercell with six-layer atoms was
applied and its bottom pseudo-surface atoms were passivated by
pseudo-H atoms with 0.5e charge. For the (220) surface, the p
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(3 � 2) supercell with four-layer atoms was applied. During the
structure relaxations, both bottom Hg-S layers were fixed, while
the remaining slab and the adsorbates were allowed to relax. The
vacuum thickness is more than 15 Å perpendicular to the slab sur-
face, which helps avoid artificial interaction due to periodicity. The
surface energy (cs) for the slab model was calculated with the
formula:

cs ¼
1
2A

Eunrelaxed
s � NEb

� �
þ 1
A

Erelaxed
s � Eunrelaxed

s

� �
ð2Þ

where A is the area of the surface considered, Erelaxed
s and Eunrelaxed

s are
the energies of the relaxed and unrelaxed surface, respectively, N is
the number of atoms in the slab and Eb is the bulk energy per atom.
The formation energies (Eform) for Fe incorporation were calculated
by the following formula:

Eform ¼ Ein � Epri þ EHg � EFe ð3Þ
where Ein and Epri are the energies of the Fe incorporation and the
pristine systems, EHg and EFe represent the calculated total energy
of one Hg atom and one Fe atom, respectively. The adsorption ener-
gies (Eads) were calculated using the equation:

Eads ¼ Etotal � Eslab � Eadsorbate ð4Þ
where Etotal is the energy of surface-adsorbate adsorption system,
Eslab and Eadsorbate is the energy of clean surface slab and free adsor-
bate, respectively. The charge density differences of the stable con-
figurations with a thioglycolic acid adsorbed on surface were
obtained by subtracting the charge density of the isolated surface
slab and the free adsorbate from that of the surface with a thiogly-
colic acid adsorbed. The isosurface value is set to 0.005 e/bohr3. The
charge density differences of Fe incorporation on metacinnabar
were calculated by subtracting the charge density of Fe-
incorporated HgS from that of pristine HgS. The isosurface value
is set to 0.05 e/bohr3. The charge distribution of Hg and S atoms
at the surface and Fe atom at the sub-surface for HgS and Fe-
incorporated HgS were calculated using the Bader charge method
(Bader, 1990; Henkelman et al., 2006), which split the charge den-
sity in the region between two atoms along a plane that is perpen-
dicular to the connecting line between the two atoms. The Bader
charge in positive values indicates electron deficiency. The d band
center (ed) was computed as the first moment of the projected d
band density of states. It was expressed as:

ed ¼
Rþ1
�1 ndðeÞedeR þ1
�1 ndðeÞde

ð5Þ

where ndðeÞ represents the density of states, and e is the energy of
states.

2.5. Statistical analyses

Statistical differences were analyzed with the one-way analysis
of variance (ANOVA) for comparisons of test groups using Statisti-
cal Product and Service Solutions (SPSS, software in version 16.0). P
values less than 0.05 (p < 0.05) were considered statistically
significant.

3. Results

3.1. Mercury methylation in the presence of ferrous iron

Methylating bacteria, P. mercurii ND132, were exposed to the
products of the anaerobic co-precipitation processes of ionic diva-
lent mercury, sulfide and iron in the presence of SRFA or GSH, with
a fixed mercury level and varied iron concentrations. The microbial
MeHg production followed an unsymmetrical U-shaped trend with
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respect to the initial Fe/Hg molar ratios, and reached the minimal
level at the Fe/Hg ratio of 1/3 (Fig. 1A–B). Compared to MeHg pro-
duction in the absence of iron (i.e., ‘‘no iron” groups), the presence
of ferrous iron at an initial Fe/Hg ratio of 1/3 suppressed microbial
MeHg production by 90–96% (Fig. 1A–B). MeHg production was
then increased by 4.6- and 3.3-fold upon further iron addition to
reach Fe/Hg ratios of 3/1 and 30/1, respectively (Fig. 1A–B). The
detected MeHg production was primarily originated from
biomethylation of the precipitation products of Hg–S–Fe by the
active cultures of P. mercurii ND132, as indicated by the minimal
mercury background in the ‘‘no mercury” groups (Fig. S1) and neg-
ligible MeHg concentrations in the ‘‘abiotic control” and ‘‘killed
control” groups (Fig. 1A–B). Bacterial growth, quantified by cell
density, was indistinguishable among all the test and active control
groups during the methylation experiments (Fig. S2), suggesting
that the varied MeHg production was predominately due to differ-
ences in bioavailability of the mercury species formed at different
iron levels.
3.2. Hg–S–Fe precursors for microbial MeHg production

TEM analysis of culture thin-sections (Fig. 1C–E) showed that
nano-scale particles containing Hg, S and Fe appeared to associate
with P. mercurii ND132 cells. Indeed, the precipitation products in
the Hg–S–Fe system were nano-scale spherical particles with aver-
age diameters of 4–5 nm (Fig. 2; Fig. S4). The presence of iron and
natural ligands did not apparently change the morphology or size
of particle monomers (Fig. 2; Fig. S4). The three elements, namely
Hg, S and Fe, were co-present in the precipitation products, as
shown by the EDX spectra (Fig. 2; Fig. S4). Ultrafiltration-based
mercury fractionation analysis showed that dissolved mercury
remained below 0.16 ± 0.01% of total mercury addition, which fur-
ther confirmed that the dominant mercury species exposed to the
methylating bacteria were in particulate phase (Fig. S3).

According to the synchrotron-based XRD patterns, the domi-
nant crystalline phase of these nanoparticles transitioned from
metacinnabar to mackinawite as the initial Fe/Hg molar ratio
increased from 1/30 to 300/1 (Fig. 3). The XRD spectra of the
iron-rich samples showed evident diffraction patterns of macki-
nawite, particularly the (001) crystallographic face, and no peak
shifting was observed (Fig. 3). These mackinawite particles may
serve as mercury sinks as reported in previous literature (Jeong
et al., 2010). For the samples precipitated at Fe/Hg ratio ranging
from 1/30 to 30/1, the XRD peaks corresponding to the (111) and
(220) crystallographic faces of metacinnabar gradually shifted to
larger Bragg angle (h) with increasing iron level (Fig. 3). Based on
the Bragg’s law (Bragg, 1913), 2d sin h ¼ nk, at a fixed incident
wavelength (kÞ, larger Bragg angle (h) indicates smaller interplanar
spacing (d). Given the smaller ionic radius of iron relative to mer-
cury, the XRD peak shifting indicated iron incorporation into the
crystalline structure of metacinnabar. In fact, the rate-limiting step
of metal sulfide nucleation is the exchange between water mole-
cules in metal sulfide outer-sphere complexes and the inner-
sphere complexes (Rickard and Luther, 2007), and the water
exchange rate for mercury is orders of magnitude greater than that
for ferrous iron (Morse and Luther, 1999). Therefore, prior to the
formation of FeS clusters, HgS clusters are expected to form with
dissolved iron incorporated into precursor structures. This is con-
sistent with previous observations that naturally-occurring meta-
cinnabar tended to contain iron impurities (Boctor et al., 1987),
and that other ‘‘fast metals” (e.g., Cu) formed sulfide minerals more
rapidly than ferrous iron and thus incorporated iron into mineral
precursors during co-precipitation (Mansor et al., 2019).

Considering the indistinguishable particle sizes among all sam-
ples (Fig. 2; Fig. S4), the coordination number was fixed at 4.0 as in



Fig. 1. Methylation potential of Hg–S–Fe co-precipitation products with natural ligands is significantly affected by Fe/Hg ratio. MeHg production from cultures of P.
mercurii ND132 after exposure to the co-precipitation products of Hg–S–Fe formed in the presence of SRFA (A) and glutathione (B) at different initial Fe/Hg molar ratios. The
concentrations of MeHg were normalized to the total concentrations of added inorganic mercury (Hgtotal, Fig. S1). In the ‘‘no iron” control, ‘‘abiotic control” and ‘‘killed
control”, the precipitation products of HgS with natural ligands were added to active cultures, uninoculated media and autoclaved cultures, respectively. Error bars
represent ± 1 standard deviation of triplicate samples. Values that are statistically different (p < 0.05) between different treatments according to the one-way ANOVA are
indicated by italic lowercase letters (A–B). TEM images and EDX spectra of the thin sections of P. mercurii ND132 after exposed to the Hg–S–Fe co-precipitation products
formed in the presence of SRFA and at initial Fe/Hg molar ratios of 30/1 (C), 1/3 (D), and 1/30 (E).

Fig. 2. Co-precipitation products of Hg–S–Fe with natural ligands at different Fe/Hg ratios are nano-scale particles with similar size and morphology. TEM images,
particle size distribution, and EDX spectra of Hg–S–Fe co-precipitation products formed in the presence of SRFA at initial Fe/Hg molar ratios of 300/1 (A), 30/1 (B), 3/1 (C), 1/3
(D) and 1/30 (E). Particle size distribution was estimated from 100 nanoparticles observed by TEM in each sample.
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Fig. 3. Iron incorporation into crystalline structure of metacinnabar occurs during co-precipitation of Hg–S–Fe. Synchrotron-based XRD patterns (k = 0.68879 Å) of the
co-precipitation products of Hg–S–Fe at different initial Fe/Hg molar ratios. The XRD spectra within the Bragg angle range of 10.1�–12.9� and 18.1�–20.9�, containing peaks
conrresponding to metacinnabar (111) and (220) facets, respectively, were enlarged and presented right to the full spectra.
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the first coordination shell of metacinnabar for the EXAFS spectra
fitting (Frenkel et al., 2001; Pham et al., 2014). The Hg–S inter-
atomic distances estimated from the Hg–S–Fe samples were com-
parable to the metacinnabar reference material (Table S1; Fig. S5)
and metacinnabar nanoparticles previously reports in the litera-
ture (Slowey, 2010; Gerbig et al., 2011; Pham et al., 2014; Poulin
et al., 2017), further confirming metacinnabar was the primary
mercury species in the precipitation products. The Hg–S–Fe
nanoparticles formed in the presence of SRFA showed larger values
of the DW factors than the metacinnabar reference material
(Table S1; Fig. S5), suggesting that short-range structural disorder
occurred in iron-incorporated metacinnabar nanoparticles formed
with natural ligands. This observation is in line with the local
structural disorder of HgS induced by NOM–HgS binding (Gerbig
et al., 2011; Pham et al., 2014; Poulin et al., 2017), which, at least
in part, enabled the bioavailablity of nanoparticulate metacinnabar
for microbial methylation in previous research (Graham et al.,
2012; Pham et al., 2014).
3.3. Aggregation status of Hg–S–Fe nanoparticles

Natural thiol ligands, including SRFA and GSH, remarkably sta-
bilized the aggregation of nanoparticles, particularly at low Fe/Hg
ratios (Fig. 4A–B). For instance, the hydrodynamic diameters of
the co-precipitation products formed at Fe/Hg ratio of 1/30 were
stable at 63.2 ± 12.2 nm and 75.0 ± 6.8 nm in the presence of SRFA
and GSH, respectively (Fig. 4A–B). The co-precipitation products
formed at the same Fe/Hg ratio without ligands exhibited drasti-
cally increasing hydrodynamic diameters, i.e., going beyond
800 nm immediately after data collection (Fig. 4C). In the absence
of thiol ligands, larger aggregates of nanoparticles occurred during
precipitation of HgS and Hg–S–Fe at lower Fe/Hg ratios (Fig. 4C).
More interestingly, the co-precipitation products formed at the ini-
tial Fe/Hg ratio of 1/3 strongly aggregated whether thiol ligands
were present or not (Fig. 4). Taken together, our data revealed that
Hg–S–Fe nanoparticles formed aggregates in aquatic environment
and this process was significantly susceptible to the presence of
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natural thiol ligands and the relative abundance of iron versus
mercury. Further fluorescence analysis and theoretical calculations
demonstrated that the effects of iron on the formation of
nanoparticle aggregates occurred through modifying the chemical
binding strength between thiol groups and surface mercury atoms
(Figs. 5–6).
4. Discussion

4.1. Methylation potential of iron-incorporated nano-metacinnabar
correlates inversely with nanoparticle aggregation

Iron-incorporated metacinnabar nanoparticles agglomerated to
form particle aggregates, and the aggregation state of these
nanoparticles (Fig. 4) appeared to dictate their methylation poten-
tial (Fig. 1). In the cultures exhibiting relatively high MeHg produc-
tion, Hg–S–Fe nanoparticles scattered around bacterial cells
(Fig. 1C and 1E), whereas highly aggregated Hg–S–Fe nanoparticles
(>350 nm) were detected from the bacterial samples that produced
minimal level of MeHg at the initial Fe/Hg ratio of 1/3 (Fig. 1D). At
this Fe/Hg ratio, Hg–S–Fe precipitation products strongly aggre-
gated regardless of whether natural ligands were present (Fig. 4).
Considering the important role of interfacial processes on cell sur-
face in dictating mercury uptake and methylation (Schaefer et al.,
2011; Schaefer et al., 2014; Lu et al., 2018), the severe aggregation
of nanoparticulate mercury likely limited the available particle sur-
faces for interacting with methylating bacterial cells and led to the
substantially mitigated MeHg production.

The observation of total particle volume assessed using SAXS
analysis remaining nearly constant (Fig. S6) while the hydrody-
namic diameter of Hg–S–Fe precipitation products apparently
increasing with time (Fig. 4) suggests that the formation of Hg–
S–Fe nanoparticle aggregates occurred through a rapid initial
nucleation step followed by a relatively slow reorganization of
the already formed particles (e.g., oriented attachment) (Bolze
et al., 2004; Teng, 2013; De Yoreo et al., 2015). The presence of fer-
rous iron modulated nanoparticle aggregation by affecting both



Fig. 4. Aggregation state of Hg–S–Fe nanoparticles is significantly affected by natural ligands and Fe/Hg ratio. Time-dependent hydrodynamic diameter measurements
of the co-precipitation products of Hg–S–Fe formed in the presence of SRFA (A) or glutathione (B) and in the absence of ligand (C) at different initial Fe/Hg molar ratios
assessed using dynamic light scattering.

Fig. 5. Chemical binding between Hg–S–Fe nanoparticles and natural ligands is mitigated as Fe/Hg ratio increases. Three-dimensional excitation–emission matrix (3D-
EEM) fluorescence spectra (A) of SRFA before and after interacting with Hg–S–Fe co-precipitation products formed at different initial Fe/Hg molar ratios. Fluorescence
quenching at excitation wavelengths of 265 nm (B) and 335 nm (C) induced by interactions of Hg–S–Fe with SRFA at different initial Fe/Hg molar ratios. The fluorescence
quenching efficiencies were calculated at Ex/Em of 265/440 nm (B) and 335/440 nm (C), respectively.
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Fig. 6. Sub-surface iron incorporation weakens chemical binding between metacinnabar facets and thiol ligands. The calculated formation energies of metacinnabar
(111) or (220) facet with Fe incorporation (A). The preferable adsorption configurations of thioglycolic acid on metacinnabar (111) or (220) facet with or without Fe
incorporation (B) and the corresponding adsorption energies (C). The plots of charge density difference on metacinnabar (111) or (220) facet induced by Fe incorporation (D),
the Bader charge of the interacting surface Hg atoms (E), and the PDOS projected on the interacting surface Hg d-states and S p-states and calculated Hg d band center (ed) (F).
The yellow and cyan regions in (B) and (D) indicate charge density increase and decrease, respectively. HgS refers to the pristine metacinnabar facet, Fev-HgS refers to the
facet with Hg vacancy embedded by Fe atom, and Fesur-HgS and Fesub-HgS refer to the facet with Hg atom in the surface and sub-surface layer substituted by Fe atom,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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nucleation and particle attachment in the opposite directions, par-
ticularly when natural ligands were present, and thus led to the
non-monotonical trend of the nano-aggregate size with respect
to the initial Fe/Hg ratio (Fig. 4A–B). In fact, the total particle vol-
ume substantially decreased with the increasing iron level
(Fig. S6), probably because large relative Fe/Hg abundance miti-
gated nucleation by reducing the supersaturation level of sparingly
soluble mineral metacinnabar (Table S2). As a result, formation of
large nano-aggregates was lessened by the smaller probability of
particle–particle collision due to the lower density of particle
monomers (Fig. 4C). Moreover, the growth of nanoparticle aggre-
gates at low Fe/Hg ratios, was stabilized by natural ligands
(Fig. 4A–B), likely attributable to the inhibitory effects of capping
agents on the orientated attachment of nanoparticle monomers
via physical separations, such as steric hindrance and electrostatic
repulsion (Deonarine and Hsu-Kim, 2009; De Yoreo et al., 2015).
Nanoparticle–ligand binding was previously proven essential for
stabilizing metal sulfide nanoparticles (Deonarine and Hsu-Kim,
2009), and structural incorporation of iron may interfere with
nanoparticle–ligand binding through changing the surface charge
distribution of metacinnabar.

4.2. Iron incorporation enhances nano-metacinnabar aggregation by
weakening mercury–thiol binding

Fluorescence quenching experiments were carried out to eluci-
date the effects of iron incorporation on the interactions between
nano-metacinnabar and natural ligands. The fluorescence spectra
of SRFA displayed a primary peak at excitation/emission
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wavelengths (Ex/Em) of 260–270/435–450 nm and a secondary
peak at Ex/Em of 325–355/420–470 nm (Fig. 5A), which corre-
sponded to fulvic acid-like and humic acid-like materials, respec-
tively (Chen et al., 2003). SRFA appeared to chemically bind with
nanoparticulate mercury via these fluorescent components, as sug-
gested by the strong quenching of the corresponding fluorescence
peaks (Fig. 5). The extent of SRFA–nanoparticle binding decreased
with the increasing iron level, in that, the fluorescence intensities
of SRFA were quenched by 74%, 48%, 44% and 42% at 265/440 nm
(Fig. 5B) and by 68%, 44%, 42% and 39% at 335/440 nm (Fig. 5C),
when the initial Fe/Hg molar ratio rose from 1/30 to 1/3, 3/1 and
30/1 for co-precipitation, respectively. At the Fe/Hg ratio of 1/3,
nanoparticle–ligand binding was evidently weakened due to iron
incorporation (Fig. 5), whereas precipitation occurred at a rela-
tively high extent (Fig. S6). Thus, the incorporation of ferrous iron
lessened the effect of natural ligands in hindering aggregation of
nanoparticulate Hg–S–Fe under these conditions and highly aggre-
gated nanoparticles occurred (Figs. 1D, 4A, 4B).

Numerous studies have shown that naturally-occurring ligands
(e.g., NOM, peptides) bind with soft-metal containing nanoparti-
cles mainly through thiol complexation (Gerbig et al., 2011; Qi
et al., 2020). Hence, we utilized DFT computational methods to
simulate the interactions between thiol moieties (using thiogly-
colic acid as a model compound) and the surficial layers of
nanoparticulate mercury to understand the influence of iron incor-
poration on ligand binding. The surface models of metacinnabar
(111) and (220) were established for theoretical calculations, as
these facets are relatively stable with low surface energy
(Table S3) and iron incorporation occurred to both facets upon
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Hg–S–Fe co-precipitation (Fig. 3). Metacinnabar (111) facet with
Hg-vacancy defects is more structurally stable than the intact
counterpart due to the surface unsaturated dangling bonds
(Fig. S7), analogous to the previously reported atomic arrange-
ments of sphalerite (111) facet (Wright et al., 1998). According to
the calculated formation energies, the incorporated Fe atoms tend
to substitute the sub-surface Hg atoms of both facets rather than
substitute the surface Hg atoms or embed the Hg vacancies on
(111) facet (Fig. 6A; Fig. S7).

The nature of the binding between nano-metacinnabar and
thiol ligands is mainly chemisorption, as reflected by the signifi-
cant charge transfer occurring between the thiol moieties and
the metacinnabar facets (Fig. 6B). This chemical binding is compro-
mised upon iron incorporation according to the less negative
adsorption energies (Fig. 6C). Indeed, the surface charge distribu-
tion is apparently modified on both (111) and (220) (Fig. 6D) and
the Bader charges of the surface Hg atoms become less positive
(Fig. 6E), when the sub-surface Hg atoms are substituted by Fe
atoms. Moreover, the projected density of states (PDOS) show that
the d band centers (ed) of surface Hg atoms shift away from the
Fermi energy level upon sub-surface iron incorporation, corre-
sponding to lower potential of metal–ligand charge transfer
(Fig. 6F). Taken together, iron incorporation into the sub-surface
of metacinnabar leads to charge re-distribution on both (111)
and (220), and subsequently decreases the tendency of surface
Hg atoms to accept lone pairs of electrons from thiols to form
inner-sphere coordination bonds.

4.3. Implications for metal biogeochemistry

Co-occurrence of mercury, ferrous iron, sulfide and natural
ligands is commonly encountered by mercury-methylating
microorganisms in natural aquatic environments. Iron concentra-
tions may be orders of magnitude higher than the mercury concen-
trations in pristine environments, with the Fe/Hg ratio as large as
3000000/1 (Bone et al., 2014). In such environment, iron sulfides
predominantly form and serve as adsorbents for mercury and con-
trol bioavailability of mercury (Skyllberg and Drott, 2010;
Skyllberg et al., 2021). Yet, the mercury abundance tends to be high
and the Fe/Hg ratio is generally below 300/1 in Hg-impacted areas,
such as paddy soils and sediments affected by mining activities or
chemical industrial wastes (Merritt and Amirbahman, 2007;
Rothenberg and Feng, 2012; Fathi et al., 2013; Barringer et al.,
2013; Vlassopoulos et al., 2018). These scenarios likely lead to
co-precipitation of ferrous iron, mercury and sulfide, and subse-
quently intensive microbial MeHg production, with iron-
incorporated nanoparticulate metacinnabar being the main pre-
cursor for microbial MeHg production. Iron amendments for min-
imizing mercury bioavailability and the risks of in situ MeHg
formation should aim to achieve a system-specific Fe/Hg ratio that
maximizes Hg–S–Fe nanoparticle aggregation and limits interfacial
reactions with methylating bacteria. This ideal Fe/Hg ratio may
vary with environmental conditions that determine the abundance
of ionic mercury, ferrous iron and sulfide, such as metal-
complexing ligands, pH and redox potential. In addition to the
degree of saturation, special attention may focus on the ligand-
rich macromolecules that modulate the short-range structure
and aggregation of nanoparticles via inner-sphere coordination
with mercury.

Considering that the water exchange rates of other soft metals
(e.g., Zn, Cu, Pb, Cd) were substantially greater than that of ferrous
iron, these nano-scale metal sulfides are expected to form with
iron incorporations during co-precipitation processes with ubiqui-
tous ferrous iron and soft ligands (Hochella et al., 2005; Mansor
et al., 2019). These processes may be particularly intensified by
the evolving natural conditions and human activities, such as
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thawing of the permafrost (Klaminder et al., 2010; St Pierre et al.,
2018; Schaefer et al., 2020) and the rise of deep-sea mining
(Koschinsky et al., 2001; Paul et al., 2021). Furthermore, iron dop-
ing is a widely used method for enhancing specific functions, such
as the photocatalytic and magnetic properties, of engineered metal
sulfide nanomaterials (Saha et al., 2017). Hence, metal sulfide
nanoparticles originated from both natural and anthropogenic
sources likely contain iron impurities, and an important implica-
tion from our research is that the structure and bioavailability
(as toxins or nutrients) of these nano-scale materials may not be
accurately predicted according to their iron-free counterparts.
The effects of iron incorporation on the environmental behavior
and impact of nano-scale metal sulfides ought to be evaluated
and may follow nonmonotonic (e.g., U-shaped) trends as a function
of iron abundance.
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