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ABSTRACT: The association of poorly crystalline iron (hydr)- C/Fe molar ratio
oxides with organic matter (OM), such as extracellular polymeric
substances (EPS), exerts a profound effect on Fe and C cycles in

soils and sediments, and their behaviors under sulfate-reducing 1 . ‘ i . ' 3} FeS
conditions involve complicated mineralogical transformations.

However, how different loadings and types of EPS and water 1
chemistry conditions affect the sulfidation still lacks quantitative
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and systematic investigation. We here synthesized a set of 404 Fell. ox|de
ferrihydrite—organic matter (Fh—OM) coprecipitates with various
model compounds for plant and microbial exopolysaccharides 20 F ,
. . .. . e (F@%4
bacteriogenic EPS (extracted from Bacillus subtilis). Combining 0
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(polygalacturonic acids, alginic acid, and xanthan gum) and

Mineral transformation (%)

wet chemical analysis, X-ray diffraction, and X-ray absorption

spectroscopic techniques, we systematically studied the impacts of C and S loadings by tracing the temporal evolution of Fe
mineralogy and speciation in aqueous and solid phases. Our results showed that the effect of added OM on sulfidation of Fh—OM
coprecipitates is interrelated with the amount of loaded sulfide. Under low sulfide loadings (S(-1I)/Fe < 0.5), transformation to
goethite and lepidocrocite was the main pathway of ferrihydrite sulfidation, which occurs more strongly at pH 6 compared to that at
pH 7.5, and it was promoted and inhibited at low and high C/Fe ratios, respectively. While under high sulfide loadings (S(-IT)/Fe >
0.5), the formation of secondary Fe—S minerals such as mackinawite and pyrite dominated ferrihydrite sulfidation, and it was
inhibited with increasing C/Fe ratios. Furthermore, all three synthetic EPS proxies unanimously inhibited mineral transformation,
while the microbiogenic EPS has a more potent inhibitory effect than synthetic EPS proxies compared at equivalent C/Fe loadings.
Collectively, our results suggest that the quantity and chemical characteristics of the associated OM have a strong and nonlinear
influence on the extent and pathways of mineralogical transformations of Fh—OM sulfidation.

KEYWORDS: iron mineral transformation, iron mineral sulfidation, organic matter—mineral interactions, dissolved organic matter,
extracellular polymeric substances

Bl INTRODUCTION Previous studies on the kinetics and pathways of ferrihydrite
sulfidation have largely focused on pure Fe minerals.”*">~"”
Fe(I)-(hydro)oxide sulfidation occurs over a wide pH
interval and is considered to initiate pyrite formation and
sulfur recycling.” This process is highly pH-dependent and
reaches maximum reaction rates between pH 5.5 and 6.'"'%"”
Electron transfer between Fe(III)-(hydro)oxides and surface-

complexed sulfide results in the reduction of Fe(III) and the

The interaction between poorly crystalline Fe(III)-(hydr)-
oxides, such as ferrihydrite (Fh), and dissolved sulfide is a
prominent pathway of electron transfer in many anoxic
environments, such as in flooded soils and oceans or lake
sediments.' > Sulfide-induced ferrihydrite mineralogical trans-
formations include the formation of Fe—S secondary minerals,
such as mackinawite and finally pyrite,"* and Fe(II)-catalyzed

recrystallization of Fe(III)-oxides (e.g., lepidocrocite, goethite, Received: September 28, 2022
and magnetite). Ferrihydrite sulfidation may alter its chemical Revised:  February 22, 2023
reactivity and surface morphology,”® potentially affecting Accepted: February 23, 2023
mineralogical stability, bioavailability, and mobility of Published: March 2, 2023
nutrients”* and the geochemical behavior of many contami-

: . s 9-14
nants, such as arsenic, antimony, and uranium.
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formation of $°'” as well as the formation of metastable Fe—S
phase.”'” Moreover, pyrite could be formed via the direct
precipitation of excess Fe(II) and polysulfides, or reaction
between metastable Fe—S species and dissolved polysul-
fides."”* Kinetics and pathways of Fe(IIl)-(hydro)oxides
pyritization are closely related to the S(-II)/Fe molar
ratio.””'® Peiffer et al. demonstrated that the extent of
secondary Fe minerals and pyrite formation is controlled by
the capability of the Fe(IIl)-(hydro)oxides to conduct
electrons from surface-associated Fe(II) to solid Fe(III)
phase and the ratio between added sulfide and available
surface area.” Wan et al. proposed a new ferric-hydroxide-
surface pathway based on the formation of the precursor
species >Fe''S,”, which is competitive to Fe—S, precipitation at
high DS(-II) concentrations for the rapid formation of pyrite.
Hence, the pyrite formation rate decreases with the increase of
the S(-11)/Fe molar ratio.” In addition, the reaction of Fe(III)-
(hydro)oxides with DS(-II) also leads to the reductive iron
dissolution, which rate is highly pH-dependent,'”'®*" and the
generated Fe(II) may potentially catalyze the transformation of
ferrihydrite to crystalline Fe(III)-oxides.””*’

In natural soils and aquatic environments, ferrihydrite rarely
exists as pure Fe phases but frequently associates with organic
matter (OM) as mineral—organic coprecipitates under the
influence of exudates from plants, algae, and bacteria.”*™>° Fh—
OM coprecipitates, which have a wide range of C/Fe molar
ratios up to 17.5°7*° play a vital role in the long-term
preservation of organic C as well as influencing the properties
and reactivity of Fh.””*° Compared with the pure Fh, Fh—OM
coprecipitates have lower specific surface area owing to the
blockage of mineral surface sites by OM and shows limited
secondary mineral formation upon exposure to aqueous
Fe(1I).>"** Previous studies showed that adding OM with a
range of molecular weights and carboxyl richness significantly
suppresses sulfide-induced ferrihydrite transformations.”™
This could attribute to the strong binding of the carboxylic
content on the mineral surface that reduces its reactivity.
Moreover, the low-molecular-weight OM with high charge
density may inhibit mineral aggregation and growth through
Ostwald ripening.*®*” Ferrihydrite sulfidation, in turn, could
impact the fate of associated OM, such as its stability and
molecular fractionation, in sulfidic conditions.>*™**

Despite the known importance of Fh—OM coprecipitation
in influencing Fh biogeochemical reactivity, sparse data exist
about the influence of organic matter (OM) on sulfide-induced
Fh transformations. A recent study of ThomasArrigo et al.
showed that OM could influence transformation products of
Fh exposed to sulfide, suggesting that Fh sulfidation pathways
should include OM to better represent real environmental
conditions.>> However, how ferrihydrite sulfidation is affected
by carbon loading over a wide range of C/Fe molar ratios
remains elusive. Althou%h limited, existing studies on the
sulfidation of pure Fh">'" and influence of coprecipitated OM
on Fe(Il)-catalyzed Fh transformation’"* suggest that the
anoxic reductive dissolution of ferrihydrite and its pyritization
under OM loading depend on various factors, including OM
properties, C/Fe ratio, S(-II)/Fe ratio, and pH."'" Yet, few
studies have systematically evaluated the impact of the
abovementioned factors as well as their interactions on the
sulfidation of Fh—OM coprecipitates. In porewaters of OM-
rich wetland and estuarine sediments, both C/Fe molar ratios
(0.2-25.0)>”** and DS(-II) concentrations (0.023—5.0
mM)*~* have wide spectrum. Considering the controlling
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effect of the S(-II)/Fe molar ratio in pure Fh sulfidation,"” we

therefore hypothesize that the kinetics and mineralogical
evolution pathways of Fh—OM sulfidation depend on the
interrelated effects of carbon and sulfur loadings. Especially,
the type and amount of secondary Fe phases such as crystalline
Fe(IlI)-oxides and Fe—S minerals forming upon the reaction
with DS(-II) are expected to differ between pure Fh and Fh—
OM coprecipitates under a wide range of C/Fe ratio, S(-11)/Fe
ratio, and pH.

In this study, we compared coprecipitations of ferrihydrite
with different extracellular polymeric substance (EPS) proxies,
including polysaccharides derived from plants, algae, and
bacteria, as well as EPS extracted from Bacillus subtilis. EPS was
selected because it constitutes an important fraction of the OM
pool, and its coprecipitation with Fh has previously been
shown to have a significant influence on the Fh progerties such
as specific surface area, porosity, and net charge.”®*” Five C/Fe
molar ratios, four S(-IT)/Fe molar ratios, and two pH were set
to reveal how EPS affects ferrihydrite sulfidation under broad
water chemistry conditions. Accordingly, the objectives of this
study were (1) to quantify the mineralogical transformation of
DS(-II)-driven sulfidation of ferrihydrite—OM coprecipitations
and (2) to evaluate the effect of the C/Fe molar ratio, S(-II)/
Fe molar ratio, pH, and chemical composition of OM on
mineralogical transformations under sulfidic conditions.

B MATERIALS AND METHODS

Polysaccharides and Extracellular Polymeric Sub-
stances. Three macromolecular polysaccharides from differ-
ent sources were selected as EPS proxies. Polygalacturonic
acids [(C¢HgOg),, PGA] from plant species, alginic acid
[(C¢HsOg)ny AA] from brown algae, and xanthan gum
[(C¢HgOg4),, XG] of the bacterial strain Xanthomonas
campestris were all purchased from Sigma-Aldrich.>*™>* Micro-
biogenic EPS was extracted from B. subtilis SBE1 (CCTCC AB
2018210). The Bacillus genus is the dominant soil aggregation
bacteria with a high biofilm and EPS yield. EPS extracted from
B. subtilis is commonly used as a representative EPS substance
in biofilm and EPS research.*”>*™>° B. subtilis SBE1 was
cultivated aerobically in LB-Lennox medium (5 g/L yeast
extract, 10 g/L tryptone, S g/L NaCl) at 30 °C and 150 rpm
on a horizontal shaker for 24 h to the early stationary growth
phase. Bacterial cells in the suspension were removed by
centrifugation (5000g, 15 min, 4 °C). The residual cells in
decanted supernatant were removed by centrifugation
(12,000g, 1S min, 4 °C). Cold reagent-grade ethanol at a
ratio of 1:3 (v/v supernatant/ ethanol) was added to the
collected supernatant to precipitate crude EPS. After storage at
4 °C for 72 h, the precipitated crude EPS was separated from
the mixture by centrifugation (12,000g, 15 min, 4 °C). To
remove residual medium and ethanol for extraction, the crude
EPS obtained by centrifugation was dialyzed against a cellulose
membrane (Yuanye Biotechnology, 3500 MWCO) to get
purified EPS. After 72 h of dialysis with Milli-Q water changes
3 times daily, the purified EPS solution was lyophilized and
stored at 4 °C until use. The carbon content of EPS proxies
and microbiogenic EPS was determined using a Vario EL cube
CHNS analyzer (Table S1).

Ferrihydrite and Coprecipitate Synthesis. This experi-
ment used deionized water (Milli-Q, Millipore, 18.2 MQ-cm)
to prepare all solutions. Following the previously reported
procedures,”® 2-line ferrihydrite and ferrihydrite—OM copre-
cipitation with initial C/Fe molar ratios of 0—3 in the solution

https://doi.org/10.1021/acs.est.2c06921
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were synthesized. Pure ferrihydrite was synthesized by
vigorously stirring (600 rpm) while adding 0.1 M NaOH to
a 10 mM Fe(NO;); solution until a pH of 7 was reached.
Ferrihydrite—OM coprecipitates were synthesized by dissolv-
ing 10 mM Fe(NO,); in an OM solution with different initial
C/Fe molar ratios by adding 0.1 M NaOH under vigorous
stirring (600 rpm) to pH 7. Both pure ferrihydrite and OM-
ferrihydrite coprecipitates were washed and adjusted to pH 6.0
and pH 7.5 in 10 mM PIPES buffer. The PIPES buffer was
chosen since it is a noncomplexing buffer that does not react
with iron species.”” Briefly, the synthetic ferrihydrite—OM
coprecipitates containing PGA, AA, XG, and EPS extracted
from B. subtilis are referred to as Fh-PGA, Fh-AA, Fh-XG, and
Fh-EPS, respectively.

Sulfidation Experiments. The sulfidation experiments
were conducted in triplicate in S0 mL of glass serum bottles
wrapped in Al foil and performed in a glovebox system
(Mikrouna, China) with a working atmosphere of N,
(99.99%). Fh(—OM) slurry containing 10 mM Fe(III) with
varied pH and C/Fe molar ratios was purged by pure N, for 30
min, transferred to S0 mL of glass serum bottles, and agitated
for 24 h in the glovebox to eliminate residual oxygen while
minimizing evaporation of the suspension. Three DS(-II)
concentrations were set in this study to simulate the
ferrihydrite sulfidation in different reducing environments
(Figure S1). S(-II)/Fe molar ratios of 0.1, 0.5, and 1.0 are
hereinafter referred to as low sulfide, medium sulfide, and high
sulfide conditions, respectively. A certain amount of anoxic 100
mM Na,S-9H,0 stock solution was added to the ferrihydrite-
(—OM) slurry with varied pH and C/Fe molar ratios
according to the above S(-II)/Fe molar ratios. Iodometric
titration was used to determine the concentration of sulfide
stock solutions before addition. After adding sulfide, the
suspensions in all serum bottles were quickly (less than S min)
adjusted to the predetermined pH with 1 M HCl (Ultrapure,
Adamas) to minimize H,S gas evolution. Afterward, the serum
bottles were crimped and sealed, wrapped with Al foil to
prevent the sample from being affected by light, and set on an
incubator shaker (180 rpm) at room temperature (25 + 1 °C)
until the sampling time. To avoid the effects of changes in
headspace gas during sampling, serum bottles sampled at 1
day, 10 days, and 40 days were sacrificed, respectively. The
experimental conditions of each serum bottle were summarized
in Table S2. Photos of the suspension stand for different times
after shaking were taken with a Canon M6 (50 mm, F1.8). All
images were adjusted with consistent exposure and saturation
parameters to ensure comparability among all treatment
groups. The sulfidized suspension was rapidly transferred
from the serum bottle to a centrifuge tube with a rubber seal in
the glovebox and centrifuged (10,000g, 20 min) under anoxic
conditions. The solid phase was washed with anoxic ultrapure
water in the glovebox and centrifuged 3 times to remove
impurities. All samples were lyophilized and stored in anoxic
storage tanks until solid-phase characterization.

Wet Chemical Analysis. Iron and sulfur species in the
aqueous phase during sample aging were determined by
withdrawing 2 mL of the suspension from the serum bottles in
the glovebox. The methylene blue method determined DS(-II)
after filtration (0.22 um, Nylon). However, this method can
determine hydrogen sulfide, sulfide ions, and sulfide associated
with aqueous polysulfide. Dissolved Fe(II) concentration was
determined in 0.22 um nylon filtrates photometrically with a
Tecan photometer via the ferrozine method (1 = 570 nm).
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The filtered liquid was mixed with hydroxylamine hydro-
chloride in a volume ratio of 1:4 and reacted for 30 min in the
dark at room temperature, after which the total Fe
concentration was determined as described above.

For determination of the total extractable iron, about 5 mg
of the Fh—OM sample after centrifuging, washing, and freeze-
drying was dissolved in S mL of 6 M HCI, heated at 60 °C for
3 days, and subsequently made up to a final volume of 50 mL
with 1% HCIL HCI extractable Fe, which includes both
amorphous Fe(IlI) and solid-phase-bound Fe(II), was
extracted with 0.5 M HCI for 2 h and briefly purged with
N,.! The Fe(II) and total Fe were determined in the filtrate as
previously mentioned. The 0.5 M HCI extractable Fe mainly
contained the amorphous Fe phase like ferrihydrite,sg’59 while
measured Fe(Il) is primarily surface-adsorbed Fe(II). It is
generally believed that in the difference between 6 M HCl and
0.5 M HCI extractable phases, Fe(Ill) is crystalline Fe(III)-
oxides, such as goethite, magnetite, hematite, and lepidocro-
cite, while Fe(II) mainly contains sulfidized Fe(II) (ie., the
formation of Fe—S, except pyrite)."

Solid-Phase Characterization. The carbon content of
Fh—OM samples before reaction with DS(-II) was determined
using a Vario EL cube CHNS analyzer. Particle size
distribution of nanoparticles was measured by multispectral
advanced nanoparticle tracking analysis (MANTA) (ViewSizer
3000, MANTA Instruments Inc., San Diego, CA.) Microscopy
images were obtained by scanning electron microscope (SEM)
(Tescan Vega 3SBU, TESCAN Ltd., Brno, Czech Republic)
equipped with a secondary electron (SE) detector operated at
an acceleration voltage of 15 kV. Samples for X-ray
diffractometry (XRD) analysis were mounted on the clean
glass slides in the anoxic glovebox. To prevent oxidation, the
slides were sealed with Kapton tape. Samples were scanned
immediately after removal from the glovebox. All X-ray
diffractograms were recorded with an X-ray diffractometer
(Bruker D8-Advance) equipped with Cu Ka radiation
generated at 40 kV and 40 mA. The XRD patterns were
recorded from 10 to 80° 26 with 0.05° of 26 step-size and a 2 s
acquisition time. Iron K-edge extended X-ray absorption fine
structure (EXAFS) spectra of selected freeze-dried fine powder
(200 mesh) solid-phase samples (Table S2) were conducted at
Beamlines 20 of the Advanced Photon Source, Argonne
National Laboratory. A Si double crystal monochromator was
used with an energy resolution of 1.4 X 10™* (AE/E) at Fe K-
edge. The incident beam was detuned 15% at 7.5 KeV. The
scanning energy range for the Fe K-edge was set as 6960—7750
eV, with step sizes as 5 eV in the pre-edge region, 0.3 eV in X-
ray absorption near-edge structure (XANES) region, and 0.05
A™" in the EXAFS region. The data collection time for each
point was 1—-2 s. The total acquisition time for each scan is
10—15 min. The detailed X-ray absorption spectroscopy
(XAS) data analysis is presented in SI Text S1. Background
subtraction and edge-height normalization were performed
using the ATHENA program. Iron speciation was quantified
using a series of reference standards and linear combination
fitting (LCF) of the k*-weighted EXAFS oscillations in the 1—
11 A™! range. Ferrihydrite, goethite, mackinawite, hematite,
pyrite, magnetite, and lepidocrocite were the initial reference
standards for LCF. Only ferrihydrite, goethite, mackinawite,
and lepidocrocite were included in the final LCF since other
mineral phases comprised less than 10% of the LCF and were
not found to improve the fit significantly. This spectrum
selection is made following the corresponding XRD results. No

https://doi.org/10.1021/acs.est.2c06921
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Figure 1. (a—c) Correlations of the equilibrium concentration of dissolved Fe(II) after Fh-XG coprecipitation (yellow) and Fh-EPS coprecipitation
(red) reacted with S(-II) under low (a), medium (b), and high (c) sulfide conditions for 30 days at pH 6 with gradient C/Fe molar ratios. (d—i)
The concentration of the crystalline Fe(II) phase (green) and crystalline Fe(III) phase (yellow) in the total solid iron phase after Fh-XG
coprecipitation aging for 40 days at pH 6 (light) and pH 7.5 (dark) after the solid-phase fractions were treated by 0.5 M and 6 M HCl stepwise

extraction.

energy shifts were permitted for fitting, and the sum of
component species ranging between 0.72 and 1.03 was not
constrained, but the results were normalized to 100%.

B RESULTS

Macroscopy and Microscopy Images of Fh—OM
Sulfidation. Adding different amounts of DS(-II) resulted
in various color changes and particle precipitation of the Fh-
XG coprecipitation. As shown in Figure S2, both pH 6 and 7.5
treatment groups under medium and high sulfide conditions
turned black immediately. In contrast, the pH 6 and 7.5
treatment groups slowly turned dark brown and dark green
under low sulfide conditions. The coprecipitation with 1, 10,
and 40 day intervals was allowed to stand still for 24 h to
ensure sufficient precipitation. The volume of the precipitation
is positively correlated with the C/Fe molar ratio. After 24 h of
reaction, the color change of all samples ceased substantially
(Figure S2b). All of the treatment groups under medium and
high sulfide conditions remained black after 40 days of
sulfidation (Figure S2d). In the treatment group with the same
C/Fe molar ratio, the volume of black particle flocs that were
difficult to precipitate also increased with a higher S(-II)/Fe
molar ratio. Pure ferrihydrite and Fh-XG coprecipitates
showed varying surface morphologies by loading C and S
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before and after sulfidation (Figures S3 and S4). The OM
loading rendered the aged samples bulkier and more porous.

Total Aqueous Concentrations and Fe,, Speciation.
Dissolved S(-II) concentrations decreased rapidly in all
treatment groups, with 92—99% of the added DS(-II)
consumed within 12 h, and fell to below the detection limit
within 24 h at pH 7.5, except for the high sulfide treatment
group, where DS(-II) was still detectable up to 48 h. In
contrast, DS(-II) was consumed faster at pH 6, and almost no
DS(-II) was detected within 12 h even in high sulfide
treatments (Figures S5—S12g—i). The DS(-II) consumption
rate in the high C/Fe molar ratio treatment groups was
significantly slower than that of pure ferrihydrite. The
concentrations of dissolved Fe(II) and total Fe in all treatment
groups at pH 6 increased rapidly in the first 5 days, then
decreased slowly, and finally plateaued (Figures SS—S12a—f).
Dissolved Fe(II) constituted the majority of the total aqueous
Fe. The subtle difference between Fe(Il) and total Fe in the
aqueous phase may be due to the organic complex Fe(III)
formed by ferrihydrite and its secondary minerals during
reductive dissolution and recrystallization. Dissolved Fe(II)
concentrations after 30 days of equilibration in the Fh-XG and
Fh-EPS systems positively correlate with the C/Fe molar ratio
(Figure 1).
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Figure 2. X-ray powder diffractograms of the Fh-XG (a) and Fh-EPS (b) coprecipitations after 40 days of aging following the addition of dissolved
S(-1I) at S(-II)/Fe molar ratios of 0.1, 0.5, and 1.0 at pH values 6 and 7.5. XRD pattern of the standard minerals used in the peak identification is
shown in Figure S16. Abbreviations: G, goethite; L, lepidocrocite; M, mackinawite; P, pyrite; F, ferrihydrite; S, orthorhombic sulfur.

Table 1. Main Products Detected by XRD Characterization after the Reaction of Pure Ferrihydrite, Fh-XG and Fh-EPS
Coprecipitation, with a Range of DS(-II) Concentrations for 40 Days at pH 6.0 and pH 7.5, Respectively”

C/Fe
0.0
XG-0.29
XG-0.61
XG-1.05
XG-1.69
EPS-0.29
EPS-0.59
EPS-1.05

C/Fe
0.0
0.1
0.2
0.3
0.4
0.5
0.6

pH 6.0 pH 7.5

S/Fe = 0.1 S/Fe = 0.5 S/Fe = 1.0 S/Fe = 0.1 S/Fe = 0.5 S/Fe = 1.0
Gt Gt Gt, Py Gt Gt, Lp Fh
Gt Gt, S Gt, Mk Gt Gt, Lp Fh
Gt Gt Gt, Mk Gt Gt Fh
Gt Gt Gt Gt Gt, Lp Fh
Gt, Lp Gt, S Gt, S Gt, Lp Gt, Lp Fh, S
Lp Lp Mk, S Lp, Gt Lp Mk, S
Lp Fh, S Mk, S Lp, Gt Fh Mk, S
Fh Fh Mk, S Gt Fh Mk

pH 6.0 S/Fe = 0.1 pH 7.5 S/Fe = 0.1

Fh-AA Fh-PGA Fh-XG Fh-AA Fh-PGA Fh-XG

Lp, Gt Lp, Gt Lp, Gt Lp Lp Lp

Lp, Gt Gt Gt Lp Lp, Gt Gt

Lp, Gt Gt Gt Lp, Gt Lp, Gt Gt

Lp Lp, Gt Gt Lp Lp, Gt Gt

Lp Lp Gt Lp Lp, Gt Gt, Lp

Lp Lp Gt Lp Lp, Gt Gt, Lp

Lp Lp Gt Lp Lp, Gt Gt, Lp

“Abbreviations: XG: ferrihydrite-xanthan gum coprecipitate, EPS: ferrihydrite—EPS coprecipitate; e.g, XG-0.29 means ferrihydrite-xanthan gum
coprecipitate with a C/Fe molar ratio of 0.29. Fh-AA: ferrihydrite-alginic acid coprecipitate, Fh-PGA: ferrihydrite-polygalacturonic acid

coprecipitate, Fh-XG: ferrihydrite-xanthan gum coprecipitate, Gt = goethite, Lp =

sulfur.
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lepidocrocite, Mk = mackinawite, Py = pyrite,

S = orthorhombic
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Figure 3. (a) X-ray powder diffractograms of the Fh-AA, Fh-PGA, and Fh-XG coprecipitations with the initial C/Fe molar ratio range from 0 to 0.6
after 10 days of aging following the addition of S(-II) at S(-II)/Fe molar ratios of 0.1 at pH values 6 and 7.5. Abbreviations: G, goethite; L,
lepidocrocite. (b) Photos of serum bottles corresponding to Fh—OM coprecipitations unreacted with DS(-II) and reacted with DS(-II) for 10 days
were taken after 180 and 4800 s of sedimentation following vigorous mixing and resuspension, respectively. The solid—liquid interface of the
mixture is marked with a green line. Full photos of the samples before and after sulfidation are shown in Figures S19 and S20.

HCl Extractable Fe. The speciation of Fe in Fh-XG
coprecipitation was quantified by the stepwise extraction of the
solid phase with different concentrations of HCI. The
proportion of Fe(II) to total Fe (abbreviated as Fe(II)
fraction) in each sample is shown in Figure S13. For all total Fe
extraction treatments, there was no significant difference in the
Fe(II) fraction between samples at 1 day and 40 days of
intervals, indicating that the redox reactions of solid-phase Fe
occurred rapidly during sulfidation (Figure S13b,d). For 0.5 M
HCI extractable Fe, the Fe(II) fraction negatively correlates
with the C/Fe molar ratio, while positively correlates with the
S(-1I)/Fe molar ratio after 1 day of aging but negatively
correlates after 40 days of aging. The molar ratio of the
difference between 6 M HCI extractable Fe and 0.5 M HCI
extractable Fe(IIl) to the total solid-phase Fe is shown in
Figure 1. In all treatment groups, the proportion of Fe(III)-
oxides increased by 7—89% in the 40 day samples compared
with that in the 1 day samples (Figures S14 and S15). The
crystalline Fe(IlI)-oxide phase first increased and then
decreased with the increasing C/Fe molar ratio, while the
crystalline Fe—S phase negatively correlated with the C/Fe
molar ratio.

XRD Characterization. The XRD patterns of Fh-XG and
Fh-EPS coprecipitated with different C and S loadings during
sulfidation demonstrated extensive mineralogical transforma-
tions (Figures 2, and S17, and S18). For Fh-XG
coprecipitation, the main product in the early stage of
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sulfidation was lepidocrocite under the low sulfide condition
(Table 1). With the anoxic aging of the samples, lepidocrocite
gradually transformed into goethite. After the addition of DS(-
II), the recrystallization to Fe(III)-oxides was promoted and
then inhibited with the increasing C/Fe molar ratio. The
concentration of dissolved Fe(II) showed a similar trend.
When the C/Fe molar ratio of coprecipitation is 0.61, the
production of goethite and dissolved Fe(II) reached the
maximum value. The Fh-XG coprecipitation with a C/Fe
molar ratio of 1.69 still had a large amount of lepidocrocite
phase after 40 days of aging.

PGA derived from plants, AA derived from algae, and XG
derived from microorganisms were used to synthesize Fh—OM
coprecipitation with an initial C/Fe molar ratio of 0—0.6 for
anoxic aging under low sulfide conditions. Interestingly, the
transformation of Fh—OM coprecipitates synthesized by all
EPS proxies to crystalline Fe(III)-oxides was first promoted
and then inhibited as the C/Fe molar ratio increased (Figure
3a). In addition, before reacting with DS(-II), the apparent
volume of the suspension floc after a certain period of
sedimentation first increased and then decreased as the OM
loading increased. This phenomenon was especially obvious
for the Fh-XG coprecipitation (Figure 3b). Compared with the
XRD patterns, the samples containing more lepidocrocite
components were more difficult to settle. In contrast, the
samples whose main transformation product is goethite were
almost completely settled (Figure S20).
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The recrystallization of Fe(Ill)-oxides in the Fh-XG
coprecipitation decreased under a high sulfide condition. For
the pure ferrihydrite control group, XRD peaks attributed to
pyrite were observed at 40 days in the high sulfide treatment
group at pH 6 (Figure 2). Although the XRD peaks attributed
to Fe—S minerals in XG loading groups at different time
intervals were not prominent, the solid-phase HCI extractable
Fe indirectly indicates the formation of Fe—S minerals (Figures
1 and SI15). Mineralogical transformation of the high C/Fe
molar ratio groups occurred more rapidly at pH 6 than at pH
7.5. Under the medium sulfide condition, the main product of
ferrihydrite sulfidation is goethite at pH 6 and lepidocrocite at
pH 7.5. Furthermore, under the high sulfide condition, the
transformation of ferrihydrite to goethite at pH 6 was inhibited
compared with low sulfide treatment, while no obvious XRD
peak was observed at pH 7.5 (Table 1).

The XRD patterns of the Fh-EPS treatment group showed a
similar mineralogical transformation. Compared with EPS
proxies, microbiogenic EPS has a more apparent inhibitory
effect on the mineral transformation of ferrihydrite. For all
sulfide-added treatment groups, when the C/Fe molar ratio
was higher than 0.59, no obvious XRD peaks were observed at
either pH 6 or 7.5, even after anoxic aging for 40 days. XRD
peaks attributed to mackinawite were observed in the EPS
loading group but not in the XG group (Figure 2 and Table 1).
A plausible explanation is that EPS has a strong inhibition on
the recrystallization of Fe(Ill)-oxides, so the smoother XRD
peaks attributed to mackinawite were revealed, while in the XG
loading group, these peaks may be masked by the sharper
crystalline Fe(III)-oxide peaks.

Iron K-edge XAS Characterization. Iron K-edge XAS
was applied to quantitatively analyze the mineral phase of Fh-
XG coprecipitation under medium and high sulfide conditions.
The Fe K-edge XANES spectra (Figure S21) showed a slight
shoulder near 7120 eV and shifts in the pre-edge feature
toward lower energy, indicating the presence of solid-phase
Fe(II), which was consistent with the result of HCI extractable
Fe. The Fe K-edge EXAFS data (Figure 4) enabled the
quantitative analysis of Fe transformations by LCF. They were
generally consistent with the XRD results for forming Fe-
bearing minerals. For the 10 day samples, the LCF fitting
results indicated that about 45—56% of ferrihydrite was
transformed to goethite at pH 6, while only 31-39% of
goethite was formed with a small amount of lepidocrocite (6—
13%) at pH 7.5. The Fe K-edge EXAFS data of the 40 day
samples showed the apparent formation of Fe(III)-oxides and
Fe—S secondary minerals. Comparing pure ferrihydrite with
the Fh-XG coprecipitates with a C/Fe molar ratio of 0.61, the
addition of XG inhibited the formation of goethite and
mackinawite under the condition of high DS(-II) concen-
tration. The production of goethite was reduced by 9.4—11.4%,
and the production of mackinawite by 100% at pH 6.
Ferrihydrite did not recrystallize to the Fe(III)-oxide phase
except for a small amount of mackinawite formed (1—17%)
under the high sulfide condition at pH 7.5, which was
identified in XAS but not XRD results.

H DISCUSSION
Mineral Transformation of Fh—OM Driven by DS(-Il).

Previous studies have documented that the reduction of DS(-
IT)-driven Fe(III)-(hydr)oxide—OM coprecipitates and min-
eralogical transformation in anoxic environments depend on
hydrochemical conditions such as pH and DS(-II)/Fe molar
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Figure 4. (a) Iron K-edge EXAFS spectra of references and LCFs of
40 days aged Fh-XG coprecipitates. Experimental data and model fits
are shown as solid and dotted lines. Results from linear combination
fit analyses of k>-weighted EXAFS spectra of both 10 days (b) and 40
days (c) pure ferrihydrite and Fh-XG with a C/Fe ratio of 0.61
reacted with DS(-II) at S(-II)/Fe molar ratios of 0.5 and 1.0 at pH 6
(yellow) and 7.5 (green), respectively. Additional spectra and
corresponding fit for the 10 day samples are found in Figure S18.
Abbreviations: Mk, mackinawite; Lp, lepidocrocite; Gt, goethite; Fh,
ferrihydrite.

ratio.” The reduction of the Fe(III) phase by DS(-II) is highly
pH-dependent and reaches a maximum at about pH 6, which is
attributed to the formation of the inner-sphere complex of S(-
II) on the surface of ferrihydrite.'””'® Therefore, the
consumption rate of DS(-II) in the pH 6 treatment groups
in this study was slightly higher than that in the pH 7.5
treatment groups (Figure S5).” If exogenous DS(-II) is added
to the system within a short period, the above redox reaction is
estimated to occur within 24 h, which can be proved by an
insignificant difference; the proportion of Fe(II) in the total Fe
was observed between the samples at time intervals of 1 day
and 40 days (Figure S13). In naturally occurring sulfate-
reducing conditions, the DS(-II) supply is often continuous, so
the Fe(III) reduction and mineral transformation may be more
complicated and involve multiple parallel pathways.”

Fe(1l) produced by Fe(III) reduction is either released into
the aqueous phase as free ferrous ions, bound to the solid
phase by adsorption, or precipitated as Fe(Il)-containing
phase, such as by combining with excess DS(-II) to precipitate
as mackinawite or as Fe(II)-hydroxide at high pH. Previous
studies have widely reported that Fe(Il) as catalysts can
accelerate the crystallization of ferrihydrite into lepidocrocite,
goethite, and magnetite in the absence of dissolved oxy-

en.”>*"¥7* The process is due to the adsorption of ferrous
ions on the mineral surface to promote the reductive
dissolution of ferrihydrite, and the local instability caused by
electron conduction leads to the Fe(IIl) precipitates as
lepidocrocite or goethite.”>**™®* The type of secondary
Fe(III)-oxide formation is generally considered to depend on
the partitioning of Fe(Il) between the aqueous and solid
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phases and the adsorption of Fe(II) in the solid phase.”’
Briefly, at lower pH, ferrihydrite transforms to lepidocrocite at
relatively low solid-associated Fe(Il) concentrations and
transforms to $oethite at higher solid-associated Fe(II)
concentrations.””” The measured solid-associated Fe(II) is
determined by the extent of Fe(III) reduction and the Fe(II)
partitioning, and both pathways are impacted by the coexisting
OM. Therefore, Fh—OM coprecipitates exhibited a different
mineralogical transformation trend compared to pure ferrihy-
drite (Figure 2). At higher DS(-II) concentrations (S(-II)/Fe
molar ratio >0.5), the reduced Fe(1l) rapidly reacted with the
excess DS(-II) to form nanocrystalline mackinawite and Fe—S$
clusters (rapid darkening of the sample; Figure $2).%%'!
However, due to the poor crystallinity of the formed
mackinawite, this fraction could not be detected by XRD.
However, the decrease of 0.5 M HCI extractable Fe(II) phase
(Figure S13) and the increase of sulfidized Fe(II) (Figure 1) at
40 days compared with those at 1 day, as well as the gradual
precipitation of suspended black particles after 40 days of
reaction (Figure S2), can all indirectly prove the formation of
Fe—S minerals. Stoichiometrically, the S(-IT)/Fe molar ratio of
1 is sufficient to oxidize DS(-II) to form mackinawite
completely. However, the solid phase of the medium and
high sulfide treatment groups contained a high proportion of
Fe(III) phase, which was attributed to the passivation of the
ferrihydrite surface by Fe(II) (adsorbed species and secondary
precipitates). In addition, the OM covering the mineral surface
also hinders the contact between DS(-II) and Fe(III), thereby
inhibiting the formation of mackinawite (Figure 4). Compared
to metastable mackinawite, pyrite forms slowly in the presence
of elemental S° or polysulfides."””*'>'® Previous studies have
shown that the kinetics of pyrite formation is slower at high
pH. Therefore, we only observed pyrite formation in the pure
terrihydrite treatment group under high sulfide conditions at
pH 6 (Figure 2). The addition of OM inhibited the pyritization
of ferrihydrite, which is consistent with previous reports.33

Effect of C/Fe Molar Ratio on Fh—OM Sulfidation.
Organic matter represented by EPS can coprecipitate with
ferrihydrite and affect its mineral transformation.*”"* Previous
studies have shown that the loading of OM can promote or
inhibit the reductive dissolution of ferrihydrite and thus
influence the formation of crystalline Fe(III)-oxides. The main
influencing factors include the coupling mechanism of OM and
minerals, the C/Fe molar ratio, the chemical composition of
OM, and the structural disorder of the Fh—OM coprecipi-
tate.*”*"** The mineral transformation of Fh-EPS and Fh-XG
coprecipitates during sulfidation showed a similar trend
depending on the C/Fe molar ratio (Figure 2). Unlike what
has been reported in the previous work, the effect of the C/Fe
molar ratio on mineral transformation is not monotonic."*¥%°
The effect of the C/Fe molar ratio on the reductive dissolution
and recrystallization of ferrihydrite exhibits a dual effect
(Figures 2 and 3). The addition of OM inhibits the mineral
transformation of ferrihydrite only when the C/Fe molar ratio
of the Fh—OM coprecipitate exceeds the threshold.

At low S(-II)/Fe molar ratios, the dual effect of the C/Fe
molar ratio on the mineral transformation of ferrihydrite to
crystalline Fe(III)-oxides is mainly attributed to the addition of
the negatively charged OM reducing the positive charge on the
surface of the Fh—OM coprecipitates at low C/Fe molar
ratios.* Low amounts of OM altered the surface morphology
of Fh—OM coprecipitates greatly, which resulted in higher
concentrations of surface-associated Fe(Il) and therefore
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induced the formation of goethite.65 In addition, the increased
structural disorder of ferrihydrite, which increased mineral
reactivity caused by coprecipitation with low concentrations of
OM, also promotes reductive dissolution. Regarding macro-
scopic phenomena, Fh—OM coprecipitation with a low C/Fe
molar ratio showed a lower sedimentation speed, indicating
smaller mineral particle sizes, which is most evident for Fh-XG
coprecipitation (Figure 3b). The microscopic images also
indicate that the Fh-XG coprecipitates with low C/Fe molar
ratios have a more disordered microstructure than pure
ferrihydrite (Figure S3). Moreover, according to classical
nucleation theory, the type of secondary phase form is
controlled by a delicate balance between the thermodynamic
phase transition driving force and interfacial free energy.®®
Addition of OM may increase the nucleation barrier and thus
inhibit the growth of lepidocrocite crystals, thus promoting the
transformation to goethite (Figures 2 and 3a).”” At high C/Fe
molar ratio, OM introduced an excessive negative charge to the
Fh—OM coprecipitation, which hinders the directional
aggregation of mineral particles and the crystallization of
secondary minerals. This is consistent with the positive
correlation between the apparent precipitation volume of
coprecipitation and the C/Fe molar ratio observed macro-
scopically (Figure S2). In addition, the encapsulation effect of
OM reduces the effective reaction sites and Fe(Il) accessibility
on the mineral surface, thereby inhibiting the recrystallization
of Fe(III)-oxides.””*"®" In addition, the difference in solid-
associated Fe(Il) caused by the addition of OM also led to
differences in recrystallization to lepidocrocite or goethite
(Figure 3a).

At high S(-II)/Fe molar ratios, the coprecipitation of OM
with minerals inhibited the transformation of ferrihydrite to
both Fe(Ill)-oxides and Fe—S minerals. Unlike the trans-
formation of ferrihydrite to crystalline Fe(IIl)-oxides, the
addition of low concentrations of OM did not promote the
formation of Fe—S minerals, which may be attributed to
possible different heterogeneous nucleation mechanisms of
iron oxides and Fe—S phase on the surface of Fh—OM
coprecipitates.” The addition of OM may increase the
nucleation barrier and reduce the nucleation and stability of
the Fe—S phase.”® Ferrous ions are catalysts for transforming
ferrihydrite into crystalline Fe(III)-oxides and precursors for
forming Fe—S secondary minerals. The addition of OM
inhibits the reduction of Fe(III) through surface passivation
and pore blocking, thereby reducing the amount of released
ferrous ions. Similar to the effect of OM on the
recrystallization of Fe(Ill)-oxides, the addition of OM with
excess negative charge changes the surface charge of the Fh—
OM coprecipitates, thereby hindering the crystallization of
both Fe(Ill)-oxides and Fe—S secondary minerals. The
addition of OM prolonged the time of formation and the
quantity of precursor compounds for mackinawite and pyrite
formations such as aqueous Fe—S colloids or surface-bound
polysulfides.” In addition, adding OM reduces the surface sites
(SS) of ferrihydrite, thereby decreasing the reactivity of
ferrihydrite while increasing the S(-II)/SS ratio. Hence, the
conversion into pyrite would be suppressed if the reactivity of
the ferrihydrite toward sulfide is low. This may explain why no
pyrite formation was observed in Fn—OM for 40 days of aging.
Furthermore, OM is capable of oxidizing DS(-II) at a rate
comparable to that of DS(-II) reacting with Fe(IIl)-oxides in
anoxic environments. OM competes with ferrous ions for
sulfide, further inhibiting Fe—S secondary mineral formation.
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Overall, the effect of the C/Fe molar ratio on the Fh—OM
coprecipitate sulfidation depends on the amount of loaded
sulfide. At low S(-II)/Fe molar ratios, DS(-II) triggers the
generation of aqueous Fe(II) through electron transfer from
DS(-II) to Fe(IlI)-oxide phases. The effect of C/Fe molar ratio
on Fe(Il)-induced transformation of ferrihydrite exhibits a dual
effect. At high S(-II)/Fe molar ratios, Fe—S interaction
dominates ferrihydrite sulfidation. The addition of OM
inhibited the formation of mackinawite and pyrite.

Impact of OM Type on Fh—OM Sulfidation. Besides the
C/Fe molar ratio, the chemical composition of OM is also an
essential factor affecting the sulfidation of Fh—OM coprecipi-
tates. It has been reported that the pyritization of ferrihydrite
may be affected by the molecular weight of the loaded OM.
The Fe—S mineralization pathway differed when Fh
coprecipitated with OM having small or large molecular
weight, with pyrite and greigite being the main products,
respectively. Since the aging time of the samples in this study
was only 40 days, pyrite formation was only detected in the
pure ferrihydrite treatment group (Figure 3a). For the natural
organic matter (NOM) with complex compositions, the
differential molecular fractionation caused by the adsorption
and coprecipitation may lead to either promotion or inhibition
of the ferrihydrite transformation.’”**®® The coprecipitates
synthesized by macromolecular polysaccharides from various
sources selected in this study showed different mineral
transformation pathways. Briefly, the primary product of the
recrystallization of Fe(III)-oxides changed from lepidocrocite
to goethite with the coprecipitate-loaded OM changing from
algae to plant to microorganism-sourced EPS proxies, which
indicates that the inhibitory effect of macromolecular
polysaccharides on the mineral transformation of Fh—OM
sulfidation is algal source > plant source > microbial source
(Figure 3a), which is consistent with the carboxyl richness of
these three polysaccharides. The increasing carboxyl richness
of the polysaccharide leads to an increase in the number of Fe-
carboxylate bonds between ferrihydrite and OM, thereby
increasing the binding strength of OM and thus inhibiting the
mineralogical transformation of ferrihydrite.”> Bacteriogenic
EPS is more bulky and may block more surface sites for
adsorption or Fe release and thus have a stronger inhibitory
effect on mineral transformation compared with microbiogenic
polysaccharide (XG) under the same C/Fe molar ratio (Figure
2). Since bacteriogenic EPS is heterogeneous and contains
phospholipids, proteins, fatty acids, and other components in
addition to polysaccharides, the superior inhibition of
terrihydrite sulfidation by microbiogenic EPS compared with
that of XG may be caused by these unaccounted components,
which requires further research in the future.

Environmental Implications. Considering the ubiquitous
presence of mineral—organic complexes in the natural system,
our understanding of ferrihydrite sulfidation involving pure
iron mineral phases under anoxic conditions may be
incomplete. This study systematically explored the effect of
EPS on the sulfidation of ferrihydrite. The results demonstrate
that the effect of OM on the sulfidation pathway is diverse and
depends on the S(-II)/Fe molar ratio as well as the
coprecipitated C/Fe molar ratio and the chemical structure
of the organic ligands it contains. Thus, in mineral subsoils or
mining-derived mineral matrices with low S(-I1)/Fe molar
ratios, low concentrations of OM promote the transformation
pathway of ferrihydrite sulfidation to crystalline Fe(III)-oxides.
Even short-term redox fluctuations may thus alter the

adsorption capacity of mineral phases and significantly affect
the biogeochemical cycles of the associated pollutants and
nutrients. In contrast, in organic-rich surface soils, wetlands,
and marine sediments with higher S(-II)/Fe molar ratios, OM
significantly inhibits ferrihydrite sulfidation, so prolonged
exposure of ferrihydrite—organic coprecipitates to DS(-II)
may have a limited effect on the crystallinity and trans-
formation of the mineral phase. Sulfate reduction-induced Fh—
OM coprecipitate mineral transformation may affect the
mobility of nutrients and trace metals,”” promoting the release
of organics or their synchronous sequestration with trace
metals.'#*” Furthermore, in the current study, simple organic
ligands were selected as EPS proxies, which were not expected
to interact directly or significantly with DS(-II).">”%""
However, native EPS is heterogeneous and has a more
complex composition capable of oxidizing and binding DS(-II)
at a rate comparable to that of DS(-II) reacting with Fe(III)-
(hydr)oxide in anoxic environments. Our results suggest that
microbiogenic EPS has a more potent inhibitory effect on
mineral transformation than EPS proxies. Under redox
fluctuations, S(-II) binds to various components in EPS and
affects its selective retention in minerals. Collectively, our
results imply that EPS plays a crucial role in the formation and
transformation of Fh—OM coprecipitates and Fe—C—S cycling
in anoxic soils and sediments. Given the important role of
Fe(III)-oxide—OM associations in the biogeochemical cycling
of nutrients and trace elements, further studies need to
appreciate the diversity and biogeochemical transformation of
OM in redox-fluctuating environments.
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