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ABSTRACT: Sulfate-rich wastewater poses ecological hazards to
freshwater ecosystems, and sulfate is highly regulated in many
Minnesota lakes. Biological sulfate reduction results in the
reduction of sulfate to sulfide, and this process is used to
remediate acid mine drainage. Theoretically, the aqueous sulfide
can be immobilized into a solid-phase material and removed from
the aqueous system. This study focuses on sulfide immobilization
using iron-bearing waste minerals. Specifically, the extent of
reaction of siderite (FeCO3), an abundant ferrous mineral in some
mining wastes, with sulfide was studied. Mildly acidic batch
reactors containing powdered siderite were consecutively injected
with a sodium sulfide solution. Solid reaction products were
identified and characterized using powder X-ray diffraction, scanning and transmission electron microscopy, and energy-dispersive X-
ray spectroscopy. Mackinawite (FeS) appeared to be the most abundant product, with greigite (Fe3S4) also detected. Results reveal
that the immobilization capacity of sulfide by siderite is limited by the concentration of the Fe2+(aq) presented in the system
immediately before the initial sulfide exposure as the Fe2+(aq) levels are not replenished after sulfidation. These results improve our
understanding of the sulfidation of siderite and provide insight to improve the viability of using siderite-containing mining waste rock
in a sulfate remediation technology.
KEYWORDS: siderite, sulfide immobilization, iron sulfide, mackinawite, coatings, environmental nanoparticles

■ INTRODUCTION
Sulfate (SO4

2−) is a common anion in natural waters and also a
byproduct of the paper and food processing industries and
extractive industries like coal and mineral mining.1−6 High
concentrations of sulfate can cause negative impacts on the
environment and human health. For example, acid mine
drainage (AMD) is a specific kind of sulfate-containing
aqueous waste often produced by mining activities and is a
historical and persistent environmental concern.4,7−10 AMD is
very high in sulfate, in some cases up to 1700 mg/L,11 and
acidic, with pH values that typically range from 2 to 6,7,12,13

though in extreme cases, they can even be negative.14 These
pH conditions mobilize heavy metals, posing additional
environmental toxicity concerns.4,12−14 In addition, high
concentrations of sulfate have the potential to induce leaching
of hazardous metals, such as Cu, Pb, and Cr, from pipes and
other infrastructure.15

Existing AMD treatment methods prioritize increasing pH
and immobilizing heavy metals and are typically optimized for
the removal of sulfate.11,16−19 Due to its limited adverse health
impacts even at relatively high concentrations, the U.S.
Environmental Protection Agency recommends that the sulfate
level in drinking water should not exceed 250 mg/L, as a

guideline.20 However, individual states can set more stringent
regulations.
In the state of Minnesota, sulfate concentrations in lakes

where manoomin (the Ojibwe term for wild rice, Zizania
palustris) grows cannot exceed 10 mg/L.21 This limit is based
on evidence that sulfate contamination is severely detrimental
to the health of the manoomin.22 This lower sulfate limit is a
legislated and treaty-protected requirement to protect the
manoomin plant.21,23,24 Minnesota is also home to the Mesabi
Iron Range, a productive region for iron mining and a source
of sulfate contamination into wild rice lakes25 and home to the
Duluth Complex, an undeveloped region east of the Mesabi
Range enriched in Cu, Ni, and Pt-group elements.26 If the
Duluth Complex is developed for mineral extraction, it has the
potential to contribute significantly to sulfate contamination.27

These factors, given expected increases in domestic mining
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activities,28−31 necessitate better strategies to treat sulfate-
contaminated waters.
Biological sulfate reduction (BSR) reactors contain sulfate-

reducing bacteria (SRB) that reduce sulfate to sulfide. BRS
reactors have been well-investigated and are promising for
treatment of high-sulfate water.32 The immobilization of the
sulfide produced, however, has not been studied as thoroughly
and is essential to closing the loop between sulfate remediation
from contaminated water and preventing subsequent release
(or re-release) of sulfur species into nearby fresh water sources
(e.g., lakes, rivers, groundwater). Typically, the sulfide
produced in the BSR reactor is outgassed,32,33 partially
oxidized to form elemental sulfur,34−36 or precipitated with
Fe ions in a permeable reactive barrier.37,38 Sometimes, a single
substrate (straw, manure, woodchips, etc.) is chosen for
concurrent sulfate reduction and sulfide immobilization. This
material can serve as both a food source for the SRB and an
adsorbent or source of metal ions, leading to precipitation of
metal sulfides.39 Several waste streams have been investigated
for use as sulfide immobilizers, including agricultural waste,40,41

sewage sludge,42 and even wastes from sodium (bi)carbonate
production.43

It is often helpful to examine valorizable waste streams
located near areas with sulfate contamination. Recovery and
use of otherwise low-value or valueless resources from local
waste streams could facilitate the reduction of sulfate
contamination in the surrounding environment.44−46 Rock
wastes from mining in the Mesabi Range in Minnesota contain
appreciable amounts of iron oxides, carbonates, and silicates.47

These abundant waste minerals have little economic value but
are promising for immobilization of the sulfide produced from
BSR reactors, thereby treating local sulfate-contaminated
waters using local, solid wastes. For the iron-bearing minerals
within the wastes to be chemically accessible, the rock must be
pulverized; this already occurs at various points in mineral
processing or via waste beneficiation processes (e.g., road
construction).48,49 This pollution remediation strategy would
advance a circular economy and is in line with green chemistry
and sustainable engineering principles.50−52

Siderite (FeCO3) is commonly observed in the rock wastes
of iron mining in Minnesota,47,53 and it is a useful source of
iron for sulfide immobilization due to the +2 oxidation state of
iron. Additionally, the process of mineral dissolution releases
carbonate ions, which have acid buffering capacity. This
buffering capacity can help neutralize acid in the process water
or generated during the anaerobic sulfate remediation process,
which could further minimize the potential negative impacts
on the surrounding environment. Other iron-bearing minerals
identified in local rock wastes include ferric (oxyhydr)oxides
such as goethite and hematite and the mixed valence iron oxide
magnetite.
The sulfidation of ferric minerals has been studied

extensively and has been shown to largely produce elemental
sulfur.54−57 There has been some study on the sulfidation of
siderite with concentrations of sulfide in far excess of iron,
showing the formation of smythite (Fe9S11), with some
mackinawite (FeS) observed as well.58,59 However, these
studies do not necessarily represent the chemical conditions
expected when effluent from a BSR reactor, with sulfide
concentrations on the order of a few mM,32,60 encounters Fe-
bearing minerals, with iron far in excess of the sulfide. Previous
research on the sulfidation of iron-bearing mineral mixtures for
this application revealed that the mineralogy of rock wastes

plays a significant role in the immobilization rate.49 Further,
materials containing siderite show promise for sulfide
immobilization due to the faster reaction rate with and higher
capacity of siderite as compared to other iron-bearing
minerals.61 However, as only mineral mixtures were assessed,
the contribution of siderite to the overall sulfide immobiliza-
tion capacity has not been quantified, and the products of
siderite sulfidation have not been independently characterized.
A system related to the sulfidation of siderite, where a source

of Fe2+ is in excess relative to sulfide, is that of sulfidic steel
corrosion. In a sulfidic, reducing environment, steels release
Fe2+, which reacts with sulfide to form a “protective layer” over
the steel surface that prevent future corrosion until the layer
cracks, flakes, or spalls.62−66 When zero-valent iron particles
are sulfidated, well-defined, thin shells of mackinawite are
formed around the Fe particles, and these thin shells persist for
several months.67 For the sulfidation of siderite, if an analogous
protective coating of mackinawite forms on the siderite
particles, the capacity of the siderite to immobilize aqueous
sulfide is hypothesized to decrease as compared to
thermodynamic predictions due to loss of direct contact
between the siderite and the aqueous environment, resulting in
substantially lower Fe2+(aq) concentrations and thus limiting
precipitation of iron sulfides. Here, the sulfidation of siderite
was assessed in mildly acidic conditions designed to more
closely represent pH conditions typical of BSR reactor
effluent32,68−70 and when the Fe2+ source, siderite, is in excess
relative to the sulfide introduced.

■ MATERIALS AND METHODS
Sulfidation and Aqueous Analysis. All experiments were

performed in an anaerobic glovebag (95% N2, 5% H2; Coy
Laboratory Products) using N2-purged, ultrapure 18.2 MΩ·cm
water from a MilliPore Milli-Q Advantage A10 system that has
been equilibrated anaerobically overnight. Experiments were
performed when gaseous oxygen concentrations were below 1
ppm. Siderite (Ward’s Science; Antigonish County, Nova
Scotia, Canada; Lot 502748; Fe:Mn ≈ 5:1) was ground into a
fine powder using a mortar and pestle. Optical analysis showed
shard-like granules with a modal diameter of approximately 1.4
μm, though the larger particles, while fewer in number,
contributed most to the mass of siderite in the reactors (Figure
S1). Compositional analysis was done using inductively
coupled plasma−optical emission spectroscopy (ICP-OES)
following existing methods, described in the SI.71 Batch
reactors were prepared by adding siderite powder into 37 mL
serum bottles equipped with a magnetic stir bar.
The bottles were filled with a 10 mM acetic acid buffer

adjusted to pH 4.7 with 1 M HCl or 0.5 M NaOH. This pH
value was chosen to mimic the effluent of a BSR reactor, which
tends to be higher than the BSR feed due to oxidation of
organic matter to acetate and carbonate during sulfate
reduction (thus, better modeling conditions for subsequent
sulfide immobilization).32,72,73 The bottles were filled to the
point of no headspace and crimp-capped to prevent the
evolution of H2S(g) and CO2(g). Reactors were stirred at 500
rpm and allowed to equilibrate for 7 days prior to sulfide
exposure.
Aqueous solutions of HCl and NaOH, which were used for

pH adjustments, were prepared using concentrated solutions of
HCl (BDH Aristar, 12.1 M, 36.5−38.0%) and NaOH (Fisher
Scientific, 19 M, 50% w/w). A stock solution of 500 ppm
sulfide (Na2S·9H2O, >98%, Sigma Aldrich) was freshly
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prepared in the glovebag before each sulfidation reaction.
Hydrogen sulfide gas evolution posed a potential safety hazard:
The gas was immobilized within the glovebag by a silver nitrate
trap.74 Sulfidation reactions were initiated by using a constant-
volume sampling method to maintain the closed and
headspace-free condition of each reactor and is described in
the Supporting Information (SI). The excess volume from
constant-volume spiking was saved for quantifying the
Fe2+(aq) and sulfide concentrations at the moment of sulfide
exposure. An Orion PerpHecT ROSS Combination pH Micro
Electrode and a VWR sympHony B10P meter were used to
measure the pH of the remaining filtrate.
The samples were filtered (Agilent 0.2 μm, 13 mm, nylon)

before preparation for UV−Vis analysis. The ferrozine (3-(2-
pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid mono-
sodium salt hydrate, Sigma-Aldrich 97%) assay was used to
quantify Fe2+(aq).75 For quantifying sulfide concentrations,
Hach Method 3181 was modified to accommodate small
sample volumes, with 50 μL of Sulfide Reagents 1 and 2
(Hach, cat. 181632 and 131732) each per 3 mL of total
volume.76 Absorbance measurements were performed using an
Agilent 8453 UV−Vis spectrometer equipped with tungsten
and deuterium lamps.
Post-spike aqueous analysis experiments used the following

parameters: Each reactor contained approximately 75 mg of
siderite and was assigned a number of sulfide spikes it would
receive before being monitored for sulfide and Fe2+(aq)
concentrations and pH (Blank − No sulfide, Sample 1−1
spike, Sample 2−2 spikes, etc.). The reactors were all spiked
with 1 mL of 500 ppm sulfide on a weekly basis to allow for re-
equilibration. Beginning after the last spike for a given reactor,
samples for Fe2+(aq) and sulfide quantification and pH
measurement were obtained by constant-volume exchange of
the acetate buffer and reactor contents at 5 min and 1 day after
the final sulfide spike and then weekly thereafter (Table S1).
Sulfide immobilization capacity experiments used several

different starting mass loadings of siderite, with each reactor
spiked with the sulfide stock solution at an interval of at least
90 min between spikes. The timing of sulfide spikes was
chosen after analysis of the results in Figure 1. The mass ratio
of siderite to sulfide contained in each spike volume ranged
from 150 to 2000. Sulfide immobilization capacity was
determined to be reached when the Fe2+(aq) concentration
was less than 0.1 mM and aqueous sulfide became detectable
with an additional spike.
Visual MINTEQ (ver. 3.1) was used to determine the

concentrations of iron and sulfur species at equilibrium as a
function of sulfide addition for reaction conditions used in this
work, with details provided in the SI.
Solid-Phase Characterization. Post-reaction solids were

collected and washed thrice by centrifugation (Eppendorf
5804) and re-dispersal in deoxygenated, ultrapure water in the
glovebag followed by drying in the glovebag or under a stream
of nitrogen.
X-ray diffraction was performed using a Panalytical X’Pert

PRO X-ray diffractometer equipped with a cobalt source
(1.7909 Å) and an X’Celerator line detector. When necessary,
oxidation could be slowed by preparation of the samples using
a sample holder equipped with a plastic dome (Malvern
Panalytical Pro. No. 9430 500 29101) in the glovebag. An
XRD pattern was collected using this sample holder prior to
sample loading, and significant background signal was

observed. This background signal was manually subtracted
from the XRD pattern collected for each sample.
Transmission electron microscopy (TEM) imaging was

performed using an FEI Tecnai T12 operating at an
accelerating voltage of 120 kV. Lattice fringe analysis was
performed using ImageJ.77 Scanning electron microscopy
(SEM) imaging was performed using a JEOL JSM-
6010PLUS/LA equipped with an integrated energy dispersive
spectroscopy (EDS) detector. EDS analysis was performed
with the InTouchScope software.

■ RESULTS AND DISCUSSION
Sulfide Immobilization by Rapid Precipitation with

Fe2+(aq). Prior to the addition of sulfide, the contents of each
reactor initially appeared cloudy white due to the presence of
the suspended siderite particles. As soon as the first sulfide
spike was delivered, the suspension in each reactor darkened to
a gray black. Additional spikes did not visibly darken the
reactors further, and the blank reactor remained cloudy white
for the duration of the experiment. Visually, this observation
was consistent with the formation of iron sulfides, which are
black.78−80

The addition of sulfide to the aqueous suspension of siderite
resulted in a rapid decrease of the aqueous sulfide
concentration to very low or undetectable levels within
minutes, with stochiometric drops in Fe2+(aq) concentration.
Figure 1 shows evolving sulfide and Fe2+(aq) concentrations
and pH in siderite-containing reactors over time and over
several sulfide spikes. The concentration of aqueous sulfide in
Samples 1−4 rapidly decreased to below quantifiable levels
within minutes of sulfidation (Figure 1a). Though constant-
volume spiking sequentially diluted the sample by approx-
imately 3% per spike, the rapid decline in aqueous sulfide
concentration within minutes after spiking rendered it
unnecessary to adjust reported concentrations as no detectable
sulfide remained in the reactors by the time the next sulfide

Figure 1. Plot of concentration of aqueous sulfide (a) and Fe2+(aq)
(b) and pH (c) over time in the blank and Samples 1−4, with the
sample number representing the number of spikes that reactor
received. Connecting lines serve to guide the eye only. Open points in
panel (a) indicate calculated values from known sulfide spike
concentrations and any remaining quantifiable sulfide in solution
from previous spikes. In panel (b), dashed lines are meant to guide
the eye, solid lines indicate fitted results, and shaded regions are the
associated 95% confidence intervals of the fit.
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spike took place. Sulfide concentrations remained undetectable
for the duration of the experiment and after multiple spikes,
indicating that sulfide had been effectively immobilized and
removed from the aqueous phase. No sulfide was detected in
the blank reactor, which is as expected.
The drop in sulfide concentration was accompanied by an

approximately equimolar drop in Fe2+(aq) (Figure 1b). This
result is consistent with the rapid precipitation of an iron
monosulfide, FeS.54,78,81,82 After the sulfide concentration
dropped to below detection levels, the Fe2+(aq) concentrations
did not rebound to the pre-spike, equilibrium values even
though the concentration remained lower than the concen-
tration expected with siderite present throughout the experi-
ments (Figure S2). It should be noted that after 7 days of
equilibration, weekly measurements of the Fe2+(aq) concen-
tration in the non-sulfidated reactor remained within 5% of an
average value (Figure 1b), and therefore 1 week was
considered an appropriate time for equilibration prior to and
between spikes.
The pH values increased to higher than the initial 4.7 value

(Figure 1c), which is consistent with the dissolution of the
siderite during the week-long equilibration prior to any
sulfidation. The blank reactor shows that the increase in pH
follows the increase in Fe2+(aq) concentration due to the
concurrent release of carbonate ions and ferrous ions.
Sulfidated samples had pH values that stayed fairly constant
with time, in the range 6.3−7.5. The overall increase in pH
values appears independent of sulfidation. However, within 5
min of a sulfide spikes, Samples 1−4 show short-term small
increases in pH that then return to lower values. This result is
likely caused by the rapid protonation of the injected sulfide to
form bisulfide followed by release of that proton when the
sulfide precipitates with aqueous Fe2+ as FeS. The net
proposed reaction of the system (eq 1) shows the release of
carbonate, which will act as a weak base to increase pH (Figure
1).

+ +FeCO HS FeS HCO3
2

3
2

(1)

The source of Fe2+(aq) before sulfidation is siderite, and due
to its considerably higher solubility than the iron sulfides under
these pH conditions,54,78,83−86 siderite remains the source of
soluble Fe2+ during these experiments. The rate at which
Fe2+(aq) increases after sulfidation, and therefore the rate of
siderite dissolution changed after the first sulfidation. In the
non-sulfidated, blank sample, the Fe2+(aq) data showed an
increase before leveling off to a steady-state value. Sulfidated
samples had smaller increases in Fe2+(aq), reaching plateau
moments after spiking.
The data were fit to a model to facilitate the quantitative

comparison of siderite dissolution rates. To model these data,
an equation of the form shown in Eq 2 was chosen due to its
mathematical form: The slope is always positive given positive,
non-zero A and B, in the limit of x → 0, the slope of the
function approaches the constant AB showing linear
dissolution of the mineral, and as x → ∞, the slope of the
function approaches 0, indicating a steady-state. A linear
dissolution rate was considered appropriate because the batch
reactors were continuously stirring, putting the system in a
surface-controlled regime where dissolution is proportional to
the surface area of the mineral.87,88

=
+

y
ABx

Bx1 (2)

[ ] =
[ ]

+
= [ ]+

+
+Bt

Bt
k BFe (aq)

Fe (aq)
1

, Fe (aq)2
2

max 2
max (3)

After fitting the data in Figure 1A, three parameters were
determined: [Fe2+(aq)]max, the steady-state Fe2+(aq) concen-
tration as t → ∞, B, a constant with units of weeks−1 that
describes the dependence of dissolution rate on Fe2+(aq)
during the transition between linear dissolution and steady-
state regimes, and k, the linear siderite dissolution rate with
units of mM·weeks−1. The k values (Table S2) show that
despite modest increases in Fe2+(aq) concentrations over time
in Samples 1−4 after their final respective sulfide spikes,
sulfidated mineral dissolution rates were 1−2 orders of
magnitude lower than the blank.
These results indicate that after siderite was first exposed to

sulfide in mildly acidic conditions, the dissolution rate slowed
significantly, leading to a stepwise decline in Fe2+(aq)
concentrations after each sulfide spike with only limited
recovery of Fe2+(aq) between spikes. Because Fe2+(aq)
concentrations fell stoichiometrically with sulfide and pH
remained relatively constant after several sulfide spikes,
immobilization appeared to occur primarily through precip-
itation of FeS in solution (eq 1). There seemed to be a limit on
sulfide immobilization capacity that was not defined by
thermodynamic arguments but rather by the amount of Fe2+
that was in solution before sulfide was first introduced.89

Modeling Results. The reactor chemistry was modeled
using Visual MINTEQ to compare experimental results to
thermodynamic expectations (Figure S2). The results indicate
that, at thermodynamic equilibrium, siderite should react with
sulfide to form mackinawite in a 1:1 stoichiometric relation-
ship. Predicted capacity was defined by the amount of Fe2+
added in the form of siderite, and after capacity was reached,
no solid siderite would remain, Fe2+(aq) concentrations would
be vanishingly small, and aqueous sulfide concentrations would
rise with any further spikes.
Experimentally, however, conversion of siderite to iron

sulfide (predicted to be mackinawite) fell far short of the
predicted conversion. Percent conversion values were 1−2
orders of magnitude lower than the 100% prediction by Visual
MINTEQ. Further, Fe2+(aq) concentrations decreased with
each spike and failed to rebound to predicted equilibrium
values. These conflicts with model predictions indicate that
there may be a barrier to siderite dissolution after the first
sulfidation spike, leading to depressed Fe2+(aq) concentrations,
and thus reduced capacity to immobilize sulfide within
experimentally relevant and field-realistic time scales of
minutes to weeks.

Characterization of Post-Reaction Solids. X-ray Dif-
fraction. Powder XRD analysis of sulfidated siderite samples
(Figure 2) showed the formation of mackinawite and, to a
lesser extent, greigite (Fe2+Fe3+2S4). Three siderite reactors
were prepared and spiked weekly with either 0, 5, or 8 sulfide
spikes to achieve mass loadings of 0, 3.1, and 5.1% S (relative
to the initial siderite added). Patterns were normalized to the
most intense siderite peak at 37.3° 2θ.
Siderite was expected to be the most abundant phase present

based on the stoichiometric limitation that no more than the
amount of sulfide added can react to form an iron sulfide.
Mackinawite was identified in both sulfidated samples by its
characteristic peak at 20.3° 2θ corresponding to the (001)
peak and the (101) peak at 35.0° 2θ. In the more sulfidated
sample, the mackinawite peaks were more intense relative to

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00080
ACS Earth Space Chem. 2023, 7, 1247−1257

1250

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00080/suppl_file/sp3c00080_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00080/suppl_file/sp3c00080_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00080/suppl_file/sp3c00080_si_001.pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the siderite and the 45.6°, 58.3°, and 59.3° 2θ mackinawite
peaks became more apparent. The mackinawite 58.3° and

59.3° 2θ peaks were broad and quite close to the siderite 59.7°
2θ peak but were still resolvable. Despite significant overlap
between the mackinawite and greigite peaks, the greigite peak
at 42.5° 2θ does not overlap with either siderite or
mackinawite, providing conclusive evidence that greigite
formed. The presence of mackinawite was consistent with
the MINTEQ predictions, but greigite was not predicted.
Greigite is the primary oxidation product of mackinawite and
forms via solid-phase transformation of mackina-
wite.54,78,86,90−92 There was no clear oxidant in the system
and the samples were not exposed to oxygen during
concentration, washing, or XRD measurement. Considering
reports of very high sensitivity of mackinawite to even trace
oxygen,93 the small amount of greigite observed by XRD is
hypothesized to be a result of oxygen diffusion through the
centrifuge tubes or domed XRD sample holder.

Scanning Electron Microscopy. Before exposure to sulfide,
ICP-OES analysis yielded a siderite composition of
Mn0.12Mg0.09Fe0.76CO3 and SEM-EDS analysis indicated the
presence of each of these elements as well as Ca (detected but
not quantifiable by ICP-OES (Figure 3d). The inclusion of
Mn, Mg, and Ca is common in natural siderites, which form
solid solutions with divalent cations depending on the
conditions of their formation.94

After one sulfide spike, particles of siderite could still be
clearly identified by their characteristic rhombohedral shape,
but now an amorphous-looking flakey material also appeared
to be attached to the siderite particles, as shown in Figure 3b.
The flakey material appears less bright in the backscattered
electron image, indicating that the material is either lower in
density than the siderite or contains substantial void space,
resulting in a net lower density and thus having a lower
brightness. At higher magnification, the material appears both
thin and folded (Figure 3c).
The EDS analysis of the post-sulfidation material exhibited

peaks for the anticipated elements related to siderite; including

Figure 2. Diffraction patterns of sulfidated siderite. Stick patterns are
siderite (00-029-0696), mackinawite (01-086-0389), and greigite (00-
016-0713). The three samples are solids collected with no sulfide
spiking or after sulfide spiking to achieve mass loadings of 3.1 or 5.1
mg S/mg siderite added.

Figure 3. SEM images of (a) non-sulfidated siderite (platinum coated) (b, c) sulfidated siderite (carbon coated) and (d) associated EDS spectra.
N.D. − not detected. Open circles indicate the location of the electron beam during analysis by EDS. All images are secondary electron images
except (b, right), which is a backscattered electron image.
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Fe, Ca, Mg, Mn, C, and O; along with the Na and Cl from the
reaction buffer, and S. However, the EDS collected at point 5
in Figure 3c shows that this region has a higher S to Fe ratio
but otherwise is compositionally similar to other parts of the
sample. This indicates that individual siderite particles may
have been entirely covered by the sheet-like material as seen by
the semitransparency near the particle edges in Figure 3c. EDS
analysis on point 4 did not show the presence of the S Kα
peak; however, compositional analysis of this thin material may
have been complicated by its sheer nature. The interaction
volume of the 20 kV electron beam was expected to penetrate
deeply into the sample (>2 μm).95 This effect made
characterization of a thin, protective coating of FeS over the
siderite particles challenging using SEM-EDS.
Transmission Electron Microscopy. TEM analysis was used

to characterize, at higher resolution, the morphology and
crystallinity of the nanoparticles near the surface of the siderite
particles. Crystalline nanoparticles with lattice spacings
consistent with mackinawite and greigite were observed in
sulfidated siderite samples (4% S) using high-resolution TEM
(HRTEM). An integrated profile scan of the fringes in Figure
4b,c using ImageJ showed lattice fringes with spacings between

5 and 6 Å (Figures S3 and S4), corresponding to the (001)
plane of mackinawite. While this range in spacing estimate was
fairly large, the sheet-like nature of mackinawite allows for
significant variability in the (001) spacing, which can hold
intercalated species and can also relax over time.96−98 The fast
Fourier transform (FFT) of Figure 4b,c confirmed the lattice
spacing for the (001) plane while also showing a spacing of 3.4
Å in Figure 4b and 2.9 Å in Figure 4c corresponding to the
(220) plane of greigite and (101) plane of mackinawite,

respectively. The observed sheetlike morphology was con-
sistent with literature descriptions of flake-like particles of
mackinawite.96,98−101 The rhombohedral morphology of
siderite was also consistently evident, but the siderite particles
were not electron-transparent.

Nanoparticulate FeS Coating on Siderite Particles.
The HRTEM micrographs, SEM images, compositional data,
and XRD patterns are consistent with the formation of
mackinawite and greigite nanoparticles that cover the siderite
surfaces. These nanoparticles inhibit the reactivity of the
siderite by forming a coating that encases the siderite,
protecting it from the aqueous environment and preventing
dissolution. Such protective barriers have been reported in the
corrosion science community where reactions between steel
and “sour,” or H2S-rich, oil and gas streams are of
interest.62−65,102 The primary difference between the sulfida-
tion of siderite and steel is only that the neutral redox state of
iron in steel requires oxidation to Fe2+ to react with sulfide to
directly precipitate mackinawite. Otherwise, these are analo-
gous processes, especially since the anoxic corrosion of steel
occurs in an acid gas environment where CO2 and H2S can
dissolve into the aqueous phase and liberate Fe2+ for reactions
that form siderite and mackinawite, respectively.62−65,102−104

This sulfidic tarnishing of steel forms a protective coating,
inhibiting further reaction between the steel and the aqueous
phase. These data tracking the sulfidation of siderite in mildly
acidic conditions mimic the behavior of this sulfidic tarnishing
of steel.
The observed decline in siderite reactivity, as seen in Figure

1, is consistent with the formation of a protective ion sulfide
nanoparticulate coating. Further, because the sulfide immobi-
lization capacity of siderite is mainly determined by the
Fe2+(aq) concentration prior to sulfidation for precipitation as
mackinawite and the protective layer prevents siderite
dissolution to replenish Fe2+(aq), sulfide immobilization
capacity is substantially reduced from the maximum stoichio-
metric prediction based on the initial siderite mass percent.
Given that the inhibition of Fe2+(aq) regeneration is attributed
to the protective coating of iron sulfide nanoparticles, it is
possible to estimate the sulfide immobilization capacity by
considering the available Fe2+(aq) and the number of sulfide
spikes introduced into the system (as described in eq 4). Here,
n represents the spike number and [Fe2+(aq)]n represents the
predicted Fe2+(aq) concentration in the reactor just before that
sulfide spike. Plotting the data will reveal the number of spikes
of a particular sulfide concentration that can be accommodated
before all Fe2+(aq) is depleted, and the capacity is achieved at
the x intercept. Equation 4 is valid as long as no rebound of
dissolved Fe2+(aq) after each of the sulfidation spikes occurs.

[ ] = [ ] [ ] ×+ + nFe (aq) Fe (aq) Na S ( 1)n
2 2

0 2 (4)

However, in some cases, some Fe2+(aq) rebound may occur.
In the sulfidic corrosion of steels, the protective mackinawite
layer was found to crack after reaching a critical thickness, and
Shoesmith et al. specifically noted how these cracks would
allow the release of soluble iron species, which could
subsequently be precipitated as FeS.64,102 The results
presented in Figure 1 suggest that the effects of a protective
mackinawite layer are similar. If the protective layer on the
siderite cracked or was otherwise disrupted, the siderite surface
would be re-exposed to the mildly acidic environment and
allow for siderite dissolution, resulting in an increase in
Fe2+(aq) concentrations. An experiment was performed that

Figure 4. (a−c) TEM images of sulfidated siderite showing iron
sulfide nanoparticles surrounding larger siderite particles. Insets: FFT
of image showing frequencies associated with (b) the mackinawite
(001) and greigite (220) planes and (c) the mackinawite (001) and
(101) planes. (d) SAED pattern of panel (a) showing polycrystalline
mackinawite (Mk) and greigite (Gr) and single crystals of siderite
(Sd). For overlapping rings, lattice planes are ordered by increasing d
spacing from left to right.
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assessed the sulfide immobilization capacity of siderite in
reactors with a range of siderite mass loadings, where a
proportionally lower siderite surface area would lead to
proportionally thicker coatings, potentially allowing for
cracking and re-release of Fe2+(aq).
Sulfide Immobilization Capacity of Siderite. Figure 5 is

a series of plots showing Fe2+(aq) at the moment of each

sulfide spike. The total sulfide immobilization capacity of
siderite in acidic, buffered batch reactor conditions did not
depend on the amount of sulfide present; instead, it appeared
to depend entirely on the initial Fe2+(aq) concentration prior
to sulfidation, which is in equilibrium with siderite and not
dependent on mass loading while siderite is in excess. In Figure
5, data were not recorded between spikes, and reactors were
spiked until sulfide immobilization capacity was met. Like in
Figure 1, Figure 5 shows that, in most samples, Fe2+(aq) values
do not rebound to the equilibrium value after initial decreases,
but instead Fe2+(aq) values continued to fall with each sulfide
spike (0.42 mM/spike) until immobilization capacity was
reached (after 5−7 spikes). In fact, the Fe2+(aq) concen-
trations at a given spike could be predicted by eq 4.
The sulfide immobilization capacity, measured as the molar

conversion of siderite to iron sulfide, observed in these
experiments ranged from 1 to 16%. By solving for the x
intercept (number of spikes), converting that number to a
mass of sulfur, and dividing by the amount of siderite in the
reactor, eq 4 accurately predicted the percentage of siderite
conversion in samples with a siderite-to-sulfide ratio of 300 or
greater.
In contrast, eq 4 did not accurately predict the percentage of

siderite conversion for the reactor prepared with the lowest
siderite to sulfide per spike ratio (S:S 150). In this reactor,
which still had a large excess of siderite relative to added

sulfide, Fe2+(aq) concentrations were observed to rebound
after the first spike, but not after subsequent spikes. With the
second spike and beyond, Fe2+(aq) declined stoichiometrically
with added sulfide like the other reactors. When an identical
experiment was performed but with half as much sulfide/spike
(250 ppm vs 500 ppm) and similar siderite to sulfide/spike
ratios (300 and 100), the same trends were observed: The
sulfide immobilization capacity could be predicted to high
accuracy with eq 4 and the lowest mass-loading sample had an
Fe2+(aq) concentration that rebounded between the first and
second spikes but not any time after (Figure S5). These results
give evidence for a disruption in the iron sulfide nanoparticle
coating that allowed for the dissolution of siderite to replenish
Fe2+(aq). However, this effect only occurred between the first
and second spikes, implying that the coating re-formed after
the first spike, and after that, no fresh siderite was exposed.
The overall sulfide immobilization capacity was largely

determined by the initial Fe2+(aq) concentration of the reactor
prior to spiking. The total mass of added siderite was not a
dominating factor for sulfide immobilization while siderite was
in excess, since the Fe2+(aq) concentration is initially at the
equilibrium solubility limit. In a situation where siderite is
scarcer than what was assessed in these experiments, the
mineral could completely dissolve prior to sulfidation, and the
limited amount of dissolve Fe2+ initially in solution would
provide an absolute limit to sulfide immobilization.
While sulfidated materials are expected to be sensitive to

oxygen, evidence suggests that the formation of iron
monosulfides is advantageous to prevent the re-release of
sulfate upon oxidation.92,105 There are both existing and
proposed storage methods for oxygen-sensitive mineral
mixtures.106−108 The environmental weathering of these iron
monosulfide-coated siderite particles is an interesting and
necessary area of continued research.

■ CONCLUSIONS
Mackinawite has been predicted and observed to be a principal
sulfide “sink” in sulfate remediation technologies that employ
BSR.37,38,60,109 While the argument of a 1:1 reaction of
Fe2+(aq) with sulfide to FeS is accurate, sources of soluble Fe2+
may not be chemically accessible for sulfide immobilization in
a deployed technology. Siderite, a promising sulfide-immobi-
lizing material found in mining wastes due to the 2+ oxidation
state of its Fe and high solubility in acidic conditions, may not
fully convert to mackinawite in an aqueous system containing
sulfide as thermodynamically predicted. The results indicate
that only a small fraction of the iron bound within siderite is
transformed into mackinawite. The formation of a thin,
protective coating of mackinawite is hypothesized to suppress
siderite dissolution rates over a timeframe of at least several
weeks. Thus, the amount of sulfide that could be immobilized
by siderite is limited by the formation of the coating; this
limitation must be considered when relying on siderite as a
primary source of ferrous ions.
These results have also shown that the fraction of siderite

that participates in the immobilization is somewhat higher at
lower mass loadings, perhaps due to early disruption of a
relatively thicker protective coating that is susceptible to
cracking. As the inevitable formation of a protective coating
occurs, increasing mass loading leads to some reduction of
total relative immobilization capacity. These results therefore
can inform material selection and design decisions in a sulfate
remediation technology that uses BSR coupled with sulfide

Figure 5. Experimental Fe2+(aq) concentrations (open squares) at the
moment of spiking compared to predicted Fe2+(aq) concentrations
assuming no siderite dissolution after exposure to sulfide. Lines
connecting experimental data are meant to guide the eye only. S:S is
the ratio of siderite added to the system to the mass of sulfide added
per spike (ex. 150 mg of siderite with 0.5 mg S per spike is S:S 300).
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immobilization with siderite; they suggest that disrupting the
protective coating may partially increase immobilization
capacity. Finally, the continued development of this sulfate
remediation strategy will require further study of the oxidation
and weathering of these post-reaction, sulfidic, layered
materials.
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