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ABSTRACT: Molybdenum (Mo) in marine sediments has been used as a Mackinawite FeS
paleoproxy to provide evidence for past oceanic euxinic and sulfidic 5°3°373%3%
conditions through its association with pyrite. Here, we examine the
adsorption of Mo to the pyrite precursors mackinawite and greigite and assess
the robustness of this association during iron sulfide phase transformations.
Tetrathiomolybdate (MoS,””) adsorption experiments were done using
mackinawite and greigite that had been characterized using powder X-ray
diffraction and Raman spectroscopy. Adsorption of tetrathiomolybdate to
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mackinawite and to a primarily greigite mixture was similar. Both showed o % Ju ' mackinawite +
little change to the mineral phase upon adsorption. Relative to previously —greigite Fe;S, greigite

published data on pyrite, there was a much greater amount of Mo adsorption

and a different mode of adsorption. A mackinawite/greigite mixture was also synthesized through an alternative method that more
closely mimicked environmental conditions with a brief in situ aging to form an initial phase of iron sulfide, likely highly disordered
mackinawite, and the near-immediate addition of MoS,*”. X-ray photoelectron spectroscopy results support the adsorption of
tetrathiomolybdate and its concomitant reduction to Mo(IV). The Mo-adsorbed mackinawite/greigite mixture was transformed
through heating into a greigite/pyrite mixture while monitoring Mo release to the aqueous phase. Here, the sorption of Mo on the
solid phase promoted the transformation of mackinawite into pyrite upon heating without diagenetic loss of Mo to the aqueous
phase. These results support the early capture of MoS,*” to less-stable forms of iron sulfide with negligible diagenetic loss during
subsequent transformation. This work continues to point to Mo(VI) as a plausible oxidant of FeS to FeS, within natural euxinic
settings.
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B INTRODUCTION

Molybdenum (Mo) in marine sediments has been used, on its
own or in combination with other elements, as a tracer of
recent extent of dead zones® and more ancient changes in
ocean and atmospheric oxygen.” '’ Molybdenum is con-
servative in oxygenated marine waters, present as molybdate
(MoO,*"), and has the highest ocean concentration of any of
the redox-sensitive trace metals (~107 nM)."" In the presence
of sulfide, oxygens are thought to be successively replaced by
sulfides in the formation of thiomolybdates (M0S,0,_,>", x =
1—4).”"* The primary sink for Mo is marine sediments that are
predominantly sulfidic or underlie euxinic bottom waters. With
a residence time in ocean waters of 4.4 X 10° yr,"" Mo is ideal
for recording redox changes on longer timescales.

The mechanism for how Mo becomes associated with
marine sediments remains open to investigation. Modern river
studies sug%est that pyrite weathering is the main source of Mo
to oceans” >~ while chemical leaching of marine and marsh
sediments using concentrated nitric acid suggests that Mo is
associated with the pyritic phase.'”'® Further work shows a
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possible role of MoO,>” in the formation of pyrite when in the
presence of elemental sulfur.'” The role of pyrite in Mo
accumulation has, however, been questioned because of its
absence or low Mo concentrations in pyrite framboids.'®"’
One alternative mechanism is the formation of a distinct
colloidal precipitate through the coprecipitation of MoS,>~
with iron and sulfide, rather than Mo adsorption to pyrite,
yielding FeMo(IV)S,. This is a pathway for the enrichment of
Mo in euxinic basins, such as the Black Sea.’” A second
alternative route has been suggested by sediment correlations

10,18,21

between organic carbon and authigenic Mo, where the

robust connection between Mo and organic matter may be
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Scheme 1. Representation of the Three Distinct Methods for Preparing Iron Sulfide Followed by MoS,> -Adsorption”
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“In methods 1 and 2, there is an initial synthesis and isolation step in which the iron and sulfide precursors are stirred for 1.0 h (method 1,
producing mackinawite) or 1.5 h (method 2, producing predominantly greigite). The more environmentally relevant method 3 (mackinawite/
greigite mixture) skips this isolation step and instead precursors sit for 20 min after combination. All three methods then follow with adsorption of
MoS,>” compared to an appropriate control. Solid and aqueous phases were then characterized (PXRD, TEM, Raman, and XPS) and quantified
(ICP, after using a 0.45 um syringe filter to isolate the aqueous phase), respectively. Additional details regarding these instrumental analysis

techniques are included in the Supporting Information.

causative.”” Increases in organic carbon flux could be driving
sulfide-producing conditions that are amenable to Mo
precipitation. There have been little data to suggest the
potential for diagenetic loss of Mo after authigenic
accumulation under sulfidic conditions.'* If pyrite association
is a major route to deposition of Mo in marine sediments, we
hypothesize that Mo would strongly adsorb to the initially
formed iron sulfide phases.

In order to better understand the association of
molybdenum with the earliest forming iron sulfides, the
adsorption of Mo is studied with iron sulfides created through
three distinct methods presented here. Mackinawite is thought
to be the initially precipitated iron sulfide phase, which may
transform into greigite as an intermediate to pyrite.23 Here, we
found that mackinawite transformed into greigite so readily
that we often obtained mixtures of the two. We devised three
different preparation methods that afforded mackinawite and
greigite. Method 1 (Scheme 1) consists of mackinawite
synthesis (most closely matching the disordered MkB phase
reported by Wolthers et al.>*), isolation, and characterization,
followed by its use in adsorption experiments with MoS,*".
Method 2 (Scheme 1) consists of synthesis of greigite with a
small amount of mackinawite followed by its isolation,
characterization, and subsequent use in adsorption experiments
with MoS,>". Method 3 (Scheme 1) consists of synthesis of a
variable mixture of mackinawite and greigite. This route is
distinguished by the almost immediate addition and adsorption
of MoS,>” to an initial iron sulfide phase that is likely
disordered. The third method was designed to more closely
mimic the formation of iron sulfides in an iron-limited system
and the subsequent incorporation of MoS,*” in sulfidic marine
sedimentary environments while providing sufficient material
for further experiments. Using iron sulfides from methods 1
and 2, we sought to quantify the amount of MoS,*” adsorbed
to the iron sulfide, model the mode of adsorption, and
characterize the resulting iron sulfide. Using the more
environmentally relevant iron sulfide production (method 3),
the redox behavior of Mo upon adsorption was also examined
using X-ray photoelectron spectroscopy (XPS). The subse-
quent transformation of Mo-adsorbed iron sulfides into more
thermodynamically stable phases was examined to establish
that MoS,”” is retained during the iron sulfide transformation

and that the iron sulfide transformation is affected by sorbed
Mo, as has been previously observed for Ni and Co.”

B EXPERIMENTAL SECTION

General Handling. All the syntheses and adsorptions
presented here were performed in an argon-filled glovebox. All
powders to be imported to the box were weighed and
deoxygenated under active vacuum in the antechamber
overnight (except for Na,S-9H,0, which was weighed on the
day of experiments). After solution preparation, all solutions
were bubbled with Ar,) for at least 90 min in a glovebag and
sealed with electrical tape prior to introduction to the
glovebox. Plastic centrifuge tubes containing wet samples
were sealed at the cap/tube connection with electrical tape
before they were removed from the box. Careful procedures
were followed for all sample transfers into and out of the box
although these transfers could be a source of oxygen
contamination. To freeze-dry the samples, a permeable cap
was used in which the holes were covered with electrical tape.
After freezing in liquid N,, the tape over the holes was
removed to allow for lyophilization. Freeze-dried products
were stored in capped centrifuge tubes in desiccators outside
the glovebox until the product was used or analyzed.

Synthesis of Mackinawite (Method 1) and Predom-
inantly Greigite (Method 2). Similar to the method outlined
in Wolthers et al.,”* solutions of Na,S-9H,0 (Alfa Aesar) and
(NH,),Fe(S0,),(H,0)4 (Sigma-Aldrich) were made with S
mM NaCl in a MES buffer (2-(N-morpholino) ethanesulfonic
acid hydrate, Sigma-Aldrich, pH 5.9) using 18.2 MQ-cm Milli-
Q (MQ) water. MQ_water was used for the preparation of all
solutions. To synthesize mackinawite (method 1, Scheme 1),
these solutions were added to a 50 mL Falcon tube
[(NH,),Fe(SO,),(H,0), 2.4 mmol; Na,S-9H,0, 3.6 mmol]
and diluted to the 50 mL mark with MES-buffered NaCl. The
solution was shaken and allowed to sit for 30—60 min,
centrifuged and decanted, resuspended in deoxygenated MES/
NaCl buffer and stirred for approximately 45 min, and then
centrifuged and washed with deoxygenated MQ water twice
before the solid was freeze-dried. The solid was then
characterized to confirm its composition.

The synthesis of a mixture that was primarily greigite with
small amounts of mackinawite (method 2, Scheme 1) was
most often achieved in a similar manner to the synthesis of
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mackinawite except that stirring in the buffer was increased for
approximately 30 additional minutes. When this variation in
the method resulted in the formation of predominantly greigite
as confirmed by characterization, the material was used for the
subsequent adsorption experiment.

Adsorption Studies with Previously Characterized
Mackinawite and Greigite from Methods 1 and 2.
Ammonium tetrathiomolybdate [(NH,),MoS, hereafter re-
ferred to as MoS,>”; Sigma-Aldrich] was dissolved in MES
buffer (initial pH 5.9) and left to sit for 30 min in the glove box
to maximize dissolution. The molybdenum solution was
subsequently filtered using a 0.45 pm syringe filter to remove
the undissolvable fraction inherent with this material®”*® and
standardized using inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES) (see Supporting Information).
Each previously freeze-dried iron sulfide sample (100 mg) was
combined with a 100 mL solution that contained the desired
moles of MoS,>~ (Table S2), stirred for 1 h, and then
centrifuged (MoS,*"-added, Scheme 1). For each adsorption
experiment, there were two different controls. One flask
contained the iron sulfide sample with deoxygenated NaCl/
MES buffer but no MoS,”~ (control, Scheme 1). This iron
sulfide-only control was used to monitor any changes to the
solid during the additional hour of stirring in the buffer
solution. The second molybdenum control contained MoS,>~
with deoxygenated NaCl/MES buffer in the absence of any
solid iron sulfide. This control was used to establish the
original amount of MoS,*” and in comparison to the MoS,*"-
containing sample (Scheme 1), how much MoS,*” was
removed from the aqueous phase presumably because of
sorption to the iron sulfide solid. The supernatant from each
sample was filtered using a 0.45 um syringe filter, final pH was
measured, and a separate aliquot was analyzed using ICP-AES.
The solid was freeze-dried for approximately 48 h prior to
characterization.

Synthesis of Mackinawite and Immediate Use in
Tetrathiomolybdate Adsorption Experiments for Meth-
od 3. Solutions of (NH,),Fe(SO,),(H,0),, Na,S-9H,0, and
(NH,),MoS, were prepared in deoxygenated MES buffer
(initial pH 5.9) with S mM NaCl similar to methods 1 and 2.
The iron and sulfide solutions were combined (see Table S3)
and the mixture was aged for only 20 min prior to the addition
of MoS,*". The protocol of having excess sulfide but limiting
iron was to prevent accidental formation of Fe—Mo—S$
precipitates.”’ Control flasks (MoS,>” solution only; iron and
sulfide solutions only) were made in parallel. The solutions
were stirred for 1 h and then centrifuged and filtered with a
0.45 pm syringe filter. The initial supernatant was analyzed for
final pH and remaining aqueous Mo in comparison to the Mo
control flask to determine the extent of Mo removal. The solid
phase was successively washed three times with 30 mL aliquots
of deoxygenated MQ water, and the supernatant was sampled
each time, filtered with a 0.45 ym syringe filter, and analyzed to
determine any loss of Mo from the solid phase. After the final
wash, the solid phase was freeze-dried and characterized.

Transformation of Iron Sulfides. Samples of iron sulfide
were heated in an Anton Paar Monowave 50. The solid iron
sulfide (30—65 mg) was combined with S mL deoxygenated
MQ_without further pH control within the glove box and
sealed with a poly(tetrafluoroethylene) septum and silicone
cap as recommended by the manufacturer. The samples were
put into the monowave at a specified temperature [room
temperature (RT), 80, 100, 120, and 200 °C] and held at that

temperature for 9 min. After heating, samples were either
centrifuged or 300 uL of 4 M MgCl, solution was added to
facilitate the separation of the solid from the aqueous phase.
The resulting overlying aqueous sample was filtered (0.20 um
syringe filter) and quantitatively sampled within the glove box
for analysis of aqueous Mo and Fe, while the remaining solid
sample was freeze-dried for 36—48 h prior to characterization.

Mineral Dissolution Method for Method 3. The extent
of Mo adsorption in methods 1 and 2 was determined by the
comparison between the control (MoS,*~ without iron sulfide)
and the adsorbed sample (MoS,>” with iron sulfide). The
difference in the MoS,>~ concentration between the control
and the sample flasks defined the amount of MoS,*” that had
been removed to the iron sulfide and allowed for the
determination of sorbed Mo (umol Mo/g solid). Because of
the design of method 3, the solid was not quantified prior to
the addition of MoS,*". Therefore, to quantify the amount of
Mo associated with the solid phase, solid samples from method
3 were centrifuged to remove them from the aqueous phase,
freeze-dried, and dissolved to quantify the extent of Mo
association with the iron sulfide (Figure S10) similar to
Swanner et al.”> The sample (25 mg) was added to a Teflon
beaker with 2 mL aqua regia at approximately 80 °C for 3.5 h.
The sample was reconstituted with 1 mL of 8 M HNOj (trace
metal grade), quantitatively transferred, and appropriately
diluted for analysis by ICP-AES (see Supporting Information).

Modeling of the Adsorption Data. Adsorption isotherm
models can be useful when comparing experiments that were
completed under similar conditions, which apply for samples
from methods 1 and 2 and previously published pyrite
adsorption experiments.” The results of the MoS,*~ adsorption
experiments with mackinawite and predominantly greigite
were modeled using a Langmuir isotherm”” and a Freundlich
isotherm.”® Both methods have two-parameter numerical
relationships that provide insight into the adsorption process,
aspects of the surface, and the affinity of the absorbing species
for those surface sites.”*>° These adsorption isotherms model
the amount of solute adsorbed per mass of absorbent (Q,,
umol Mo/g solid) and the equilibrium aqueous concentration
at the conclusion of the adsorption experiment (C,, ymol Mo/
L). The Langmuir isotherm assumes a fixed number of
homogeneous adsorption sites for monolayer adsorption that
allows for saturation of the surface and no interactions between
adjacent adsorbed species.”® The Langmuir isotherm is
described using the following equation

o QubC
© (1+1bC) (1)

Equation 1 yields a Langmuir constant (b, L/umol Mo) that
is an affinity parameter related to the free energy of adsorption,
and the maximum adsorbed solute (Q,, #mol Mo/g solid)
that can be accommodated on the surface. Both Langmuir
variables b and Q. can be solved using a linear regression
when eq 1 is plotted following Hamdaoui and Naffrechoux’

C 1 1

—=—0C, +
R, Q.. Qb )

In contrast, the Freundlich isotherm assumes nonhomoge-
neous sites that can accommodate multilayer adsorption and
follows the equation

Q, =K 3)
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Figure 1. PXRD patterns [(a), grey] and Raman spectrum (b) for method 1 showing the formation of mackinawite. Experimental patterns are
compared to the ICDD patterns for mackinawite (01-086-0389) and elemental sulfur (a-Sg) (01-083-2283). The effect of subsequently rehydrating
and stirring the solution in the absence (light blue) and presence (dark blue) of MoS,*~ on the PXRD patterns is demonstrated (a). The change in
the crystal structure in the observed mackinawite phase due to c-axis expansion is illustrated in (c).**

For this isotherm model, K; is related to the adsorption
capacity, whereas 1/n is a measure of adsorption intensity.”
The linearized form of eq 3 to solve for K¢ and 1/# is plotted as

1
1 = —log C, + log K
og Qe " og L. 0g K¢ (4)

B RESULTS

Starting Material. Characterization of Mackinawite
from Method 1. The starting material produced by method
1 (Scheme 1) matches the crystalline structure of mackinawite
with a c-axis expansion and small, oriented crystalline domains.
Initially, the powder X-ray diffraction (PXRD) shows a large
amorphous background. Subtraction of that background
reveals broad but prominent peaks at 16.5, 29.8, 39.1, and
49.9° 20, as well as a shoulder at 53° 20 (Figure la). These
peaks coincide with the ICDD database pattern 01-086-0389
for mackinawite as well as that calculated from ICSD pattern
81087.%” A few small but notable deviations occur between the
database patterns for mackinawite and the observed pattern for
the as-synthesized sample. The (001) peak is shifted from
17.5° 20 down to 16.5° 26. The (011) peak is shifted to a
smaller degree from 30.1° 20 down to 29.8° 26. Wolthers
investigated the variations in the c-axis of nanoscale, disordered
mackinawite that cause these shifts.”* These deviations are
ascribed to expansion of the c-axis due either to incorporation
of small amounts of water between Fe—S sheets of the crystal
lattice or to lattice relaxation due to the small crystalline
domains (Figure 1c). Figure S1 shows an overlay of the PXRD
pattern of the starting material with the pattern calculated from
the single crystal structure (ICSD 81067, a = b = 3.6735 A c=
5.0328 A)** as well as a version modeled using CrystalDiffract

to have ¢ = 5.2228 A. This cell parameter coincides with that
reported by Wolthers™* for the disordered mackinawite phase
MKkB for day-old mackinawite, though no shift was observed
with time in the materials synthesized here. A further
difference in peak positions compared to the bulk mackinawite
pattern is that the peaks at 49.6 and 50.5° 20 in the
mackinawite database pattern condense into one peak, with the
49.6° 20 peak as the most intense. Expansion of the c-axis
causes a shift in the (112) peak to 49.5° 20 (Figures lc and
S1). Further differences between the database pattern and that
observed for the starting material can be ascribed to the
existence of small, slightly oriented crystalline domains. The
broadness of the observed peaks indicates that the crystalline
domains are on the nanoscale. The average domain size based
on averaging the Scherrer-equation calculated size for each
peak through HighScore Plus is 3.0 + 0.6 nm. Figure S1 shows
the fit with particles of 4.6 nm diameters. The relatively low
intensity of the 001 peak at 17° 20 compared to the 020 peak
at 49.5° 20 can be ascribed to a slightly preferred orientation
(see further discussion in the Supporting Information). Figure
S1 shows a model in which plates with a (010) orientation are
present with a 0.5 alignment, which roughly mimics the
observed orientations. The presence of other iron sulfide
phases should be ruled out. Figure S2 shows that greigite
(ICSD 42535),* pyrite (ICSD 316),** pyrrhotite 4C (ICSD
151765),* and troilite (ICSD 31963)° all have numerous
reflection peaks that are not present in the observed pattern of
the method 1 starting material. Production of this starting
material was repeatedly reproduced, occasionally with slight
narrowing in the peak width observed with different samples,
up to crystalline domain sizes of 13 nm (Figure S3).

The identification of the starting material from method 1 as
mackinawite was further confirmed by spot analysis using

https://dx.doi.org/10.1021/acsearthspacechem.0c00176
ACS Earth Space Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00176/suppl_file/sp0c00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00176/suppl_file/sp0c00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00176/suppl_file/sp0c00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00176/suppl_file/sp0c00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00176/suppl_file/sp0c00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00176/suppl_file/sp0c00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00176/suppl_file/sp0c00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00176/suppl_file/sp0c00176_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00176?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00176?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00176?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.0c00176?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.0c00176?ref=pdf

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

a) b)

3

o —

1, (2}

2 <

= S

5 3|

£ 2

3 - 2

N starting o

[ C

IS material -

S

b4

T —
10 20 30 40 50 60 70 200 300 400 500 600
26 (°) Shift (cm™)

c) d)

3| g

© —

~ (2}

Py <

2 =

§ g

S >

Sh @

I 5

© standard £

3

S [ o

: : : mackinawite standard | | | |
T T LI L T |_|_'_I_|_I_I_|_'_|_'_l_| T T T T T T T T 7T T T
10 20 30 40 50 60 70 200 300 400 500 600
26 (°) Shift (cm™)

€) o mackinawite * > greigite

< b

1. loss of Fe

2. Fe* —»Fe™
3. tetrahedral —
octahedral

Figure 2. PXRD patterns (a,c) and Raman spectra (b,d) for method 1 (a,b) and method 2 (c,d). The method 1 samples are an example where a
roughly equal mixture of mackinawite and greigite formed upon extended stirring. The method 2 samples show a predominance of greigite. The
effect of subsequently rehydrating and stirring the solution in the absence (light colored, top pattern) and presence (dark colored, middle pattern)
of tetrathiomolybdate is shown. Experimental PXRD patterns are compared against ICDD patterns for mackinawite (01-086-0389), greigite (01-

089-1998), and elemental sulfur (a-Sg) (01-083-2283). (e) Structural relationship between mackinawite and greigite. Adapted from Lennie et a

1%

This figure was adapted with permission from ref 38. Copyright 1997 Mineralogical Society of America.

Raman spectroscopy (Figure 1b). Broad peaks are observed at
252, 304, 361, and 391 cm™. The observed spectrum is a very
close match to the poorly crystalline, Fe(III)-containing
mackinawite reported by Bourdoiseau et al., with vibrations
because of Fe(II)—S at 256 and 296 cm™ as well as Fe(III)—S
at 304 and 355 cm™' (see peak-fitting Figure S8 and Table
S1).”” Although the peak at 355 cm™ coincides with vibrations
indicative of greigite,37 greigite has two peaks, a more intense
peak at 350 and a less intense one at 365 cm™", which is not
the peak shape observed here. Peak-fitting suggests that there is
less than 30% greigite (Table S1). Overall, the Raman results
from small areas (10 ym diameter x ~4 pm in depth) are in
agreement with the bulk PXRD measurement, demonstrating
that the material from method 1 is predominantly
mackinawite.

Characterization of Mixture of Predominantly Greigite
with Mackinawite from Method 2. Upon extended stirring of
samples after initial precipitation (method 2, Scheme 1), a
material with a crystalline structure that matches a mixture of
majority greigite with a small amount of mackinawite is

formed, according to PXRD (Figure 2c). Reflection peaks at
25.5, 30.0, 36.7, 45.0, 48.9, and 52.5° 20 all coincide with the
database pattern for greigite (ICDD 01-089-1998), as do much
smaller peaks at 59.3, 62.8, and 65.5° 20. Remaining peaks at
16.9 and 49.7° 26, the most intense peaks observed for the
mackinawite starting material, indicate that mackinawite is still
present. Multiple batches of this material result in a majority of
greigite (Figure SS). Analysis of peak widths suggests this
material usually has slightly larger crystalline domains than the
mackinawite starting material made with method 1, with an
average Scherrer diameter based on peak-fitting with High-
Score Plus of 8 + 1 nm. Raman spectra are consistent with
peak-fitting suggesting 60—70% greigite (Table S1).
Characterization of a Variable Mixture of Mackinawite
and Greigite from Method 3. In contrast to methods 1 and 2
where starting material is isolated and freeze-dried before
adsorption, method 3 is more direct and environmentally
relevant (Scheme 1). Method 3 synthesizes mackinawite or a
mackinawite/greigite mixture. After consumption of the
Fe(Il)-precursor salt by an excess of sulfide during a 20 min
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sitting period, MoS,”” was added directly without isolating the
iron sulfide first. Although experimental Mo concentrations
(40.8—1104 uM) were larger than the 100 nM conservative
oceanic concentrations, concentrations and pH were poised so
as to have sufficiently measurable concentrations while
avoiding the possibility of forming polymolybdenum clusters
that are commonly found in molybdate species.’” Not only did
this approach more closely mimic the expected behavior in
iron-limited marine sedimentary environments, its higher yield
enabled more experimental characterization. We considered
the possibility that MoS,>” could react with the excess sulfide
to form MoS,, but were able to rule this out based on PXRD
and Raman analysis (Figure S9). PXRD of the product formed
by method 3 with or without introduction of MoS,*~ (Figure
3a) contains a very similar pattern to mackinawite prepared by
method 1 (Figure SS), with broad peaks at 17.0, 30.0, 39.0,
49.7, and 52.8° 26. When comparing the mackinawite from
methods 1 and 3, there is variation in the extent of shift in the
001 and 011 peaks, indicating different c-axis expansions. The
001 peak, at 17.5° 26 in the ICSD pattern,”” shifts to 16.5° 26
in the method 1 product but only shifts to 17.0° 26 in the
method 3 control synthesis indicating less c-axis expansion
than in method 1. Notably, this same peak shifts to 16.4° 20
for the MoS,* -added sample for method 3, indicating
increased c-axis expansion. For both the control and MoS,>"-
added samples, additional peaks emerge at 47.8 and 26.7° 20,
matching the database pattern for greigite (01-089-1998).
While the amount of greigite determined by PXRD is quite
small for all method 3 control samples, the PXRD of the
MoS,* -treated samples showed greater amounts of greigite
and greater variability. In several repetitions, the PXRD
patterns varied from nearly pure mackinawite (like the control
in Figure 3a), to a roughly half-and-half mixture of
mackinawite and greigite (Figure 3a, center), to mostly greigite

(Figure 3a, bottom). Despite this variability, method 3
generated significantly less greigite than what was formed in
the method 2 approach (Table S1). Raman spectroscopy of
localized spots (~10 pm diameter x ~4 ym in depth) confirms
that the method 3-synthesized products, both the control and
the MoS,*"-treated, are mostly Fe(III)-containing mackinawite
with occasional sites where more greigite is apparent (Figure
3b). Raman shifts at 301 and 352 cm™' indicate disordered
Fe(III)-containing mackinawite,”” and spot analyses suggest
relatively more in comparison to methods 1 and 2 (Table S1).
At one site, a very broad peak overlapped from about 300—400
cm™'. This area is where the primary Raman shifts for greigite
(345 and 360 cm™) fall.*” The PXRD (Figure 3a) and Raman
data (Figure 3b) taken together suggest that method 3
produces mackinawite finely intermixed with domains of
greigite. This is consistent with the ease of solid-state
transformation of mackinawite into greigite discussed below.

XPS of method 3 samples reveals alterations in oxidation
states upon MoS,> -exposure (Figures 4 and S7). The Mo 3d/
S 2s region (Figure S7) shows sulfide (225.6 + 0.1 eV) and
sulfate (232.2 + 0.2 eV) peaks in the control samples. The
sulfide peak (225.7 & 0.2 eV) appears in the same region in the
MoS,* -treated samples. The Mo 3d peaks in the MoS,*"-
treated samples overlap the sulfate region. Three Mo 3d peaks
are distinguishable in the MoS,* -treated samples. A peak or
shoulder at 235.4 + 0.1 eV is attributed to the Mo3d;,, peak of
Mo®; the peak at 232.2 + 0.1 eV overlaps the sulfate S 2s,
Mo® Mo3ds,,, and Mo** Mo3d,), peaks; and the peak at
2284 + 0.3 €V is attributed to the Mo** Mo3d;,, peak.’”"!
These Mo*" binding energies are similar to those from
MoS,>"-adsorbed to copper sulfide.*

Adsorption Experiments. Removal of Mo from the
Aqueous Phase. Adsorption of Mo was measured as
previously reported' for all three methods presented here.
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Figure 5. (a) Comparison of MoS,>™ adsorption (umol Mo/g iron sulfide solid) to pyrite," mackinawite (method 1), and a mixture of greigite with
some mackinawite (method 2) relative to the final aqueous Mo concentration (uM). The MoS,>” adsorption data were further linearized following
the Langmuir isotherm (b) and the Freundlich isotherm (c). For the linear regression, the mackinawite and greigite/mackinawite (methods 1 and
2) are used as a composite dataset. The lowest final MoS,>” concentration greigite/mackinawite sample was removed from the plot and linear
regression because of its final concentration being ~16 times lower than the next closest sample.

The final pH for all three methods was similar: 6.4 & 0.1, 6.18
+ 0.09, and 6.52 + 0.06 for methods 1, 2, and 3, respectively,
likely because of the amount of base present during the
adsorption experiment. All three methods also resulted in the
removal of MoS,”” from the aqueous phase. For method 1
(mackinawite only) and method 2 (primarily greigite), the
relative amount of MoS,>™ associated with the solid phase (Mo
sorbed) was plotted against the final aqueous Mo concen-
tration and compared with the previous data of MoS,*”
sorption to pyrite (Figure Sa)." To determine the possible
adsorption mode, the data were further modeled assuming a
Langmuir-type relationship (Figure Sb) and a Freundlich-type
relationship (Figure Sc).

The data for methods 1 and 2 follow a similar trend of
increasing sorbed Mo to the solid phase with increasing final
aqueous Mo concentrations with no apparent difference
between Mo adsorption to mackinawite or a mixture with a
majority of greigite (hereafter referred to as “greigite”). Pyrite
sorption levels were below 100 pmol/g across the whole tested
range of [Mo]4,, from 0 to 270 uM. Mackinawite and majority
greigite sorption levels were more than 100 umol/g from
[Mo]gqa from 25 uM and above, reaching up to 900 pmol/g
for greigite at 210 M. Mackinawite and greigite follow a
similar trend of increasing sorbed Mo to the solid phase with
increasing final aqueous Mo concentrations. The adsorption of
MoS,*” to pyrite reaches a maximum value (Figure Sa)
suggesting saturation of the available surface sites and is well
described with a Langmuir isotherm resulting in a linear fit to
the modeled data (R* = 0.95, Figure Sb). However, the
adsorption of MoS,>” to mackinawite and to greigite never
reach a maximum (Figure Sa) and are poorly described using
the Langmuir model (R* = 0.032, Figure Sb). These results

suggest that the mackinawite and greigite surfaces are not
saturated across this concentration range nor are the data
adequately described using a the Langmuir model. Instead,
there is a relatively consistent increase in adsorption to the
mackinawite and greigite surfaces with increasing final aqueous
MoS,>” concentrations. In contrast, when the mackinawite and
greigite results are modeled using a Freundlich model, there is
an improved linear fit to the data (R* = 0.87, Figure 5c). This is
the opposite result for the MoS,*~ adsorption to pyrite, which
has a better fit to the Langmuir isotherm (R* = 0.95, Figure
Sb) and a poorer linear fit to the data when plotted using the
Freundlich isotherm (R* = 0.6S, Figure Sc).

Note that though it is possible that Mo could have been
incorporated rather than adsorbed, surface adsorption of Mo in
these experiments is more consistent with our data. The
behavior is well described using a Freundlich adsorption
model. The mild conditions (RT and short equilibration
times) are suggestive of adsorption. As presented below, we
observe no alterations in the Raman spectra or PXRD patterns
indicative of a structural change.

Solids made using method 3 completely remove aqueous
Mo for all attempted concentrations (Table S3 and Figure
S11). As with methods 1 and 2, the low temperature and short
times for MoS,* -exposure make adsorption the most likely
mode of association with the iron sulfide phases, so it is
assumed that adsorption takes place though incorporation
cannot be completely ruled out. Aqueous Mo concentrations
measured in subsequent MQ_ were negligible water washes
suggesting that Mo was tightly bound to the material and
changes in the electrostatic atmosphere near the surface did
not result in the loss of sorbed Mo. The amount of Mo
adsorbed to this material was determined both theoretically
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and analytically (Figure S10 and Table S3). Theoretically, we
determined the amount of adsorbed Mo per gram of FeS from
the total amount of Mo added in the procedure relative to the
theoretical yield of mackinawite determined from the limiting
reactant, Fe’*, assuming the product was FeS. Analytically, we
measured the amount of adsorbed Mo after completely
dissolving a quantified amount of the freeze-dried material
while assuming that all of the solid was mackinawite. The
relationship between the Mo-adsorbed per gram of solid
determined from mineral dissolution is linearly related to the
same values calculated based on the theoretical yield (R* =
0.95, Figure S10). The scatter is likely because of small sample
sizes that were dissolved to analytically determine the amount
of adsorbed Mo (see the Method section). The y-intercept
offset may be because of the theoretical calculations that
assume that the synthesized mackinawite in method 3 has a
perfect FeS stoichiometry. It is also possible that the
synthesized material is hydrated because of waters trapped
between sheets of iron and sulfur causing expansion that is
seen in the PXRD patterns along the c-axis (Figure 1c). If the
molar mass of FeS is greater than 87.92 g/mol because of
nonstoichiometric FeS or hydration, then the theoretical mass
of the solid would be greater. This would, in turn, decrease the
ratio of adsorbed Mo to the mass of the theoretical solid and
the offset would be eliminated.

We were able to make limited comparisons between
methods 1 and 2 with method 3 by investigating the amount
of Mo added relative to the amount of Mo removed from
solution (Figure S11). Similar to the work on Ni adsorption to
mackinawite,” efficient removal of Mo occurs when <20 ymol
Mo is added for methods 1 and 2. However, complete Mo
removal occurs over the entire concentration range for method
3. Method 3 adsorption data do not yet provide further insight
into the mode of adsorption because of the complete removal
of Mo and a larger and variable amount of synthesized solid.
Instead, the method 3 samples confirm an alternative and more
realistic approach for adsorbing MoS,”” to metastable iron
sulfides while generating a sufficient amount of material for
subsequent experiments.

Characterization of Postadsorption Solid Phases. For the
pure mackinawite phases obtained through method 1, the
phase is not altered by adsorption of MoS,>~, as demonstrated
by comparisons between pre and postadsorbed mackinawite by
PXRD (Figure la). Overlaid PXRD patterns of the starting
material, as well as the samples stirred in buffer with and
without MoS,*”, (Figure la), are nearly identical, with no
changes in peak positions, intensity, or width. The process of
stirring in an MES buffer solution induced the growth of
crystalline elemental sulfur. Numerous narrow reflections
appear in the region between 19.6 and 27.7° 26, most notably
at 23.2° 26, which match ICDD pattern 01-083-2283 for a-Ss.
These changes, however, occurred for mackinawite samples
that were stirred in buffer solutions with and without MoS,*~
and to varying degrees for the samples shown in Figures la and
2c.

One sample of method 1 was notably different—it had
larger crystalline domains and a small amount of greigite that
became more prominent upon stirring with or without MoS,*~
present (Figure 2a,b). This sample had relatively large
crystalline domains of mackinawite (13 vs 3 nm) as indicated
by the narrower peaks in the PXRD pattern (Figures 2a and
S3). The peaks at 52.4 and 30.0° 26 as well as the appearance
of a shoulder at 47.8° 26, that grew upon stirring in buffer, all

coincide with the most prominent peaks in the greigite pattern
(ICDD 01-089-1998). This growth of peaks occurred both
with and without MoS,>”. Raman spectra confirm a relative
increase in the amount of greigite compared to the sum of
greigite and mackinawite in the control and MoS,* -added
samples compared to the starting material (Table S1). The
three distinct peaks indicative of mackinawite remain in the
Raman spectra after stirring, but the stirring processes induce
growth of the Raman peaks associated with greigite (Figure
2b). The change in the peak shape indicates a growth of peaks
at 350 and 365 cm™" because of greigite.”” As with the other
method 1 samples, crystalline a-Sg developed upon continued
stirring, regardless of the presence of MoS,*". Peaks at 218,
437, and 473 cm™" appear in the control samples attributable
to @-Sg.** Such peaks are distinct from various unbranched
monoanionic and dianionic polysulfides.”*®

For method 2, there was no effect on the crystalline solid-
state behavior of the majority-greigite sample upon stirring in a
buffer solution with or without MoS,*”. PXRD (Figure 2c)
peaks indicative of greigite remain at 25.9, 30.2, 36.4, 47.8, and
52.5° 26. For both the samples with and without MoS,*",
many sharp peaks emerge between 20 and 32° 26. These peaks
match orthorhombic elemental sulfur, @-S; (ICDD 01-082-
2283). Crystalline a-Sg emerges in both samples, just as was
observed in the mackinawite samples from method 1 (Figure
1a). The peak widths are comparable for control and MoS,*"-
added samples. This synthesis was reproduced twice with
similar PXRD results. Raman spectra of a MoS,* -added
method 2 sample (the only sample for which Raman was
collected) show a small peak at 300 cm™' indicative of
mackinawite. The spectra are dominated, however, by a large
broad peak with maxima at 345 and 360 cm™', with the 345
cm™! peak being the most intense, as expected for greigite
(Figure S8 and Table S1).*” The additional stirring that
occurred during the adsorption experiment for the method 2
samples did not dramatically change their majority composi-
tion of greigite and trace amounts of mackinawite were still
apparent in the PXRD patterns. There was also no appreciable
change in the surface area as determined by the
Brunauer—Emmett—Teller (BET) method for the original
synthesized material and the postadsorption material (6.05 and
7.41 m?/g, respectively). This measured surface area is similar
to other BET determinations for synthesized mackinawite."’
This is consistent with the similarity in particle sizes observed
for all samples observed through transmission electron
microscopy (TEM) (Figure S12 and Table SS). For
comparison, method 3 produced samples with larger BET-
determined surface areas relative to the method 2 samples but
were similar between control and MoS,* -adsorbed samples
(21.7 and 24.8 m?/g, respectively).

Postadsorption Iron Sulfide Transformation and Poten-
tial Loss of Mo for Method 3 Samples. Samples from method
3, with and without MoS,*”, were rapidly heated in MQ water
to evaluate the effect of sorbed Mo on the evolution of the
solid-state iron sulfide. Individual samples were heated at 80,
100, 120, and 200 °C for 9 min and then characterized by
PXRD (Figure 6). Across all temperatures, the conversions
stopped before greigite was completely replaced by pyrite. This
was verified both by PXRD and by the sample magnetism that
was observed between the small sample and the included stir
bar, consistent with the expected magnetism due to the
presence of greigite that contains Fe®*. Because greigite was
present in all samples, normalization of the PXRD patterns to
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Figure 6. PXRD demonstrating the effect of hydrothermal heating is
examined showing a more pronounced growth of pyrite in the
MoS,*"-containing samples. Upwards vertical arrows highlight the
preferential formation of pyrite in the MoS,* -containing sample
relative to the control, while downwards vertical arrows indicate the
disappearance in mackinawite. The patterns are all normalized to the
greigite peak at 53° 26.

the height of the greigite peak at 53° 26 provided a convenient
means of illustrating the changes in the relative amounts of
mackinawite and pyrite. RT samples are a mixture of
mackinawite and greigite for both the control and MoS,*"-
added samples, but the MoS,*” sample has less mackinawite
(indicated by peaks at 17 and 49.7° 26). Samples heated at 80
°C remain mixtures of mackinawite and greigite, though the
relative heights of the peaks at 48.0° 26 (greigite) and 49.7° 20
(mackinawite) indicate that mackinawite is being transformed
into greigite. Based on the change in the peak height at 17° 26,
the MoS,* -added sample appears to be stabilizing the
mackinawite phase. One MoS,” -added sample also showed
the reflections indicative of a-Sg. At 100 and 120 °C, both the
control and MoS,* -added sample look almost identical in the
mackinawite/greigite ratio, but the MoS,*-added sample
begins to show more prominent peaks due to pyrite at 33.0
and 46.2° 26. At 200 °C, both the control and MoS,* -added
samples exhibit sharp peaks due to pyrite. While the control
sample remains primarily greigite (with the 56° 26 peak due to
pyrite approximately one third of the height of the 53° 26
greigite peak), the pyrite peaks are the most intense in the
PXRD patterns for the MoS,>-added sample. The relative
heights of the mackinawite, greigite, and pyrite peaks
throughout this transformation indicate that the MoS,*"-
added sample initially stabilizes mackinawite but with greater
transformation preferentially promotes pyrite growth relative
to the control.

The aqueous Mo concentrations in the solution were
measured at the conclusion of each heating interval to evaluate
the stability of the adsorbed MoS,*” during the evolution of
the iron sulfides (Table S4). The final aqueous Fe
concentrations were also measured to determine the stability
of the solid. The amount of Fe typically represented a percent
or less of what was predicted to be present based on the mass
of the sample and the assumption that it was completely FeS.
Two samples showed an increase in Fe loss to the aqueous
phase with higher temperatures, but this was not a consistent
observation for all four samples that were tested. The original
amount of Mo present was quantified from the digest-
determined amount of sorbed Mo (Table S3) and the amount
of sample that was heated. There was more Mo released to the
aqueous phase upon heating but there was no consistent trend
in the data. The most Mo lost to the aqueous phase occurred
at the highest temperatures for the two samples that had the
greatest initial amount of adsorbed Mo. One sample suggested
7% of the originally adsorbed Mo was lost to the aqueous
phase during the transformation of mackinawite into primarily
pyrite, while the next highest amount of loss of Mo represented
only ~1% of the originally sorbed Mo. All other heated
samples indicated that Mo loss to the aqueous phase
represented less than 1% of the originally sorbed amount.

B DISCUSSION

Mo Adsorbs to Mackinawite and Greigite via a
Different Model and to a Greater Extent than Pyrite.
Two remarkable behaviors were revealed upon comparison of
the Mo-adsorption behavior of mackinawite (method 1), a
mixture of primarily greigite with mackinawite (method 2) and
pyrite." Notably, the adsorption behaviors of mackinawite and
greigite were indistinguishable, which can be rationalized based
on the relationships between the crystal structures and likely
transformation pathways. Even more strikingly, mackinawite
and greigite adsorbed Mo much more strongly than did pyrite
and did so by a different adsorption mechanism.

Mackinawite and Greigite Display a Continuous
Adsorption Curve Consistent with a Solid-State Rearrange-
ment during Iron Sulfide Transformation. The similarity in
Mo adsorption and the facile transformation of mackinawite
into greigite through a solid-state mechanism suggests that
these two phases play similar roles in Mo sediment
accumulation. The adsorption of Mo to greigite (#mol Mo/g
solid, Figure S) from method 2 brackets the range of Mo
adsorption to mackinawite from method 1, suggesting similar
extents and modes for adsorption (Figure S). Such a similarity
in the adsorption behavior is consistent with a facile solid-state
transformation from mackinawite to greigite, where surface
properties would be little altered. Transformation of
mackinawite into greigite occurred spontaneously upon
extended stirring of the Fe** and S~ solutions in method 1
and ultimately produced greigite (method 2) as well as stirring
in buffer during the adsorption experiments and controls. This
is consistent with reports that transformation of mackinawite
into more sulfur-rich phases is thermodynamically favor-
able.”>*® There are several possible transformation mecha-
nisms of mackinawite to greigite (eqs 5—7, as in Hunger and
Benning™’), discussed in detail by Lennie’® and Hunger and
Benning.23
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Of the three processes, two require addition of sulfide (eq S)
or polysulfide (eq 7) while the loss of Fe*" coupled with
oxidation of Fe** to Fe** and rearrangement of Fe ions (eq 6)
do not. While any of these three processes could be promoting
greigite while stirring in the initial sulfide-solution (method 2),
addition of sulfide (eq S) seems likely. In comparison, the loss
of Fe** is the most likely process occurring during the
adsorption process. In this situation, the method 1 and 2
samples undergo Mo adsorption after isolation of solid from
the sulfide-solution, followed by washing processes. Small
amounts of surface oxygen could act as the electron-acceptor in
this process, which could originate from vacuum exposure,
freeze-drying, or sample handling, all known to promote
greigite formation."”"” The Fe-loss mechanism is consistent
with a solid-state transformation facilitated by the structural
similarity of mackinawite and greigite.”® Mackinawite and
greigite share a cubic sulfide lattice, so transformation only
requires alteration of the cations. Roughly half of the iron ions
shift from tetrahedral sites to octahedral sites, accompanied by
oxidation of Fe’* to Fe®'. Further support for a solid-state
transformation is provided by one instance in which a sample
created using method 1 transformed into greigite during the
MoS,* -adsorption and control treatments (Figure 2a,b).
Notably, this sample showed larger crystal sizes based on the
Scherrer width of the mackinawite peaks (Figure S3). The fact
that this more crystalline sample of mackinawite more rapidly
transformed into greigite is consistent with the findings of
Csakberényi-Malasics et al.”’ who saw that crystalline
mackinawite transformed into greigite faster than more
amorphous mackinawite because of the facilitation of solid-
state transformation and the absence of domain boundaries.
These data suggest that the earliest iron sulfide phase extracts
significant amounts of Mo. The mackinawite phase transforms
into greigite through a solid-state mechanism, thereby retaining
similar particle sizes, crystal structure, surface atoms and
defects, and not disrupting or altering adsorption of MoS,>".

Mackinawite/Greigite Adsorb More Mo than Pyrite and
Exhibit a Different Mode of Adsorption. More aqueous
MoS,>~ adsorbs to mackinawite and greigite relative to pyrite
in experiments that were conducted in similar ways. This is
consistent with earlier work’' that suggested that Mo
association with iron sulfides occurs at the very earliest stages
of their formation.

The adsorption curves (Figure Sa) show that mackinawite
and greigite adsorb Mo to a much greater extent than pyrite,
and the adsorption isotherm models suggest that the mode of
adsorption (monolayer and homogeneous sorption sites vs
multilayer and heterogeneous sorption sites) is also likely
different. The adsorption of MoS,>™ to pyrite reaches a plateau
that is consistent with the Langmuir model that assumes a
monolayer of adsorbing molecules on the surface with no
interaction between the adjacent adsorbed molecules (Figure
Sb). In contrast, the mackinawite and greigite results are better
described with a Freundlich model that assumes multilayer
adsorption and/or heterogeneous sorption sites on the solid
surface (Figure Sc). It is clear that the mode of adsorption is
different for pyrite relative to mackinawite and greigite. Many
factors must be considered in attempting to explain the fact

that mackinawite/greigite absorbs more Mo consistent with a
model that suggests multilayer adsorption on a heterogenous
surface. To begin, there are three important experimental
differences that must be considered, although these should
tend to reduce the Mo-adsorption to mackinawite/greigite
when compared to pyrite, rather than enhance it. Differences
are because of the ability to obtain commercial pyrite, while
the metastable mackinawite and greigite phases must be
synthesized and then used rapidly.

It is possible that the adsorption experiments with
mackinawite and greigite never reached equilibrium, as the
previous adsorption experiments with pyrite included a ~17 h
equilibration time after the addition of MoS,*” to the pyrite
sample.' The instability of the mackinawite restricted
adsorption experiments to 1 h to minimize phase changes,
and this also could have prevented the equilibration of
adsorption of MoS,>” to the iron sulfide surface. However,
previous adsorption experiments have determined that
equilibration between MoS,>” and pyrite was achieved in 7
h>* and other equilibration experiments have varied from 30
min to 3 h.'* Differences in the surface area could also
influence the relative adsorption of MoS,>” to mackinawite and
greigite relative to pyrite. Differences in the surface area arise
from the different production methods. The pyrite was crushed
from larger particles, while synthesis afforded nanoscale
mackinawite and greigite that formed large clumps (see the
TEM results in Table SS and Figure S12). This resulted in
mackinawite and greigite having a larger surface area than
pyrite, though perhaps not as high as would be predicted if all
nanoparticle surfaces were accessible. The surface area for
pyrite used in Freund et al. was determined by BET to be 2.03
m?/g." Both the method 2 control and the MoS,* -adsorbed
samples had similar surface areas to those determined by BET
(6.05 and 7.41 m?/g, respectively). The factor of ~3—4 greater
surface area with the greigite and mackinawite samples could
have contributed to a larger amount of observed adsorption.
However, the adsorption to the method 2 samples was
measured to be much greater than four times the adsorption to
pyrite, especially at the higher Mo concentrations. Sample
preparation prior to adsorption experiments could alter the
relative amount of surface defect sites, which are likely
locations for the reaction.””* The mackinawite and greigite
samples were not ground prior to their use in adsorption
experiments, unlike the pyrite samples. Grinding and the
resulting heat during that process could potentially increase the
number of surface defect sites on pyrite, although this process
would have presumably led to greater adsorption of MoS,*™ to
the pyrite samples. Both methods 1 and 2 involved freeze-
drying as the final step in sample preparation prior to
adsorption, which was not necessary for the commercially
obtained pyrite. Freeze-drying has induced rapid phase changes
attributed to some oxidation of the solid surface.*” Raman
spectroscopy suggests some oxidation of the mackinawite and
greigite/mackinawite surfaces (Figure S8 and Table S1). The
presence of sulfate in the sulfur region of the XPS data (Figure
S7 shows the data for method 3) further indicates surface
oxidation. The percentage of the sulfur signal attributable to
sulfate is consistently 20 + 9% for all iron sulfide samples. We
are unable to determine the relative importance of these
oxidized surfaces on the overall adsorption of MoS,””. Subtle
differences in the pH of the adsorption samples might have
also impacted the extent of adsorption, although more basic
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pH (mackinawite and greigite/mackinawite samples) is
typically associated with lower extents of adsorption."”"*

This work provides essential and tantalizing insights into the
retention and alteration of Mo adsorption upon evolution of
iron sulfide from the initially formed mackinawite phase,
through the greigite intermediate and ultimately the
thermodynamically stable pyrite phase. A significant alteration
in the adsorption mechanism could disrupt Mo retention as
mackinawite or greigite age into pyrite. All of these possibilities
will require additional research to determine their relative
influence and impact on MoS,*” adsorption to iron sulfides.
To control for the many factors that might influence
adsorption, we need a synthetic route that allows monitoring
of Mo-adsorption along the whole transformation pathway.

Environmentally Relevant Mo Adsorption Influences
Subsequent Iron Sulfide Transformation. Comparison of
the early phases of iron sulfide (methods 1 and 2) to pyrite
suggests there are important differences that affect Mo
adsorption, which drove development of a new synthetic
method (method 3) to allow richer exploration. Thus, we
developed an Fe-limited synthetic method that was followed
by MoS,*"-addition prior to isolating the solid phase (method
3). Already, this higher-yield route, which better simulates the
natural process of iron sulfide formation and Mo-adsorption,
has yielded insights into the redox behavior upon MoS,*"-
adsorption, the effects of Mo on the iron sulfide trans-
formation, and the retention of Mo through such solid-state
transformation.

Comparison of Methods 1 and 2 with Method 3. Method
3 affords a more direct means of obtaining mackinawite and
greigite when compared to methods 1 and 2. Despite the
similarity of these approaches (Scheme 1), they do not result
in identical MoS,” -adsorption, generation of Sg or phase
behavior.

Fundamentally, it is challenging to compare the Mo
adsorption to the materials generated from methods 1 and 2
with method 3. The greater amount of iron sulfide from
method 3 used in adsorption experiments resulted in complete
removal of Mo from solution, obviating the ability to model
the adsorption behavior with methods 1 and 2 to evaluate the
applicability of a Freundlich adsorption model. Indeed, in the
absence of these data, it remains a possibility that Mo exposure
through method 3 resulted in cation incorporation such as was
modeled for Cu and Ni>® and observed for Ni,** a possibility
suggested by the increased c-axis expansion of the MoS,*"-
added sample (Figure S6). The difference in the amount of
iron sulfide solid used as well as the different approach could
result in differences in Fe, S, and Mo that could affect rates. It
is possible that differences in the surface area impacted the
extent of Mo adsorption. The surface area of samples
generated with the method 3 approach was larger (21-24
m?/g) than the surface area measured for method 2 samples
(6—7 m?/g). Determining the surface area required freeze-
drying of the samples, so these determinations for the method
3 samples still likely underestimate the potential surface area
during MoS,>” adsorption experiments. The process of
isolating the solid prior to freeze-drying likely involves some
loss of the fine fraction, which would be predicted to have the
highest surface area.

Consistent with differences in the surface area, the material
from method 3—at the moment of the adsorption experi-
ment—Tlikely consisted of a greater proportion of nanocrystal-
line material than was present when material from methods 1

and 2 underwent adsorption. A specific phase referred to as
FeS .., is a nanocrystalline precursor to mackinawite is
thought to form under more acidic conditions,”®*” and such
a precursor could have formed in our procedures. Skipping the
freeze-drying of the initial starting material, however, may also
have contributed to generation of a greater quantity of
nanocrystalline material. The use of freeze-drying prior to the
adsorption experiment in methods 1 and 2 is thought to halt
further changes in the mackinawite structure and impact
mackinawite reactivity”* but might have also encouraged the
formation of larger crystalline domains through the removal of
interparticles and surface-adsorbed water molecules.”® The
absence of a freeze-drying step prior to the MoS,* -adsorption
experiment could have allowed for a greater surface area for
adsorption and greater reactivity of the primarily mackinawite
formed in method 3 resulting in the complete removal of
MoS,*~ from the solution.

There were also significant changes in the solid-state
behavior associated with skipping the isolation step that is
included in methods 1 and 2. We observe with methods 1
(usually pure mackinawite) and 2 (primarily greigite), no iron
sulfide phase change upon Mo-adsorption. One exception to
this statement is the sample shown in Figures 2a,b, but in this
instance, there is still no difference between the control and the
MoS,*"-adsorbed sample. Method 3, on the other hand, shows
more variability in the iron sulfide phase. The control sample is
primarily and consistently mackinawite, but the MoS,*"-added
sample is a variable mixture of greigite and mackinawite
(Figures 3ab). This suggests that MoS,>” has a role in
promoting greigite formation, though it is unclear whether this
is because of surface adsorption effects or Mo incorporation.

The generation of elemental sulfur is another distinct
difference that is apparent when comparing the behaviors of
methods 1 and 2 with method 3. Crystalline, elemental sulfur
as a-Sg is generated during the MoS,* -adsorption and control
experiments for methods 1 and 2 (Figures la and 2a,c). Some
reaction must be responsible for oxidizing sulfide. Such a
reaction would not be expected to facilitate the necessary
oxidation of iron in the formation of a mixed Fe(II)/Fe(III)
greigite independent of the presence of MoS,". It is notable
that a-Sg is rarely generated through method 3, which is
formed in the presence of excess sulfide. It is present only in
the MoS,* -added sample at 80 and 200 °C, suggesting that
might be generated and consumed at different stages of the
overall conversion process. Emergence of elemental sulfur
upon synthesis and transformation of iron sulfides has been
reported. Benning et al."’” observed the formation of elemental
sulfur in their “slow oxidation” of mackinawite to pyrite in the
presence of H,S. Morin et al.’’ observed a-Sg after
crystallization of mackinawite from a solution of Fe(III) and
H,S.

Relationship Among Redox, Mo Adsorption, and Hydro-
thermal Transformations. The greater yield of material
afforded by method 3 enabled us to examine the effects on
surface chemistry and oxidation state upon adsorption (Figures
4 and S7) as well as to monitor the transformation of the solid
phases upon heating (Figure 6). Three notable insights are
gained in the systems presented here. (1) Sorption of Mo as
MoS,*~ occurs with the earliest forms of iron sulfide formation
and involves the reduction of Mo(VI) to Mo(IV). (2) The
adsorbed MoS,*” is retained during iron sulfide transformation
and is greater than previous adsorption studies with
commercially available pyrite. The lack of diagenetic loss of
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adsorbed Mo during iron sulfide transformation provides a
route by which the adsorbed Mo might further influence the
solid-state transformation. (3) The formation of a-Sg upon
stirring in buffer is consistently observed when mackinawite or
greigite is isolated and then retreated (methods 1 and 2) but
little @-Sg is measured upon near-simultaneous synthesis and
adsorption (method 3).

XPS indicates reduction of Mo upon MoS,* -adsorption
(Figure 4). A significant signal due to Mo*' is observed in
addition to Mo® that would be expected from Mo(VI)S,*".
The redox processes involved with the association of Mo with
iron sulfide, whether through surface adsorption or coprecipi-
tation, have been the subject of intense debate. Sediments
show that reduced Mo is found in sediments, often as
Mo(IV)-S compounds.()’lz’60 Understanding when Mo
reduction occurs and how it is related to the iron sulfide
transformation pathway is important for evaluating the process
of aqueous MoS,>™ association with early phases of iron sulfide
into Mo(IV)—S compounds that represent the final Mo record
in sediments. Notably, there is an increase in the fraction of
Fe(III)-containing versus Fe(II)-containing mackinawite in the
MoS,* -added sample versus the control for method 3 that is
not apparent with the other methods (Figure S8 and Table
S1). This suggests that Fe oxidation could drive Mo reduction.

Hydrothermal transformation experiments (Figure 6)
revealed that MoS,”” accelerated the transformation into
pyrite. Hydrothermal transformations were carried out in MQ_
water without adding sulfur-containing species and over very
short times, conditions quite distinct from much of the
literature.”***7°*%! These conditions allowed for rapid
assessment of phase transformations.

Although very little aqueous iron (<1% of the initial moles of
solid Fe, Table S4) was measured at the conclusion of the
transformation experiments, release of dissolved iron sulfide
could affect the pH and the concentrations of dissolved
polysulfides, which influences the rate of pyrite formation.*®
This new synthetic approach offers the means of carrying out
future systematic evaluations of the effect of pH on these
transformations. Figure 6 shows the evolution of iron sulfide
phases as different fractions of the same original samples, with
and without MoS,>"-exposure, are heated to 80, 100, 120, and
200 °C. Greigite is present in all samples and the patterns are
normalized to the height of the 53° 26 greigite peak. The
changes in phase observed upon heating are consistent with
the previously reported pathway”” in which the initially formed
mackinawite transforms into greigite and then pyrite is
observed for both the control and the MoS,* -exposed
samples. With increasing temperature, the mackinawite phase
gradually disappears. It disappears more quickly for the control
sample than for the MoS,* -exposed sample, and the control
had more mackinawite in the first place. This suggests that
MoS,>” stabilizes greigite with respect to mackinawite,
verifying observations from the other room-temperature
samples obtained through method 3 (Figure 3a). The amount
of pyrite increases with temperature, being most apparent at
200 °C. The MoS,* -exposed sample has more pyrite than the
control. It is possible that the active role of Mo in pyrite
formation is facilitated by the transition from Mo adsorption
on the surface to Mo incorporation during the iron sulfide
mineral rearrangement. This process might be accentuated in
these experiments because of the higher experimental Mo
concentrations relative to environmentally relevant concen-
trations; however, this observed acceleration of pyrite

formation in an environment rich in trace-metals has been
previously demonstrated. Morin®” showed that Ni accelerates
pyrite formation from mackinawite through formation of a Ni-
pyrite solid solution, though Swanner™ found that Ni and Co
delayed complete conversion to pyrite. Mansor'~ demonstrates
that Mo plays an active role in the formation of pyrite when
both MoO,*~ and elemental sulfur are present. Vorlicek et al.”*
posited and Dang et al.”® confirmed that polysulfide ligands
promote Mo(VI) reduction and eventual uptake by pyrite
surfaces, demonstrating the complex interplay possible
between these species in aqueous solutions that could very
well be extended to the polysulfides present in pyrite. We
suggest that MoS,>™ reduction accelerates pyrite formation by
facilitating the oxidation of sulfur that occurs when
mackinawite transforms into pyrite. MoS,>~ reduction, perhaps
by conversion of the Mo®* center to Mo*, would be consistent
with the observation of Mo*" by XPS (Figure 4).

B CONCLUSIONS

This work highlights the importance of the interrelationship
among molybdenum, iron, and sulfide. The initial capture of
MoS,*” by mackinawite defines the conditions under which
authigenic Mo accumulation first occurs in marine sediments.
It is perhaps not surprising that mackinawite rather than pyrite
is the original host for Mo under sulfidic conditions. Sediments
from Hingham Bay show clear removal of Fe from pore
waters because of the formation of FeS.* Sulfate reduction and
the subsequent formation of sulfide consume aqueous Fe** by
6—8 cm below the sediment—water interface as easily reducible
Fe (oxyhydr)oxides are exhausted and pore water H,S starts to
increase. Models of pore water Mo profiles suggest that
removal begins between 2.5 and 5.1 cm below the sediment—
water interface, depending on the season. A zone of increasing
Mo concentrations in the sedimentary solids is measured from
2.5 to 10 cm. The solid phase concentrations are consistent
with the pore water profiles, even though they integrate longer
timescales in marine sediments relative to pore waters, which
respond to seasonal changes in organic carbon flux to
sediments. Although the depths of pore water Mo removal
(2.5—5.1 cm) and solid Mo accumulation (2.5-10 cm)
relative to the zone of FeS formation (6—8 cm) may seem
inconsistent with our experimental results, the appearance of
sporadically low H,S concentrations shallower than 6—8 cm in
Hingham Bay provides evidence for sulfidic microenviron-
ments above the zone of sulfide-rich pore waters.”* H,S
concentrations reached 15 uM, which exceeded the “switch-
point” for thiolating Mo0O,>".%° These microenvironments
likely form around organic matter, which can drive the
localized formation of sulfide resulting in mackinawite
formation occurring in heterogeneously distributed locations
that become more prevalent and stable with depth.*®
Porewaters that house these microniches furnish a rich
abundance of catalysts necessary to promote rapid thiolation
of M0042_.22 The role of organic matter is, therefore, to drive
sulfate reduction and provide a sulfide threshold that can both
thiolate MoO,*” and fuel the formation of FeS to provide the
initial material for authigenic Mo accumulation.”” Hence, our
experimental data are consistent with observations in sulfidic
sediments.

Our results demonstrate that early-formed, highly disordered
FeS appears to be a necessary and effective reductant for
Mo(VI). In accord, Vorlicek et al.”® also imply that nascent
FeS precipitates are required for Mo reduction and uptake.
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Those authors indicate that Mo(VI) reduction and incorpo-
ration as Mo(IV) require aquatic environments with log Qg.s
>4.87, conditions at which FeS nanoparticles commence
nucleation. Here, we find additional evidence that Mo(VI)
reduction is coupled with the oxidative transformation of
mackinawite into greigite and ultimately pyrite. The mecha-
nism underlying this conversion likely includes elemental
sulfur, a probable product of Mo(VI) reduction and ingredient
in pyrite formation. While Vorlicek et al.”® demonstrate that
elemental sulfur is incorporated into their FeMo(IV)S
precipitates, our redox evidence is more complex, hinting at
Fe(III), for example, as another oxidative product. Variation in
redox products possibly reflects differences under solution
conditions. Our experiments were done at mildly acidic pH;
Vorlicek et al.”® reactions were carried out under mildly
alkaline conditions. Ultimately, we will need to investigate the
exact nature of this mechanism in conjunction with the
identification of intermediate Fe—S—Mo phase(s) that are
involved. It is clear that the diverse redox reactions available
with both Fe and S provide ready partner in the reduction of
Mo in marine sediments.
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