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ABSTRACT: Cobalt sulfide precipitates, key phases in the natural biogeochem-
istry of cobalt and in relevant remediation and resource recovery processes, are
poorly defined under low-temperature aqueous conditions. Here, we systematically
studied Co (Fe) sulfides precipitated and aged in environmentally relevant
solutions, defined by different combinations of pH, initial cobalt to iron ratios
([Co]aq/[Fe]aq), with/without S0, and the presence/absence of sulfate-reducing
bacteria. The initial abiogenic precipitates were composed exclusively of amorphous
Co sulfide nanoparticles (CoS·xH2O) that were stable in anoxic solution for 2
months, with estimated log K* values 1−5 orders of magnitude higher than that
previously reported for Co sulfides. The addition of S0, in combination with acidic
pH and elevated temperature (60 °C), resulted in recrystallization of the
amorphous precipitates into nanocrystalline jaipurite (hexagonal CoS) within 1
month. In the presence of Fe(II)aq, the abiogenic precipitates were composed of more crystalline Co sulfides and/or Co-rich
mackinawite, the exact phase being dependent on the [Co]aq/[Fe]aq value. The biogenic precipitates displayed higher crystallinity for
Co sulfides (up to the formation of nanocrystalline cobalt pentlandite, Co9S8) and lower crystallinity for Co-rich mackinawite,
suggestive of mineral-specific bacterial interaction. The revealed precipitation and transformation pathways of Co (Fe) sulfides in
this study allows for a better constraint of Co biogeochemistry in various natural and engineered environments.

■ INTRODUCTION

Cobalt (Co) is a biologically and environmentally important
trace metal that is an integral component of cobalamin (e.g.,
vitamin B12), which is essential for various key biological
functions in all domains of life.1−5 At high concentrations,
cobalt can cause detrimental effects to microbial, plant, animal,
and human metabolisms.6−8 The increasing anthropogenic
release of Co into the environment has been a growing
concern for the United States Environmental Protection
Agency9 and the Department of Energy,10 especially in areas
close to mining sites, coal power plants, cobalt alloy factories,
highways, and nuclear reactors.8 At the same time, recovering
Co from industrial and mining byproducts is highly desirable
from an economic perspective due to the scarcity of Co-
bearing ores and the ever-increasing uses of Co in modern
technology.11 Thus, there is significant interest in effectively
immobilizing and concentrating Co in a stable form, especially
from aquatic systems, either for long-term remediation or for
resource recovery and subsequent reuse.
One of the most promising methods for sequestering Co and

other heavy metals in anoxic−suboxic environments involves
the addition of sulfide (from abiotic sources or from sulfate-
reducing bacteria), which readily reacts with metal cations to
form relatively insoluble metal sulfide precipitates.12−14 Due to

the extremely low solubility of metal sulfides under anoxic−
suboxic conditions, aqueous metal cations can be sequestered
with high efficiency in the form of nanosized particles.15,16 This
process could have naturally occurred at oceanic scales in the
sulfidic oceans on the early Earth and thus may have played an
important part in constraining the bioavailability of Co and the
evolution of ancient life.17,18 In all of these cases, information
on the stability and reactivity of Co sulfides is crucial to
determine the cycling patterns and fate of Co. The stability and
reactivity of metal sulfide nanoparticles are known to be
strongly affected by their formation pathways and resultant
physicochemical properties (e.g., size, crystallinity, phase,
shape),19−23 all of which are poorly characterized for Co
sulfides.
To fill this vital knowledge gap, we have undertaken a study

to characterize the initial precipitates and transformation
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products of Co sulfides precipitated under low-temperature
aqueous conditions, through a combination of electron
microscopy based methods, X-ray diffraction (XRD), and
inductively coupled plasma atomic emission spectroscopy
(ICP-OES). Precipitation and aging conducted in various
environmentally relevant solutionsdefined by different
combinations of pH, initial Co to iron(II) ratios ([Co]aq/
[Fe]aq), with/without elemental sulfur (S0), and the presence/
absence of sulfate-reducing bacteria (SRB)revealed a range
of nanosized products, from amorphous Co sulfides to
nanocrystalline jaipurite (CoS), cobalt pentlandite (Co9S8),
and Co-rich mackinawite ((Co,Fe)S). The results from our
study will aid in refining predictive models aimed at exploring
the mobility and fate of Co in the environment.

■ MATERIALS AND METHODS

All syntheses were performed under anoxic conditions
following previously established methods by our group.24,25

Abiogenic Co sulfides were precipitated via slow titration or
immediate pouring of 50 mL of Na2S·9H2O into 50 mL of
modified metal toxicity medium (MTM) amended with
aqueous Co(II) and/or Fe(II) (see Table S1 for the medium
composition). The total amount of added sulfide was kept
constant at a concentration of 7.5 mM in the mixed solution
(without considering precipitation), while the total concen-

tration of metals ranged from 0.5 to 5 mM. The initial [Co]aq/
[Fe]aq ratio was varied among “Co-only”, 5/1, 1/1, 1/2, and 1/
5. Abiotic experiments were performed under two pH
conditions, acidic (pH 2.9, rising to pH 3.6 after sulfide
addition) and near-neutral (pH 7.2, rising to 8.6 after sulfide
addition), to cover the wide range of pH in natural and
engineered environments. Elemental sulfur was also amended
to some of the abiotic experiments (concentration equivalent
of 6.3 mM in the mixed solution) to examine the effect of
additional oxidant and sulfur source on phase transforma-
tions.26−28 Abiotic experiments were carried out mostly at
room temperature (∼25 °C), with a few at elevated
temperature (60 °C, inside an incubator), for up to 60 days.
Additionally, biogenic metal sulfides were precipitated in
metal-amended MTM inoculated at 1% (v/v) with an
exponential-phase cell culture medium of Desulfovibrio vulgaris.
The initial total metal concentrations in the biological
experiments were kept constant at 0.5 mM, while the biogenic
sulfide concentration reached a maximum of 15 mM over a
period of 90 days of incubation at 30 °C. A schematic of the
complete experimental design is shown in Figure S1.
The precipitates were collected via centrifugation and/or

filtration through 0.2 μm mixed cellulose ester (MCE) filter
papers. X-ray diffraction patterns of the bulk materialdried
as thin films on glass slides inside an anaerobic chamberwere

Figure 1. Low-magnification microscopy images of abiogenic (top) and biogenic (bottom) Co−Fe−sulfide precipitates at different initial [Co]aq/
[Fe]aq in the near-neutral pH experiments, focusing on the bulk structure of the aggregates. Insets display representative SADPs. (a−c) Aggregates
of the abiogenic precipitates are generally amorphous to poorly crystalline. Higher crystallinity (more surface textures and sharper diffraction rings)
is observed with increasing initial [Fe]aq content (from left to right). (d−f) The biogenic precipitates share similar structures with the abiogenic
precipitates, albeit with differences in crystallinity (more crystalline and sharper diffraction rings for “Co-only” and 5/1 ratio; less crystalline and
more diffuse diffraction rings for 1/1 ratio). In (e), darker spots corresponding to the presence of nanocrystalline cobalt pentlandite are visible.
Images in (a)−(d) are from 5 day old samples, while images in (e) and (f) are from 30 day old samples.
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obtained using a Rigaku Miniflex II with a 2θ range of 10−60°
and a total scan time of 105 min/sample. For transmission
electron microscopy (TEM) analysis, the collected precipitates
were resuspended in anoxic water and shipped in sealed glass
vials to the NanoEarth National Center at Virginia Tech,
where the suspended materials were mounted onto TEM grids
for analysis on a JEM-2100 instrument coupled with an energy
dispersive X-ray spectrometer (EDS). The biogenic samples
were pretreated with lysozyme and proteinase K to remove
residual organics that might interfere with high-resolution
imaging. Control experiments using abiogenic samples
indicated that enzymatic treatment did not cause changes to
the metal sulfides, consistent with previous studies.20 Extra
steps were taken to minimize oxidation and to identify
oxidation products (if any) during these analyses, as detailed in
the Discussion in the Supporting Information. Any samples
displaying oxidation features were discarded from interpreta-
tion.
For ICP-OES analyses, the collected precipitates were

redispersed and washed in N2-degassed ethanol and then
centrifuged at 2000g for 5 min to remove the supernatant. This
washing step was repeated three times altogether. The
precipitates were dried for 2 days inside an anaerobic chamber
and then digested through the following sequence: (a)
overnight digestion of 20−40 mg of the solids in 3.5 mL of
concentrated HNO3 at 25 °C in screw-capped containers (the
strongly oxidizing HNO3 likely promoted oxidation of H2S to
sulfate, thus minimizing the loss of sulfur as volatiles in
subsequent steps), (b) heating at 115 °C for 45 min with the
cap opened, (c) mixing with 2 mL of 30% H2O2 after

cooldown, followed by another heating at 115 °C for 20 min
with the cap opened, and (d) dilution with 3% HNO3 prior to
ICP-OES analysis. Ethanol-washed and dried precipitates were
also examined using Fourier transform infrared spectroscopy
(FTIR, in attenuated total reflectance mode) and thermogravi-
metric analysis (TGA) for the presence of structural water.
Each TGA analysis utilized about 2 mg of solids that were
sequentially heated to 600 °C at a rate of 5 °C/min under a
nitrogen flow, and the final data were corrected for empty-pan
baseline. Several standards including powdered FeS (product
#343161-1G, Sigma-Aldrich), powdered CoS (product
#13114, Alfa Aesar), and crushed pyrite grains (<150 μm,
from Spain), were analyzed alongside the samples. These solid
standards, while differing significantly from freshly precipitated
nanoparticles especially in terms of size and crystallinity, are
suitable materials to test the accuracy of ICP-OES analysis and
for comparative FTIR and TGA analyses on water-free metal
sulfides.
Aqueous Co and sulfide concentrations were measured via

ICP-OES and the methylene blue assay (Hach Co., Colorado),
respectively. Solutions were sampled via needles and syringes
through a tightly affixed rubber stopper, filtered through 200
nm pore size cellulose acetate membranes, and then either
acidified to 3% HNO3 (for Co) or fixed with 20% ZnCl2 and
stored at −20 °C (for sulfide) prior to analysis. A subset of the
samples was also passed through a centrifugal filter with a 3
KDa NMWL cutoff (equivalent to filters with ∼1 nm pore size;
product #UFC500396, Millipore Sigma) while being centri-
fuged at 14000g for 30 min to test for the contribution of
nanosized particles to the aqueous concentrations.

Figure 2. High-magnification microscopy images of abiogenic (top) and biogenic (bottom) Co−Fe−sulfide precipitates at different initial [Co]aq/
[Fe]aq in the near-neutral pH experiments, focusing on the internal structure of the nanoparticle aggregates. (a) Amorphous structure of abiogenic
Co sulfides. (b) At a 5/1 ratio, fibrous textures are evident on the surface of the aggregates. (c) At a 1/1 ratio, crystalline acicular textures are
evident on the surface of the aggregates. (d) Biogenic Co sulfides containing nanodomains on the surfaces of the aggregates. (e) At a 5/1 ratio, 10−
20 nm domains (top, outlined in yellow) and particles of (Co,Fe)9S8 (bottom, outlined in yellow) are evident within larger-sized biogenic
aggregates. The inset corresponds to the diffraction pattern (obtained from fast Fourier transform) of the crystalline Co9S8 nanoparticle adjacent to
it. (f) At a 1/1 ratio, fibrous textures are evident on the surface of the biogenic aggregates. Images in (a)−(d) are from 5 day old samples, while
images in (e) and (f) are from 30 day old samples.
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■ RESULTS AND DISCUSSION

Initial Precipitates of Abiogenic Co Sulfides. The
addition of sulfide to a Co-containing solution resulted in the
formation of black precipitates either immediately or within a
few hours depending on the rate of sulfide addition. Regardless
of the pH (acidic or near-neutral), the rate of sulfide addition,
and the initial sulfide to metal ratios, the precipitates collected
within 60 days of incubation at room temperature were largely
XRD-amorphous (Figure S2), indicative of the lack of long-
range order. A broad XRD signal centered at approximately
15−17° 2θ (5.2−5.9 Å) was tentatively distinguishable relative
to the background. Electron microscopy analyses indicated that
the precipitates were composed of amorphous aggregates, with
no clear lattice fringes at high resolutions (Figure 1a and 2a).
The selected area electron diffraction patterns (SADPs) for
these aggregates revealed two diffuse diffraction rings, with d
spacings in the ranges of 2.4−2.9 Å (centered at ∼2.6 Å) and
1.6−1.9 Å (centered at ∼1.7 Å), respectively. No diffraction
ring corresponding to the d spacing of 5.2−5.9 Å was
identified, although it was possible that this signal was
obscured by the bright transmitted beam spot. This set of d
spacings is not diagnostic of any known crystalline phases of
Co sulfides (Table 1).

The sulfur to cobalt (S/Co) ratios of the initial precipitates
were determined via ICP-OES to be 1.22 (mean of two
synthesis batches; Table S2) and via EDS to be 0.99 ± 0.52 (n
= 3 nanoscale aggregates). The two values agreed with one
another within error. The large standard deviation associated
with the EDS data may reflect actual compositional
heterogeneity of the samples at the nanoscale, although the
accuracy of this technique can be skewed by the inherent
analytical error of EDS29 and the presence of sulfur or metal
species that adsorbed strongly to sulfide nanoparticles.30,31 The
values determined in this study were largely consistent with
previously reported ratios of 1.03−1.38 for XRD-amorphous
Co sulfides obtained by Loussot et al.32,33 Loussot et al. also
observed the co-occurrence of Co(OH)2 via XRD and TEM in
some of their samples, which could have skewed their S/Co
ratios to values lower than the actual ones. Combining our data
set with that of Loussot et al. suggests a relatively wide range of
S/Co ratios for early-stage precipitates of Co sulfides,
extending from near-stoichiometric to excess S over Co.
The poorly crystalline nature and probable nonstoichiom-

etry of early-stage Co sulfides led us to consider if these Co
sulfides may have incorporated structural water to help
stabilize their crystal structure, similar to the case for

Table 1. List of Known Minerals in the Co−Fe−Sulfide System, along with Associated Crystal Chemistry and d Spacings (in Å)

mineral

amorphous Co sulfidea cobalt pentlandite jaipuriteb linnaeite cattierite mackinawite

cryst structure amorphous to poorly crystalline cubic hexagonal cubic cubic tetragonal
chem composition CoS1.00−1.38·xH2O (Co,Fe)9S8 CoS Co3S4 CoS2 (Co,Fe)S
S/Me ratio 1.38−1.00 0.89 1.00 1.33 2.00 1.00
d spacing (hkl)c 5.5 5.73 (111)

5.03 (001)
3.33 (220)

3.20 (111)
2.99 (311) 2.97 (101)

2.92 (100)
2.86 (222) 2.84 (311)

2.77 (200)
2.4−2.9; 2.8 2.54 (101)

2.48 (210)
2.35 (400) 2.31 (111)

2.28 (331) 2.26 (211)
1.91 (511) 1.93 (102) 1.96 (220)

1.84 (200)
1.81 (511) 1.81 (112)

1.75 (440)
1.73 (201)

1.6−1.9; 1.7 1.68 (110) 1.67 (440) 1.67 (311)
1.60 (222)
1.54 (302)
1.48 (321)

1.24 (800) 1.27 (202) 1.23 (731) 1.27 (331)
1.13 (422)

aChemical composition and sulfur to metal (S/Me) ratios are compiled on the basis of data from this study and those of Loussot et al.29,30 and Sun
et al.39 This material is also known as cobalt oxysulf ide in earlier studies. The d spacings for this material are derived from only this study; ranges of
d spacings are listed for those associated with the poorly crystalline abiogenic Co sulfides, while single values (italicized) are listed for d spacings
associated with the more crystalline biogenic Co sulfides. bClassified by the International Mineralogical Association as a “questionable” mineral
phase, referring to a mineral that is recognized as valid on the basis of historical observations but with some level of doubt and in need of re-
examination. cd spacing data for crystalline phases compiled from the American Mineralogist Crystal Structure Database (http://rruff.geo.arizona.
edu/AMS/amcsd.php; accessed on April 28, 2019) and filtered to exclude minor reflection planes (<10 relative intensity in XRD). Boldface values
indicate mineral-specific d spacings, defined as those values that are separated by >±0.05 Å (typical measurement error of SADP and high-
resolution imaging of lattice fringes) from other reflection planes.
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nonstoichiometric nickel sulfide nanoparticles.31,34 Interest-
ingly, FTIR analysis did suggest the presence of water
associated with the early-stage Co sulfides, on the basis of
the broad bands centered at 1631 and 3300 cm−1, respectively
(Figure 3a). These water bands were absent in crystalline CoS
(jaipurite−cobalt pentlandite mixture) and FeS (pyrrhotite)
standards that were washed and dried in ways identical with
those of the Co sulfide samples, thereby strongly suggesting
that these bands were from structural water rather than
adsorbed residual ethanol or water. Additionally, TGA analysis
under a nitrogen flow showed that crystalline CoS remained
stable (±2 wt %) upon heating up to 600 °C. This contrasted
with the behavior of the precipitated Co sulfides, which
experienced a weight loss of about 20% in three distinct stages
over the same heating range (Figure 3b). The weight loss likely
continued above 600 °C, although we did not test beyond that
temperature. We interpreted the small weight loss during stage
1 to be due to the release of adsorbed water and/or ethanol,
while the more significant and latter stages of weight loss
(above ∼200 °C) were attributed to a protracted loss of
structural water from differing atomic environments, similar to
those observed for nickel sulfide nanoparticles.31,34 Part of the
weight loss may also be explained by a phase transition to
crystalline Co sulfides, although previous studies noted that
this process only occurs above 400 °C.35,36 Overall, both FTIR
and TGA analyses provided support for the presence of
structural water associated with early-stage Co sulfides.
The results of our study were consistent with previous

findings: mixing of aqueous Co and a sulfide source at low
temperatures overwhelmingly produced XRD-amorphous
precipitates.32,33,37−40 Analyses via X-ray absorption spectros-
copy suggested that Co is bonded to both sulfur and
oxygen.32,33,39,40 Loussot et al. termed this initial precipitate
as “cobalt oxysulfide” and suggested a composition close to
CoS(OH), although deviations from this ideal composition
were observed to occur as a function of pH (tested up to pH
14 in that study), the initial sulfide to metal ratios, and the
possible presence of trace amounts of Co(OH)2.
On the basis of the available compilation, we therefore

suggest that precipitation at room temperature will form XRD-
amorphous abiogenic Co sulfides over a pH range of 3−14,
with a composition of CoS1.00−1.38·xH2O. The x symbol here
represents the potential for varying amounts of associated
water. At the nanoscale, these precipitates are associated with

diffuse diffraction rings in the ranges of 2.4−2.9 and 1.6−1.9 Å,
respectively. Aging in solution for 60 days at room temperature
revealed a slight increase in crystallinity due to the detection of
nanodomains (≤5 nm) of different morphology within the
particle aggregates, although the derived SADPs remained
indistinguishable relative to the early-stage precipitates (Figure
S3). This precipitate was therefore stable in anoxic solution for
at least 2 months despite its poor crystallinity.

Solubility of Abiogenic Co Sulfide Nanoparticles. We
measured the aqueous Co concentration ([Co]aq) in the
experiments to constrain the solubility of early-stage Co
sulfides. In the near-neutral pH experiments (pH 7−8), [Co]aq
values after precipitation were consistently below the detection
limit (∼10 μM) of ICP-OES. In comparison, the [Co]aq values
in the acidic experiments (pH 2.9−3.6) were measurable and
averaged 683 ± 71 μM after precipitation (Figure S4). This
value was largely constant up to 180 days after precipitation.
The measured [Co]aq in the <200 and <1 nm fractions agreed
within 3% with one another, indicating a limited contribution
of nanosized particles to the aqueous concentration data set.
Concurrently, the sulfide concentrations averaged 3.81 ± 0.51
mM over the same period (Figure S4). The lower than
expected values for sulfide concentrations (i.e., the initial value
was ∼7.5 mM) likely indicated a combined loss via
precipitation and rapid volatilization during sulfide addition
into an acidic solution prior to capping of the containers.
Sulfide concentrations remained largely constant afterward
with the ending of precipitation and the tight capping of the
experimental containers.
Assuming equilibrium condition was achieved within several

days after initial precipitation, a 1/1 Co to sulfur stoichiometry,
and the reaction

x xCoS H O 2H Co H S H O2
2

2 aq 2· + → + ++ +
(1)

we can determine the solubility product (log K*) for
amorphous Co sulfides at acidic pH (pH 3.6)

K H S Co / H2 aq
2 2* = [ ][ ] [ ]+ +

(2)

using the CrunchFlow software package41 with an updated
database that considers several different species of Co(II) in
solution. Further details are provided in the Supporting
Information (SI Discussion and Tables S3 and S4). When
the uncertainties in the speciation constants for aqueous Co−S

Figure 3. (a) FTIR patterns of crystalline FeS and CoS standards and two samples of abiogenic Co sulfides from different synthesis batches (CoS-1
and CoS-2; 5 days old). Bands centered at 1631 and 3300 cm−1 are attributable to water. Other bands at <1200 cm−1 are not easily assigned to a
specific bond and likely originate from a combination of sulfide, cobalt, and oxygen stretching bands.38,72 (b) TGA data (under N2 flow) of
crystalline CoS and abiogenic Co sulfides. Three stages of weight lossdiffering in slopeare evident, as separated by vertical dashed lines.
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species and the experimentally determined concentrations of
[Co]aq and sulfide at equilibrium are taken into account, the
log K* value for amorphous Co sulfides was constrained to be
in the range of 0.9−1.4 (mean of 1.15 ± 0.25; Figure S5). This
value is about 1−5 orders of magnitude higher than values
reported for jaipurite (hexagonal CoS; log K* = −2.3)42 and
unspecified phases of CoS listed in common thermodynamic
databases (log K* = −0.37 to −4.07; Table S4). Geochemical
modeling using these databases would have significantly
underestimated the amount of dissolved Co available in
solution. Our study therefore reveals a previously unknown
error in modeling efforts of Co biogeochemistry and highlights
the necessity of further constraining the phase- and structure-
specific solubility of Co sulfide nanoparticles for accurate
predictive applications.
Transformation of Abiogenic Co Sulfides in the

Presence of S0 at Acidic pH. Cobalt is a redox-active
element belonging in the transition-metal (Me) group. It is
located between iron (Fe) and nickel (Ni) in the periodic
table, and these elements share common oxidation states of +2
and +3 in the environment. Under sulfidic conditions, the
initial precipitates of Fe and Ni undergo transformation from
nanosized precursors to larger and better-defined crystals with
the general formula of MeS (hexagonal structure), Me3S4, and/
or MeS2. The Co−S system contains equivalent phases in the
form of jaipurite (hexagonal CoS), linnaeite (Co3S4), and
cattierite (CoS2) (Table 1). These phases have not been
previously reported from precipitation at low temperature. The
transformation reactions for Fe and Ni sulfides are typically
accelerated in the presence of S0, acidic pH, and/or higher
temperatures.25,28,43,44 We therefore attempted similar ap-
proaches to induce the transformation of early-stage Co
sulfides to more crystalline phases.
In the presence of S0, the bulk precipitates showed no XRD

peaks corresponding to crystalline Co sulfides after 1 month of
incubation at 60 °C, in both the acidic and near-neutral pH
experiments (Figure S6). The precipitates from the 60 °C
acidic experiments were analyzed further at the nanoscale using
TEM. The 7 day old precipitates displayed characteristics
similar to aggregates of Co sulfide nanoparticles, suggesting
similarities in the initial precipitates irrespective of pH and the
presence of S0. After 30 days, however, nanoplates 60−170 nm
in size and of high electron density were observable in addition
to the amorphous aggregates (Figure S7). Closer observations
revealed that each “nanoplate” was actually an aggregate of
randomly oriented smaller nanoparticles, likely in the process
of recrystallizing into a single crystal. This interpretation of the
nanoplates’ evolving crystal structure was supported by the
corresponding SADPs, which displayed a set of diffraction
rings, rather than distinct diffraction points expected from a
single crystal. The associated d spacings of 2.87, 2.56, 1.94, and
1.64 Å are consistent with those of jaipurite (Table 1). To our
knowledge, this is the first reported instance of jaipurite
formation under relatively low temperature aqueous con-
ditions. Furthermore, the evidence suggests that the growth
was mediated in part by aggregation and attachments of
smaller nanoparticles, consistent with other metal sul-
fides.24,25,45

Abiogenic Co−Fe−Sulfides at near-Neutral pH. The
experiments on the Co-only systems have provided key
information regarding the crystal structure and transformation
of Co sulfide precipitates under anoxic aqueous conditions.
These monometal experiments, however, did not reflect the

complexity of the environments where two or more metals
often exist alongside Co. Iron especially is a common metal in
the environment, and Fe sulfides such as mackinawite (FeS)
and pyrite (FeS2) are known to incorporate significant
amounts of Co into their crystal structures.46−49 To better
constrain the role of Fe(II)aq and Fe sulfides in Co
sequestration, we performed a series of experiments at initial
[Co]aq/[Fe]aq molar ratios of 5/1, 1/1, 1/2 and 1/5,
respectively, at near-neutral pH. The chosen ratios mimicked
the diversity of natural environments, in which the [Co]aq/
[Fe]aq ratios can range from fairly high (up to 450) in some
Co-rich streams affected by mining activities50−52 to relatively
low (down to 0.001) in other polluted sites53−56 and pristine
water bodies such as oceans and rivers.57,58

Our experimental results indicated that the crystallinities of
the precipitates generally increased with increasing Fe(II)
content, transitioning from XRD-amorphous at [Co]aq/[Fe]aq
≥ 1/1 to XRD-detectable mackinawite at [Co]aq/[Fe]aq ≤ 1/2
(Figure S2). The precipitates at [Co]aq/[Fe]aq= 5/1 and 1/1
were further characterized using TEM. At [Co]aq/[Fe]aq = 5/1,
the 5 day old precipitates were similar to the amorphous Co
sulfide nanoparticles formed in Co-only systems, showing no
lattice fringes at high resolution and only diffuse diffraction
rings associated with d spacings of 1.6−1.8 and 2.5−2.9 Å,
respectively (Figure 1b). Closer observations revealed addi-
tional features in the form of fibrous textures within the
aggregates (Figure 2b). The fibrous textures were associated
with d spacings of ∼5.5−6 Å, comparable to those associated
with the tentative XRD shoulders at 2θ of 15−17° as described
earlier (Figure S2). We therefore interpreted the abiogenic
[Co]aq/[Fe]aq = 5/1 precipitates to be a slightly more
crystalline version of the precipitates observed in the Co-
only experiments.
At [Co]aq/[Fe]aq = 1/1, the precipitates formed within 5−60

days of incubation displayed higher crystallinity in comparison
to the previous samples at higher [Co]aq/[Fe]aq. Specifically,
the fibrous textures were replaced with crystalline acicular
textures with d spacings of 5.0−5.1 Å (Figures 1c and 2c). The
corresponding SADPs for the overall samples displayed clear
diffraction rings with d spacings of 5.01, 2.94, 2.27, and 1.81 Å
that were attributable to mackinawite, within an intrinsic
analytical error of ±0.05 Å (Table 1). The Co/Fe ratios were
determined to be 0.84 ± 0.07 (n = 3) via EDS and 0.85 ± 0.03
(n = 3) via ICP-OES, which were identical within error to the
initial ratio of 0.82 (n = 1) for the initial solution (Table S2).
Elemental maps obtained through EDS showed that Co and Fe
were homogeneously distributed within the aggregates (Figure
S8), indicating that the precipitate was most likely Co-rich
mackinawite (Fe1−yCoyS), with y ≈ 0.45. Although natural
mackinawite is known to contain no more than 16.5 wt % of
Co (y = 0.25),48,49 a previous experimental study determined
that the maximum value of y for Ni-substituted mackinawite is
0.56, and this study predicted a similar substitution limit of Co
into mackinawite.42 It is therefore possible that the value of y
for Co-rich mackinawite can be as high as 0.45 as we estimated
on the basis of the combined EDS and ICP-OES analyses. In
fact, the Co−S and Fe−S bond chemistries are actually more
similar to one another than to that of Ni−S (Table S5). Hence,
it is within expectation that Co and Fe can readily substitute
with one another within sulfide minerals. Overall, our
experiments demonstrate that precipitation in the presence
of Fe(II) significantly affects the crystallinity and the identity
of the Co-bearing phases.
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Biogenic Co−Fe−Sulfides at Near-Neutral pH. The last
factor we have tested in this series of experiments is the effect
of the presence of SRB on the physicochemical characteristics
of the Co (Fe) sulfide precipitates. Sulfate-reducing bacteria
are known to be the primary source of sulfide in low-
temperature anoxic zones across the Earth’s near-surface
environments.59 In addition to producing sulfide, the presence
of microbial cells and their extracellular polymers have an
influence on the size, phase, morphology, and aggregation state
of metal sulfide precipitates, in addition to affecting the metal
sulfide’s aging and transformation processes.20,60−63 In our
biological experiments, biogenic precipitates were observed
within 1−3 days following the inoculation of D. vulgaris into
the amended medium. The slight variation in the timing of the
initial precipitates is possibly due to inhibitory effects of
Co(II)aq on the microbial growth. The pH remained relatively
constant at 7.2 throughout the 90 day experiments. Similar to
the case for abiogenic precipitates, the biogenic precipitates
were largely XRD-amorphous at [Co]aq/[Fe]aq ≥ 1/1,
transitioning to XRD-detectable mackinawite at [Co]aq/
[Fe]aq ≤ 1/2 (Figure S2). Electron microscopy analyses,
however, revealed nanoscale differences in the biogenic versus
abiogenic precipitates under all of the tested conditions.
In the Co-only experiments, the biogenic precipitates

collected after 5−90 days of incubation displayed sheetlike
aggregate structures, with sharp diffraction rings associated
with d spacings of 2.83 and 1.70 Å (Figure 1d). High-
resolution TEM analyses revealed the presence of ∼10 nm
crystalline domains with d spacings of around 2.8 Å and fibrous
textures with d spacings of around 5.5 Å (Figure 2d). The S/
Co ratios determined through EDS averaged 1.10 ± 0.18 (n =
6). These characteristics were comparable to those of
abiogenic Co sulfides but with noticeably enhanced crystal-
linity, consistent with the results of previous studies. For
example, Blessing et al. precipitated Co sulfides at near-neutral
pH in the presence of D. vulgaris and concluded that the
biogenic precipitates were structurally analogous to abiogenic
Co sulfides on the basis of X-ray absorption spectroscopy.13

Additionally, Krumholz et al. precipitated Co sulfides at pH
5.5−7.8 in pure cultures of SRB for up to 40 days. They
determined that the precipitates were near-stoichiometric CoS
through mass balance of the aqueous species.14 Our analyses
corroborated these earlier findings and also revealed a clear
increase in crystallinityindicated by sharper diffraction rings
and the presence of fibrous texturesof the Co sulfides when
precipitation occurred in the presence of SRB.
At [Co]aq/[Fe]aq = 5/1, the biogenic precipitates formed

after 6−30 days of incubation were composed of aggregates
with associated nanodomains or nanoparticles about 5−20 nm
in size (Figure 1e). The SADPs derived from the 6 day old
precipitates were similar to those of the biogenic Co-only
nanoparticles, displaying two diffraction rings with d spacings
of around 2.8 and 1.7 Å. With aging, however, there was a clear
increase in crystallinity. High-resolution TEM analyses of the
30 day old precipitates revealed the presence of nanodomains
within the sheetlike structure, with d spacings corresponding to
the (311) and (222) planes of cobalt pentlandite. Occasionally,
highly crystalline 10−20 nm particles of cobalt pentlandite
were evident (Figure 2e). The SADPs derived from these
regions displayed a collection of five diffraction rings with
corresponding d spacings of 5.85, 2.92, 2.26, 1.90, and 1.77 Å,
respectively, consistent with the major reflection planes of
cobalt pentlandite (Table 1). These findings were consistent

with those of previous work, which reported the formation of
nanocrystalline cobalt pentlandite particles in 7 month old
enrichment cultures of SRB at initial [Co]aq/[Fe]aq ratios ∼20/
1.64

At [Co]aq/[Fe]aq = 1/1, the biogenic precipitates formed
after 30 days of incubation adopted a sheetlike morphology
(Figure 1f). Crystalline nanoparticles of cobalt pentlandite
were not observed at this [Co]aq/[Fe]aq ratio. The derived
SADPs revealed diffraction rings with a set of d spacings
attributable to mackinawite. The diffraction rings of the
biogenic precipitates were more diffuse in comparison to those
of the abiogenic precipitates (sampled at day 5 and day 60),
indicative of lower crystallinity. In support of this finding, high-
resolution TEM analyses indicated the presence of fibrous
textures on the surface of the biogenic precipitates (Figure 2f),
in comparison to the more crystalline acicular textures
observed for abiogenic mackinawite precipitated at the same
[Co]aq/[Fe]aq ratio (Figure 2c).
Overall, our results indicated that the presence of SRB can

either increase (for Co-only and 5/1 ratio) or decrease the
crystallinity (for 1/1 ratio) of Co-bearing phases relative to
their abiogenic counterparts. This bidirectional trend was also
observed in previous studies, whereby the presence of SRB
tended to increase the crystallinity of most metal sul-
fides,20,24,25,60,64−68 but not for all (i.e., copper sulfides).24,61

Since we used the same SRB species throughout our study
thus eliminating variations in major types of organic
metaboliteswe interpreted these bidirectional effects mainly
as a function of the surface properties of the metal sulfide
themselves, which then affect the nature of the SRB−metal
sulfide interactions and the subsequent recrystallization
process. We hypothesize that in Co-only or high [Co]aq/
[Fe]aq systems dominated by Co sulfides, the presence of
bacterial metabolites may have promoted recrystallization
through reorganization and assembly of the amorphous
nanoparticles (as previously demonstrated for zinc sulfides20).
In contrast, in the lower [Co]aq/[Fe]aq systems that were
dominated by Co-rich mackinawite, the organic coating may
have acted as a barrier that slowed down recrystallization (via
nanoparticle assembly and/or partial oxidation in solution;
multiple mechanisms can increase mackinawite’s crystallin-
ity45,69−71). Validation of this hypothesis relies on elucidating
the nature of the SRB−metal sulfide interaction, which is
nontrivial given the complex assemblages of organic molecules
and crystal surface planes available. We note that previous
studies reported increased crystallinities of trace-metal-free
mackinawite in the presence of SRB,24,60 indicating that metal
substitutions may also modify the nature of the SRB−metal
sulfide interactions. The development of an overarching theory
for SRB−metal sulfide interaction, the properties of the
resultant metal sulfides, and the specific mechanisms will be
invaluable to the continued development of this field,
especially for applications in biogeochemistry and bioengineer-
ing.

Environmental Implications. Cobalt is a bioessential
trace element that is now being commonly utilized in modern
technologies, necessitating concerns as to its release in high
concentrations to the environment. The sequestration of Co as
sulfide nanominerals is promising for environmental remedia-
tion and resource recovery and likely played an important role
in constraining Co bioavailability in sulfidic oceans on the early
Earth. All of these processes will benefit from a better
characterization of the initial precipitates and transformation
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products of Co-bearing phases under Earth surface aqueous
conditions. In this study, we have determined that the initial
precipitates were amorphous Co sulfide nanoparticles with a
composition of CoS1.00−1.38·xH2O and a log K* value of 0.9−
1.4 at acidic pH (i.e., pH 3.6). This precipitate was stable in
anoxic solution at room temperature for 2 months. In the
presence of S0, acidic pH, and temperatures of 60 °C, the Co
sulfide nanoparticles undergo transformation to form nano-
crystalline jaipurite. Precipitation in the presence of Fe(II)aq
and SRB at ambient temperature and near-neutral pH tends to
increase the crystallinity of this initial precipitate, yielding
nanocrystalline cobalt pentlandite. At equimolar Co and Fe
concentrations, the formation of Co-rich mackinawite was
highly favored. Our study therefore provides a framework for
predicting the primary Co-bearing phase(s) in sulfidic
environments. In polluted sites with high [Co]aq/[Fe]aq ratios,
the mobility and fate of Co will depend strongly on the
solubility and reactivity of discrete Co sulfide nanoparticles
such as amorphous Co sulfides, jaipurite, and cobalt
pentlandite. Our solubility analysis indicates that the current
log K* values for Co sulfides in popular geochemical databases
are inaccurate and can underestimate aqueous Co concen-
trations by 1−5 orders of magnitude. These misleading values
likely have led to falsely positive estimates as to the efficiency
of Co precipitation in remediation and resource recovery
processes and to lower predictions of bioavailable Co on the
sulfidic early Earth. On the other hand, in most pristine
environments (i.e., oceans, rivers) or polluted sites with
equimolar or low [Co]aq/[Fe]aq ratios, the fate of Co will
depend strongly on its interaction with Fe sulfides such as
mackinawite and pyrite, with their own associated solubilities
and reactivities. Our study has therefore filled a significant
knowledge gap in the biogeochemistry of Co in sulfidic
environments.
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