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ARTICLE INFO ABSTRACT

Editorial handling by Prof. M. Kersten The transformation of iron sulfide to pyrite is an important process in anoxic environments that strongly in-
fluences the mobility of metal(loid)s such as As. It is, therefore, important to understand the fate of As in this
process. In this study, batch experiments were conducted at 150 °C and 80 °C and pH 7.5 and 6.0 to examine the
transfer of As in the transformation of amorphous FeS to pyrite. The solid phase was characterized using XRD,
SEM-EDS, and XPS. The transformation of FeS to pyrite can be promoted in the presence of As(IIl). During the
transformation of FeS loaded with As(III), dissolution of FeS occurs prior to pyrite formation. As(IIl) is first
released in the stage of FeS dissolution, and then is incorporated into the newly formed pyrite. Both high
temperature and low pH can promote As uptake by pyrite. XPS analysis indicated sorption as a pathway of As
incorporation into pyrite. The contribution from the pathway of lattice substitution is proposed to become sig-
nificant at high temperature. The results of this study show that As lost or gain in solid phases can occur
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depending on the As uptake ability by pyrite under different conditions and the initial As loading.

1. Introduction

Under anoxic conditions, sedimentary iron oxides/hydroxides may
transform to iron sulfide minerals due to reduction by microorganisms
or sulfide produced by sulfate-reducing bacteria (Goldhaber and Kaplan,
1974). Iron sulfides are abundant in freshwater systems, salt marshes,
hydrothermal vents, soils, and sediments (Rickard and Morse, 2005).
Amorphous FeS is generally thought to be the first formed iron sulfide in
aquatic environments (Rickard, 1995). The naturally formed FeS can
accommodate significant concentrations of metals and metalloids other
than Fe (Morse and Arakaki, 1993). Microorganism-produced FeS is
reported to be an excellent sorbent for a wide range of metal ions from
solution (Watson et al., 1995). For example, because the mobility of As
under anoxic conditions was found to be highly affected by FeS
(Wolthers et al., 2005; Gallegos et al., 2007, 2008), many previous
studies investigated the sorption or co-precipitation of As by FeS
(Wolthers et al., 2005; Xie et al., 2016; Han et al., 2018). In addition to
FeS, pyrite is also an important scavenger of metal(loid)s in the envi-
ronment. Pyrite can incorporate large amounts of As through sorption
and lattice substitution. In the mineral structure, As can substitute for
sulfur (Savage et al., 2000) or iron (Chouinard et al., 2005) in

* Corresponding author.
E-mail address: zhangguoping@vip.gyig.ac.cn (G. Zhang).

https://doi.org/10.1016/j.apgeochem.2020.104645

crystallographic sites. Due to the fact that As can be incorporated into
pyrite through multiple pathways, the content of As in pyrite varies to a
large extent. The As concentration in pyrite has been reported to be as
high as 10.7% (Savage et al., 2000). Huerta-Diaz and Morse (1992) re-
ported As concentrations of up to 0.93 wt% in marine sedimentary py-
rite, as inferred from sequential extractions. Kirk et al. (2010) reported
an As concentration of 0.84 wt% in newly formed pyrite during micro-
bial reduction of a model aquifer sediment.

Moreover, the high incorporation of As in FeS and pyrite has been
used for the remediation of As contamination. Xie et al. (2016) reported
the use of FeS coating and biogenic FeS for the in-situ removal of As
under reducing conditions. Maguffin and Jin (2018) reported bio-
stimulated sulfate reduction as a strategy for remediating groundwater
As contamination. Saunders et al. (2018) reported the bioremediation of
As-contaminated groundwater by sequestration of As in biogenic pyrite.

Amorphous FeS is metastable in anoxic sediments (Morse and Ara-
kaki, 1993) and may transform to stable pyrite when a suitable oxidant
(e.g., zero-valent sulfur) is present (Benning et al., 2000). Pyrite forms
extensively in sediments and the time taken for the average sedimentary
framboid to form is about 5 days and the average syngenetic framboid
forms within 3 days (Rickard, 2019). Many experimental studies have
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previously simulated the transformation of FeS to pyrite in the labora-
tory. It has been demonstrated that pyrite can form via the reaction of
FeS with polysulfide (Rickard, 1975; Wilkin and Barnes, 1996) or via the
oxidation of FeS by HyS (Butler and Rickard, 2000). As mentioned
above, both amorphous FeS and pyrite are important scavengers of
metals and metalloids in the environment, and thus, the transformation
of amorphous FeS to pyrite (FeSy) exerts major control on the
geochemical behaviour of As in anoxic sediments. However, the fate of
As during the transformation of FeS to pyrite has not been addressed
thus far. In a previous study, Wolthers et al. (2007) focused on the
impact of the presence of As on the reaction of FeS to form pyrite. In this
study, abiotic batch experiments were carried out to simulate the
transformation of amorphous FeS to pyrite, so as to elucidate the
behaviour of amorphous FeS-bound As in the phase transformation. The
initial As(III) concentrations reacted with FeS solids were set to 1, 3.3,
10, 20, 33, and 100 mg/L. A temperature of 150 °C was chosen to
simulate the low-temperature hydrothermal formation of pyrite,
whereas a temperature of 80 °C was chosen because the abiotic trans-
formation of FeS to pyrite in the laboratory usually becomes difficult
below this temperature.

2. Materials and methods
2.1. Materials

Deionized water (DW) (resistivity: 18.2 MQ-cm) was prepared with a
Milli-Q system (Millipore, Bedford, MA, USA). Deoxygenated deionized
water (DDW) was prepared by sparging DW with high-purity Ny
(99.99%). Sodium (meta)arsenite (NaAsOy, >99.0 purity) was pur-
chased from Sigma Inc. (Mississauga, ON, Canada). Ferrous sulfate
heptahydrate (FeSO4-7H20), sodium sulfide nonahydrate (NayS-9H,0)
and other chemicals were of analytical grade. All solutions were pre-
pared with DDW. Stock solutions of As(III) (500 mg/L), S(-II) (0.2 M),
and Fe(II) (0.1 M) were prepared by dissolving sodium arsenite, sodium
sulfide nonahydrate, and ferrous sulfate heptahydrate in DDW,
respectively.

2.2. Sorption and transformation experiments

The synthesis of FeS and batch sorption experiments were conducted
in an anaerobic chamber (Model 855-ACB, PLAS-LANS, CO, USA) at an
atmospheric composition of 95% Ar/5% Ha. The residual oxygen inside
the chamber was removed by Pd catalysts, resulting in a concentration
below 1 ppm.

Amorphous FeS was synthesized by mixing a ferrous solution with a
sulfidic solution as described by Jeong et al. (2008). In brief, 1 mL of 0.1
M Fe(II) solution and 1 mL of 0.2 M S(-II) solution were added to a PTFE
crucible (ID: 30 mm, height: 55 mm), and amorphous FeS precipitates
quickly formed. The freshly precipitated FeS was used for the
sorption-transformation experiments and solid phase characterization.

To conduct As(III) sorption by amorphous FeS, a stock solution of As
(III) was added. The pH of the solution was adjusted to 7.5 or 6.0 by the
addition of 0.1 M HCI and 0.1 M NaOH solution. The initial As(II)
concentrations were set to 1, 3.3, 10, 20, 33, and 100 mg/L, and the
initial volume of the solution was adjusted to 15 mL through the addi-
tion of DDW. The crucible was put on a shaker. The sorption experiment
lasted for 24 h. This period was found to be sufficient to reach equilib-
rium between FeS and As(IIl) (Gallegos et al., 2007). At the end of the
sorption experiment, 2 mL of the mixture were collected and immedi-
ately filtered using a cellulose membrane (0.22 pm pore size) for the
determination of As(Ill),q and Fe(II),q. Then, 0.5 g of elemental sulfur
was added to aid in the formation of polysulfide (Licht et al., 1986), and
1 mL of ethanol was added into the mixture to help dissolve the sulfur.
To avoid evaporation loss of the solution, the crucible was sealed within
a stainless steel tank. Then, the tank was heated in an oven, and the
temperature was set to 150 °C or 80 °C to transform FeS to pyrite. The
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transformation experiment lasted for 24 h. The digestion tank was
opened only after cooling down to avoid solution loss by evaporation.
Four millilitres of the supernatant were collected, filtered, and then
analysed for the concentrations of Fe(Il),q and As(III),q. Seven millilitres
of 12 M HCI were added to obtain an HCI concentration of 5 M in the
solution. The residual FeS was dissolved, while the crystalline pyrite was
resistant to the attack of 5 M HCI (Han et al., 2013). The mixture was
separated by centrifugation at 8,000 rpm for 5 min and then the Fe(II)
concentration in the supernatant was determined. The Fe(II) in the su-
pernatant comprised both dissolved Fe(II) and FeS-bound Fe(II) after
transformation. The solid products separated from the mixture were
then immediately washed with DDW and dried using a vacuum freeze
drier. The batch sorption and transformation experiments were carried
out in triplicate in a parallel mode.

To conduct solid phase characterization of FeS and pyrites, solid
samples were separated by filtration in the anaerobic box with a 0.22 m
filter and immediately freeze-dried for 24h. Then, solid samples were
sealed in a test tube that was filled with Ny prior to solid phase
characterization.

2.3. Analyses

The concentration of As(Ill);; was determined by hydride
generation-atomic fluorescence spectrometry (HG-AFS) (AFS-2202E,
Haiguang Instruments Corp., Beijing, China) following a method of Fu
et al. (2016). Regarding the HG-AFS determination, the detection limit
for As(IIT) was 0.03 pg/L. The concentration of Fe(Il),q was measured
using a 1,10-phenanthroline spectrophotometric method. The informa-
tion about procedures adopted to insure quality data are placed in
Supporting Information SI.1.1.

2.4. Solid characterization

The mineralogical compositions of the solid products were analysed
by X-ray diffraction (XRD) (D-MAX2200, Rigaku Co., Japan). The
morphologies and chemical compositions of the solid products were
identified by scanning electron microscopy (SEM) (Model JSM-6460LV,
JEOL, Japan) in the back-scattered electron mode coupled with energy-
dispersive spectroscopy (EDS) (accelerating voltage: 25 kV, EDAX
Genesis, USA). The precision and detection limit of chemical composi-
tion analysis are 10% and 0.1%, respectively. X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific, Inc) was
used to determine the solid phase arsenic oxidation state and the relative
proportions of different As species. XPS is an important surface-sensitive
technique, and the analytical depth is about 0-10 nm. The C1s peak was
calibrated according to the standard peak at 284.8 eV. Avantage soft-
ware (version 5.959) was used for deconvolution and fitting after the
Shirley-type background subtraction. The spectra were fitted using an
80% Gaussian and 20% Lorentzian peak model. The semiquantitative
composition of the near-surface layers was calculated from the peak
areas of the As3d peaks. Narrow-scan spectra were obtained in order to
determine oxidation states of As surface species.

3. Results and discussion

XRD pattern for the initial precipitates of FeS in the experiments is
shown in Fig. 1. The starting material showed broadened peaks corre-
sponding to those of amorphous FeS. An SEM image of the synthetic FeS
is shown in Fig. 2. In general, amorphous FeS was reported to be clusters
of nanocrystalline mackinawite (Rickard, 1995; Wolthers et al., 2003)
because FeS particles tend to agglomerate rapidly. Typically, the size of
FeS particles prepared without a stabilizer ranges from a few nm to 400
nm (Jeong et al., 2008; Wolthers et al., 2005). Some previous studies
reported the size of individual FeS particles prepared using the same
procedure to be 33 nm (Rickard, 1975), 4.2 nm (Wolthers et al., 2003),
and 3.5 nm (Jeong et al., 2008).
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Fig. 1. XRD pattern of the precipitated FeS. FeS labels for disordered mack-
inawite (JCPDS file 15-0037).

Fig. 2. SEM microphotograph of synthesized amorphous FeS.

3.1. As(ID) sorption by FeS

A summary of the experimental conditions and results is shown in
Table 1. For the experiments with initial As(III) concentrations of 1, 3.3,
10, 20, 33, and 100 mg/L, the As(IIl) sorption efficiencies were 87, 84,
83, 88, 93, and 86% at pH 7.5 (averages of experiments 1 and 3) and 88,
84, 83, 93, 95, and 99% at pH 6.0 (averages of experiments 2 and 4),
respectively. These results showed that the sorption of As(III) by FeS at
pH 6.0 is higher than that at pH 7.5, indicating that a low pH is ad-
vantageous in the sorption of As(III) by amorphous FeS. The experiment
at pH 6.0 with As(Ill)g of 100 mg/L showed the maximum As(III)
sorption by FeS of 178 mg As/g FeS. In some previous studies, the
maximum As sorption by FeS (unit: mg As/g FeS) was reported to be 128
(Wilkin and Ford, 2002), 1.05 (Bostick and Fendorf, 2003), 9.75 at pH
7.2 (Wolthers et al., 2005), 16 at pH 7 (Han et al., 2011), 28.6 (Xie et al.,
2016), and 150 at pH 5 (Renock et al., 2009), respectively. The contrast
in the As sorption capacity by FeS can be related to the characteristics of
the FeS solids, the initial As concentration, and the pH. In the study of
Bostick and Fendorf (2003), troilite (FeS) is the sorbent and the sorption
of As is very low.

The solubility of FeS was apparently dependent on the pH (Rickard,
2006), with a greater dissolution at pH 6.0 than that at pH 7.5 (Wolthers
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et al., 2005). The dissolution of FeS released S(-II) in solution, which
reacted with As(III) to form co-precipitation as As;S3 on the FeS surface
(Farquhar et al., 2002). The co-precipitation as AsyS3 was related to pH.
At a low pH, the solubility of As,S3 decreases and the formation of As,Ss3
in a sulfidic system can be promoted (Webster, 1990; Wilkin and Ford,
2002). Consequently, the sorption of As(III) by FeS at pH 6.0 is higher
than that at pH 7.5. Similarly, Renock et al. (2009) also reported that As
(II1) uptake by FeS at pH 5 is substantially greater than at pH 9. More-
over, it has previously been suggested that the surface of FeS has two
possible functional groups: an iron (II) hydroxyl functional group
=FeOH? and a sulfide functional group =SH® (Bebie et al., 1998). With
increasing pH, As(III) is present to a greater extent as As bonded to O
(As-0) and tends to form =Fe-OAs(OH), (Bebie et al., 1998; Farquhar
etal., 2002; Gallegos et al., 2007), whereas with decreasing pH, As(III) is
bonded to a greater extent with S(-II) in the form of =S,-As(OH).
Therefore, the increase in As(III) sorption at pH 6.0 compared to that at
pH 7.5 can also be caused by the formation of =SH surface sites, which
are the primary functional groups on the FeS surface at lower pH levels.

3.2. The transformation of amorphous FeS to pyrite

3.2.1. Mineral products

Only pure pyrite and untransformed FeS existed in the products. The
XRD patterns of the products showed strong peaks that are consistent
with pure pyrite (Fig. 3). The SEM analysis showed the morphologies of
the pyrites in the experiments (Fig. 4a and b). In the experiments
without the addition of initial As(III), cubic pyrites were found, and the
particle size was ~500 nm (Fig. 4a). In the experiments in the presence
of initial As(II), the pyrite particles were composed of microcrystals
(Fig. 4b), and the particle size was mainly <2 pm. This is consistent with
the result of some previous studies (Wilkin and Barnes, 1996, 1997;
Butler and Rickard, 2000). As shown in SEM-EDS analysis (Fig. 4c and
d), Fe and S were the main components in the products. The Fe:S ratio of
the HCl-insoluble products was between 1:1.96 and 1:2.06, which is
very close to the ideal Fe:S ratio of 1:2 in pyrite (Abraitis et al., 2004).
The XRD results and the Fe:S ratio of these products confirmed the
formation of pyrite in the experiments.

3.2.2. Transformation

It has previously been suggested that pyrite can form through either
the solid state transformation of FeS or direct nucleation from solution
(i.e., the solid FeS phase dissolves first). The formation of pyrite inside
mackinawite clusters and similarity in size between crystals of the
starting and ending minerals were suggested to be consistent with a
mechanism of solid state transformation (Stanton and Goldhaber, 1991).
When monitoring the transformation of mackinawite to pyrite on
polymer supports, Lan and Butler (2014) observed mineral crystals with
similar dimensions and co-location of various forms of iron-sulfide
minerals. These characteristics were suggested to be consistent with
the solid transformation of FeS to pyrite. Lan and Butler (2014) also
proposed that non-solid-phase pyrite nucleation occurred based on the
observation of both clusters of fibrous particles and small grains of less
than 100 nm diameter that had a Fe:S molar ratio similar to that of
pyrite. Additionally, as reviewed by Ohfuji and Rickard (2005), the
formation of clusters of FeS molecules in solution and nanoparticles of
FeS can be involved in the formation of pyrite framboids in sulfidic
environments. Rickard (1997) reported that, as a precursor, FeS dis-
solved first and then reacted to form stable pyrite. Based on a series of
pyritization experiments of plant cells, Rickard et al. (2007) confirmed
the dissolution of FeS as a key step in the transformation of FeS to pyrite.

The variation in the Fe(I),q concentration is important for under-
standing the transformation mechanism. In experiment 3, the conver-
sion rates were less than 74.2% (Table 1), indicating a relatively low
consumption of Fe(Il),q by the formation of pyrite. The increase in Fe
(ID,q after the transformation indicated that the dissolution of FeS
occurred during the transformation. In contrast, Fe(Il),q generally
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Table 1
Summary of experimental conditions and results.
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After sorption

After transformation

Condition No. [As(IID]o Fe(IDaq As(IID) 5q [As]res As sorp. Fe(II) 5q As(IID) 5q [As]py Conversion Fe(IDyq
mg/L mg/L mg/L mg/g % mg/L mg/L mg/g % mg/L
T=150°CpH=7.5 la 1.0 1.3 0.1* 1.5 87.1 1.1+* 0.04* 1.2 98.6 5.1%
1b 3.3 1.7* 0.4* 5.0 86.7 1.3* 1.2* 2.6 99.5 1.8*
lc 10 2.2+0.8 1.7* 14.6 83.2 1* 4.8* 6.6 99.4 2.3
1d 20 6.1 +22 29+04 30.4 85.7 1.3* 10.4 +1.1 12.3 99.6 1.6*
le 33 3.0+1.0 3.0+1.0 52.8 91.0 1.2* 21.8* 14.2 99.5 1.9*
1f 100 3.1* 142+ 1.0 151 85.8 1.2* 37.3* 79.6 99.6 1.6*
T =150 °C pH = 6.0 2a 1.0 2.2+04 0.1* 1.2 90.0 0.2* 0.02* 1.3 98.6 5.2%
2b 3.3 3.7* 0.4* 5.1 87.6 0.3* 0.01* 4.2 99.8 0.6*
2c 10 2.8* 1.5* 14.9 84.8 0.4 * 0.1* 12.5 99.8 0.6*
2d 20 2.5% 1.9* 31.7 90.4 0.4 * 0.04* 25.3 99.9 0.5*
2e 33 1.52 * 1.8* 54.7 94.7 0.1* 0.1* 41.7 99.8 0.8*
2f 100 10.6 + 3.1 0.8* 178 99.2 0.3* 0.03* 127 99.9 0.4*
T=80°CpH=75 3a 1.0 2.0* 0.1* 1.2 87.1 7.8* 0.03* 1.1 44 207*
3b 3.3 1.4 £0.2 0.6* 4.7 80.7 7.5+ 1.1 2.9+0.3 1.4 39 225%
3c 10 1.2* 1.8* 14.4 82.5 9.5+27 8.8* 2.4 62.5 138 +16
3d 20 2.6* 1.9* 31.7 90.4 3.2* 18.4 + 3.8 3.5 57.7 156 + 19
3e 33 1.5% 1.7% 54.9 95.0 5.0+ 0.8 23.2+28 20.3 60.9 144*
3f 100 2.8 13.4+ 3.6 152 86.6 6.0 * 727 £11 46.5 74.2 95.1*
T =80°CpH = 6.0 4a 1.0 1.8* 0.1* 1.5 86.2 1.2* 0.03* 1.3 82.3 65.5 +£ 6.8
4b 3.3 5.0% 0.6* 4.7 81.1 1.2* 1.1% 2.3 53 174*
4c 10 2.1% 2.2% 13.7 78.0 3.6% 2.3* 9.7 91.8 30.2 +3.2
4d 20 41+0.8 1.9* 32 90.8 0.5 * 5.4* 18.3 96.8 11.7 +£1.9
4e 33 2.0 * 1.5% 55.3 95.6 1* 17.3 +£3.3 19.1 96.3 13.6 £ 1.7
4f 100 11.6* 1.0* 178 99.0 0.2* 19.6* 101 97.1 109 + 1.6

Note: Initial FeS concentration: 586 mg/L; [As(II)]o: As concentration initially added; Fe(II),q, As(III),q, and Fe(ID)ycy: measured aqueous Fe(II) and As(III) concen-
trations and the Fe(Il) concentration in a 6 M HCI extract of the transformation products, respectively (expressed as mean + standard deviation, n = 3. *standard
deviation < 10%); [As]ges and [As],y: calculated concentrations of As bound to FeS and pyrite, respectively; conversion (%) is calculated based on Fe that transformed

from FeS to pyrite.
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i Py
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= _ Py ‘
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Fig. 3. XRD pattern of the product transformed from FeS. Py labels indicate 20-
values for diffraction by pyrite (JCPDS file 42-1340).

decreased in experiments 1, 2, and 4 (with the exception of only
experiment 4c). This is considered to be caused by the higher conversion
of FeS to pyrite that consumed a large amount of Fe(Il),q. Similarly,
Swanner et al. (2019) reported the dissolution of FeS during the trans-
formation of FeS to pyrite. After the dissolution of FeS, direct nucleation
of pyrite nanoparticles from solution can occur (Ohfuji and Rickard,
2005). In the present study, the elemental sulfur reacted with sulfide
that originated from partial dissolution of FeS, resulting in the formation
of polysulfides. Some previous studies suggested that polysulfides, as
intermediates, react with Fe(II) rapidly, resulting in the transformation
of FeS to pyrite (Rickard, 1975, 2006). According to the dissolution of

FeS and the formation of polysulfides in the experiment, a mechanism of
the transformation of FeS to pyrite was proposed as follows (Rickard,
1975, 2006; Wilkin and Barnes, 1996) (S%’(aq) represents the
polysulfides):

FeS + H,0 2 Fe?*(ag) + HS (ag) +OH "~ @
HS (aq) + S° + OH™ - S3(aq) + H,0 )
Fe**(aq) + S3 (aq) = FeS, 3

In this mechanism, dissolution of FeS is involved. The released sul-
fide is oxidized by S(0) to form polysulfides, and the polysulfides react
with Fe(Il),q to form pyrite.

Nucleation and crystal growth are two key processes for the forma-
tion of pyrite (Lamer, 1952; Wilkin and Barnes, 1997). It is possible that
pyrite initially nucleates as nanoparticles (Qian et al., 2010), and then,
the particles grow (Lamer, 1952; Wilkin and Barnes, 1997). In the pre-
sent work, the particle size of the formed pyrite ranged from ~500 nm to
2 pm (Fig. 4a and b), indicating the growth of pyrite particles after
nucleation. The gradual dissolution of FeS supplied the Fe(II),q required
for pyrite growth (Rickard et al., 2007).

The conversion rates based on iron that transformed from FeS to
pyrite are shown in Fig. 5. When the pH and initial As(III) concentration
remained constant, the conversion rates of the experiments at 150 °C
(experiments 1 and 2) were significantly higher than those at 80 °C
(experiments 3 and 4). This finding indicates that a high temperature is
conducive to the transformation of FeS to pyrite, possibly because the
reaction speed can be accelerated at high temperature (Ohfuji and
Rickard, 2005; Qian et al., 2010). Further, the solubility increases at
high temperature (Benning et al., 2000), resulting in more Fe(Il),q that
has been proven to promote the formation of pyrite (Peiffer et al., 2015).

The transformation of FeS to pyrite is also related to pH. When the
temperature and As(II); remained constant, the conversion rates of the
experiments at pH 6.0 were significantly higher than those at pH 7.5
(Fig. 5), indicating that a low pH is conducive to the transformation of
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Fig. 4. SEM image and EDS results of pyrite transformed from FeS synthesized in the absence (a and c) and presence (b and d) of As.
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Fig. 5. Impact of the initial As concentration on the conversion rate.

FeS to pyrite. Similarly, higher conversion rates at lower pH have also
been reported in previous studies (Wilkin and Barnes, 1996; Rickard,
1975; Schoonen and Barnes, 1991). This is suggested to be related to the
role of HT. First, H" can act as an oxidant that is required in pyrite
formation (Wilkin and Barnes, 1996; Benning et al., 2000). Second, low
pH can promote the dissolution of FeS and result in the generation of
more Fe(Il)aq (Wolthers et al., 2005; Han et al., 2018), which subse-
quently promotes the formation of pyrite (Peiffer et al., 2015).

The presence of As(IIl) also affected the transformation of FeS to
pyrite. In experiments 1 and 2 (150 °C), the nearly complete conversions
(Fig. 5) made them unsuitable to make a comparison of the difference in
the conversion rates. In experiments 3 and 4 (80 °C), the conversion
rates varied significantly and an increase in As(Ill); generally corre-
sponded to an increase in the conversion rate. This finding indicates that
the presence of As(III) enhanced the transformation. First, As(IIl) may

act as an oxidant that is required for pyrite formation (Schoonen and
Barnes, 1991). In this case, As(III) played a similar role to S(0) in the
reaction (2). For example, As(III) on the surface of FeS can oxidize S(-II)
to disulfide, resulting in the transformation of a fraction (nearly 30%) of
FeS to pyrite (Bostick and Fendorf, 2003). This notion is also consistent
with the XPS results that indicate the reduction of As(III) to As(II) on the
surface of pyrite (see below). Second, the presence of As(IIl) can induce
the dissolution of FeS through the formation of As,Ss on the surface of
FeS (Farquhar et al., 2002; Wolthers et al., 2005), and the consequent
increase in Fe(I)aq has been proven to enhance the kinetic conversion of
FeS to pyrite (Peiffer et al., 2015). In contrast to this work, Wolthers
et al. (2007) reported that As(IIl) hindered the transformation of FeS to
pyrite because the sorption of As(III) on FeS blocked the active point
position on the FeS surface, thereby preventing the ageing of FeS and the
subsequent transformation to pyrite. In the present study, the reaction
process was a polysulfide pathway due to the addition of S(0), and FeS
dissolution occurred during the formation of pyrite. In the study of
Wolthers et al. (2007), FeS transformed to pyrite through the oxidation
of FeS by HS. Thus, the contrast between the result of our study and that
of Wolthers et al. (2007) can be attributed to the different mechanisms
involved in the FeS transformation to pyrite.

3.3. Speciation of As in the product pyrite

Fig. 6 shows the XPS As-3d spectra of solid products of experiments
1-4f. The doublets of As-3ds,»; and 3ds,2 peaks with a spin-orbital
splitting of 0.70 eV were used for fitting As-3d spectra (Nesbitt and
Muir, 1998; Kim and Batchelor, 2009). The full-width-at-half-maximum
(FWHM) values for all of the model compounds were constrained to be
0.8 eV for low pass energy scans and 2.2 eV for the high pass energy
scans. The information about XPS fit results are placed in Supporting
Information Table S2.

As shown in Fig. 6, in sample 1f, the relative surface contents of As in
the form of As(II)-S and As(III)-O were 6.6% and 93.4%, respectively; in
sample 2f, the relative surface contents of As in the forms of As(II)-S, As
(IIN-O and As(V)-O were 31.2%, 4.3% and 64.5%, respectively; in
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Fig. 6. XPS spectra of As 3d peaks for amorphous FeS reacted with 100 mg/L As(III) for 24 h: (1f) T = 150 °C, pH = 7.5; (2f) T = 150 °C, pH = 6.0; (3f) T = 80 °C, pH
= 7.5; and (4f) T = 80 °C, pH = 6.0. As 3d experimental peak fitted with peaks corresponding to As species shown in the figure (dashed lines). Points are the

experimental data. The solid line represents the sum of the component peaks.

sample 3f, the relative surface content of As in the form of As(IIl) was
100%; in sample 4f, the relative surface contents of As in the form of As
(IID-O and As(V)-O were 36.0% and 64%, respectively.

As a redox-sensitive element, arsenic will be incorporated into pyrite
in different valence states and chemical bonds. The chemical bond of As
(IID)-O was observed in all samples (1-4f), reflecting the As(III) sorption
on the surface of pyrite. Sorption of As can occur when pyrite initially
nucleates and then the pyrite particle grows. The chemical bond of As
(ID-S existed in samples 1f and 2f (150 °C) while it was not observed in
samples 3f and 4f (80 °C), indicating that As(III) reduction to As(II) by S
(-II) in the transformation was significant at 150 °C and was minimal at
80 °C. As(III) sorbed on the surface of pyrite can be reduced to As(Il)
with the oxidation of Fe(II) and S(-I) (Bostick and Fendorf, 2003). As a
product of As(IIl) reduction, As(II) likely substituted for Fe(Il) in pyrite
structures during the transformation (see below).

The signals of As(V)-O were possibly related to the temporary
exposure to air when the samples were transferred to sample chamber
during XPS sample preparation. It is reported that oxidation may have
occurred at least partially during XPS sample preparation, which in-
volves drying the samples (Bostick and Fendorf, 2003).

3.4. The transfer of As into pyrite

During the transformation, the As(IIl) previously sorbed by FeS was
released into solution along with Fe(II) when FeS dissolved. When pyrite
formed, Fe(Il),q was consumed and As(III),q was incorporated into the
newly formed pyrite. The uptake of As by pyrite varied significantly at
different temperatures. To examine the impact of temperature on As
uptake by pyrite, comparisons between experiments 1 (150 °C) and 3
(80 °C) of pH 7.5 and between experiments 2 (150 °C) and 4 (80 °C) of
pH 6.0 were made, respectively. At each As(III)j concentration, the As
content of pyrite in experiment 2 (150 °C) was higher than or equal to
that in experiment 4 (80 °C) (Table 1). Similarly, the As content of pyrite

in experiment 1 (150 °C) was generally higher than that in experiment 3
(80 °C) (with the exceptions of only experiments le versus 3e). This
result indicates that the As uptake by pyrite was promoted at high
temperature. This promotion may be related to the lattice substitution of
As in pyrite, which has been suggested to occur more easily at high
temperatures (Riley et al., 2011).

To examine the impact of the pH on As uptake by pyrite, Compari-
sons between experiments 1 (pH 7.5) and 2 (pH 6.0) of 150 °C and be-
tween experiments 3 (pH 7.5) and 4 (pH 6.0) of 80 °C were made,
respectively. At each As(IIl); concentration, the As content of pyrite in
experiment 2 was higher than that in experiment 1 (Table 1). Similarly,
the As content of pyrite in experiment 4 was generally higher than that
in experiment 3 (with the exception of only experiments 3e versus 4e).
This result indicates that the As uptake by pyrite was enhanced at a low
pH.

When FeS transformed to pyrite, the As(Ill),q varied differently
(Table 1). In experiment 2, the As(III),q decreased in all five experiment
sets, indicating As gain in the solid phases. This can be attributed to the
high As uptake by pyrite at high temperature and low pH. In experi-
ments 1, 3, and 4, the As(IIl),q increased when the As(III)o was 3.3-100
mg/L. The As loss from the solid phases is consistent with the lower As
uptake ability compared to experiment 2. When the As(III)o was 1 mg/L,
however, the As(III),q in experiments 1-4a decreased from 100 to below
40 pg/L, indicating that the As uptake ability by pyrite is enough to
reduce the As(III),q in the case of relatively low initial As(III) (~1 mg/L).
This finding has implications for the remediation of As contamination.
However, our experimental conditions do not reflect natural conditions.
To make this result more applicable in water environments, it is required
to carry out the transformation experiment and to examine the transfer
of As at ambient temperature.

When FeS transformed to pyrite, sorption is a pathway of As incor-
poration into pyrite (Kirk et al., 2010; Saunders et al., 2018). The XPS
analysis showed that As occurred as As(III)-O bonds on the surface of
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pyrite, reflecting the sorption of As(IIl) by pyrite. Wolthers et al. (2005)
suggested that As(II) was sorbed by the initially formed pyrite as
outer-sphere complexes, whereas Saunders et al. (2018) suggested that
both inner-sphere complexation and metal surface site functional groups
were probably involved in the sorption of As onto pyrite, providing
stable bonds for long-term arsenic retention. When As(III) is sorbed to
pyrite, an “arsenopyrite-like” surface precipitate can form (Bostick and
Fendorf, 2003). After sorption, As can be incorporated into the pyrite
when the pyrite particle grows.

Crystal lattice substitution is another pathway of As uptake by pyrite
(Savage et al., 2000; Farquhar et al., 2002). When As is incorporated into
pyrite through lattice substitution, the substitution of As(II) for iron and
As(-I) for sulfur can occur, resulting in the formation of (Fe, As)Sy
(Chouinard et al., 2005; Qian et al., 2010) and Fe(As,S), (Deditius et al.,
2008), respectively. More recently, As(II) and As(IIl) incorporation at
octahedral Fe(II) sites and As(-I) incorporation at tetrahedral S(-I) sites
during pyrite crystallization at ambient temperature has been reported
(Le Pape et al., 2017). The XPS analysis showed that As occurred as As
(ID-S bonds on the surface of pyrite of experiments 1 and 2, indicating
that the substitution of As(I) for iron might happen at 150 °C. The
uptake of As by pyrite through lattice substitution is much higher than
that through sorption (Farquhar et al., 2002; Kirk et al., 2010; Saunders
et al., 2018). As a result, the content of As in hydrothermal pyrite can be
as high as approximately 10.7 wt% (Savage et al., 2000). In experiment
2 (150 °QC), the content of As in pyrite reached 12.7%, possibly indicating
a significant contribution of lattice substitution of As (Table 1).

The accumulation of As in pyrite varies significantly under different
conditions (Saunders et al., 2018). As mentioned above, the incorpora-
tion of As into pyrite in this study was promoted at high temperature.
Because lattice substitution can lead to a much higher uptake of As in
pyrite than sorption (Farquhar et al., 2002; Kirk et al., 2010; Saunders
et al., 2018), it is proposed that sorption is the predominant pathway for
As uptake by pyrite at relatively low temperature and the lattice sub-
stitution of As in pyrite increases with increasing temperature. As a
result, the As content of pyrite formed in supergene environments
should be lower than that of pyrite formed under hydrothermal condi-
tions. This is consistent with the results of literature that document the
concentration of As in pyrites formed under both supergene and hy-
drothermal conditions (Table 2). As shown in Table 2, most pyrites
formed under supergene conditions typically have less than 1.2 wt% As,
whereas pyrites formed under hydrothermal conditions usually have a
higher As content of more than 2.1 wt%.

4. Conclusions

During the transformation of amorphous FeS to pyrite, dissolution of
FeS occurs first prior to pyrite formation. The transformation can be
promoted at high temperature and low pH and in the presence of As(III),
because both H* and As(III) can act as an oxidant that is required in
pyrite formation and can promote the generation of Fe(Il)yq that is
conducive to pyrite formation.

During the transformation, arsenic bound to FeS is first released in
the dissolution of FeS and then is incorporated into the newly formed
pyrite. Both high temperature and low pH can promote As uptake by
pyrite. XPS analysis indicated sorption as a pathway of As incorporation
into pyrite. After sorption, As can be incorporated into pyrite when the
pyrite particle grows. It is proposed that lattice substitution can be
another pathway of As incorporation into pyrite, especially at high
temperature. As a result, arsenic lost or gain in solid phases can occur
depending on the As uptake ability by pyrite.
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Table 2
A summary of As contents in natural pyrites from both supergene and hydro-
thermal conditions.

As” Data source
Marine sediment 0.93 Huerta-Diaz and Morse
Supergene (1992)
conditions Clastic Holocence 0.62  Saunders et al. (2005)
aquifer
River sediment 1.2 Price and Pichler
(2006)
Clastic Holocence 1.1 Lowers et al. (2007)
aquifer
Natural 1 Pi et al. (2016)
groundwaters
Gold mines 9.6 Wells and Mullens
Hydrothermal (1973)
conditions Epithermal Ag-Au 3.1 Griffin et al. (1991)
deposit
Gold deposit 2.2 Arehart et al. (1993)
Massive sulfide 4.67  Huston et al. (1995)
deposits
Shawmut Mine 2.12 Savage et al. (2000)
Clio Mine tailings 5 Savage et al. (2000)

@ Maximum values (wt.%) reported in the references.
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