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Abstract: Reactions of goethite and magnetite with sulfide solutions under CH4 and/or CO2 atmospheres were monitored in situwith
Raman spectroscopy in the high-pressure capillary optical cells (HPOCs) at room temperature. Isolated systems were created in the
enclosed HPOCs for the study of the mineral–solution interactions to prevent oxidation during the experiments.We observed that iron
(oxyhydr)oxideminerals were inert to sulfide solution under CH4 atmosphere, and that the addition of CO2 to this system triggered the
sulfidization reactions and produced iron monosulfide; mackinawite was identified in the solid phase immersed in the solution after
six hours and pyrrhotite in the solid phase exposed to the vapor phase after 5 days. Mackinawite formed in the aqueous phase was
metastable, and dissolved after about 10 days. The observed sulfidization of iron (oxyhydr)oxide minerals was through a replacement
reaction rather than a dissolution–precipitation process.
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Introduction

Iron sulfide minerals include a diverse group of solids,
many of which play the key roles in low-temperature
marine environments and in biogeochemical processes
(Canfield et al., 1992, 2000; Schoonen, 2004; Rickard &
Luther, 2007). Pyrite is the most abundant iron sulfide
mineral on the Earth’s surface layer (Haese et al., 1998;
Li et al., 2011; Morgan et al., 2011), followed by mack-
inawite and greigite, whereas troilite and pyrrhotite are less
abundant (Rickard & Luther, 2007).

Various valences of iron sulfide minerals commonly
appear at the transition depth between the iron-oxide
reduction zone and the sulfate reduction zone in marine
sediments. Sulfidization of iron oxides was considered to
be the main process forming iron sulfides in these sedi-
ments, and the conversion rate from oxide to sulfide miner-
als was related to the various crystal structures of the iron
oxide minerals (Poulton et al., 2004). However, large dis-
crepancy of reaction rate exists between studies (Canfield
et al., 1992; Poulton et al., 2004), and this discrepancy
was assumed to result from different interstitial compo-
sitions and geochemical environments. For example,

organoclastic iron sulfides reflect high concentrations of
S and Fe in pore water (Haese et al., 1997), whereas
methanotrophic iron sulfides indicate high concentrations
of methane and carbon dioxide in pore water (Sassen et al.,
2004; Lim et al., 2011; Wehrmann et al., 2011).

The reaction mechanisms of iron sulfide minerals have
been extensively studied (Luther, 1991; Wang & Morse,
1995; Wilkin & Barnes, 1996; Morse & Wang, 1997;
Rickard, 1997; Theberge & Luther, 1997; Morse, 1999;
Poulton et al., 2004). Most of these studies investigated the
reactions between sulfide solution and synthesized iron
monosulfide minerals. The sol-gel approach (Wang &
Morse, 1995) was used to simulate anoxic sediment and
successfully synthesized crystalline pyrite. The freeze-dry-
ing method was used (Rickard, 1997) to protect FeS from
oxidation during the kinetics study of pyritization. Another
group of studies showed the controlling factors and reac-
tion kinetics for the bulk reductive dissolution of iron
(oxyhydr)oxides (Dos Santos Afonso & Stumm, 1992;
Yao & Millero, 1996; Poulton, 2003; Poulton et al.,
2004). Recently, Raman spectroscopy was used to identify
and characterize the conversion of iron sulfide minerals
(Bourdoiseau et al., 2008, 2011).
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The main obstacle in the study of iron sulfide minerals is
their extreme sensitivity to oxygen (Csákberényi-Malasics
et al., 2012). In this study, a high-pressure capillary optical
cell (HPOC) was used to prevent oxidation of these miner-
als during experiments. Also, in situ monitoring of reac-
tions allowed us to reveal the processes and the controlling
factors for the transformation of these minerals.

Materials and methods

Syntheses of the starting iron (hydroxyl)oxide and iron
monosulfides

Goethite and magnetite were synthesized from the fol-
lowing reagent-grade compounds (greater than 98.5 %
purity): Fe(NO3)3�9H2O, KOH, FeSO4�7H2O, KNO3 and
Na2S�9H2O, purchased from Sinopharm Chemical
Reagent Co., Ltd. CH4 and CO2 were purchased from
Air Products and Chemicals, Inc. USA, with purities of
more than 99.99 %.

Goethite and magnetite were synthesized following
the procedures of Schwertmann & Cornell (2007a and
b). To achieve pure goethite, 100 mL of Fe(NO3)3
solution was poured into a 2 L polyethylene flask,
followed by rapid addition of 180 mL solution of
KOH with constant stirring. Immediately after the pre-
cipitation of the red-brown two-line ferrihydrite, the
suspension was diluted to 2 L with distilled water in a
closed polyethylene flask and stored at 70�C for 60 h.
The preparation was carried out in a polyethylene vessel
instead of a glass bottle, because silicate glass dissolves
considerably in strong alkaline solution. During the heat-
ing stage (at 70�C), the voluminous, red-brown suspen-
sion of ferrihydrite was converted to a compact yellow-
brown precipitate of goethite. At the end, the reaction
vessel was removed from the oven and the goethite
precipitate was centrifuged, washed, and dried.

To produce pure magnetite, 80 g of FeSO4�7H2O was
dissolved in 560 mL of deionized water (previously
flushed with N2) in a 1 L glass beaker, which was closed
with an air-tight plastic lid with holes for gas inlet and a
thermometer. The beaker was placed in a water bath (i.e., a
3 L beaker filled with water at 90�C), with a thermometer
in place and connected to an N2 gas inlet for purging the
sample chamber. Once the desired temperature was
reached, 240 mL of an oxygen-free solution containing
6.46 g of KNO3 and 44.9 g of KOH was added dropwise
for approximately five minutes. The obtained solution was
heated at 100˚C for another half to one hour, and then
cooled overnight to room temperature. The black precipi-
tate was washed and dried. No protection against air oxida-
tion was needed once the black precipitate was formed.

In order to compare the Raman spectra of our experi-
mental products with iron monosulfide minerals, these
minerals were first produced by mixing FeSO4 solution
with Na2S solution, and the precipitates were immediately
loaded in a fused-silica capillary tube followed by sealing

both ends of the tube with a hydrogen-oxygen flame to
form a fused-silica capillary capsule (FSCC) (Chou et al.,
2008) to prevent oxidation. Note that the sulfide solution
was prepared by dissolving 12 g of Na2S�9H2O in 100 mL
of deionized water (previously flushed with N2) in a 100
mL volumetric flask.

Experimental apparatus and procedures

A high-pressure capillary optical cell (HPOC) was used
as the reaction chamber (Chou et al., 2005; Lu et al.,
2006, 2008). The HPOC was made from a 15-cm long
silica capillary tube (0.3 mm ID and 0.66 mm OD) and
one end of the tube was sealed with a hydrogen-oxygen
flame. Sulfide solution of 0.5 M was sucked into the
tube, and several grains of iron oxide solids were loaded
into the tube. After the solid and solution were centri-
fuged to the enclosed end, the open end of the tube was
connected to a gas line. The tube and the gas line were
evacuated and then loaded with methane, and this eva-
cuation-gas loading procedure was repeated several
times to remove residual air before loading the desired
gas in the HPOC. The cell was then mounted on an X-
Y-Z stage under a microscope for observation and
Raman analyses of the sample. A schematic diagram
of the in situ Raman spectroscopic measurement system
is shown in Fig. 1. The room temperature was kept
around 20�C. The pressure was read from a Setra
204D digital pressure transducer with a Datum
2000TM manometer (69 MPa full scale; accurate to
0.14 %). Seven experimental runs were performed with
different initial conditions (Table 1).

Characterization of iron minerals and in situ
monitoring with Raman spectroscopy

Raman analyses were carried out with a Jobin Yvon-
Horiba, high-resolution Raman spectrometer (LabRAM
HR-800) equipped with a microscope and a Peltier-cooled
charge coupled device (CCD) detector. Excitation was
provided by an Nd:YAG laser (532.08 nm) and its power
was adjusted between 1.94 and 0.07 mW on the outer wall
of the HPOC in order to prevent excessive heating of the
samples. The sample spot diameter was�4 mmunder a 50x
objective lens. A grating of 600 gr/mm was used, and most
of the spectra for the samples in the HPOC were collected
in the wavenumber range 100–4000 cm�1 to cover
the bands of iron (oxyhydr)oxide and sulfide minerals,
CO2, CH4, H2O, S, CO3

2�, HCO3
� and SO4

2� (Table S1,
freely available online as Supplementary Material linked
to this article on the GSW website of the journal, http://
eurjmin.geoscienceworld.org/). The spectra were recorded
with a resolution of �2 cm�1.

In our control run, Raman spectra of iron monosulfide
precipitates from a mixture of FeSO4 solution and Na2S
solution were obtained. Repeatable bands near 250 and 310
cm�1 resulted from the species of black iron-sulfide pre-
cipitates (Fig. 2).
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Results

Experimental results, together with their initial conditions,
are listed in Table 1. Goethite was reacted with Na2S
solution under CH4 gas (run nos. 1 and 2) and under a
CH4-CO2 gas mixture (run nos. 5, 6, and 7). Magnetite was
reacted with a CH4-CO2 gas mixture (run nos. 3 and 4). An
additional run (no. 8) was performed to illustrate the effect
of CO2 to the system.

Goethite and Na2S solution under CH4 atmosphere

In run no. 1, goethite was immersed in the solution near the
sealed end of the cell (Fig. 3), whereas in run no. 2, it was
exposed to the vapor phase (Fig. S1 in Supplementary
Material). Raman spectra of the samples were collected

Fig. 2. Raman spectra of the instantaneous precipitate produced by
mixing FeSO4 solution and Na2S solution. Repeatable Raman
bands at �250 cm�1 and 310 cm�1 resulted from iron sulfide
precipitates.

Table 1. Initial conditions and final products of experiments.

Run
No.

Gas Na2S solution

Iron oxide Location Products (solids) pH1 pE1

CH4 partial
pressure
(MPa)

CO2 partial
pressure
(MPa)

Concentration
(M)

Length
(cm)

1 10 0 0.5 3.14 Goethite Liquid – 12.8 �11.5
2 10 0 0.5 1.12 Goethite Gas – 12.8 �11.5
3 0.7 6.3 0.5 0.5 Magnetite Gas Pyrrhotite, Sulfur 5.8 �2.5
4 0.7 6.3 0.5 2.27 Magnetite Gas Pyrrhotite, Sulfur 5.9 �2.7
4 0.7 6.3 0.5 2.27 Magnetite Liquid Mackinawite, Sulfur 5.9 �2.7
5 3.2 3.8 0.5 0.92 Goethite Liquid Mackinawite, Sulfur 6.1 �2.9
6 0.7 6.3 0.5 1.14 Goethite Liquid Mackinawite, Sulfur 5.8 �2.5
7 0.7 6.3 0.5 1.21 Goethite Liquid Mackinawite, Sulfur 5.8 �2.5
8 0.5 4.5 0.5 1 – – Sulfur 5.9 �2.7
1 Calculated by using PHREEQC 2.18.3 with the initial conditions listed in this Table.

Fig. 1. A schematic diagram of the experimental set up for collecting in situ Raman spectra of the sample in a high-pressure optical cell
(HPOC). The example Raman spectrum was derived from pyrrhotite, which was converted from magnetite exposed to a CH4-CO2 vapor
phase in the presence of a sulfide solution (for detail, see text).
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daily for more than 60 days. In run no. 1, peak positions
and intensities of goethite (245, 299, 389, and 479 cm�1)
remained constant, indicating that no reaction occurred.
This was also supported by the appearance of the goethite
in the cell, showing no obvious changes in either shape or
color. Similarly, in run no. 2, Raman spectra and appear-
ance of goethite that was exposed to the methane gas phase
remained the same without obvious changes (Fig. 3). Our
results showed that goethite did not react with sulfide
solution under CH4 atmosphere.

Na2S solution under CO2-CH4 atmosphere

In run no. 8, no iron oxides were added to be exposed to
either aqueous or vapor phase, and only sodium sulfide
solution was exposed to the CO2-CH4 atmosphere
(Supplementary Figure S2). As soon as the high-pressure
CO2-CH4 (gas) (5 MPa) was loaded into the HPOC, the
reaction started and produced sulfur and unknown organic
compounds with strong fluorescence. Raman spectro-
scopic analyses showed that sulfur was produced in both

aqueous and vapor phases (Supplementary Figure S3).
Organic compounds produced by the reactions of FeS,
H2S, and CO2 at elevated temperature were also reported
by Heinen&Lauwers (1996). However, because the nature
of these compositions was difficult to determine based on
our in situ Raman analyses, the exact chemical reactions
involved were not formulated.

Ironminerals (goethite ormagnetite) and Na2S solution
under CO2-CH4 atmosphere

When the medium was a mixed CO2-CH4 gas, sulfide ions
in the aqueous phase reacted with both magnetite (run no.
4) and goethite (run nos. 5, 6, and 7; Figs. 4 and 5) to form
mackinawite, sulfur, and organic products as described in
run no. 8. On the other hand, when magnetite was exposed
to the vapor phase (run nos. 3 and 4), instead of mackina-
wite, pyrrhotite was produced (Figs. 6 and 7) together with
sulfur. No observations were made for goethite exposed to
the vapor phase in this study, but will be made in the near
future.

Fig. 3. Raman spectra of the sample in run no. 1 collected in situ at various time, showing the coexistence of goethite and sulfide solution
for up to 100 days under 10 MPa of methane pressure at 20�C with no reaction detected. The peaks indicated in the top spectrum are for
water (3401 cm�1), aqueous methane (2911 cm�1), dissolved sulfide ions (2575 cm�1) and goethite (246 cm�1, 298 cm�1, 387 cm�1 and
482 cm�1).
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Sulfidization of goethite and mineral dissolution

The transition process from goethite to iron monosulfide
was clearly indicated by the evolution of Raman spectra in
the changes of the number of peaks, peak heights, and peak
positions. In Fig. 5(a), in situ Raman spectra for the solid
phases in run no. 7 are shown for the first 8.2 hours. It
shows the shift of the peak positions after 3 h 36 min and
the decrease of the signals after 6.11 hours. The shifts of
the peak positions at about 245, 299, 389, and 479 cm�1 are
shown in Fig. 5(b)–(e), respectively. The reversal points

near 3 h 36 min for all of these peaks indicate the transfor-
mation of goethite to mackinawite. This is in agreement
with Bourdoiseau et al. (2011), who reported the peak
shifts at 251 and 306 cm�1 corresponding to the formation
of mackinawite. Also, Bourdoiseau et al. (2008) reported
the shift of peak positions from 283 (�1) cm�1 to 297 (�1)
cm�1, and from a symmetric to an asymmetric peak. In our
control run, repeatable bands near 250 and 312 cm�1 were
observed for the species of black iron-sulfide precipitates
(Fig. 2).

Fig. 5. In situ Raman spectra for the solid phases in run no. 7 for the first 8.2 h, showing the shift of the peak positions after 4.08 h and the
reduction of the signals after 6.11 h. The shift of the peak positions at about 245, 299, 389, and 479 cm�1 are shown in (b), (c), (d), and (e),
respectively. The reversal points near 3:36 for all of these peaks indicate the transformation of goethite to mackinawite. The reduction of
Raman signals after 6.11 h shown in (a) resulted from the dissolution of this newly formed mackinawite.

Fig. 4. Images of goethite in a HPOC for run no. 5 under CH4-CO2 pressure from 0 to 448 h. Iron sulfide minerals appeared before 53 h, and the
intensity of Raman signals decreased after 53 h and became undetectable at 448 h, indicating the dissolution of the newly formed iron sulfides.
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The reduction of Raman signals after 6.11 h as shown in
Fig. 5(a) was the result from the dissolution of this newly
formed mackinawite. This process may take more than 10
days, depending on how far away goethite was from the
vapor-aqueous phase boundary; the farther away from the
interface, the slower the reaction, indicating that the reac-
tion was regulated by the mass transfer of CO2 from the gas
into the sulfide solution.

In comparative observations, goethite showed no
obvious change in more than 30 days when it was loaded
in pure water with 5 MPa of CH4-CO2 as a medium gas
without sulfide ions in the aqueous phase.

Minerals exposed to the vapor phase

Pyrrhotite, a thermodynamically stable iron sulfide, was
produced when the synthesized magnetite was exposed to
the CH4-CO2 vapor phase.

Raman spectra databases were checked to identify pro-
ducts of run nos. 3 and 4 (Table S2). Spectra of these
databases were obtained from various natural minerals or
synthetic material, and disturbances of lattice defects or
drop-in were also reflected on the various peaks for the
same minerals/material. In our case, the primary peaks of
the experimental products were at 335 (�2) and 369 (�4)
cm�1, indicating the presence of pyrrhotite rather than
pyrite (Table 2).

Discussion

Effect of CO2

Iron oxides were thermodynamically stable with low solu-
bility coefficients: their Ksp ranged from 10�37 to 10�44

(Schwertmann, 1991). Dissolved hydrogen sulfide could
reductively dissolve iron (oxyhydr)oxides (Dos Santos
Afonso & Stumm, 1992; Yao & Millero, 1996; Poulton,
2003; Poulton et al., 2004) to produce dissolved Fe (II)
ions and elemental sulfur. The rate of reaction was found
highly dependent upon pH of the solution, with a

maximum oxidation rate at pH near 7 for goethite (Yao
& Millero, 1996).

Under methane atmosphere, the pH of solution was 12.8
based on geochemical simulation (Table 1). At such pH
condition, if any reductive dissolution of iron oxides
occurred, the rate would be extremely low, as indicated
by the observed stability of solids in solution for over 100
days. When CO2 partially replaced CH4, the pH of the
solution decreased because of dissociation of dissolved
CO2. The ultimate pH of the solution was in the range
5.8–6.1, which was close to the optimal condition for the
dissolution of iron oxides. The change of pH could explain
the different phenomena observed under different atmo-
spheres in this study.

However, the possible effects of CO2 was not only
limited to the change of pH of the solution. As shown in
run no. 8, CO2 itself could also react with sulfide solution
and produce elemental sulfur and organic compounds.
These products were similar to those produced by the
reductive dissolution of iron oxides and may potentially
change the iron oxides surface condition, which was
believed to be one of the key factors of reductive dissolu-
tion (Dos Santos Afonso & Stumm, 1992; Yao & Millero,
1996; Poulton, 2003; Poulton et al., 2004).

Reaction mechanism

A widely accepted model of reductive dissolution of iron
oxides toward hydrogen sulfide was proposed by Dos
Santos Afonso & Stumm (1992). The reaction scheme
could be summarized as 1) reduction of Fe (III) to Fe (II);
2) release of Fe (II); and 3) formation of FeS (for detailed
descriptions, see Supplementary materials A). In other
words, this reaction was a dissolution-precipitation pro-
cess. This scheme had been adopted and proved in experi-
ments of bulk reactions (Yao & Millero, 1996; Poulton,
2003; Poulton et al., 2004) (Supplementary materials A).

However, the result in run no. 7 presented a different
pathway. In the first stage, iron (oxyhydr)oxides changed
to FeS. Alteration of Raman bands did not indicate any

Fig. 6. Raman spectra of iron sulfide minerals in run no. 3. Peaks at �333 cm�1 and �365 cm�1 left, or 337 cm�1 and �372 cm�1 right
indicate the occurrence of pyrrhotite. The white sample spot became brighter after being excited by laser.

198 M. Wang et al.

eschweizerbart_xxx



signal of reductive dissolution (Fig. 5); a slight change in
the shapes of solids occurred, but no major dissolution of
minerals was observed (Fig. 4). In the second stage, FeS
dissolved in the aqueous phase. Therefore, replacement-
dissolution rather than dissolution-precipitation process
was possibly the mechanism for the reaction between
goethite and sulfide solution observed in this study.

Different primary conditions and reaction scale may
lead to different results. The solubility of amorphous FeS

(s) is dependent on [S2�] (sulfide ion concentration). In
more acidic solutions, solubility is also pH dependent,
while in neutral or alkaline solutions it is pH independent
(Rickard, 2006). For bulk reactions, [S2�] and pH were
controlled as constant values in previous studies, where the
FeS (s) formed was either entirely dissolved in more acidic
solution (Dos Santos Afonso & Stumm, 1992) or partially
dissolved in less acidic solution (Yao & Millero, 1996;
Poulton, 2003; Poulton et al., 2004). In such cases,

Fig. 7. Raman spectra collected from the iron sulfide minerals exposed to the vapor phase in run no. 4. Peaks at 333 (or 336) cm�1 and 369
(or 372, 365) cm�1 indicate the formation of pyrrhotite. Bands of�101 cm�1,�148 cm�1, 216 cm�1 and 460 cm�1 are related to elemental
sulfur. Bands at 317 cm�1 (5 days) and 285 cm�1 (7 days) are corresponding to metastable iron minerals. Peaks of elemental sulfur are
marked by stars (*), those for pyrrhotite by plus signs (þ), and those for metastable sulfide minerals by arrows ( ). The Raman peaks at 1285
and 1389 cm�1 are from CO2 in the vapor phase, and those near 1020 cm�1 from a thin film of aqueous phase, indicating the presence of
bicarbonate ions.
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reductive dissolution was easily considered as the first step
of the reaction because solid FeS was not always present.
On the other hand, in our experiments in HPOC, [S2�] and
pH changed progressively due to the diffusion of CO2;
when the pH of the solution satisfied the requirement of
iron reduction, sulfide replacement occurred, and as the pH
of the solution around the solids decreased due to more
dissolved CO2, FeS dissolved gradually. Thus, a possible
mechanism can be schematically represented by the fol-
lowing reaction sequence.

(I) Sulfide replacement:

16 � FeIIIOOH þ 24Hþ þ 24HS� , 16 � FeIIS

þ 32H2Oþ S08
ð1Þ

where � represents iron surface complex (see
Supplementary materials A).

(II) FeS dissolution:

� FeIIS þ Hþ ) Fe2þ þ HS� ð2Þ
Equations (1) and (2) can be combined:

16 � FeIIIOOH þ 40Hþ þ 8HS� , 16Fe2þ

þ 32H2Oþ S08
ð3Þ

such that the solid FeS does not appear in the net reaction.

Conclusion

The processes of sulfidization of goethite and magnetite in
Na2S solution under CH4/CO2 atmospheres were observed
in high-pressure capillary optical cells (HPOCs) and char-
acterized in situ with Raman spectroscopy at room tem-
perature. No obvious sulfidization reactions were observed
when the assemblages were under CH4 pressure. However,
the addition of CO2 to the sample assemblages promoted
the sulfidization reaction. The main product was elemental
sulfur and mackinawite when goethite or magnetite was
immersed in the Na2S solution, and pyrrhotite was pro-
duced when magnetite was exposed to the vapor phase; no
observations were made for goethite exposed to the vapor
phase. The produced mackinawite was not stable and

dissolved gradually. The addition of CO2 decreased the
pH of the solution and initialized the reaction. The
mechanism of reaction between iron (oxyhydr)oxides and
sulfide ions was a replacement-dissolution rather than a
reductive dissolution-precipitation process.
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