Bulgarian Chemical Communications, Volume 50, Issue 1, (pp. 133 — 140) 2018

Study on intrinsic sulfidation of iron oxides and oxidation behavior of sulfidation
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The study simulated the sulfur corrosion process in an oil tank to evaluate intrinsic sulfidation of iron oxides and
oxidation behavior of sulfidation products at room temperature. The methods of SEM and EDS were used to characterize
the microstructure and surface state of the sulfidation products of Fe,Os, FesO4 and Fe(OH)s, which are the dominant
components of rust. The surface chemical state of sulfidation and oxidation products was characterized by XPS
measurement to analyze the oxidation degree and oxidation mechanism of the sulfidation products. The results showed
that three kinds of iron oxides can produce the same kind of iron-sulfur compounds after sulfidation, but the
microstructure and elemental distributions of these iron-sulfur compounds are different. The main components of the
sulfur corrosion products of the three iron oxides are identical. The sulfur corrosion process of iron oxides converts iron
oxides into FeS, and FeSOs, which is accompanied by the formation and transformation of FeS and Ss. At room
temperature the sulfidation products of iron-sulfur compounds are finally oxidized to Fe,O3 and FeSOa.
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INTRODUCTION

In the process of oil refining, storage and
transportation, the active sulfur in the oil will react
with the rust (the dominant components are iron
oxides such as Fe;0s;, FesO4 and Fe(OH)s) on the
inner wall of the device, which can generate iron-
sulfur compounds with a certain pyrophoricity. Fire
and explosion accidents caused by self-ignition of
corrosion  products of sulfur occasionally
happen [1-3]. Many scholars have extensively
investigated the mechanisms of spontaneous
combustion of iron-sulfur compounds [4-8].

Corrosion of iron in H.S containing solutions is
a general problem in crude oil and natural gas
production, and is generally referred to as sour
corrosion. Aqueous H,S solutions promote
corrosion of steels [9-15], but the exact nature and
mechanisms of corrosion strongly depend on the
reaction conditions [16-18]. While the process has
been widely investigated for pure iron and carbon
steels, there is still a lack of understanding of the
reaction path of the corrosion products. The
chemistry of the corrosion products formed during
H,S-triggered corrosion is rather complex, as there
are many different solids consisting only of iron
and sulfur. X-ray photoemission spectroscopy (XPS)
has been used to confirm the presence of the
reaction products [19-22]. On the other hand, the
corrosion product can be rapidly oxidized in the air
and release heat. Different types of materials for the

formation of sulfur compounds and changed
sulfidation environment will make the sulfidation
products have different oxidation pyrophoricity.
Although there were many investigations about
the sour corrosion and oxidation process of
sulfidation products, it is not totally clear what
happens in the course of the sulfidation process and
oxidation process. The objective of this work was
to investigate intrinsic sulfidation behaviors of iron
oxides in HzS, N2 and O; gas atmosphere and the
oxidation behaviors of sulfidation products at room
temperature. In this paper, dry Fe.Os, FesO4 and
Fe(OH)s were used by reacting with a mixture of
sulfidation gas at a certain temperature, to simulate
the sulfur corrosion process in an oil tank
containing sulfur. Following the oxidation process
of the sulfidation products, the chemical
morphology of the reaction products was identified
by XPS. It would be highly desirable to understand
the sulfidation mechanism of iron oxides and the
oxidation mechanism of sulfidation products in
order to better understand the sulfidation process
and oxidation process. The experimental results
provided a theoretical basis for the prevention of
spontaneous combustion of sulfur compounds.

EXPERIMENTAL
Experimental method

The scheme of the experimental apparatus of the
sulfidation and oxidation tests is shown in Fig. 1. In
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flasks were installed in parallel to a gas bag and
filled with Fe;Os, FesO4 and Fe(OH)s, separately.
This is to make sure that the sulfidation processes
of the three iron oxides take place under the same
conditions.

Q' buffFering air bag

Ethernoneter

supplemental gas bag
f—\ Flow neter
three-necked Flask

cone bottle containing water
Fig. 1. Apparatus for the sulfidation and oxidation
processes

Desired concentration of sulfidation gas (volume
ratio of H,S:02:N, = 5:1:4) was pre-configured and
the gas was stored in the gas bag. Quantities of
Fe20s, Fes04 and Fe(OH)s samples were placed in
the three-necked flasks separately. The mixture of
sulfidation gas in the gas bag was pumped by a gas
pump and passed through the buffering air bag,
water containing cone bottle and flow meter which
can detect and control flow, and then entered the
three-necked flasks. The sulfidation reaction of iron
oxides was carried out in the three-necked flasks.
The sulfidation products were divided in two, one
part was directly exposed to the air; the other part
was sealed with ethanol. EDS and XPS analysis
were carried out using the ethanol sealed sulfidation
products. The sulfidation products directly exposed
to the air were used for the oxidation process. Open
both sides of the stopper, let air get into the reaction
flask and react with corrosion products. The
temperature was measured by a thermocouple
thermometer inside the reactor. The final products
were analysed by XPS.

Characterization method

The sulfided and oxidized samples were
analysed by scanning electron microscopy with
energy-dispersive X-ray spectroscopy (DEM-EDS)
at the acceleration voltage of 30 KV and X-ray
photoelectron spectroscopy (XPS) technique with
an ESCALAB 250  spectrometer  using
monochromatic Al Ka X-ray (1486.6 eV).
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RESULTS AND DISCUSSION
DEM-EDS characterization of sulfidation products

The spontaneous oxidation reaction of the
sulfidation products has a strong relationship with
their microstructure, and the specific surface area is
different, which leads to different contact areas with
oxygen. The results of sulfidation products of Fe;Os,
FesO, and Fe(OH)s characterized by SEM
technique are shown in Fig. 2. As can be seen, there
are some differences in the microstructure of the
three sulfidation products. The sulfidation product
of Fe(OH)s mostly consists of sheets or blocks
which are more regular, and the particle size is
relatively large, the specific surface area is
relatively small, and is disadvantageous for the
adsorption and diffusion of O, molecules. The
particles of the sulfidation products of Fe;O4 and
Fe,Os are fine, porous, loose and the surface area is
big. The small particles of the Fe;O. sulfidation
products are polygons, and the pore structure is
more obvious, but the Fe,Os sulfidation products
are approximate pellets and slightly denser.

1 B W U

(c) sulfidation product of Fe,O3

Fig. 2. SEM photographs of sulfidation products, Left:
500x%, Right: 2000x
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Table 1. Contents of Fe, S, O in samples (%, mass fraction)
Sample Fe S 0
Sulfided Fe(OH)3 24.76% 38.54% 36.70%
Sulfided Fe304 22.24% 16.82% 60.94%
Sulfided Fe,O3 25.29% 39.08% 35.63%
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Fig. 3. EDS of sulfidation products (a) Fe(OH); (b) FesO4 and (c) Fe203

The scanning results of Fe, S, O in the sulfide
products are shown in Fig. 3. The distribution of Fe
and S on the surface of the Fe(OH)s sulfidation
products is more uniform, but that of O is less so.
For the FesO4 sulfidation products, the distribution
of various elements on the surface was more
average, except for S which was more dispersed.
However, the distribution of S on the surface of
Fe,0; sulfidation products was more concentrated,
and Fe was mainly distributed in pores. The results
showed that the element type of the three kinds of
sulfidation products was the same, but the
distribution was different. The contents of Fe, S and
O in the sample are listed in Table 1.

XPS characterization of S

The binding energies of S 2p in the sulfidation
products before and after oxidation are shown in
Fig. 4. The binding energy at 161~161.7 eV most
likely belonged to FeS. The binding energy at
161.7~163.4 eV most likely belonged to FeS;. The
peaks at 163.3~164.5 eV were considered to be Ss.
The peaks at 168.3~169.4 eV were considered to be
SO.%. The results of curve fitting are presented in

Table 2. It can be seen from Table 2 that before
oxidation the S atoms in the three kinds of
sulfidation products were mainly FeS;, which
accounted for 42.66%, 53.98% and 31.45%,
respectively. Small amounts of reduced FeS, Ss and
partially SO4> were also contained. The SO+ in the
sulfidation product after oxidation was the main
form of S in the sample, and the atomic contents
were by 29.71%, 17.28% and 37.39% higher than
those before oxidation. After the oxidation process,
the contents of FeS, and FeS decreased
significantly, or even disappeared.

From the content of S, the SOs>component in
the sulfide product after oxidation sharply increased,
while the FeS, and FeS contents in the reduced
state were obviously reduced and the S content
increased in some varieties and decreased in others.
It was illustrated that the low-valence S was
oxidized to the high-valence SO4* in the oxidation
process. However, some of the S was only oxidized
to Sg, indicating that S of different sulfide products
was oxidized to a different degree.
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Fig. 4. XPS spectra of S 2p of sulfidation products.

XPS characterization of Fe

The binding energy of Fe 2p before and after
oxidation of the three ferrosulfide compounds is
shown in Fig. 5. As can be seen, the binding energy
of Fe 2p existing in the form of FeSx (mainly FeSy)
was 706.7 ~ 708.3 eV, the binding energy of Fe 2p
existing in the form of Fe,O3; was 711.1 ~ 711.9 eV,
and the binding energy of Fe atom bonded to SO4*~
was 711.1 ~ 711.9 eV. The results of curve fitting
are shown in Table 3. It can be seen that before
oxidation, the species of Fe in the three sulfidation
products were FeS;, FeO, Fe;Os, and FeSO; in
addition to their own non- sulfured iron oxides.

After being fully oxidized in the air, the form of
Fe changed little, but the content of each
component changed greatly. Comparing the three
sulfidation products (Fe;Os, FesOs4 and Fe(OH)s)
before and after oxidation, the contents of Fe in the
form of Fe,Os increased from 49.50%, 26.81% and
26.28% to 82.68%, 46.91% and 33.69%,
respectively. The contents of Fe in the form of
FeSO, increased from 5.82%, 12.48% and 17.78%
to 11.27%, 14.31% and 26.60%, respectively. With
the progress of oxidation, more and more Fe;O3 and
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FeSO, were produced. However, the content of
FeSx and FeS, was greatly reduced during the
oxidation process. Only 6.05% of Fe was found to
be FeSx in the oxidation product of Fe,Os
sulfidation product, and the existence of FeSx was
not detected in the other two oxidation products.

Analysis of the sulfidation behavior of iron oxides

In the process of iron oxide sulfidation, the
reaction process of iron oxide (FO) and pure H,S is
very straightforward [23]: FO —*— FeS+S+H-0.
The FeS produced by the reaction further reacts
with S to form FeS,: FeS—— FeS,. The change in
the content of each component from the sample can
be used to estimate the trend of mutual conversion
between the various components.

Through the analysis above, in the actual
reaction process, the remaining FeS is very little
and even almost undetectable, but the content of
FeS; is much higher. This is presumably due to the
progress of the sulfidation process; H.S is
continuously oxidized to elemental S, the
composition of the system, the temperature and
other conditions changes will lead to the reaction of
elemental S and FeS to form FeS; as the main
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Table 2. Results of curve fitting of S 2p of sulfidation products

Sample

Before oxidation (in ethanol)

After oxidation (in air)

S atom . S atom .
BE percentage (%) Chemical state BE percentage (%) Chemical state
161.7 10.93 FeS 161 6.13 FeS
Sulfided 162.5 42.66 FeS; 162.0, 163.3 36.49 FeS,
Fe203 163.6 27.97 Ss 164.3 9.23 Ss
168.8 18.44 SO~ 168.3 48.15 SO4*
161 2.59 FeS
Sulfided 162.4 53.98 FeS, 162.4 31.37 FeS,
FesO4 163.7 17.19 Ss 163.6 25.11 Sg
168.7 26.24 SO 168.3 43.52 SO4>
. 161.7 31.45 FeS; 163.4 11.41 FeS;
E’;‘}g‘fj’)" 163.3 25.75 Se 164.5 8.40 Se
3 169.0 42.80 S04 169.4 80.19 SO
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Fig. 5. XPS spectra of Fe 2p of sulfidation products.
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Table 3 Results of curve fitting of Fe 2p of sulfidation products

In ethanol In air
Sample BE Fe atom Chemical BE Fe atom Chemical
percentage (%) state percentage (%) state
707.3 34.40 FeS; 710.0 6.05 FeSx
Fe,0 710.1 10.28 FeO
23 7115 49.50 Fe;0s 711.1 82.68 Fe;0s
713.4 5.82 FeSO4 713.0 11.27 FeSO4
707.3 22.22 FeS; 707.0 5.98 FeS;
Fe.0 710.4 38.49 Fes0. 710.4 32.80 Fes0.
¥ 7116 26.81 Fe;0s 7116 46.91 Fe;0s
712.8 12.48 FeSO4 713.8 14.31 FeSO4
706.7, 708.3 6.63 FeSx
Fe(OH) 710.3 49.31 FeO(OH) 710.4 39.71 FeO(OH)
8 711.9 26.28 Fe,O3 711.6 33.69 Fe,O3
713.7 17.78 FeSO, 713.4 26.60 FeSO,

reaction, which makes the content of FeS; in the
sulfidation product greatly increase. The main
component in the iron oxide-sulfide products is
FeS; and contains some intermediate products,
such as FeS, and elemental S. The XPS result
shows that some FeSO, is formed in the sulfide
products, and a small amount of FeO is detected in
the Fe,Os sulfidation product. It is presumed that
because of the presence of a small amount of O in
the sulfidation system, resulting FeS oxidizing
reaction occurs: FeS—*->FeSQ., FeO. Due to the
relatively small amount of oxygen in the oxidation
system, the contents of FeSO, and FeO in the
sulfide products are not high.

Analysis of the oxidation behavior of sulfidation
products

The previous studies have shown that iron
sulfide compounds such as FeS are pulverized and
ground and can be slowly oxidized at room
temperature [24]. But the tendency of spontaneous
oxidation of FeS will be weakened after the
temperature rises to 50°C. In addition, the FeS has
the tendency to be converted into FeS,, so the FeS;
has stronger spontaneous oxidation ability during
exothermic oxidation.

Buckley and Woods studied the surface of pyrite
(FeSz, FeS, etc.) exposed to oxygen by XPS [25]. It
was concluded that FeSO. was generated quickly
and stably, and Sg was formed during the oxidation
process. After the prolonged oxidation, with the
disappearance of elemental S, the iron oxides
appeared.

At room temperature, O in the environment can
oxidize the S atom of the sulfur compounds into
elemental S and release heat. The concentration of
the heat makes the oxidation reaction further
strengthened, and the S atom of the iron-sulfur
compound is oxidized to SO, while releasing heat.
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This is also the reason for the irritating odor
generated in the experiment.

FeS, —2 3 Fe,0:+S; FeS —2 5 Fe,03+S;
FeS; —%>  Fe0s+S0,7; FeS —%
Fe,03+S0-1.

Due to a substantial increase in the content of
Fe,Os after oxidation, whereas, the content of other
iron oxide is almost unchanged, it is considered that
the oxide of iron produced after oxidation is mainly
Fe203, which mainly involves the reaction:

FeS, —2 3 Fe,0:+S; FeS —2 5 Fe,03+S;

FeS;, —25  Fe,0:+S0,1; FeS —2%2»
Fe;03+S0-1.

After the oxidation reaction, the content of
FeSO, in the product was significantly increased,
indicating that the S atom was further oxidized to
the higher valence SO, except for the above
occurring  oxidation  reaction. During the
experiments, a small amount of droplets were
generated on the inner wall of the reacted
three-necked flasks, which was due to the
condensation of the water vapor carried in the
reaction gas.

0, H,0

FeS, —z

FeS—22 1L 5 FeSO,+7HO.

It was found that the presence of H,O greatly
increased the spontaneous combustion of sulfur
compounds [26]. The oxidation process is:

FeS, —22 "0 5 Fa50,+H,S04;

FeS—2%2 "0 FeS0.e7H,0.

From the results of XPS it follows that when the
sulfidation product is oxidized at room temperature,
the content of elemental sulfur in the oxidation
product is dramatically reduced, but the amounts of
Fe,Os; and FeSO. obviously increase. It is shown

FeSO4+H,S0q;
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that the generation of sulfur is only in the initiation
process of oxidation reaction. With the progress of
oxidation reaction, the reducing substances such as
FeS;, FeS and S in the sulfidation product are
gradually oxidized to Fe,O3 and FeSOa.

CONCLUSIONS

In order to simulate the sulfur corrosion process
in the oil tank, a method for vulcanizing the wet
H>S gas containing a small amount of oxygen with
three kinds of iron oxides, Fe,Os;, FesOs and
Fe(OH)s, was proposed. The results of SEM and
EDS showed that various iron oxides can produce
the same kind of iron-sulfur compounds after
sulfidation, only their microstructure and elemental
distribution are different. The analysis by XPS
indicated that the different iron oxides have the
same sulfur corrosion products, mainly FeS,, FeS,
elemental S and a small amount of FeSO.. The
oxidation process of iron oxides is the process of
converting iron oxides into FeS; and FeSO4, which
are accompanied by the formation and
transformation of FeS and Ss. The presence of a
small amount of oxygen in the sulfide gas is the
main reason for the formation of FeSOs. In
addition, the oxidation reaction involved oxygen
which promoted the conversion of FeS to FeS;
which has a stronger ability of spontaneous
oxidation.

At room temperature, the oxidation process of
the sulfidation products is a process of gradually
oxidizing the reducing substances, such as FeS,,
FeS, S, etc. Through temperature monitoring it is
found that the oxidation exothermic process
belongs to the low-temperature oxidation process,
which required a temperature below 300 C .
However, the presence of H,O promotes the
oxidation reaction, and the reducing substances in
the vulcanized product are finally oxidized to Fe,O;
and FeSO..
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N3cnenBane Ha cynpuanpaHeTo Ha JKEJIE3HH OKCHIN U TTOBEJCHUETO Ha
cynduaupaHuTe MPOAYKTH IPU OKUCTIEHUE
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3 Koneoc no nemponno unscenepcmeo, Jlaonune Hluxya Yuueepcumem, @yuwun,
113001, Kumaz;

Mocrenuna Ha 27 nexemBpu 2017, npuera Ha 31 stuyapu 2018
(Pesrome)

C nmen nma ce oueHu cyapUAMPAHETO Ha JKEJE3HHTE OKCHOM M OKHCIUTEIHOTO INOBEJCHHE Ha IPOAYKTUTE Ha
cyiaduaupaHeTo npu craiiHa TeMIeparypa, B HacTosIIaTa CTaThsl € CUMYJIMPaH CEPHUAT KOPO3UOHEH IPOLIEC B MacieH
KOHTeHHep. MHKPOCTPYKTypaTa U ChCTOSHUETO HA MOBBPXHOCTTA HA MPOAYKTHTE Ha cynduaupaneTo Ha Fe;O3, Fes04 u
Fe(OH)3, kouTo ca OCHOBHHTE KOMIIOHEHTH Ha PBKAATa, ca Xapakrepusupanu upe3 SEM n EDS. XumMu4HUAT chCTaB HaA
MOBBPXHOCTTA Ha CyJI(pUIUpPaHUTE U OKUCICHUTE IPOAYKTH € XapakTepusupaH upe3 XPS ¢ oriex j1a ce n3sicHU CTeneHTa
Ha OKUCJICHWE M MEXaHM3MbT Ha OKUCIICHUE HA NPOJYKTHTE Ha CyiIduaupaHeTo. YCTaHOBEHO €, Y€ TPUTE BU/Ia OKCUIN
Ha JKeJII30TO JaBaT €IWH W ChUI BHJI CHhEJMHEHHS Ha JKeNS30TO W csipara ciien cyiaduaupaHe, HO ¢ pas3iMyHa
MHKPOCTPYKTYpa W pasmnpeleieHue Ha eneMeHTUTe. OCHOBHUTE KOMIIOHCHTH Ha CEpPHHUTE KOPO3HOHHH IIPOILYKTH Ha
TPUTE JKEeJIe3HN OKCHAA ca UICHTHYHU. CepHHUAT KOPO3HOHEH IIPOLIEC Ha JKEeJIe3HUTE OKCHAU TH MPEBPBIIa CHOTBETHO B
FeS; and FeSO., xoeTo ce chipoBokaa ¢ oOpasyBane u TpaHcdopmanus Ha FeS u Sg. Ilpu craiina temmeparypa
OKHCIIMTENHUAT MHPOLEeC Ha NPOAYKTUTE Ha CyN(GUIMPAHETO 3aBbpLIBAa C NPEBPBLIaHE HA CHEAUHEHHATA MEXKIY
XKes130To U csapara B Fe;03 u FeSOa.
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