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The electrochemical protection of FeS1-x scale to the P110 steel in two different solutions were 

researched by designed experiments including Mott-Schotty, potentiodynamic polarization, 

electrochemical impedance spectroscopy and weight loss. To understand some aspects of the 

mechanism, XRD, XPS and SEM were also adapted. FeS1-x scale in 0.5 mol/L Na2SO4 solution 

presented lower protection to the steel, because the electron transfer and mass diffusion in the scale 

were easy. After immersion, the Fe/S atomic ratio of scale decreased, which resulted in increasing 

cation vacancy. As a result, p-type semiconducting property was found. However, the electron transfer 

and mass diffusion in the scale were mitigated in NaHCO3 solution, so the electrochemical protection 

to the steel was enhanced. On the contrary, the Fe/S atomic ratio of scale changed little. High anodic 

polarization resistance inhibited diffusion of Fe
2+

. Fe
2+

 became interstitial cation by this way. The n-

type semiconducting property, thus, was observed. 
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1. INTRODUCTION 

Steels in oil and gas industry face severe challenge of H2S corrosion in H2S-containning 

environments, because the sulfate-reduction results in dissolution of Fe [1]. The sulfide film deposits 

on the surface of steel by the subsequent electrochemical reaction between the anodic and cathodic 

primary products, which determines the corrosion rate of steel [2,3].  

After studying the corrosion scale, many phases in the Fe-S system, including mackinawite, 

cubic ferrous sulfide, pyrrohtite, troilite and pyrite, were measured under different conditions [4-6]. 
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Thus, two types of non-stoichiometric ferrous sulfides are always classified in various aggressive 

environments based on the total atom ratio of Fe/S. When x is limited in the range of 0 to 1, FeS1+x 

represents S rich scale, and Fe rich scale is expressed as FeS1-x. 

It is worth investigating and analyzing the property of the sulfide corrosion scale, because it 

can strongly influence the corrosion kinetics. This work mainly focuses on the electrochemical 

protection of FeS1-x scale. We should pay more attentions to SO4
2-

 and HCO3
-
 because too much works 

have been aimed on corrosion in petroleum industry in Cl
-
 containing solution [7-9]. There lack 

essential data on the role of SO4
2-

 and HCO3
-
 to corrosion in H2S-containing environments. 

Corrosion in electrolyte is an electrochemical reaction process. The rate is determined by 

electron transfer and mass diffusion, especially in the corrosion scale. Thus, the FeS1-x scale was 

prepared on P110 steel by corrosion experiment in H2S dissolved purified water. The conductivity of 

the scale was evaluated by semiconducting property when Mott-Schotty curves were measured, and 

the mass diffusion was determined by EIS and potentiodynamic polarization. The weight loss method 

was adapted to prove the electrochemical prediction. The composition and microstructure is in favor of 

assumption to mechanism.  

 

 

 

2. EXPERIMENTAL  

2.1 Material pretreatment 

P110 steel, with chemical compositions of C 0.26, Si 0.25, Mn 1.71, Ni 0.02, Cr 0.05, Mo 0.01, 

Ti 0.01 and Fe balance in weight percent (wt%), was cut to 50×10×2 mm rectangular plate. The 

surface of steel was polished with sub micron alumina pastes, and then it was degreased with acetone, 

washed in distilled water, rinsed with alcohol and dried. 

 

2.2 Sample preparation 

FeS1-x scale was prepared under carefully controlled oxygen-free but H2S-containing 

conditions. The steels were hanged in distilled water in an autoclave. After adequately deaerated by N2 

gas, 1 MPa H2S was injected into the autoclave. Corrosion scale was formed on the surface of P110 

steel at 308K after 72 h. Subsequent 72 h immersion of the scale covered steels were respectively 

operated in 0.5 mol/L Na2SO4 solution and 0.5 mol/L NaHCO3 solution.  

 

2.3 Characterization measurement 

XRD of the scale was measured by the DX-2000 X-ray diffractometer with a Cu Kα radiation. 

The composition of the sample was analyzed by X-ray photoelectron spectrometer using a XSAM800 

apparatus and the data were identified with the XPSPEAK41 software. 

The microstructure of scale was observed by SEM on a JSM-6490LV scanning electron 

microscope. 
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Capacitance measurement to the scale was carried out using HEWLETT PACKARD 4P4384A 

model inductance-capacitance-resistance meter to obtain the dielectric constant.  

The scale sample was used as the working electrode in a three electrode cell with a platinum 

plate counter electrode and a saturated calomel reference electrode (SCE). The Autolab Model 

PGSTAT302N electrochemical potentiostat was used to carry out electrochemical measurements. 

During Mott-Schottky measurement, the frequency was fixed at 1 kHz, and the potential scanning rate 

was 50 mV s
-1

. The potentiodynamic polarization was operated by a scan rate of 0.5 mV s
-1

. EIS was 

measured from 10 kHz to 10 mHz by AC amplitude of 10mV at open potential. 

Corrosion rate of P110 steel was calculated by the method of weight loss after exposure in 

designed conditions. Six specimens in each case were used to obtain the average value. The corrosion 

rate, v (mm/a), is defined thickness reduction of steel per year.  

 

 

 

3. RESULTS AND DISCUSSION  

3.1. FeS1-x scale 
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Figure 1. XRD Pattern of the prepared scale in H2S dissolved water 

 

The XRD pattern in Figure 1 shows the main phases in the corrosion scale are cubic ferrous 

sulfide and mackinawite. The mackinawite was judged from the characteristic peaks at phase angle 

(2θ) values of 17.68°, 30.09°, 38.99° and 50.45° corresponding to lattice planes (0 0 1), (1 0 1) , (1 1 1) 

and (1 1 2), respectively, with a lattice constant of a=b=3.674Å and c=5.033Å. The product is 

attributed to the adsorption of HS
-
 to the surface of bare steel and the following electrochemical 

reactions at the initial period. The most suggestion to the overall reaction is given by equation (1) [10-

11].  
  eHxSHSHSF 2)x1(Fee x-1

-                                                                             (1) 

In harmony with this, the testimony of cubic ferrous sulfide is the characteristic peaks at phase 

angle (2θ) values of 28.49°, 47.46° and 56.26° corresponding to lattice planes (1 1 1), (2 2 0) and (3 1 
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1), respectively, with a lattice constant of a = 5.419Å. The cubic FeS was first identified by de Medicis 

[12]. It cannot be found naturally but forms as a product by the electrochemical corrosion reaction in 

H2S-containing medium [13]. The appearance of cubic ferrous sulfide was regarded as the further 

product of mackinawite. The phase transformation was observed by epitaxial growth at the interface 

between the tetragonal iron sulfide and the hydrogen sulfide solution.  

S
2-

 accelerates the formation of FeS based on the cathodic reaction at scale/solution interface: 

2
-2-- HS→2e+2HS                                                                                                                  (2) 

eSF→xS+eS x-1F                                                                                                                      (3) 

We only focus on concentrations of iron ion and sulfur ion in the scale to obtain the ratio of 

Fe/S in non-stoichiometric ferrous sulfides by S(2p) and Fe(2p) XPS spectra. Iron atom and sulfate 

radical were neglected in the discussion. The XPS spectrum of the original scale before immersion test 

is pictured in Figure 2.  
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Figure 2. XPS spectrum of the original scale prepared in H2S dissolved water 
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Binding energies for sulfur and corresponding analyses are listed in Table 1. The binding 

energy shifts were fitted using doublets (2p3/2, 2p1/2) for S
2-

 [14-19]. Peaks at 161.2 eV and 162.5 eV of 

sulfur mean existence of S
2-

 but without SO4
2-

.
 
It is calculated that the ratio of Fe/S was 1.95. 

 

Table 1. XPS Parameters for S 2p Spectra in different scales 

 

Samples 
Binding 

Energy(eV) 
FWHM(eV) Species

*
 

Original scale 161.2 1.782 S
2- 

(2p3/2) 
[14]

 

 162.5 1.956 S
2- 

(2p1/2) 
[15] 

    

Scale in 

Na2SO4 
161.2 1.899 S

2- 
(2p3/2) 

[14]
 

 162.7 2.288 (S-S)
2– 

(2p3/2) 
[17-19]

 

 168.3 2.880 SO4
2-

(2p3/2) 
[16]

 

    

Scale in 

NaHCO3 
161.2 1.776 S

2- 
(2p3/2) 

[14]
 

 162.5 1.972 S
2- 

(2p1/2) 
[15] 

*
Note: The cited references reported corresponding species at the same binding energy. 

 

3.2. Electron transfer  

The charge distribution at the semiconductor/electrolyte interface is always determined by 

measuring the capacitance of the space-charge layer (Csc) as a function of the electrode potential (E). 

Csc at different applied E can be expressed as [20, 21]: 
 











e

k21
2

r0
2

T
EE

ANC
FB

DSC       

for n-type semiconductor                                                     (4) 











e

T
EE

ANC
FB

ArSC

k2
-

1
2

0
2       

for p-type semiconductor                                                    (5) 

Where εr is the relative dielectric constant of the specimen, ε0 is the permittivity of free space 

(8.854×10
−14

 F cm
-1

), e is the electron charge(1.602×10
−19

 C), A is the sample area (cm
2
), ND and NA 

are the donor density (cm
-3

) and acceptor density (cm
-3

), EFB is the flat band potential (V), k is the 

Boltzmann constant (1.38×10
−23

 J K
-1

), and T is the absolute temperature (K). From the plot of Csc
-2

 

versus E, the values of ND, NA and EFB can be calculated.  

Figure 3 shows the Mott-Schottky plots for two samples after immersed in Na2SO4 solution and 

NaHCO3 solution, respectively. The existence of a negative linear relationship between C
-2

 and E in 

Na2SO4 solution in the potential range from -0.5 V to 0.5 V indicates p-type semi-conductive property. 

On the contrary, the positive slope in the potential range from 0V to 0.75 V means n-type semi-

conductive property is found in NaHCO3 solution. 

In order to obtain the semiconducting parameters, evaluation of dielectric properties of FeS1-x 

scale is necessary. It was calculated by equation (6). 
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S

tC

C

C pp

00

r


                                                                                                                     (6) 

where Cp, C0, ε0, S and t are capacitance of the sample, capacitance of vacuum, the constant of 

permittivity for free space, the cross-sectional area of the flat surface and thickness of FeS1-x wafer, 

respectively.  
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Figure 3. Mott-Schottky plots of FeS1-x scale after exposure in different electrolytes 

 

The dielectric constant value in equations (4) and (5) is 500 corresponding to 1 kHz which is 

the frequency given during Mott-Schottky measurement. It is calculated by the value tested by 

HEWLETT PACKARD 4P4384A model inductance-capacitance-resistance meter. 

By fitting the linear segment, NA in Na2SO4 solution is 5.25×10
20 

cm
-3

, but ND in NaHCO3 

solution is 6.29×10
17 

cm
-3

. The acceptor density of the sample in Na2SO4 solution is much higher than 

the donor density of the sample in NaHCO3 solution. The higher acceptor density or donor density 
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results in higher electroconductivity of the scale, which accelerates the corrosion process from 

dynamics analysis because the electron takes part in the electrochemical reaction.  

According to semiconductive theory, the electron transfer in n-type semiconductor is 

dominated by interstitial cation or anion vacancy, and cation vacancy determines the electron transfer 

in p-type semiconductor. In the scale, the doped interstitial cation is only Fe
2+

, so the Fe/S in NaHCO3 

solution should be higher than it in Na2SO4 solution.  
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Figure 4. XPS spectrum of the scale after immersion in Na2SO4 solution 

 

Figure 4 shows the XPS spectrum of the scale after immersion in Na2SO4 solution. The ratio of 

Fe/S changes to 1.18. The S(2p) spectra contain two principal peaks at 161.2 eV and 162.7 eV. 

References showed that the most intense peak at 162.7 eV represented the contribution of S atoms of 

S-S dimmers residing on bulk sites of FeS2. SO4
2-

 has adsorption capacity to solid iron compound, 

such as FeS1-x and FeS. To maintain electroneutrality, the FeS1-x and FeS also adsorb H
+
 [22]. The 

dissolution of scale leads to Fe
2+

 losing and Fe/S increasing. 

xeHSxFeHxFeS x 2)1()1( 2

1  

                                                                     (7) 
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





  xexHFeSxHSFeS xx 422 11                                                                            (8) 

  eHFeSHSSF 222e2 22                                                                                      (9) 
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Figure 5. XPS spectrum of the scale after immersion in NaHCO3 solution 

 

Figure 5 show the XPS spectra for the scale after immersed in NaHCO3 solution. It is similar to 

the original scale. S
2-

 in polysulfides is determined at 161.2 eV and 162.5 eV. At the same time, the 

ratio of Fe/S, 1.90, changes little.  

 

3.3. Mass diffusion 

The potentiodynamic polarization curves of the samples after immersed in Na2SO4 solution and 

NaHCO3 solution are shown in Figure 6. It can be observed passivation in the wide potential range of -

0.8 to 0.7 V in NaHCO3 solution, while activation polarization is found in Na2SO4 solution. Tafel 
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slopes were fitted by the data in strong polarization zone. In Na2SO4 solution, ba=107 mV/d and 

bk=127 mV/d mean that the cathodic reaction rate is close to the anodic one. Though the cathodic Tafel 

slope (bk=162 mV/d) in NaHCO3 solution increases slightly, the scale plays more important role on the 

anodic process, because the passivation greatly mitigates the reaction rate.  

Figure 7(a) shows the Nyquist plot of EIS. To describe the equivalent circuits shown in Figure 

7(b) and 7(c), the measured data were fitted. The parameters include solution resistance (Rs), reaction 

resistance (Rt), double layer capacitance (Qdl) and Warburg resistance (Zw).  
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Figure 6. Polarization curves of the samples after exposure in different solutions 

 

A simple capacitive loop can well fit the profile in Na2SO4 solution, but a Warburg resistance is 

suggested to add to the capacitive loop in NaHCO3 solution. Warburg resistance is always caused by 

mass (reactants or products) diffusion in the scale [23, 24]. It means the mass diffusion controls the 

corrosion development in NaHCO3 solution.  
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(b) Equivalent circuit for sample in Na2SO4 solution 

 

(c) Equivalent circuit for sample in NaHCO3 solution 

 

Figure 7. EIS and equivalent circuits of the samples after exposure in different solutions 
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Figure 8. Corrosion rates of samples after immersion in different solutions 

 

It has been pointed that the doping of cation interstitial or anion vacancy in the scale plays role 

of inhibiting cations from metal underneath the covered layer [25]. That is to say, the scale inhibits the 

Fe
2+

 transferring from the steel/scale interface to the scale/electrolyte interface. Just because of this, 

Fe
2+

 dopes in scale as an interstitial cation, which presents a n-type semiconducting property.  

 

3.4. Corrosion resistance 

The corrosion rate was calculated by equation (10): 

Rs             

Rt             

Qdl             

Rs             

Rt           Zw             

Qdl             
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st

m
v




76.8
                                                                                                                    (10)  

where, ∆m (g) is the weight loss of the sample after corrosion, s (m
2
) is the exposed surface area, t (h) 

is the corrosion time, and ρ (g cm
-3

) is the density of steel. The results of P110 steel samples after 

exposure in different conditions is pictured in Figure 8. The corrosion rate in Na2SO4 solution is much 

higher than that in NaHCO3 solution. 

Figure 9 shows the surface morphology of the scale after immersed in solution. The integrity of 

out-layer scale was damaged by the role of Na2SO4. To the contrary, many white products deposited 

on the surface to densify the scale in NaHCO3 solution. The later feature is favorable to protection of 

scale to the steel. 

 

 
(a) Na2SO4 solution 

 
(b) NaHCO3 solution 

 

Figure 9. Surface morphology of FeS1-x scale after immersion in different electrolytes 

 

4. CONCLUSIONS 

The FeS1-x scale was prepared by using P110 steel in H2S dissolved water. The effect of SO4
2-

 

and HCO3
-
 to the electrochemical protection of FeS1-x scale to P110 steel was investigated in Na2SO4 

and NaHCO3 solutions. 
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(1) FeS1-x scale in NaHCO3 solution presents n-type semiconducting property with lower 

electron conductivity and slower mass diffusion, which ensures good protection to the steel. 

(2) FeS1-x scale in Na2SO4 solution presents p-type semiconducting property with higher 

electron conductivity and faster mass diffusion, which decreases the protective ability. 
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