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A B S T R A C T   

Under deposit corrosion (UDC) that occurs due to the deposition of solid particles, like iron sulfide or organic 
solids, and CO2 corrosion, cause disasters for pipelines and fluid-handling apparatus. This research investigated 
the impact of mineral deposits, like iron disulfide, iron sulfide, and sand, on the inhibition performance of the 
commercial UDC inhibitor in sulfated CO2-saturated brine solution at 60 ◦C and 1000 rpm flow rates for different 
immersion times. The deposit characteristics, type, and coverage technique on the steel (full/partial) were 
explored. The surface morphology, elemental analysis, and particle size of deposits in the absence and presence 
of the inhibitor were analyzed. The inhibitive effect at different inhibitor concentrations and the corrosion rates 
of steel in the absence and presence of the deposits were calculated from the fitting process of the electrochemical 
impedance spectroscopy (EIS) results. The utilized UDC inhibitor has the highest efficiency (about 95 %) at a 
concentration of 400 ppm. The FeS, FeS2 and SiO2 deposits in the presence of the inhibitor offered a 77.5 %, 94.5 
% and 94.6 % inhibition efficiency after 6h of immersion time, resulting in about 77.5 %, 25.6 % and 60.1 % 
increase in their efficiencies before the addition of the inhibitor. Therefore, the inhibitor can effectively inhibit 
the UDC triggered by FeS and SiO2 deposits in an aqueous environment containing sulfated CO2. However, it is 
unavailable in the steel underneath the FeS2 deposit to inhibit corrosion. EDX and XPS analyses confirm the 
success of the inhibitor movement through deposits and its adsorption on steels.   

1. Introduction 

Oilfields utilize J55 carbon steel for the casing of the pipes and as 
part of the wellbores. As a result of J55 carbon steel being cost-effective 
compared to other steels, it is commonly used in many applications [1]. 
The presence of carbon dioxide causes sweet corrosion, which is a pri-
mary concern for the gas and oil industries. It is known that impurities 
such as hydrogen sulfide and carbon dioxide in the crude oil in the 
reservoirs are present [2]. An additional source of water and carbon 
dioxide in the reservoir is the formation of water inserted into the 
reservoir to cause stability and pressure to rise [3–5]. Severe steel 
corrosion occurs from the production of carbonic acid due to the buildup 
of water and carbon dioxide [6,7]. In addition, hydrogen revolution, 
which is a cathodic reaction, and iron dissolution, which is an anodic 
reaction, are accelerated in the occurrence of hydrogen sulfide. Thus, 

the rate of iron corrosion in acidic environments increases. As a result, it 
is pivotal to have a solution for the corrosion protection of hydrogen 
sulfide in steel pipelines and equipment [8–10]. However, there is a 
limit in lab results due to the toxic nature of hydrogen sulfide, and its 
corrosion effect on some carbon steel has been reported on a laboratory 
scale with high facilities [11]. Furthermore, many gas and oil fields have 
deposits, which amass on the inner surface of the pipelines when there is 
a decreased flow rate or shutdown times. This causes a phenomenon 
known as under-deposit corrosion (UDC) [12–14]. UDC is known to be 
an extremely aggressive form of internal corrosion, which further in-
creases the rate of the deterioration of the pipelines. A range of different 
cases and failures have been reported, which originate from the UDC of 
metallic structures. UDC caused the failure of the sodium carbonate 
transportation pipeline, as shown by Almahamedh et al. [15], and 
ammonium chloride UDC caused the breakdown of s special tube, as 
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directed by Zhu et al. [16]. The type of deposit and the environment 
highly influence the mechanism of the UDC [17,18]. Organic deposits, 
such as asphaltene, wax, biofilms, inorganic deposits, such as sand and 
corrosion products, and a combination of both are all produced in gas 
and oil facilities [19]. The compositions and properties of these deposits 
rely on both the initial oil source and the technical attributes of the 
pipelines and transportation procedures [20]. 

Iron sulfide is well known to be electrochemically active and semi- 
conductive, while sand is electrochemically inactive and inert [21]. 
The different iron sulfides, which have six modifications, have various 
properties [22]. The environmental conditions can influence the modi-
fications from changing from one to another. Due to gravity, most de-
posits accumulate at the cylindrical surface’s bottom. This leads to the 
highest surface area of the metal that is not under the deposit. Therefore, 
different anodic and cathodic regions are produced in the pipelines, 
which also affects the corrosion mechanism [23]. The utilization of 
corrosion inhibitors to modify the sweet corrosive environment can be 
an appropriate solution to the problem [24–30]. Organic compounds are 
the preferred type of UDC inhibitors over inorganic ones, possibly due to 
the drawbacks of low efficiency and high concentration of inorganic 
corrosion inhibitors [31]. Unfortunately, the market does not have any 
inhibitors designed specifically for UDC in a sour environment despite 
the massive increase of UDC corrosion inhibitors. Globally, over 40 % of 
gas reservoirs are sour, hence, containing significant levels of hydrogen 
sulfide [32]. Thus, the development and production of corrosion in-
hibitors for such an application are difficult due to the inhibitor 
adsorption and diffusion by deposits. The range of corrosion inhibitors 
available is large because of the vast market. Thus, to select the best 
corrosion inhibitor, qualification testing is done in labs [33,34]. 

The purpose of this work is to study the performance of UDC com-
mercial inhibitor in absence and presence of the deposits in sweet and 
sour media. Therefore, firstly, the influence of different types of labo-
ratory deposits, namely, iron sulfide (FeS), iron disulfide (FeS2), and 
sand, on the corrosion of J55 carbon steel was studied in the absence of 
the inhibitor, for different immersion times (0, 6, 12 and 24 h), in 3.5 wt 
% NaCl that is purged with CO2 for saturation, and contained 1000 ppm 
Na2S to simulate the presence of H2S, at an elevated temperature (60 ◦C) 
with 1000 rpm rotation of the working electrode to simulate, to some 
extent, the oilfield pipeline’s environment [35,36]. In addition, the 
impact of the coverage method, either full or partial, of each deposit on 
the steel was illustrated. Secondly, the corrosion inhibition ability of the 
different concentrations (5, 10, 25, 50, 100, 200, 300, 400, and 500 
ppm) of the inhibitor, which is amine salt of organic phosphates and is 
abbreviated as CR11, under the aforementioned conditions was evalu-
ated in the absence of the deposits. After that, the performance of the 
inhibitor was examined in the presence of each deposit that is either 
fully or partially covered the steel, for different immersion times. The 
obtained best inhibitor concentration (optimum concentration) is uti-
lized in this stage. All the electrochemical studies were done using 
electrochemical impedance spectroscopy (EIS). The SEM, EDX, and XPS 
characterize the deposits, and the deposited as well as the inhibited steel 
after 24 h immersion time. 

2. Experimental techniques 

2.1. Chemicals and materials 

J55 pipeline steel (provided by Qatar Shell) is machined in a rod 
shape with 5 mm diameter and 50 mm length. Then, it is mounted in 
cold mounting epoxy resin to prevent the ingress of test solutions into 
the sides of the electrodes. Different grits (up to 4000 grits) of emery 
paper were used to refine the steel specimens’ surfaces. Then, the 
specimens are degreased by rinsing with acetone and deionized water 
before the reaction. The chemical composition of the J55 steel is as 
follows in weight percent (wt. %); C: 0.29; Si: 0.33; Mn: 1.30; Cr: 0.06; 
Mo: 0.04; S: 0.001; P: 0.009; Ni: 0.02; Cu: 0.02 and the balance; Fe. 

All solutions have been prepared from pure reagents procured from 
Sigma-Aldrich (St. Louis, MO, USA). The test solution was prepared 
using ultra-pure water (Mili-Q system, resistivity 18.2 MX cm) and 
consisted of 3.5 wt % NaCl and 1000 ppm Na2S. The addition of 1000 
ppm Na2S simulates the concentration of the sulfide residue, which 
ranges from 200 to 500 ppm that is found in the oil and gas pipelines. 
The test sulfated brine solution was saturated with CO2 and its tem-
perature was adjusted to 60 ◦C. In addition, the working electrode was 
rotated at 1000 rpm in all experiments. A commercial inhibitor, which is 
amine salts of organic phosphates, including mercapto 2-methylimida-
zole, is used. For simplification, the inhibitor is referred to as CR11. 
The corrosion inhibitor was used as received without treatment. The 
corrosion inhibitor was added in various concentrations ranging from 5 
to 500 ppm to the test sulfated brine solution to prepare the inhibited 
one. Three different deposits, iron sulfide (FeS), iron disulfide (FeS2), 
and sand (SiO2), with a mesh of 100 (149 μ), 325 (44 μ), 230 (62 μ), 
respectively, were purchased from Sigma Aldrich, UK, were utilized to 
imitate the formed deposits in the pipeline. 

2.2. Deposit preparation 

For the deposits application, 0.3 mg of the required material in a 
mixture of 0.6 mL isopropyl alcohol and 0.4 mL Nafion (5 wt %) was 
dispersed. After that, the solution was sonicated for 2 h. Then, 10 μL of 
the dispersion deposit was cast on the J55 steel surface and allowed to 
dry for 2 h. Thereafter, the prepared electrode is laid at 80 ◦C for 4h to 
make a compact deposit layer. Two protocols (coverage methods) were 
used for depositing the deposit on the electrode surface: either full or 
partial coverage. 

2.3. Electrochemical measurements 

A double-jacketed cell containing three electrodes is utilized in the 
electrochemical measurements. The J55 steel with an exposed area of 
0.5 mm is the working electrode, the graphite rod is the counter elec-
trode, and a silver/silver chloride electrode (Ag/AgCl) represents the 
reference electrode. To ensure an appropriate geometry of cell elec-
trodes to minimize the potential drop, a lugging capillary was associated 
with the reference electrode. A Julabo F12 thermostat was used to 
regulate the temperature of the test solution. Fig. 1 is a photo of the 
experimental setup. Electrochemical impedance spectroscopy (EIS) is 
employed to evaluate the different electrochemical parameters. Before 
each EIS measurement, the carbon steel was dipped in the test solution 
for 30 s to achieve the chemical interaction of the steel with the elec-
trolyte solution. The EIS analysis was accomplished using GAMRY 3000 
potentiostat/galvanostat/ZRA after attaining an open circuit potential 
(OCP) in the frequency range of 0.1 Hz–100 kHz and with 10 mV AC 
amplitude. To ensure the reproducibility of the measurements, each test 
was repeated three times, and the values were averaged. 

2.4. Surface morphology and characterization 

The morphology, distribution, and elemental analysis of the three 
different deposits on the carbon steel in the presence and absence of the 
inhibitor were analyzed using a scanning electron microscope (SEM), 
which is called Nova NanoSEM 450 from ThermoFisher Scientific 
company in Eindhoven-Netherlands. The SEM joined with the energy- 
dispersive X-ray spectroscopy (EDX) equipment with Bruker detector 
127 eV, which is from Bruker, Leiderdorp, Netherlands. 

To compare the chemistry surfaces of the as-prepared deposits and 
the inhibited deposits-covered specimens, the XPS analysis was achieved 
using ESCALAB 250X equipment, which is from ThermoFisher Scienti-
fic, Waltham, MA, USA. The XPS was done with 1 eV energy resolution 
and AlKα excitation radiation (25W, hυ = 1486.5 eV). 
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3. Results and discussion 

3.1. Electrochemical measurements 

EIS technique is the most informative method for explaining the 
electrode/electrolyte interface interactions, expressing the corrosion 
behavior, and calculating its rate [37,38] over wide ranges of fre-
quencies and throughout in-situ and non-destructive probing relaxation 
phenomena. Therefore, using EIS, we assess the impacts of different 
deposits (FeS, FeS2, and SiO2) on the corrosion of the J55 steel, which 
has an exposed surface area of 0.2 cm2, in sulfated CO2-saturated brine 
solution at high temperature (60 ◦C) and rotation of 1000 rpm in the 
absence and presence of the inhibitor to evaluate its performance in the 
presence of the deposits. In addition, the performance of the different 
concentrations of commercial inhibitor (CR11) under the previous 
conditions for different immersion times was evaluated. The resulting 
experimental data will be analyzed and fitted using the suitable equiv-
alent circuits for each system that will be later described. It is worth 
mentioning that the following equations are used to calculate the surface 
coverage θ and the inhibition efficiency (IE %) of the inhibitor [39,40]; 

θ=
R2 (inh CS) − R2(CS)

R2 (inh CS)
× 100 (1)  

IE % = θ×100 (2)  

where R2 (inh CS) and R2 (CS) are the charge transfer resistances of the 
inhibited/sand deposited carbon steel and the bare carbon steel, 
respectively, in the test sulfated CO2-saturated brine solution. 

Moreover, the corrosion rate in mm/year can be calculated using the 
equation below [41–43]: 

CR=
3.28 Icorr M

ρ.n (3)  

where CR is the corrosion rate (mm/year), Icorr is the corrosion current 
in mA/cm2, M is the molar mass of iron, which is equal to 56 g/mol, ρ its 
volume density, which is equal to 7.87 g/cm3, and n = 2, which is the 
number of electrons freed by the corrosion reaction. The corrosion 
current (Icorr) can be calculated using the Stern-Geary equation [44]: 

Icorr=
B

Rct
x 1000 (4)  

where B is the stern constant, which is equal to 0.026 V, and Rct is the 
charge transfer resistance in Ω.cm2. 

3.1.1. The performance of deposits (types and coverage method) 
The Nyquist and Bode plots of the EIS results for the bare steel 

(control sample) immersed in sulfated CO2-saturated brine solution, for 
different immersion times (0, 6, 12, and 24h), at 60 ◦C with 1000 rpm 
rotation are illustrated in Fig. 2. Whereas, Fig. 3 represents the Nyquist 
plots (a, b, and c), and their corresponding Bode plots (a’, b’, and c’) of 
the EIS results for the partial-deposited steels with different deposits 
(FeS, FeS2, and SiO2) that are immersed in the previous electrolyte under 
the same conditions for different immersion times. Moreover, EIS results 
for the corresponding full-deposited steel specimens with different de-
posits under the same conditions are shown in Fig. S1. Generally, the 
smaller the Nyquist semicircle diameter, the lesser the charge transfer 
resistance obtained at the interface between the metal surface and the 
electrolyte solution, which increases the corrosion rate. In addition, in 
the bode plot, as the resistance at low frequency increases, the corrosion 
inhibition increases. 

Evidently, the diameters of the Nyquist plots of the bare steel is 
decreased with the increase in the exposure time, as shown in Fig. 2a, 
signifying an increase in the corrosion resistance. This is due to the 
formation of a porous layer from the corrosion products, which is due to 
the presence of high concentrations of sulphide, as proved in the liter-
ature [45,46]. It is known from the literature that the presence of low 
concentrations of sulphide (<500 ppm) in the electrolyte leads to the 
formation of a protective layer that decreases the corrosion rate of the 
steel. Whereas, high concentrations of sulphide (>500 ppm) form a 
porous layer, which is easily removed leaving the bare metal exposed to 
increased corrosion. By increasing the exposure time, this layer de-
teriorates and becomes looser after 24 h, leading to a higher corrosion 
rate. Fig. 2b shows the Bode/phase angle plots of the bare metal that 
have the same decreasing trend of its corresponding Nyquist ones. 
Furthermore, the smallest angle (45◦) is shown with the phase angle plot 
of the immersed substrate for 24 h in the electrolyte. 

There is a big difference in the Nyquist loop size of the bare steel and 
those of the deposited steel, as compared to Fig. 2 with Fig. 3 and Fig. S1. 
The partial FeS-deposited specimens during all the immersion times 
have less Nyquist semicircles compared to the bare ones, whereas those 
of the partial FeS2 and SiO2-deposited specimens have larger Nyquist 
loops after 6h immersion times. All full-deposited steels during the given 
immersion times have the same trend compared to their corresponding 
partial ones, except for the SiO2 deposit. Contrary to the partial SiO2- 
deposited steels, the full one has Nyquist loops higher than that of the 
bare metal at zero immersion times, as shown in Fig. S1. This is attrib-
uted to the chemical behaviors and the specific effect of each deposit 
regarding the steel’s corrosion. In Fig. 3a, the size of the Nyquist loop of 

Fig. 1. A photo of the experimental setup.  

E.M. Fayyad et al.                                                                                                                                                                                                                              



Journal of Materials Research and Technology 28 (2024) 1433–1451

1436

the partial FeS-deposited steel increases with the immersion time from 
0h to 12h but, after that, decreases at 24h. In the presence of the partial 
coverage of the FeS2 or SiO2 deposit [Fig. 3 (b and c)], the size of the 
Nyquist loop of the steel increases as the immersion time increases until 
24h. This may be attributed to the film’s morphology that is formed on 
the substrate by each deposit. It was noticed that FeS′ film has defects 
and cracks, which allows the electrolyte to diffuse through it and 
decreasing the protection ability with time passing, as shown in SEM 
photos that will be discussed later. In addition, the accumulation of 
conducting species into the FeS-deposit porosity that might be happened 
after 24h. Whereas, FeS2 and SiO2 have a film with higher compactness. 
Furthermore, for any given time considered, the Nyquist loop of the steel 
that is partially covered with FeS2 has the most significant size compared 
to the corresponding one that is partially covered with FeS or SiO2 de-
posit. Comparing Fig. 3 and Fig. S1, it is noticed that the Nyquist plots of 
the steel specimens fully covered with any deposits (Fig. S1) at any given 
time have the same trend, but still larger sizes compared to the corre-
sponding ones that are partially covered (Fig. 3). In addition, it is worth 
mentioning that the Bode and the phase angle plots for the specimens 
that are either partially or fully covered with each deposit have the same 
increasing or decreasing trend as their corresponding Nyquist plots. For 
example, in Fig. 3a’, the bode plots of the partially covered steel with 
FeS increase with immersion time till 12h and then decrease at 24h. 
Similarly, the phase angle of the partially covered steel with FeS in-
creases with immersion time until 12h and then decreases at 24h. 

Furthermore, there is an observable shift in the phase peaks of the 
FeS-deposited steel to the low frequencies at all given immersion times 
compared to the shift found in the phase peaks of SiO2-deposited steels. 
This shift in the low-frequency area refers to high electrical capacitance 
behavior, which causes a higher corrosion rate [47]. Whereas, the phase 
angle θ vs. log frequency plots for the FeS2-deposited steel do not show 
that shift, as shown in Fig. 3b’. This demonstrates that the FeS2-depos-
ited steel protects significantly against the sulfated CO2-saturated brine 
solution. 

The experimental EIS data for the bare, partial, and full coverage of 
different deposits are analyzed and fitted using the equivalent circuits 
(ECs) shown in Fig. 4. Echem Analyst™ software, Gamry 3000, was used 
for fitting the EIS outcomes. It is worth mentioning that in Nyquist EIS 
plots, the colored solid lines represent the fitting EIS data, and the 
measured ones are deployed by colored dotted symbols. Fig. 4a presents 
a one-time constant equivalent circuit whereas Fig. 4b and c displays 
two-time constants equivalent circuits without and with diffusion, 
respectively. R1 and R2 are the pore and the charge transfer resistances, 

respectively. The constant phase elements CPE1 and CPE2 are the 
capacitive elements associated with the pore and the charge transfer 
resistances, respectively. The first-time constant (R1 CPE1) is related to 
either corrosion product or deposit or both. The other time constant (R2 
CPE2) relates to the metal/interface interaction. 

Additionally, the diffusion element (W) represents the diffusion of 
the electrolyte to the substrate. Furthermore, n1 and n2 are the double- 
layer capacitance (Cdl) deviation parameters. A non-uniform corrosion 
reaction on the surface, surface roughness, the irregular thickness of the 
deposits or corrosion inhibitor or scale layers, and/or inconsistent cur-
rent distribution are some reasons that lead to moving away from the 
ideal double layer [46]. Therefore, the CPE, composed of deviation 
parameters and capacitance, is used. The capacitance behavior is 
fundamentally ascribed to the nature of the dielectric of the film, which 
is formed from an inhibitor and/or corrosion product that influences the 
corrosion rate of the substrate and expresses by Equation (5): 

ZCPE =
1

Y0 (jw)n (5)  

where (j) is the imaginary number. The (Y0) is the constant and equiv-
alent to (1/|Z|) at (ω) = 1 rad/s. The (ω) is the angular frequency at the 
AC signal of (1/rad). The (n) is the CPE exponent. When (n) becomes 1, 
the CPE offers ideal behavior. Equation (6) [46,47] is utilized to estimate 
the double layer capacitance of the metal. 

Cdl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Y2

R2
(n− 1)

n

√

(6)  

where Y2 is the CPE constant for the metal and R2 represents the charge 
transfer resistance (Rct). 

The equivalent circuit of one-time constant, which can be used for 
analyzing electrodes undergoing uniform corrosion, shown in Fig. 4a, is 
used to fit the EIS data of the bare steel. In the absence of the deposits, 
the bare steel displays uniform corrosion. The fitted parameters of the 
bare steel are shown in Table 1. It is obviously noticed that the R1 and R2 
values decreased as the immersion time increases. Consequently, the 
corrosion rates increased. The enhanced values of the Cdl of the steel 
with time refer to the acceleration of the steel corrosion. The EIS data of 
each specimen that is either partially or fully covered with any deposits 
are fitted using the equivalent circuit shown in Fig. 4b, two-time con-
stants. In addition, the diffusion element (W) appears in the two-time 
constants equivalent circuit shown in Fig. 4c to fit the partially 

Fig. 2. a) Nyquist and b) Bode plots of the immersed bare steel in sulfated CO2-saturated brine solution for different immersion times (0, 6, 12 and 24h) at 60 ◦C with 
1000 rpm rotation. 
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Fig. 3. Nyquist plots (a, b, and c) and their corresponding Bode plots (a’, b’ and c’) of the uninhibited partial-deposited steel with different deposits immersed in 
sulfated CO2-saturated brine solution at 60 ◦C with 1000 rpm rotation for different immersion times (0, 6, 12 and 24h). 
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covered specimen with FeS. In addition, the phase angle curves for all 
deposited specimens (Fig. 3 (a’, b’, and c’)) exhibit the two capacitance 
loops, and their maximum ranges from 30◦ to 70◦, representing the 
different capacitance behavior of each deposit. Furthermore, as seen in 
Table 1, the n values varied from 0.7 to 1 for the deposited specimens, 
which are higher than that of bare metal. This clarified that some in-
hibition from the deposited samples is offered. 

All fitting parameters are detailed and constructed in Table 1 and 
Table S1 for partial and full coverage of deposits, respectively. It is 
discerned that the under-deposit corrosion resistances (R2) of the 
partially covered specimens in sulfated CO2-saturated brine solution are 

smaller than those of the fully covered throughout all immersion times, 
as shown in Table 1 and Table S1, respectively. Since, in the case of 
partial coverage of the deposits, galvanic cells are formed along the steel 
surface due to the presence of steel areas covered with a deposit, which 
acts as an anode, and the adjacent areas without deposit, which become 
cathode of the galvanic cell. Therefore, the potential difference between 
the anodes and their cathodes leads to the formation of localized 
corrosion [48]. In the active oil and gas pipeline, due to the cathodic 
areas being significantly larger than the anodic ones, rapid corrosion 
occurs in the anodic areas under the deposit. This is also clarified from 
the corrosion rate values of the partial and full coverage of the deposits 

Fig. 4. Electrochemical equivalent circuits, a) one-time constant, b) two-time constants and c) two-time constants with diffusion.  

Table 1 
The electrochemical parameters of the obtained EIS results for the uninhibited partial-deposited steel with different deposits immersed in sulfated CO2-saturated brine 
solution at 60 ◦C with 1000 rpm rotation for different immersion times (0, 6, 12 and 24h).  

Samples’ 
name 

Time 
(h) 

R1 (ohm. 
cm2) 

CPE1 R2 

(ohm. 
cm2) 

CPE2 Cdl (μF. 
cm− 2) 

W (S.s1/2) Corrosion rate 
(mm/year) 

θ IE 
(%) 

Goodness 
of fit 

Y1 (sn 

ohm− 1 

cm− 2) 

n1 Y2 (sn 

ohm− 1 

cm− 2) 

n2 

CS 0 – – – 915 ±
7.2 

194 e− 6 ±
1.6 e− 6 

0.57 52.6 – 0.330641 – – 820.1 e− 6 

6 – – – 586 ±
8.7 

616 e− 6 ±
10 e− 6 

0.69 389.7 – 0.517765 – – 767.7 e− 6 

12 – – – 499 ±
7.5 

882 e− 6 ±
15 e− 6 

0.67 588.7 – 0.608036 – – 618.0 e− 6 

24 – – – 397 ±
6.4 

992 e− 6 ±
17 e− 6 

0.65 600.6 – 0.764257 – – 861.6 e− 6 

CS/FeS 0 3.3 ± 5 
e− 3 

224 e− 4 ±
13 e− 4 

0.50 83 ± 6.4 73 e− 3 ±
2.4 e− 3 

0.85 100321 379 e− 3 
± 18 e− 6 

3.645023 – – 581.6 e− 6 

6 9.0 ± 11 
e− 3 

172 e− 4 ±
19 e− 4 

0.49 121 ±
5.2 

34 e− 3 ±
1.7 e− 3 

0.88 41232 205 e− 3 
± 7.5 e− 6 

2.500305 – – 450.2 e− 6 

12 11 ± 21 
e− 3 

167 e− 4 ±
13 e− 4 

0.54 160 ±
5.5 

21 e− 3 ±
1.5 e− 3 

0.82 27400 181 e− 3 
± 7.0 e− 6 

1.890855 – – 651.7 e− 6 

24 2.9 ± 6.2 
e− 3 

264 e− 4 ±
33 e− 4 

0.52 111 ±
8.8 

21 e− 3 ±
1.6 e− 3 

0.92 22603 45 e− 3 
± 3.8 e− 6 

2.725557 – – 888.6 e− 6 

CS/FeS2 0 4.3 ± 20 
e− 3 

348 e− 6 ±
13 e− 7 

0.70 704 ±
5.7 

912 e− 6 ±
14 e− 6 

0.89 863 – 0.429740 – – 662.2 e− 6 

6 6.9 ± 12 
e− 3 

908 e− 7 ±
68 e− 7 

0.77 1889 ±
12 

203 e− 6 ±
5.2 e− 6 

0.78 155 – 0.160157 0.6897 68.9 97.20 e− 6 

12 11 ± 29 
e− 3 

127 e− 7 ±
13 e− 7 

0.77 3885 ±
32 

174 e− 6 ±
5.9 e− 6 

0.70 147 – 0.077873 0.8715 87.2 322.8 e− 6 

24 108 ± 21 
e− 3 

179 e− 7 ±
30 e− 7 

0.78 7193 ±
56 

127 e− 6 ±
6.4 e− 6 

1.00 127 – 0.042060 0.9448 94.4 110.8 e− 6 

CS/SiO2 0 140 ± 77 
e− 3 

43 e− 7 ±
11 e− 8 

0.91 541 ±
4.4 

107 e− 6 ±
5.2 e− 6 

1.00 107 – 0.559218 – – 448.1 e− 6 

6 364 ± 78 
e− 3 

25 e− 7 ±
2.1 e− 8 

0.91 894 ±
18 

975 e− 7 ±
14 e− 8 

0.99 95 – 0.338408 0.3445 34.5 865.2 e− 6 

12 711 ± 83 
e− 3 

15 e− 7 ±
2.6 e− 8 

0.91 1140 ±
15 

238 e− 8 ±
2.9 e− 9 

0.91 1.3 – 0.265383 0.5622 56.2 2.029 e− 6 

24 1399 ±
93 e− 3 

24 e− 7 ±
2.3 e− 8 

0.88 1226 ±
17 

221 e− 8 ±
4.4 e− 9 

1.00 2.2 – 0.246767 0.6762 67.6 161.2 e− 6  
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that are noted in Table 1 and Table S1, respectively. In addition, the 
potential drop that takes place under the deposit and the different open 
circuit potentials because of the different solution chemistry at the bare 
and under the deposit lead to an increase in the corrosion rate of the 
partially covered sample. 

Furthermore, despite the increase in the values of the resistances R1 
and R2 of the FeS-covered steel (partially or fully) with immersion time, 
the presence of FeS accelerates the corrosion rates by about 11 and 3.6 
times for the partially covered steel, and about 9.2 and 2.6 times for the 
fully covered one, at 0h and 24h immersion time, respectively, 
compared to their values in the absence of the deposits, as shown in 
Table 1 and Table S1. The higher corrosive effect of FeS deposit is 
attributed to its electronic semi-conductivity behavior, which makes it 
act as electrodes and contributes to the coupled charge transfer pro-
cesses related to the metal corrosion in the electrolytes [49]. As proved 
in the literature [50], FeS presents six modifications in nature. These 
various modifications are transformed electrochemically in the corro-
sion potential range of the iron [21]. The sulfide can be oxidized to 
thiosulfate or elemental sulfur, which are very electroactive [51,52], by 
the oxygen traces present in the electrolyte. At the same time, the sulfur 
can be reduced to sulfides and thiosulfate on the FeS deposit and the 
metal surface to activate the sulfur compounds. Moreover, it is proved in 
the literature that the used commercial FeS powder that acts as a deposit 
is extensively oxidized, leading to various intermediate sulfur products 
that introduce extra corrosion effects [53]. In addition, the highest Cdl 
values of the FeS-deposited specimens throughout the immersion times 
compared to those of the FeS2 and SiO2-deposited and the deposit-free 
specimens reflecting the higher corrosion properties of the 
FeS-deposited samples. Furthermore, the appearance of the “W” 
element, which is decreased with the immersion time clarified the easy 
penetration of the electrolyte into the FeS-deposited samples with the 
time. 

On the contrary, the presence of FeS2 and SiO2 deposits in partial or 
full coverage on the steel increases the values of R1 and R2, and di-
minishes the corrosion rates of the bare steel with the immersion time, as 
shown in Table 1 and Table S1. In the case of partial coverage of FeS2 
and SiO2, the corrosion rates of the bare metal are decreased by about 
18.2 and 3.1 times, respectively, after 24h passed in the electrolyte. At 
that time, the inhibition efficiencies of these deposits reach 94.4 % and 
67.6 %, respectively, as shown in Table 1. On the other hand, the in-
hibition efficiencies of the FeS2 and SiO2, when they fully cover the steel, 
become about 96.5 % and 90.1 % (Table S1), respectively, after an 
immersion time of 24h. This relates to a surface coverage and mass 
transfer effects combination [54]. Since the available surface area for 
corrosion is reduced by the deposits. Therefore, the diffusion of the 
corrosive species to the steel surface is restricted. 

Moreover, the decreasing trend of the CPE1, CPE2 and Cdl of the FeS2 
and SiO2-deposited samples refers to the inhibition behavior of these 
deposits. Noticeably, the FeS2 has the highest resistances and lowest 
corrosion rates throughout the mentioned immersion times compared to 
the other two deposits. The smallest particle size, about 44 μ, of FeS2 
may be the possible reason that impedes the electrolyte from reaching 
the metal and help in the temporary corrosion inhibition underneath. In 
addition, the formation of corrosion products is another considerable 
factor affecting the corrosion processes [55]. Iron carbonate (FeCO3) is 
the essential corrosion product for carbon steel in the CO2-saturated 
brine solution. More corrosion products like hydroxides (Fe(OH)2), 
oxyhydroxides (FeOOH), iron oxides (Fe3O4), and hydroxycarbonates 
(Fe2(OH)2CO3) can also form [56,57]. 

It is known that the sand is electrochemically inactive. Generally, it is 
proved in the literature that the existence of inert or non-conductive 
deposits, like sand, acts as a diffusion barrier against the mass transfer 
of the corrosive species or any oilfield chemicals present. Therefore, the 
inert deposits retard the corrosion that may take place under it [13]. 
Despite the inert behavior of the sand, its inhibition efficiencies along 
the given immersion times are lower than those of FeS2. This can be 

attributed to the utilized SiO2, which has a bigger particle size (62 μ) 
compared to FeS2; it will be later clarified in the characterization sec-
tion. Moreover, the increase of the R1 and R2 values of the partial 
SiO2-deposited specimens with time may be attributed to the rise of the 
corrosion products within the sand deposit by blocking the places where 
the metal starts to lose or occurring the cathodic reactions. This is in 
parallel with the literature [58]. 

As it is previously mentioned, the impact of deposits on UDC pri-
marily depends on their composition, density (porosity), and extent of 
coverage. These factors are usually interconnected, making it difficult to 
isolate their individual effects on UDC [59]. Regarding the sand de-
posits, some investigations coincide with our results and have reported 
protective effects of sand deposits on UDC [13,60,61]. However, other 
investigations proved that sand can promote both uniform and localized 
corrosion due to its porosity [62–64]. There have been relatively few 
studies on UDC under iron sulfide deposits, likely due to the challenge of 
performing UDC tests on semiconductive materials [59]. The limited 
research available suggests that mackinawite deposits, which are rela-
tively porous and offer poor protection, can induce UDC [65]. In 
contrast, UDC under pyrrhotite or troilite deposits is less severe due to 
their higher compactness [65–67]. 

3.1.2. The performance of the inhibitor (CR11) in the absence of deposits 
Fig. 5 (a and b) shows the Nyquist plots and their corresponding Bode 

plots of the EIS results for J55 steel in sulfated CO2-saturated brine so-
lution in the presence of different concentrations (5, 10, 25, 50, 100, 
200, 300, 400, and 500 ppm) of CR11. The EIS experiments are done 
under the same previous condition: high flow conditions (rotation at 
1000 rpm) and high temperature (60 ◦C). As shown in Figs. 2 and 5, it is 
noticed that the Nyquist plots of the steel in the presence of the different 
concentrations of CR11 (Fig. 5a) have bigger semicircle diameters 
compared to that of the bare steel throughout all immersion times 
(Fig. 2a). This clarifies the inhibitive effect of the inhibitor that comes 
from the presence of the amine group, as it is amine salt of organic 
phosphates, as described in its datasheet. This indicates the easy diffu-
sion of the inhibitor to the steel surface through the porous iron sulfide 
and iron carbonates layer formed on the steel because of the anodic and 
cathodic reactions of the iron in the acidic solution containing CO2 and 
H2S, as seen in the following equations. 

In the case of H2S,  

H2S → H+ (reduction of H2S)                                                           (7)  

2H+ + 2e− → H2 (reduction of H2)                                                    (8)  

Fe → Fe2+ + 2e− (oxidation of Fe)                                                    (9)  

S2− + Fe2+ → FeS (precipitation of FeS)                                          (10) 

In the case of CO2,  

H2CO3 + 2e− → H+ + HCO3
− (reduction of H2CO3)                          (11)  

2HCO3
− → 2H+ + 2CO3

− (12)  

Fe2+ + CO3
− → FeCO3 (precipitation of FeCO3)                                 (13) 

Comparing the Nyquist plots of the inhibited steel (Fig. 5a), it is 
illustrated that the semicircle diameters of the inhibited steel are 
increased as the inhibitor concentration in the electrolyte is increased, 
and the widest one is observed at 400 ppm of CR11. This indicates that 
the optimum concentration of CR11 is at 400 ppm, at which the resis-
tance of the J55 steel is the highest compared to the other concentra-
tions. The Bode plots shown in Fig. 5b display the same trend as their 
corresponding Nyquist ones. In addition, the phase angle plot of the 
inhibited steel with 400 ppm inhibitor has the largest angle, which is 
78◦. 

The EIS data of the inhibited steel in the presence of different con-
centrations of CR11 is fitted using the equivalent circuit represented in 
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Fig. 4b, which is two-time constants. This circuit mostly uses electrodes 
with coatings or adsorbed layers on top [68–70]. The R2 values of the 
inhibited steel increase with increasing the inhibitor concentration until 
the optimum one, which is 400 ppm. After that concentration, the R2 
value is decreased. Therefore, 400 ppm of CR11 increases the R2 value of 
the inhibited steel about 19.85 times compared to its resistance in the 
absence of the inhibitor (R2 of the substrate at 0h). It is worth 
mentioning that the R1 values of the inhibited steel have the same trend 
as the R2 ones, as shown in Table 2, and the highest value of the R1 is 
noticed at a concentration of 400 ppm. Moreover, the inhibition effi-
ciencies of the inhibited steel are increased as the inhibitor concentra-
tion is increased, reaching the maximum of about 95 % at 400 ppm. 

Based on Uhlig and Bohni [71], the formation of a passive film that is 
stimulated by the existence of the inhibitor molecules, which block the 
active site on the steel surface, can explain the increasing charge transfer 
resistance values (R2). Another explanation can be the higher amounts 
of adsorbed layer area and/or thickness of the inhibitor that works as a 
physical obstacle. This is proved by the decrease of Cdl values, as shown 
in Table 2, which clarifies the increase in the thickness of the electrical 
double layer that reflected the adsorption of the inhibitor molecules 
instead of water molecules on the metal surface. Equation (14) is 

expressed as the double layer capacitance (Cdl), which is explained ac-
cording to the Helmholtz model [72,73]. 

Cdl=
ε εo

d
A (14)  

where ε is the medium dielectric constant, εo is the permittivity of the 
vacuum, A is the surface area of the electrode, and d is the protective 
layer thickness. 

In addition, it is noted that the least Cdl value is observed at con-
centration of 400 ppm. Furthermore, the n values are lower than that of 
bare metal, and vary from 0.77 to 0.95, having the highest value at 400 
ppm concentration of CR11. This proves that the inhibitor has 
outstanding inhibition properties, with the optimum concentration at 
400 ppm. 

Therefore, the inhibition efficiencies, I.E. %, and the surface 
coverage, θ, of the CR11 inhibitor increase as the inhibitor concentration 
increases. Consequently, the corrosion rate decreased until reaching its 
optimum concentration. Then, it starts to diminish, and the corrosion 
rate increases due to the diffusion of the Cl− ions, which breaks down the 
protective layer and leads to a localized attack on the metal. The surface 
coverage of the inhibitor, its corrosion rates, and its inhibition efficiency 

Fig. 5. a) Nyquist plots and b) Bode-phase angle plots of the J55 steel in the presence of different concentrations of CR11 in sulfate CO2-saturated brine electrolyte 
(3.5 wt% NaCl + 1000 ppm Na2S + CO2 purging) at a rotation of 1000 rpm and 60 ◦C. The exposure time for achieving EIS is 30 min. 

Table 2 
EIS parameters obtained for the J55 steel in the presence of different concentrations of CR11 in the electrolyte (3.5 wt % NaCl +1000 ppm Na2S + CO2 purging) at a 
rotation of 1000 rpm and 60 ◦C.  

Samples’ 
name 

Cinh 

(ppm) 
R1 (ohm. 
cm2) 

CPE1 R2 (ohm. 
cm2) 

CPE2 Cdl (μF. 
cm− 2) 

Corrosion rate 
(mm/year) 

θ IF 
(%) 

Goodness of 
fit 

Yo1 (sn ohm− 1 

cm− 2) 
n Yo2 x 10− 6 (sn 

ohm− 1 cm− 2) 
n 

CR11 5 605 ±
7.1 

130 e− 6 ±
8.1 e− 6 

0.55 1195 ±
16 

30.8 e− 6 ± 2.1 
e− 6 

0.67 6.05 0.253169 0.234 23.4 945.0 e− 6 

25 547 ±
3.0 

67.6 e− 6 ±
1.6 e− 6 

0.79 2720 ±
23 

17.5 e− 6 ± 1.1 
e− 6 

0.70 4.75 0.111227 0.663 66.3 264.9 e− 6 

50 617 ±
8.4 

66.6 e− 6 ±
1.4 e− 6 

0.88 3780 ±
31 

21.6 e− 6 ± 2.9 
e− 6 

0.77 10.2 0.080036 0.758 75.8 1.367 e− 6 

100 998 ± 17 45.0 e− 6 ±
1.3 e− 6 

0.72 8430 ±
110 

15.0 e− 6 ± 1.6 
e− 6 

0.90 11.9 0.035888 0.891 89.1 319.8 e− 6 

200 1000 ±
21 

22.3 e− 6 ±
2.6 e− 6 

0.80 9900 ±
230 

12.7 e− 6 ± 3.1 
e− 6 

0.95 11.4 0.030559 0.908 90.8 983.6 e− 6 

300 1198 ±
19 

22.0 e− 6 ±
2.8 e− 6 

0.99 11800 ±
454 

13.5 e− 6 ± 1.3 
e− 6 

0.89 10.7 0.025639 0.922 92.2 6.546 e− 6 

400 1570 ±
18 

12.8 e− 6 ±
3.2 e− 6 

0.99 18170 ±
691 

2.2 e− 6 ± 4.8 
e− 9 

0.96 1.91 0.018710 0.949 94.9 1.689 e− 6 

500 1450 ±
20 

48.5 e− 6 ±
4.1 e− 6 

0.86 12660 ±
355 

4.7 e− 6 ± 2.8 
e− 9 

0.84 2.74 0.023897 0.928 92.8 1.187 e− 6  
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values are displayed in Table 2. 
By comparing the resistivity and the corrosion rate, as represented in 

Table 2, of the inhibited J55 steel in the presence of different concen-
trations of the inhibitor, it is noticed that the inhibitor has specific sta-
bility behavior. Therefore, the concept of “addition of more commercial 
of inhibitor is better” will not be true now. 

3.1.3. The performance of CR11 in the presence of the different deposits for 
different immersion times 

In this section, the influence of the partial and full coverage of the 
different deposits on the effectiveness of the CR11 is evaluated in the 
sulfated CO2-saturated brine solution under the same previous condi-
tions (at 60 ◦C with 1000 rpm rotation) for different times (0, 6, 12 and 
24h). The optimum concentration of CR11 (400 ppm) is chosen for this 

Fig. 6. Nyquist plots (a, b, and c) and their corresponding Bode plots (a’, b’, and c’) of the inhibited partial-deposited steel with different deposits immersed in the 
sulfated CO2-saturated brine solution at 60 ◦C with 1000 rpm rotation for other times (0, 6, 12, and 24h). 
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test. Fig. 6 shows the Nyquist plots (a, b, and c) and their corresponding 
Bode plots (a’, b’, and c’) of the EIS results for the inhibited partial- 
covered steel specimens with FeS, FeS2, and SiO2, respectively. Fig. S2 
represents the EIS results for the corresponding inhibited full-covered 
steel specimens. 

It is well noticed that the Nyquist semicircle diameters for the partial 
and full-covered specimens with all different deposits in the inhibited 
electrolyte solution increase as the immersion time increases, as shown 
in Fig. 6 and Fig. S2. This is attributed to the inhibitor’s effectiveness 
that enhanced with time due to its gradual transportation through the 
deposits reaching the substrate sites beneath them. Moreover, at the 
beginning of the immersion time until 6h, the Nyquist semicircle di-
ameters for the inhibited FeS and FeS2, either partial or full-covered 
samples (Fig. 6 (a, b) and S2 (a, b)), are lesser than that one of the 
corresponding bare metal (Fig. 2a). After that, they became higher than 
those of bare metals at the corresponding immersion time. This indicates 
the beginning slow diffusion of the inhibitor through FeS and FeS2 de-
posits into the substrate. Commonly, the adsorption of the inhibitor over 
the deposit surface is supposed to decrease with the deposit with a large 
particle size (or smaller specific surface area) [74]. As in Table S3, FeS 
and FeS2 have smaller surface areas than SiO2. However, the Nyquist 
semicircle diameters for the inhibited FeS and FeS2, either partial or 
full-covered samples (Fig. 6 (a, b) and S2 (a, b)), are higher than those of 
the corresponding uninhibited FeS and FeS2 either partial or 
full-covered samples (Fig. 3 (a, b) and S1 (a, b)) at all immersion times, 
indicating the inhibitor action. Whereas the Nyquist semicircle di-
ameters for the inhibited SiO2, either partial or full-covered samples 
(Fig. 6c and Fig. S2c) are higher than that of the bare metal (Fig. 2a) and 
the corresponding uninhibited ones (Fig. 3c and Fig. S1c) along all given 
immersion times. 

Furthermore, it is noted that the Nyquist semicircle diameters for the 
inhibited SiO2, either partial or full-covered samples (Fig. 6c and 
Fig. S2c) are higher compared to their corresponding FeS and FeS2- 
covered illustrations (Fig. 6 (a, b) and S2 (a, b). This indicates the 
inactive behavior of SiO2 and its good compatibility with the inhibitor. 
In addition, based on the physical measurements of the deposits shown 
in Table S3, SiO2 has an enormous pore volume compared to FeS and 
FeS2, which permits and facilitates the inhibitor to diffuse into the 
substrate in large amounts and inhibits the substrate’s area under de-
posit as well. Therefore, it is worth mentioning that the efficiency of the 
inhibitor is affected by the presence of the deposit, its type, its porosity, 
and its compatibility with the inhibitor [75]. The bode plots for all 
inhibited partial or complete covered samples with all different deposits 
have the same increasing and decreasing trend compared to the corre-
sponding Nyquist ones, as shown in Fig. 6 and Fig. S2, respectively. In 
addition, all inhibited deposits partially covered by the substrate have 
higher Nyquist semicircle diameters than their corresponding full ones. 
This is expected for the partial coverage samples due to the diffusion of 
the inhibitor into the substrate and the formation of the protective film 
over its naked areas, in addition to the barrier effects of the deposits that 
inhibit the distribution of the corrosive ions. It is observed that the 
Nyquist semicircle diameter for the inhibited full or partial covered 
specimens with all deposits after 24h immersion time has the following 
order, SiO2 > FeS2 > FeS. In contrast, that of the uninhibited full or 
partially covered specimens is as follows FeS2 > SiO2 > FeS. This can be 
due to the more diminutive compatibility of FeS2 with the inhibitor 
compared to the SiO2 and its lower pore volume. 

Table 3 and Table S2 illustrate the calculated parameters from the 
equivalent circuits shown in Fig. 4 (b and c). They fitted the impedance 
data to two-time constants without and with diffusion for both partial 
and complete coverage deposits on the steel. In Table 3 and Table S2, it 
is elucidated that the UDC resistance (R2) for all inhibited deposited 
samples increases with immersion time. In addition, the R2 for the 
inhibited partial/full FeS-deposited specimens is larger than the corre-
sponding uninhibited partial/full FeS-deposited specimens for all times, 
reaching a maximum increase of 94.3 and 34 times after 24 h for partial 

and full coverage, respectively, as shown in Tables 1, 3, Tables S1 and 
S2. This indicates that the inhibitor can pass through the FeS reaching 
the substrate, and providing satisfactory inhibition despite the higher 
conductivity of the FeS that causes corrosion acceleration in the absence 
of the inhibitor. This may be due to the large pore volume of the FeS, the 
porous nature of the deposit and the acceptable compatibility with the 
inhibitor. In addition, similar to the inhibited FeS-deposited specimens, 
the inhibited FeS2- and SiO2-deposited (either partial or full) specimens 
show enhanced values of R2 compared to the corresponding uninhibited 
deposited specimens. For example, the R2 of the inhibited partial/full 
FeS2-covered sample shows 3.57 and 1.04 times increase compared to 
the corresponding uninhibited ones after 24 h. Whereas, the inhibited 
partial/full SiO2-covered samples offer about 26.92 and 3.86 times in-
crease in the R2 compared to the corresponding uninhibited ones after 
24 h. This clarifies the explicit compatibility of the inhibitor with the 
FeS, which offers the highest increase in the resistivity difference be-
tween its inhibited and uninhibited samples. Based on the previous in-
crease in the resistivity difference between the uninhibited and inhibited 
samples of the different deposits, the order of the compatibility of the 
inhibitor with them is as follow: FeS > SiO2 > FeS2. The least compatible 
with the inhibitor is FeS2 due to its high compactness that impedes the 
diffusion of the inhibitor. Despite the moderate compatibility of SiO2 
with the inhibitor, it shows the highest inhibition efficiencies 
throughout the whole immersion time. Therefore, it is worth mentioning 
that the presence of deposits and its way of coverage on the steel 
influenced the inhibitor passage and its accessibility at the steel surface, 
impeding the inhibitor from being effective at the steel underneath. 
Generally, the pore resistance of the deposits (R1) for all the inhibited 
deposited specimens, either partially or fully covered by the substrate, 
has the same trend as the corresponding R2. There is a good fit between 
the experimental data and the equivalent circuits modeling over the 
measurement frequency range. 

The coming section is the characterization of these stages concerning 
the corrosion mechanism of the different specimens. 

As seen in Table 4, it is worth mentioning that most organic in-
hibitors that contain N, O, and P heteroatoms, especially imidazoline 
and its derivatives have UDC inhibition efficiencies below 70 % [76–78]. 
Interestingly, many S-containing compounds exhibit excellent UDC in-
hibition effectiveness, with over 90 % efficiency [79,80]. However, not 
all S-containing compounds are effective UDC inhibitors, such as 
thiourea-based alkyl imidazoline under mixed deposits [81]. Pang et al. 
[82] recently discovered the ideal design strategy for a UDC inhibitor, 
confirming that it must fulfill three conditions: (1) exhibit some degree 
of corrosion inhibition for bare metal, (2) be able to easily penetrate 
through deposits to reach the metal surface, and (3) have a low pro-
pensity for adsorption on deposits. Consequently, the used inhibitor 
satisfies all three conditions. It has a satisfactory inhibition performance 
for the bare metal (95 % at 400 ppm) through adsorption, as shown in 
Table 2. In addition, the inhibitor penetrates the deposit seen from its 
inhibition effect on the electrodes partially and completely loaded with 
the different deposits, as clarified in Table 3 and Table S2. In addition, it 
is slightly adsorbed on some deposits (FeS and SiO2). Comparing Table 1 
with 3 and S1 with S2, there is a large difference in the inhibition effi-
ciency values of the deposits before and after the addition of the in-
hibitor, depending on the deposit’s type. This clarifies the high 
penetration of the inhibitor through these deposits and its low tendency 
to adsorb on them. Furthermore, the inspected inhibitor offered a 
satisfactory inhibition efficiency in sweet and sour environment, as 
compared to the previous inhibitors issued in the literature, as shown in 
Table 4. 

3.2. Deposit characterization 

3.2.1. Scanning electron microscope (SEM) and energy dispersive X-ray 
analysis (EDX) 

Fig. 7 (a, b, and c, respectively) shows the SEM photos of the FeS-, 
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FeS2- and SiO2-covered steel samples before immersion in the electro-
lyte. It is illustrated that each deposit has a distinct morphology. 
Noticeable cracks can be observed on the FeS-covered sample (Fig. 7a). 
In contrast, the FeS2 deposit formed a compact layer on the substrate 
without defects (Fig. 7b), and micro-pores exist in the SiO2-covered 
layer (Fig. 7c). 

SEM images shown in Fig. 8 show the surface morphology of the bare 
steel (non-covered) and the different deposits-covered specimens after 
24 h of immersion in the non-inhibited (a, b, c, and d) and inhibited (a’, 
b’, c’, and d’) electrolyte. The surface constituents for each specimen are 
investigated using EDX and shown in Table 5. Comparing the non- 
inhibited and inhibited specimens, the porous surface layer with 
different porosity and irregularity degrees depending on the type of 
deposit is observed on the non-inhibited specimens, as shown in Fig. 8 
(a, b, c and d). On the other hand, as shown in Fig. 8 (a’, b’, c’, and d’), 
the inhibited specimens show a dense and smooth film formation. At the 
deposits-free surface (Fig. 8a), there is no localized attack, clarifying 
that the uniform corrosion performs over the whole surface. This 
corrosion is remarkably suppressed in the presence of CR11 (Fig. 8a’), 
which is appeared like longitudinal dense foggy layers. 

Moreover, the quantitative EDX analysis of the non-inhibited steel 
surface displays the peaks of Fe, C, S, and O in its spectra shown in 
Table 5, indicating the formation of the corrosion products because of 
corrosion reactions, as previously discussed. Whereas the appearance of 
the N and P peaks in the EDX analysis of the inhibited steel surface 
shown in Table 5 proves the excellent adsorption of the inhibitor on the 
bare metal. The C, S, and O peaks are also observed in the EDX spectra of 
the inhibited steel in a higher percentage than those in the non-inhibited 
sample. This indicates fewer corrosion products due to the good pres-
ence of the inhibitor on the steel surface resulting in an excellent 
resistant surface against both general and localized corrosion. 

At the FeS-deposited specimens (Fig. 8b) surface, interconnected 
continuous porous structure is investigated, proposing more consider-
able metal dissolution than the deposits-free sample (Fig. 8a). Since the 
steel area beneath the deposit is exposed to different microenviron-
ments, the localized attack is seen on the FeS-covered steel surface [75]. 
In addition, both non-inhibited and inhibited surfaces’ SEM micrographs 

display the formation of pits, which are fewer and smaller at the 
inhibited surface (Fig. 8b’) compared to those at the non-inhibited 
surface due to the inhibitor effect. Moreover, the noticeable coverage 
of both the non-inhibited and the inhibited specimens with cubic crys-
talline corrosion products proves the metal dissolution of the inhibited 
FeS-covered steel specimen more than the inhibited deposit-free one. 
This is due to the higher conductivity of FeS and the localized corrosion 
that happens under the deposit by accelerating the cathodic reaction of 
the corrosion process [75]. This is also supported by the EDX mea-
surement (Table 5) that demonstrated the adsorption of the inhibitor at 
the steel regardless of the presence of the FeS deposit by the appearance 
of the peaks of N and P. However, it also clarified the decrease in the 
weight percent of the N, P, C, O, and S elements in the inhibited 
FeS-covered sample compared to the inhibited deposit-free one, 
showing the decreased inhibitor quantity that is diffused to reach the 
area beneath the deposit. In addition, the increased weight percent of C, 
O, and S in the non-inhibited FeS-covered steel sample compared to the 
non-inhibited deposit-free one reflects the high corrosion activity. The 
high corrosion rate of the inhibited FeS-covered steel acquired from the 
EIS measurements correlates well with the SEM/EDX analysis, which 
also shows that despite the presence of the CR11, localized corrosion still 
occurs. 

On the other hand, when fine-sized FeS2 (44 μm) and SiO2 (62 μm) 
are used, a general corrosion morphology is noticed combined with 
small-sized defects, compared to the FeS-covered specimen, distributed 
over the whole non-inhibited FeS2- and SiO2-covered specimens surface, 
as shown in Fig. 8 (c and d). However, the FeS2-covered specimens 
(Fig. 8c) surface shows clear observable thick film, which supports its 
better inhibition. The formation of such a thick film refers to the 
participation of more sulfur quantities, which comes from the sulfur-rich 
pyrite (FeS2), in the reaction, as confirmed by EDX, which clarifies the 
increase of sulfur wt. % in FeS2 compared to that in FeS. In addition, it is 
well known in the literature that the solubility product of pyrite (16.4 ±
1.2) is higher than that of pyrrhotite (5.1 ± 0.1) and troilite (5.25 ± 0.2) 
[87]. Contrariwise, in the presence of the inhibitor, the reverse pattern is 
seen such that the SEM image of the SiO2-covered specimen’s surface 
exhibits more compactness than that of the FeS2-covered specimen one, 

Table 3 
EIS parameters obtained for the inhibited partial-deposited steel with different deposits immersed in the sulfated CO2-saturated brine solution at 60 ◦C with 1000 rpm 
rotation for other times (0, 6, 12, and 24h). The concentration of CR11 is 400 ppm.  

Samples’ 
name 

Time 
(h) 

R1 (ohm. 
cm2) 

CPE1 R2 (ohm. 
cm2) 

CPE2 Cdl (μF. 
cm− 2) 

W 
S.s1/2 

Corrosion rate 
(mm/year) 

θ IE 
(%) 

Goodness 
of fit 

Y1 (sn 

ohm− 1 

cm− 2) 

n1 Y2 (sn 

ohm− 1 

cm− 2) 

n2 

CS/FeS/ 
CR11 

0 2.5 ± 10 
e− 3 

46.8 e− 3 
± 46 e− 6 

0.78 250 ±
2.2 

76.6 e− 3 
± 46 e− 6 

0.82 146447 32.7 e− 3 
± 4 e− 6 

1.21013 – – 430.6 e− 6 

6 5.5 ± 64 
e− 3 

7.76 e− 3 
± 11 e− 6 

0.68 2600 ±
29 

30.5 e− 3 
± 11 e− 6 

0.82 79655 26.4 e− 3 
± 6 e− 6 

0.11636 0.7746 77.5 542.2 e− 6 

12 6.9 ± 75 
e− 3 

6.66 e− 3±
28 e− 6 

0.67 3300 ±
31 

25.1 e− 3 
± 19 e− 6 

0.88 45840 6.10 e− 3 
± 8 e− 6 

0.09168 0.8487 84.9 564.7 e− 6 

24 9.2 ± 77 
e− 3 

5.34 e− 3±
4.9 e− 6 

0.71 10470 ±
120 

17.7 e− 3 
± 6.3 e− 6 

0.88 36077 1.20 e− 3 
± 1 e− 6 

0.02889 0.9621 96.2 368.0 e− 6 

CS/FeS2/ 
CR11 

0 5.5 ± 22 
e− 3 

427 e− 3±
465 e− 6 

0.75 652 ± 11 555 e− 3 ±
524 e− 6 

0.93 864712 – 0.46401 – – 175.7 e− 6 

6 21.4 ±
25 e− 3 

146 e− 3±
316 e− 6 

0.79 10580 ±
83 

255 e− 3 ±
331 e− 6 

0.93 462157 – 0.02859 0.9446 94.5 492.6 e− 6 

12 75.4 ±
37 e− 3 

148 e− 3±
234 e− 6 

0.89 20810 ±
220 

235 e− 3 ±
251 e− 6 

0.92 491904 – 0.01454 0.9760 97.6 321.0 e− 6 

24 185 ±
28 e− 3 

107 e− 3±
210 e− 6 

0.89 25680 ±
390 

124 e− 3 ±
220 e− 6 

0.91 275343 – 0.01179 0.9845 98.5 14.49 e− 6 

CS/SiO2/ 
CR11 

0 554 ±
80 e− 3 

195 e− 3±
174 e− 6 

0.72 3115 ±
28 

158 e− 3 ±
173 e− 6 

0.95 218951 – 0.09712 0.7063 70.6 315.4 e− 6 

6 810 ±
20 e− 3 

25 e− 3±
36 e− 6 

0.57 10910 ±
72 

95 e− 3 ±
41 e− 6 

0.93 160214 – 0.02773 0.9463 94.6 1.469 e− 6 

12 844 ±
22 e− 3 

23 e− 3±
6.8 e− 6 

0.72 29200 ±
448 

22 e− 3 ±
2.2 e− 6 

0.95 30917 – 0.01036 0.9829 98.3 1.800 e− 6 

24 953 ±
65 e− 3 

7.1 e− 3±
7.3 e− 6 

1.00 33000 ±
500 

19 e− 3 ±
1.6 e− 6 

0.95 26667 – 0.00917 0.9879 98.8 1.241 e− 6  
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Table 4 
The inhibition efficiencies of some selected UDC inhibitors for steel in the presence and absence of deposits in sweet and/or sour environments.  

Inhibitor Name Environment Solution Condition Steel 
Type 

Deposit Conc. of 
Inhibitor 

Inhibition 
Efficiency 

Ref. 

Amine salt of organic phosphates, including 
mercapto-2-methylimidazole 

3.5 wt% NaCl + saturated CO2 + 1000 
ppm Na2S at 60 ◦C and 1000 rpm 

J55 FeS 400 ppm 0–96 % 
@ 0–24h 
immersion time 

This 
work 

FeS2 400 ppm 0–98.5 
@ 0–24h 
immersion time 

SiO2 400 ppm 70.6–98.8 
@ 0–24h 
immersion time 

Fatty acid imidazoline Brine solution 
CO2-saturated, 48 ◦C 

X65 Sludge deposits 300 mg/L 53 % [76] 

Imidazoline derivative Brine solution 
CO2-saturated, 40 ◦C 

Pipeline Sand 25 mg/L 47.74 [77] 
Pipeline Sand 40 mg/L 62.44 

Quaternary amine derivative Brine solution 
CO2-saturated, 40 ◦C 

Pipeline Sand 25 mg/L 29.44 
Pipeline Sand 40 mg/L 59.39 

Oleic acid imidazoline 3.5 wt% NaCl 
CO2-saturated, 25 ◦C 

Q235 CaSiO3 + MgCO3 +

CaSO4 + water 
200 mg/L 53.4 % [78] 

Thiourea oleic acid imidazoline quaternary 
ammonium salt 

3.5 wt% NaCl, 25 ◦C Q235 CaSiO3 + MgCO3 +

CaSO4 + water 
200 mg/L 87.03 % 

Thiourea oleic acid imidazoline 3.5 wt% NaCl, 25 ◦C Q235 CaSiO3 + MgCO3 +

CaSO4 + water 
200 mg/L 91.92 % 

2-mercaptopyrimidine 3 wt% NaCl +0.01 wt% NaHCO3, CO2- 
saturated, 30 ◦C 

1030 SiO2 100 mg/L 96.6 % [79] 
Thiobenzamide 1030 SiO2 100 mg/L 95.2 % 
2-Dodecylpiridinium chloride hydrate 1030 SiO2 100 mg/L 52.7 % 
2-mercaptopyrimidine 3 wt% NaCl +0.01 wt% NaHCO3, CO2- 

saturated, 30 ◦C 
1030 Al2O3 100 mg/L 98.24 % [80] 
1030 SiO2 100 mg/L 95.02 % 
1030 CaCO3 100 mg/L 90.62 % 

2-Dodecylpiridinium chloride hydrate 3 wt% NaCl +0.01 wt% NaHCO3, CO2- 
saturated, 30 ◦C 

1030 Al2O3 100 mg/L 3.89 % 
1030 SiO2 100 mg/L 3.66 % 
1030 CaCO3 100 mg/L 38.42 % 

Thiourea-based alkyl Imidazoline Brine solution 
CO2-saturated, 25 ◦C 

X65 FeS + S + Sand +
clay + FeCO3 

1000 mg/L − 297 % [81] 

2-mercaptobenzimidazole 3.5 wt% NaCl 
CO2-saturated, 40 ◦C 

1020 SiO2 100 mg/L 94.67 % [82] 
1020 CaCO3 100 mg/L 98.17 % 

2-hydroxybenzimidazole 3.5 wt% NaCl 
CO2-saturated, 40 ◦C 

1020 SiO2 100 mg/L 44.78 % 
1020 CaCO3 100 mg/L 51.19 % 

2-aminobenzimidazole 3.5 wt% NaCl 
CO2-saturated, 40 ◦C 

1020 SiO2 100 mg/L 89.33 % 
1020 CaCO3 100 mg/L 92.45 % 

Amine salt of organic phosphates, including 
mercapto-2-methylimidazole 

3.5 wt% NaCl + saturated CO2 + 1000 
ppm Na2S at 60 ◦C and 1000 rpm 

J55 – 400 ppm 95 % This 
work 

Three novel sulphonamides based cationic 
surfactants (C8, C10 and C12) 

3.5 wt% NaCl + Saturated CO2 1018 – 3 × 10− 6 - 5 ×
10− 4 M 

59.1–94.5 @ C8 
63.2–97.6 @ C10 
63.2–99.5 @ C12 

[83] 

1–benzylimidazole CO2-saturated 3.5 % 
NaCl + 100 ppm H2S solution 

C1018 – 50–200 ppm 38.95–60.38 % 
80 % @ 150 ppm 

[84] 

Hydroxyethyl-imidazoline 3 wt% NaCl + H2S at 50 ◦C Carbon 
steel 

– 25 ppm 84.6 % [85] 

Vapour phase corrosion inhibitors (A) and (B) 9.62 % NaCl + CO2-saturated with 500 
mg/L H2S, at 70 ◦C and 500 rpm 

Carbon 
steel 

– 50 ppm 97.9 % @ (A) 
98.4 % @ (B) 

[86]  

Fig. 7. SEM images of the a) FeS-, b) FeS2-, and c) SiO2-covered samples before immersion in the electrolyte.  
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Fig. 8. SEM images of the bare, FeS-, FeS2-, and SiO2-covered samples, after immersion in the electrolyte for 24h, in the absence (a, b, c, and d) and presence (a’, b’, 
c’, and d’) of CR11. 
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as shown in Fig. 8 (c’ and d’), supporting the higher inhibition of the 
SiO2-covered specimens. This is due to the slow diffusion of the inhibitor 
through the thick layer of FeS2 and the inertness attitude of the SiO2. The 
EDX analysis shown in Table 5 confirms the explanation of the SEM 
images of both FeS2- and SiO2-covered specimens. It is noticed that the 
presence of N and P peaks in the EDX spectra of the inhibited FeS2- and 
SiO2-covered specimens, as well as the increase in the wt. % of C, O, and 
S in the inhibited FeS2- and SiO2-covered specimens compared to those 
of the corresponding ones indicate the reaching of the inhibitor to the 
substrate. 

Moreover, the enhancement of the wt. % of N and P in the inhibited 
SiO2-covered specimen compared to the corresponding FeS2-covered 
one demonstrates the more effortless penetration of the inhibitor 
through the SiO2 deposit, giving more inhibition underneath the depo-
sit. Consequently, the SEM/EDX results illustrate that the characteristics 
of the existing deposit influence the corrosion process. Furthermore, 
Table 5 confirms that the minimizing wt. % of Fe appearance in the 
different inhibited specimens’ surfaces is in the order of FeS- > deposit 
free- > FeS2- > SiO2-covered specimens. Therefore, the SEM/EDX 
analysis confirms the acquired data from the EIS measurements and 
confirms the increase of corrosion resistance of the inhibited steel, 
especially in the inhibited SiO2-covered sample that has a protection 
efficiency of about 99 % after 24 h of immersion in the sulfated sour 
brine electrolyte, as previously shown in Table 3. 

The SEM/EDX mapping on the cross-section of the inhibited FeS2- 
covered specimen’s surface after 24 h immersion in sulfated CO2-satu-
rated brine solution is shown in Fig. 9a. Fig. 9 (b, c, d, and f) displays the 
distribution of each element on the FeS2-covered sample’s surface. The 
Fe, S, N, and P appear in blue, green, red, and yellow, respectively. The 
cross-sectional SEM photo verifies the reaching of the inhibitor to the 
substrate in an irregular distribution around and through the FeS2 
deposit. 

Fig. 10 shows SEM images for the deposit free-, FeS-, FeS2-, and SiO2- 
covered samples, after the removal of the corrosion products that are 
formed after 24h immersion in the electrolyte, in the absence (a, b, c and 
d) and the presence (a’, b’, c’, and d’) of CR11. It is noted that SEM 
micrographs for the uninhibited and inhibited bare metal surface 
confirm the uniform corrosion that is usually provided at the steel sur-
face. At the same time, the corresponding deposits-covered specimen 
surfaces show locally corroded areas reflecting the localized attack at 
steel underneath deposits, which is more evident in the FeS-covered 
specimen compared to the FeS2- and SiO2 ones. In addition, the inhibi-
ted specimens offer less localized corrosion than the corresponding 
uninhibited ones. Furthermore, the FeS-covered specimen surface 
demonstrates a more harmful attacked surface than the bare metal, and 
the most protected surface is shown with the SiO2-covered specimens. 

3.2.2. XPS analysis 
Fig. 11 represents the XPS survey spectrum for the deposits-covered 

specimens before immersion (black) and the inhibited (red) ones after 
immersion in the sulfated CO2-saturated brine solution for 24 h. As a 

Table 5 
EDX measurements for the bare, FeS-, FeS2-, and SiO2-covered samples, after 
immersion in the electrolyte for 24h, in the absence and presence of CR11.  

Sample Element Norm. C (wt.%) 

In absence of CR11 In presence of CR11 

Bare (J55 steel) C 23.12 31.57 
O 24.76 41.07 
Na 03.96 – 
S 01.68 04.01 
N – 04.18 
P – 01.79 
Fe 46.48 17.38 

FeS C 38.67 24.42 
O 29.03 27.26 
Na 03.96 – 
S 03.35 03.17 
N – 02.18 
P – 00.59 
Fe 24.99 42.38 

FeS2 C 34.23 39.42 
O 21.93 31.39 
Na 01.79 – 
S 07.68 08.03 
N – 05.85 
P – 01.93 
Fe 34.37 13.38 

SiO2 C 21.32 31.48 
O 27.46 38.29 
Na 00.76 – 
S 00.68 01.56 
N – 09.37 
P – 02.15 
Si 12.08 11.25 
Fe 37.70 05.90  

Fig. 9. A representative SEM/EDX mapping of the cross-sectional of the inhibited FeS2-covered specimen’s surface after 24 h immersion in the electrolyte.  
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whole, the broad scan spectrum confirms the presence of Fe 2p, S 2p, C 
1s, and O 1s as the main elements in all scans. Meanwhile, the Si 2p peak 
has been shown in the scan of the SiO2 deposit, and the appearance of N 
1s in the scan of the inhibited deposits-covered specimens proves the 
reaching of the inhibitor to the substrate. 

The high-resolution XPS spectrums for Fe, S, and O in the as-prepared 
different deposits (FeS, FeS2, and SiO2) are shown in Fig. 12 (a, b, and c, 
respectively). Concerning the XPS spectrum of Fe 2p shown in Fig. 12a, 
it can be noticed that the benchmarked peaks for Fe 2p are absent in the 
SiO2 deposit, which confirms the purity of the silica deposits from any 
irons contaminations. In the case of FeS, a large peak at 707.5 eV, which 

is assigned to Fe2+, is shown in the XPS spectrum of the Fe 2p3/2 region. 
Moreover, there is a Fe2+ satellite peak that appeared at 713.6 eV. The 
peaks referred to as Fe3+ appeared at 709.1 eV, 710.2 eV, 711.3 eV, and 
712.3 eV. Fe 2p3/2 at 707.3 eV and Fe 2p1/2 at 720 eV are the pyrite 
peaks dominated high-resolution Fe 2p spectra of FeS2 [88]. The 
outcome of emissions from the surface Fe 2p multiplets binding energies 
at 712 eV, which are explained to come from the slight Fe–S or Fe–O 
contamination on the surface due to the oxidation of Fe2+ to form sur-
face monosulfide, S− 2, and Fe2+ multiple peaks centered at 708 eV is the 
high-energy tail seen in the Fe 2p3/2 spectrum of pyrite [89]. The sem-
iconducting properties of FeS2 are illustrated by the pyrite value being 
near that characteristic of metallic iron. 

As shown in Fig. 12b, the XPS scan indicated the oxidation states of 
sulfur in the different deposits. It is noticed that the sulfur content is 
negligible in the SiO2 layer while the FeS layer contributions centered at 
approximately 161.7 eV, which is assigned to elemental iron sulfide 
(Fe–S. The two fitted peaks position of S 2p3/2 (S 2p1/2) at a binding 
energy of around 161.5 (162.7) and 163.2 eV (164.4 eV) with a full 
width at half maximum of 1.58 eV for three different deposits represent 
the presence of stoichiometric FeS and FeSn (polysulfide). The FeS2 layer 
identified as inorganic sulfur-containing minerals (pyrite) at 162.7 eV 
with an additional peak at 163.5 eV is tentatively assigned to mineral 
pyrite. The S 2p XPS spectrum of the highest binding energy doublet at 
168.2 and 169.5 eV is closely consistent with the nanocube FeS2 surface 
due to sulfates, which are believed to be formed by exposure of the 
pyrite product to air. 

Fig. 12c shows the O 1s spectra in the different plain deposits where 
the area average and individual particles for SiO2 and FeS were very 
broad (530–532 eV), suggesting an overlap of contributions from OH− at 
530.7 eV and adsorbed O2 at 532 eV. Meanwhile, the FeS2 deposit 
presents an extra noticeable peak at 529.5 eV as proof of SO4

− 2 existence. 
The high-resolution XPS spectrums for Fe, S, O, C, and N in the 

inhibited different deposits-covered specimens after immersion in the 
electrolyte for 24 h are shown in Fig. 13 (a, b, c, d, and e, respectively). 
Unlike EDX, it isn’t easy to quantitatively differentiate between the el-
ements present on the surfaces of the uninhibited and inhibited deposits- 
covered specimens using XPS analysis. In addition, since the elements 
that are present on both specimens are almost the same, which are Fe, C, 
S, and O, forming the same chemical state, except for the presence of N 
in the inhibited deposits-covered steel, only the high-resolution XPS 

Fig. 10. SEM images for the bare, FeS-, FeS2-, and SiO2-covered samples, after removing the corrosion products, in the absence (a, b, c, and d) and presence (a’, b’, c’ 
and d’) of CR11. 

Fig. 11. XPS survey spectrum for the deposits-covered specimens before im-
mersion (black) and the inhibited (red) ones after immersion in the electrolyte 
for 24 h. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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spectrum of the inhibited deposits-covered specimens is discussed. 
Fig. 13a portrays the XPS spectrum of Fe 2p. Most Fe+3 compounds 

have the complex multiplet-split of Fe 2p regions. Fe 2p3/2 and Fe 2p1/2 
signals from FeOOH have two peaks at 712.75 and 726.14 eV, respec-
tively. Furthermore, the presence of Fe+3 ions in the composite would be 
confirmed by the satellite peak of Fe 2p3/2 at 720.83 eV. Moreover, the 
increased binding energy of the Fe in the XPS of the inhibited deposit- 
covered steels compared to that of the as-prepared one (Fig. 12a) 
confirm the formation of FeCO3 at 710.50 eV and FeSO4 at 711.00 eV. 
When the Fe within the film is in a high-spin state, it would be approved 
by the presence of the multiplets. 

Fig. 13b depicts the S 2p spectrum with a doublet 2p3/2 near 162.8 
eV. However, multiple or a continuum of constituents may produce this 
high binding energy intensity. For example, it is compulsory for con-
stituents due to pyrite sulfide near 162.4 eV (Fig. 12b) to be present; 
however, there is an extra intensity at higher binding energy than this 
value. The assigning of these binding energies to specific species has not 
been attempted. However, it is claimed that the curve fit can be 
explained through the amalgamation of pyrite sulfide and adsorbed 
metal-deficient sulfide. 

Initially, the XPS spectra of the FeS were fitted only with the mini-
mum peaks possible. However, these fits were improved when using two 
doublets for monosulfides and one doublet each for disulfides. The 
monosulfide species were identified through their binding energies (i.e., 
161.1 and 161.8eV). Furthermore, two monosulfide chemical environ-
ments were also identified in the mackinawite spectra with FeII–S and 
FeIII species present. It was impossible to calculate the FeII:S ratios from 
the XPS spectra due to the significant excess of the sulfur present, which 
yielded unreasonably high values. The excess sulfur could result from 
either the presence of excessive polysulfides or indicate a fully saturated 
sulfur layer on the surface of the analyzed samples. Additionally, there is 
no intensity in the region of 165–170 eV where S–O moieties are 
observed; hence, there is no indication of sulfur oxidation on the 
vacuum-fractured surface. 

The O 1s spectrum shown in Fig. 13c can be separated into three 
prominent peaks, namely, Fe2O3 (529.5eV), OH− (530.7eV), and CO3

− 2 

or SO4
− 2 (532.2 eV). The occurrence of sulfates can be attributed to the 

partial oxidation of iron sulfides during the transfer of the sample. 
Fig. 13d represents the high-resolution XPS spectrum of C 1s. A total of 
nine different chemical environments for carbon atoms were seen. The 
deconvoluted peaks of 284.7, 285.5, 286.1, 287.5, 288.2, 289.1, 290.2, 
292.7, and 293.9 eV corresponded to, C–C/C=C, C–N, C=N, C–O, C=O, 

O–C=O, CO3
− 2, C–F2, and C–F3 bonding, respectively. A significant 

impact on the shape of the C (1s) spectra is predicted to occur in oxygen 
functionalities on the carbon surface due to the production of a range of 
different carbon-oxygen bonds. Fig. 13d portrays the deconvolution 
results and the high-resolution N 1s spectrum. The peaks at 398.32 and 
399.50 eV for C–N and C=N correspond to the mercapto 2-methylimida-
zole of CR11 corrosion inhibitor. The imidazole ring in 2-methyl imid-
azole was implied to have a strong interaction with Fe ions disregarding 
the deposit type due to the variance in the binding energy of imidazole 
rings. On the other hand, the imidazole ring in the produced ionic liquids 
did not take part in the complexation. Finally, the XPS results support 
the obtained EIS data. 

4. Conclusion 

The performance of different concentrations of UDC commercial 
inhibitor in sulfated CO2-saturated brine solution at a temperature of 60 
◦

C and rotation of 1000 rpm in the absence and presence of different 
deposits is investigated. The impact of the deposits formed on the 
pipelines and their coverage styles, which are either full or partial, on 
the corrosion rate of the steel are also illustrated. Electrochemical 
impedance spectroscopy (EIS) is used to evaluate the deposits and in-
hibitor’ performance electrochemically. Surface analysis using SEM, 
EDX, and XPS were utilized to illustrate the corrosion mechanism. The 
main results demonstrated the following:  

• The inhibitor offered the highest inhibition efficiency (95 %) in the 
absence of the deposits at a concentration of 400 ppm. 

• In the uninhibited electrolyte solution, FeS2 offered the highest in-
hibition efficiency in full and partial coverage throughout the im-
mersion time. 

• In the inhibited electrolyte solution, SiO2 showed the highest inhi-
bition efficiency in both full and partial coverage throughout the 
immersion time.  

• FeS is the highest compatible with the inhibitor whereas FeS2 is the 
least one.  

• The examined UDC inhibitor can be utilized for inhibition of the UDC 
caused by FeS and SiO2 deposit in an aqueous sulfated CO2 envi-
ronment. However, it is not preferred to use for impeding the 
corrosion that is located underneath the FeS2 deposit. 

Fig. 12. The high-resolution XPS spectrum for (a) Fe, (b) S, and (c) O in the as-prepared different deposits (FeS, FeS2, and SiO2).  
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• SEM revealed that the deposit-free steel undergo uniform corrosion, 
whereas the deposits-covered steels are susceptible to localized 
attack, which depends on the deposit type. 

• EDX and XPS confirm the reaching of the inhibitor through the de-
posits and their adsorption on the steels. 
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