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Abstract. 

Steel widely used as pipelines in oil and gas transmission was 

susceptible to corrosion attack. In the present study, the corrosion 

inhibitions of Sodium Molybdate (SM) and Ethoxylated Fatty 

Amine (EFA) for corrosion of carbon steel (API 5L X-52 steel 

welded pipelines) at base metal (BM), weld metal (WM), and Heat 

Affected Zone (HAZ) in 3.5% NaCl solution was studied 

experimentally using potential dynamic polarization and 

Electrochemical Impedance Spectroscopy (EIS). The results 

indicated that Tafel polarization investigations showed that the 

corrosion potentials shift to a positive direction in the Based Metal 

(BM), HAZ, and Weld Metal (WM) areas, and the corrosion rate 

density moves to the left. The decreased corrosion rate was related 

to form a passive film on the steel surface. EIS measurements show 

that two-time constants appear, the first in the mid-high frequency 

range related to the corrosion process between the metal surface 

and Mo ions. The second in the low-frequency range is related to 

the formation of the two metal layers, Oxide/hydroxide. Thus, the 

corrosion protection of steel has been confirmed. The most 

excellent inhibitor efficiency, when the concentration of the SM 

was 0.4%, and EFA was 400 ppm, occurred in BM, WM, and HAZ, 

respectively.  
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1 Introduction 

Carbon steels have been widely used as piping and pipeline 

materials in the oil and gas industry. Although their corrosion 

resistance was limited, these materials were preferred due to 

beneficial factors such as economy, availability, and high strength, 

as well as the fact that they are susceptible to corrosion attack [1], 

[2]. API 5L pipelines were used for transmission pipelines in the oil 

and gas industry and were made of ordinary carbon steel. 

Carbon steels have been widely used as piping and pipeline 

materials in the oil and gas industry. Although their corrosion 

resistance was limited, these materials were preferred due to 

beneficial factors such as economy, availability, and high strength, 

as well as the fact that they are susceptible to corrosion attack [1], 

[2]. API 5L pipelines are used for transmission pipelines in the oil 

and gas industry, and they are made of ordinary carbon steel. 

Various methods have been used to control corrosion, such as 

cathodic protection, coatings, inhibitors, etc. Among these 

corrosion protection methods, the corrosion inhibitor seems to be 

beneficial because a small amount of inhibitor added to the 

corrosive solution is sufficient to reduce the corrosion rate or 

prevent it. Corrosion inhibitors are classified into organic and 

inorganic. Several studies on corrosion inhibitors have been 

conducted, including molybdenum-organic inhibitors in sodium 

chloride solutions for corrosion protection of carbon steel, such as 

molybdate, tungstate, and nitrite ions on carbon steel [3], nitrite and 

molybdate anions on mild steel [4][5], sodium molybdate and 1H-

Benzotriazole on mild steel [6][7], blends of molybdate, nitrite, and 

picrate on mild steel [8], etc. Research on corrosion inhibitors using 

amine derivatives in carbon steel is shown in Table 1. Inhibitor 

performance is difficult to predict without carrying out 

comprehensive experimental work. Some common methods that 

have been used to analyse the corrosion rate was electrochemical 

impedance spectroscopy [9], electrochemical polarization [10], and 

weight loss [11]. 

Table 1. Research on the use of amine-based corrosion inhibitors 
Material Inhibitor Media Ref. 

Mild steel Quaternary ammonium, amide, and amine  1 M HCl [12] 

Carbon steel 3,3-diamino dipropyl amine 2 N HCl [13] 
Carbon steel Ethoxylated pentamine oleamide 1 M HCl [14] 

Pipeline steel N-(5-nitro-2-hydroxybenzylidene) 

pyridine-4-amine 

1 M HCl [15] 

Mild steel Epoxidized soybean fatty acids/ρ-

substituted aromatic amines 

UV irradiation [16] 

X-80 3-Methoxypropyl-amine Simulated 
saline water 

[17] 

Carbon steel Methionine  Carbon 

capture 

[18] 

Carbon steel N,N′-di-β-D-

glucopyranosylethylenediamine, N-benzyl-

N,N-bis[(3,5-dimethyl-1H-pyrazol-1-yl) 
methyl]amine 

Molasses [19] 

Stainless steel Amine grafted poly-(acrylic maleic) 3.5 % NaCl [20] 

Carbon steel Amine 4-amino-1-propyl-piperidine Aquades, CO2 [21] 
X-80 3-(2-chloro-5,6-dihydrobenzo[b][1] 

benzazepin-11-yl)-N, N- dimethylpropan-

1-amine 

HCl [22] 

Carbon steel Hexamethylene tetramine HCl [23] 

Mild steel (Z)-N-(2-chlorobenzylidene) naphthalen-1-

amine dan (Z)-N-(3-nitrobenzylidene) 
naphthalen-1- amine 

HCl [24] 

 

Although there have been extensive studies on the inhibitory 

effect of molybdate-organic inhibitors and amines-based on carbon 

steel, especially in the X-52 steel pipe, research on the synergy 

between molybdate and ethoxylated fatty amine on carbon steel in 

3.5% NaCl environment has not been carried out. This paper is 

aimed to investigate the electrochemical corrosion behaviour of 

carbon steel in a 3.5% NaCl solution with a mixture of  SM and 

EFA as a corrosion inhibitor. 

2 Experimental method  

2.1 Material 

Specimens having a diameter of 15 mm and thickness of 4 mm 

were taken from the BM, HAZ, and WM of carbon steel (API 5L 

X-52 steel pipelines). The chemical compositions of the steel 

pipelines are shown in Table 2. Specimens were polished up to 2000 

grade with abrasive paper manually until the surface was like glass, 

rinsed with deionized water, and decreased in 96% ethanol. 

Table 2. API 5L X-52 steel pipelines and filler metal chemical 

compositions, (wt. %) [25] 
 

Element C Mn Si S Cu Ni Cr Mo Ti Al Nb 

Base 

metal 

0.06

5 

1.141 0.19

1 

0.00

3 

0.00

6 

0.00

5 

0.02

1 

0.002 0.01

1 

0.03

3 

0.04

1 Weld 

metal 

0.07

8 

0.253 0.33

1 

0.00

9 

0.02

4 

0.01

1 

0.02

3 

0.003 0.00

3 

0.02

1 

0.02

7 
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Filler 

EM12K 

0.09 1.12 0.20 0.00

8 

0.06

5 

      

2.2 Corrosion solutions and inhibitors 

The corrosion solution was 3.5% NaCl which was dissolved in 

distilled water as a basic solution. The mixture of corrosion 

inhibitors concentration, sodium molybdate (SM), and ethoxylated 

fatty amine (EFA) in the basic solution was 0.1% SM + 100 ppm 

EFA, 0.2% SM + 200 ppm EFA, 0.3% SM + 300 ppm EFA, and 

0.4% SM + 400 ppm EFA. The chemical structure of EFA was 

presented in Fig. 1. 

 
Fig. 1. Ethoxylated fatty amine chemical structure [26] 

2.3 Electrochemical measurement 

Electrochemical measurements were made using the 

VersaSTAT 4.0 potentiostat, VersaStudio, and the results were 

analysed using the ZSimpWin software package provided by 

Princeton Applied Research, United States. Two graphite bars and 

a saturated calomel electrode (SCE) were used as the auxiliary and 

the reference electrodes, respectively. The working electrodes were 

prepared from the X-52 steel pipelines. 

The Tafel polarization is set at -2.4 to 2.4 mV with a scan rate 

of 1 mVs-1. EIS was set at a voltage amplitude of 10 mV with 8 

points per decade and a frequency range of 0.01 to 100 kHz. 

3 Result and discussion 

3.1 Tafel polarization measurement 

The Tafel polarization diagrams of the X-52 steel pipe weld 

joint in a 3.5% NaCl solution without and with different inhibitor 

concentrations were shown in Fig. 2. Generally, the Tafel plots in 

the BM, HAZ and WM regions show that the potential corrosion 

moved in a positive direction. The corrosion current density was 

reduced less than that without inhibitors. Increasing the 

concentration of inhibitor compounds causes a decrease in the 

corrosion rate, which was indicated by the decreasing current 

density to the left. This illustrates the formation of a passive layer 

on the surface of X-52 steel [27]. 

Tafel polarization parameters such as corrosion potential (Ecor), 

corrosion current density (Icor), cathode slope (βc), and anode (βa) 

Tafel were given in Table 3. The cathodic branch represents the 

hydrogen evolution reaction, whereas the anodic branch represents 

the iron dissolving reaction under experimental conditions [12]. 

Changes in the cathodic (βc) and anodic (βa) Tafel slopes with 

increasing inhibitor concentrations indicate that SM and EFA 

changed the oxygen and hydrogen reduction reactions or iron 

dissolution mechanism occurred [28]. The difference between βc 

and βa at HAZ was slightly higher, and this difference indicates that 

this inhibitor controls both [14]. The anodic slope increased with 

increasing concentration of molybdate in the solution inhibitor 

added. However, it should be noted that this parameter was also 

influenced by the inhibitor film formed [29][30]. 

The corrosion potentials in the BM, from -572.817 to -464.160 

mV, and WM, from -621.563 to -454.148 mV regions were more 

positive at each concentration of the two inhibitors compared to the 

corrosion potential in the HAZ, from -638.447 to -525.371 mV. 

This shows that in a 3.5% NaCl solution containing SM and EFA, 

BM has the ability to act as a cathode relative to HAZ [31].  

3.2 EIS Measurement 

The Nyquist and Bode diagram for API 5L X-52 steel pipe in 

3.5% NaCl solution without and with corrosion-inhibiting 

compounds with different concentrations (Fig. 3). Table 3 shows 

the parameters of the EIS results in this test. EIS results in Table 2 

show that the charge transfer resistance value (Rct) increases with 

increasing inhibitor concentration; this may indicate that a 

protective layer was formed on the steel surface. This layer provides 

a barrier for mass and charge transfer [16]. 

 
(a) 

(b) 

 
(c) 

Fig. 2. Tafel polarization curve of X-52 steel in the area of base 

 Metal. (a) HAZ, (b) WB, and (c) in 3.5% NaCl absence and 

presence corrosion inhibiting compounds (SM and EFA) with 

different concentrations 

 

The Rct value is the resistance between the metal and the 

Helmholtz Outer Plane (OHP). The decrease in double-layer 

capacitance, Cdl, can be caused by a decrease in the local dielectric 

constant and an increase in the thickness of the electric double layer; 

this indicates that the corrosion inhibitor compound molecules 

function by adsorption at the metal/solution interface [14]. The 

inhibition efficiency was calculated from EIS measurement with eq. 

(1). 

𝐼𝐸% = (1 −
𝑅𝑓

𝑅𝑐𝑡
)                               (1) 

where 𝑅f and 𝑅𝑐𝑡 are the charge transfer resistance in the absence 

and presence of the inhibitor, respectively, based on Table 4, the 

highest inhibitor efficiency was achieved when the concentration of 

the SM was 0.4%, and EFA was 400ppm, and this occurred in BM, 

WM and HAZ. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 3. (a, c, d) Nyquist and Bode and (b, d, f) diagrams for X-52 pipeline steel in 3.5% NaCl absence and present corrosion inhibitor 
compounds with different concentration 

Table 3. Tafel polarization parameters of steel X-52 in the BM, 

HAZ, and WM regions in 3.5% NaCl at different concentrations of 

SM and EFA  
Regions Na2MoO4 

(%) 

EFA 

(ppm) 

Vcor, 

(mVSCE) 

CR 

(mmpy) 

Icor 

(μA/cm2) 

βc 

(mV/dec) 

βa 

(mV/dec) 

Base 
Metal 

0 0 -572.817 0.298 51.713 185.984 63.314 

0.1 100 -526.287 0.173 26.476 118.430 118.430 

0.2 200 -546.803 0.324 46.738 148.000 148.000 

0.3 300 -513.511 0.499 77.275 181.788 181.788 

0.4 400 -464.160 0.067 10.330 115.938 115.938 

HAZ 

0 0 -638.447 0.722 125.170 175.774 80.222 

0.1 100 -864.108 0.673 97.104 186.713 186.713 

0.2 200 -534.632 0.249 38.672 118.365 118.365 

0.3 300 -538.234 0.748 134.472 122.395 122.395 

0.4 400 -525.371 0.079 12.051 90.227 90.227 

Weld 
Metal 

0 0 -621.563 0.364 63.078 162.973 73.813 

0.1 100 -515.006 0.186 26.787 98.269 98.269 

0.2 200 -529.238 0.569 88.228 117.607 117.607 

0.3 300 -480.484 0.124 19.185 99.195 99.195 

0.4 400 -454.148 0.102 15.832 100.025 100.025 

Magnitude in the Bode diagram of API 5L X-52 steel in 3.5% 

NaCl solution without and with corrosion inhibitor compound 

shows an increase in the impedance magnitude at low frequencies, 

as shown in Figures 3b, d, and f. This confirms that the higher the 

inhibitor concentration, the higher the corrosion protection on the 

steel surface [33]. 

Considering the Nyquist and Bode plots in Fig. 3 for the 

corrosion inhibitors SM and EFA, two-time constants appear. One 

in the medium-high frequency range is related to the corrosion 

process as well as the Mo-rich film layer between the steel surface 

and the Mo ions. The second in the low-frequency range is 

associated with the formation of the second metal oxide/hydroxide 

layer [34] or corresponds to the charge transfer process that occurs 

on the steel surface [35]. Table 4, the Rct value increased 

significantly after the addition of inhibitors at BM from 644.7 to 

982.6 Ω.cm2; at HAZ from 414.0 to 813.1 Ω.cm2; at WM from 639.0 

to 692.5 Ω.cm2; which reflects that all inhibitors have an inhibitory 

effect on the carbon steel surface. The values of electric double 

layer capacitors (Cdl) and film capacitors (Cf) show a decreasing 
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trend at BM from 1.58E-4 to 1.47E-4 F.cm2; at WM from 1.32E-4 

to 1.04E-4 F.cm2; except at HAZ from 1.19E-4 to 1.86E-4; which 

was due to the fact that the dielectric constant of corrosion inhibitors 

was smaller than that of water and the absorption of inhibitors 

increased in width. The electrical double coating on the surface of 

the steel results in a significant reduction in capacitance [35]. 

Table 4. EIS results of X-52 steel in the area of BM, HAZ, and WM 

in 3.5% NaCl without and with corrosion-inhibiting compounds 

(SM and EFA) with different concentrations 
Region Na2MoO4 

(%) 
EFA  

(ppm) 
Rs  

(Ωcm2) 
Cf  

(Fcm2) 
Rf 

(Ωcm2) 
Cdl 

(Fcm2) 
Rct 

(Ωcm2) 
IE  

(%) 

BM 

0 0 4.189 2.23E-04 349.400 - - - 

0.1 100 4.124 3.74E-05 44.620 1.58E-04 644.7 87.9 

0.2 200 2.079 2.62E-05 26.910 1.90E-04 445.8 89.5 

0.3 300 1.720 5.50E-05 63.590 2.04E-04 325.5 90.3 

0.4 400 2.903 2.99E-05 63.160 1.47E-04 982.6 93.0 

HAZ 

0 0 0.179 2.68E-05 318.000 - -  

0.1 100 3.139 1.98E-05 35.520 1.19E-04 414.0 85.9 

0.2 200 2.888 1.77E-05 51.630 1.43E-04 477.0 87.7 

0.3 300 2.311 3.32E-05 63.770 1.93E-04 172.4 87.6 

0.4 400 2.581 4.45E-05 40.870 1.86E-04 813.1 91.5 

WM 

0 0 0.099 2.63E-04 392.800 - -  

0.1 100 2.299 1.50E-05 43.500 1.32E-04 639.0 90.8 

0.2 200 2.378 5.01E-05 44.500 2.25E-04 184.6 86.9 

0.3 300 2.665 3.42E-05 58.530 1.93E-04 507.2 90.4 

0.4 400 4.859 1.86E-05 62.210 1.04E-04 692.5 92.2 

4 Conclusions 

1. In general, in the BM, HAZ, and WM areas, the corrosion 

potentials shift to a positive direction, and the corrosion rate 

density moves to the left so that the mixed compound between 

sodium molybdate and the ethoxylated fatty amine was 

predicted to be an anodic inhibitor. 

2. Two-time constants appear, the first in the medium-high 

frequency range associated with the corrosion process between 

the metal surface and Mo ions and the second in the low-

frequency range, which was related to the formation of both 

metal oxide/hydroxide layers. 

3.  The most excellent inhibitor efficiency when the concentration 

of the SM was 0.4% and EFA was 400 ppm occurred in BM, 

WM, and HAZ, respectively 
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