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Abstract 

 
The oil industry uses carbon steel in extraction and drilling equipment, 

transportation pipelines, and hydrocarbon storage tanks. Extracted oil and gas 

contains congenital water, which, due to it is characteristics, is an electrolyte 

capable of accelerating corrosion, seriously impacting the oil industry. The 

behavior of carbon steel with and without surface defects exposed to 

congenital water was studied using electrochemical techniques such as Linear 

Polarization Resistance [LPR], Potentiodynamic Polarization [PC] Curves, 

and Electrochemical Impedance Spectroscopy [EIS] on different days of 

exposure. According to the results, carbon steel without defects exhibits 

activation corrosion as exposure time progresses, forming corrosion products 

that adhere to and provide protection on the metal surface, while carbon steel 

with surface defects forms corrosion products with minimal protection. 
 

Objetive  Metodology  Contribution 

     

* Evaluate the 

corrosion of carbon 

steel in congenital 

water. 

 

 
 

*Calculate the 

corrosion rate. 

 

*Promote prevention 

and control strategies 

for the oil industry. 

 

 

 
*Electrochemical 

Tecniques: RPL, 

EIS, PC 

*Biologic 

Potenciostat. 

*Standars ASMT 

G59-97   

ASTM G5-94 

 * Carbon steel 

evaluated using 

electrochemical 

methods 

 
 

* Steel protection 

in the oil industry. 

 
 

Corrosión, Carbon Steel, Congenital Water 

 

Resumen 

 
La industria petrolera utiliza el acero al carbono en equipos de extracción, 

perforación, tuberías para transporte y tanques de almacenamiento de hidrocarburos. 

El petróleo y gas extraído contiene agua congénita que debido a sus características 

es un electrolito capaz de acelerar la corrosión dejando graves afectaciones a la 

industria petrolera. Se estudió el comportamiento del acero al carbono con defecto 

y sin defecto de superficie expuesto en agua congénita a través de técnicas 

electroquímicas de Resistencia a la Polarización Lineal, Curvas de Polarización 

Potenciodinámicas y Espectroscopía de Impedancia Electroquímica a diferentes 

días de exposición. De acuerdo a los resultados el acero al carbono sin defecto 

presenta corrosión por activación conforme transcurre el tiempo de exposición 

formando productos de corrosión que se adhieren y otorgan protección sobre la 

superficie del metal, mientras que, cuando tiene defecto de superficie forma 

productos de corrosión con mínima protección. 

 
Objetivos  Metodología  Contribución 

     

 

*Evaluar la corrosión 

del acero al carbono 

en agua congénita. 
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control para la 

industria petrolera. 
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Introduction 

 

When common steel is exposed to tropical, 

saline or industrial environments, its internal 

composition is affected by contaminants such as 

humidity, temperature, chlorides, sulphates or 

airborne particles [Gallardo, et al., 2023]. 

 

Congenital or formation water is salt 

water found within rock, associated with the 

presence of hydrocarbons. It contains dissolved 

salts, such as calcium and sodium chlorides, 

sodium carbonates, potassium chlorides, 

calcium or barium sulphates, among others; it 

may even contain some metals. The 

concentration of these components can have 

negative impacts on the environment and cause 

corrosion when not handled and disposed of 

properly [Schlumberger, 2016]. 

 

The characteristics and physical 

properties of congenital water vary considerably 

depending on the geographical location of the 

well, the geological formation with which the 

water has been in contact for thousands of years, 

and the type of hydrocarbon being produced, as 

well as the chemical composition of the oil and 

gas phases in the reservoir and the chemicals 

added during the process [NOM-143 -Semarnat, 

2004].  

 

These properties and volume may even 

vary throughout the life cycle of the reservoir 

[Gonzáles, 2025]. 

 

Corrosion can be defined as the chemical 

or electrochemical reaction of a metal or alloy 

with its surrounding environment, resulting in 

the deterioration of its properties. It can also be 

defined from a more chemical point of view as 

the transition of a metal from its solid form to its 

ionic or combined form with the transfer of 

electrons to a non-metal such as oxygen or 

sulphur, In other words, through corrosion, the 

combined form is returned, forming oxides, 

sulphides, and hydroxides [Gallardo, et al., 

2023]. 

 

The use and application of metallic 

materials in economic and industrial sectors 

involves direct and indirect costs associated with 

corrosion. It is often the case that, if preventive 

maintenance is not applied to metallic structures, 

they will suffer generalised and/or localised 

corrosion involving pollutants such as chlorides 

and sulphates, which are substances found in 

water.  

Therefore, it is vitally important to carry 

out research projects to propose solutions to 

these problems in order to prevent the 

deterioration of industrial structures or 

equipment materials [Popoola, et al, 2013]. 

 

The objective of this work is to evaluate 

the corrosion of carbon steel when in contact 

with congenital water as an electrolyte, using 

electrochemical techniques. 

 

The contribution focuses on the scientific 

field and the oil sector to provide research on 

carbon steel used in the oil industry that is in 

continuous contact with hydrocarbons with 

significant concentrations of congenital water, 

including for the disposal of congenital water 

used in the separation of oil and crude oil, with 

comprehensive and relevant results. 

 

 These sectors use carbon steel in their 

essential activities, where it is impossible to 

eliminate congenital water, leading to serious 

corrosion damage. It is essential that the studies 

be conducted from a realistic point of view 

where variables such as the rate of corrosion as 

a function of exposure time to the electrolyte can 

be quantified in order to assess the deterioration 

of carbon steel, making it easier to establish the 

logistics for prevention and control strategies, 

since the results obtained can be used to apply 

ideal protection to the metal [Elgaddafi, 2020]. 

 

Methodology 

 

The carbon steel used is that used in the oil 

industry for the transport of oil, gas and other 

fluids. The rectangular samples measure 10 cm 

x 8 cm, with and without cross-shaped surface 

defects. The electrolyte used to form the 

electrochemical cell corresponds to samples of 

congenital water from the Campo San Andrés 

‘Congenital Water Transfer Plant,’ which is rich 

in chlorides and sulphates that accelerate 

corrosion in metal infrastructure [NOM-143-

Semarnat, 2004]. The electrochemical tests were 

performed with a Biologic potentiostat linked to 

a computer with EC-Lab software installed to 

receive the data collected from the tests 

performed within this same system, Figure 1. To 

perform the electrochemical techniques, an 

electrochemical cell with a three-electrode 

system was used; a reference electrode 

[silver/silver chloride Ag/AgCl], an auxiliary 

electrode [graphite rod] and a working electrode 

[carbon steel].  

 

https://doi.org/10.35429/JCPE.2025.12.31.4.1.7
https://doi.org/10.29356/jmcs.v67i4.2041
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Similarly, congenital water was used as 

the electrolyte, representing the aggressive 

medium in real conditions [López León, 2008]. 

 

The first electrochemical test performed 

is the Linear Polarisation Resistance [Rp] test, 

according to ASTM G59-97 with a system 

amplitude signal of ± 30 mV, using a scan rate 

of 0.1667 mV/sec. This is a low-field non-

destructive technique, since a low signal is 

needed to obtain better results without damaging 

the material, which is why it is performed first 

[Liu, et al., 20025]. 

 

The second technique used was 

Electrochemical Impedance Spectroscopy [EIS], 

which establishes that the ideal disturbance or 

amplitude signal for this study system will be ± 

10 mV, with a frequency of 0.01 - 10,000 Hz 

[Lugo et al., 2023]. 

 

The last test was Potentiodynamic 

Polarisation Curves, a direct current technique 

where the surface of the material being evaluated 

is affected. For this technique, a signal of ± 250 

mV is applied, with a sweep speed of 0.166 mV/s, 

and is applied until the end, since the use of high 

disturbances in electrical signals makes it a 

destructive test [ASMT, G5-94 2011]. 

 

Box 1 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 

Electrochemical cell and EC Lab potentiostat.  
Source: Own elaboration 

 

Results 

 

Table 1 presents the results from electrochemical 

tests on carbon steel, showing the corrosion 

potential [Ecorr], polarisation resistance [LPR], 

current density [icorr] and corrosion rate [Vcorr]. 

Together, they reveal the behaviour of each of 

the plates analysed in congenital water [Mubarak 

et al., 2023]. 

 

Box 2 

Table 1 

Results for carbon steel without defects and 

with surface defects exposed to congenital 

water for different exposure times. 

 
t, Days LPR, 

Ω.cm2 

icorr, 

mA/cm2 

Ecorr, V Vcorr, 

mm/año 

Without defect 

0 

8 

16 

24 

32 

41 

1.79 

0.26 

1.05 

7.21 

2.30 

4.25 

2.85 E-03 

1.95 E-02 

4.85 E-03 

7.11 E-04 

2.22 E-03 

1.20 E-03 

0.97 

0.17 

0.61 

4.05 

1.38 

2.34 

0.03 

0.22 

0.05 

0.00 

0.02 

0.01 

With defect 

0 

8 

16 

24 

32 

41 

0.94 

0.12 

1.22 

1.34 

1.23 

1.51 

5.44 E-03 

4.02 E-02 

4.19 E-03 

3.80 E-03 

4.15 E-03 

3.39 E-03 

0.53 

0.07 

0.71 

0.79 

0.74 

0.92 

0.06 

0.46 

0.04 

0.04 

0.04 

0.03 

Source: Own elaboration 
 

Figure 2 shows how carbon steel behaves 

when exposed to congenital water. It can be seen 

that on days 0 and 8 of exposure, the 

electrochemical system under study experienced 

greater corrosion due to the activation control or 

charge transfer of electrons migrating from the 

metal substrate to the electrolyte, compared to 

the last few days.  

 

As time passed, we reached the last days 

[24, 32, and 41], where we can see the presence 

of a film of corrosion products that tend to 

adhere to the surface of the substrate in order to 

passivate the reaction and give it greater 

resistance to the electrochemical corrosion that 

takes place in the experiment [Ortiz Pérez, 2025]. 

 

Box 3 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 

Results from the Rp technique for defect-free 

carbon steel at different exposure times.  
Source: Own elaboration 
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Figure 3 shows the behaviour of carbon 

steel with defects in contact with congenital 

water. The diagram shows that on day 0 of 

exposure, corrosion occurs due to activation or 

charge transfer because the steel is forming 

corrosion products.  

 

After 4 days of exposure, there is an 

overpotential of corrosion compared to the other 

days, due to activation control at the metal-

electrolyte interface. From day 16 onwards until 

day 41, greater corrosion resistance is observed 

as the corrosion products are deposited on the 

metal surface over time, giving it a self-

protective effect [Liu, et al., 20025]. 

 

Box 4 

 

 
Figure 3 

Results from the Rp technique for carbon steel 

with defects at different exposure times.  
Source: Own elaboration. 

 

The results obtained using EIE in Bode 

for carbon steel without surface defects [Figure 

4, on day 0 and day 8, show a time constant in 

the high and intermediate frequency range, 

which visualises the process of corrosion 

product formation due to charge transfer 

corrosion; at low frequencies, there is diffusion 

of electroactive species. 

 

On days 16 to 41, an increase in charge 

transfer corrosion can be observed as a result of 

the decrease in the phase angle at medium 

frequency. However, at low frequency, 

Warburg-type impedance or diffusion control 

can be observed, which means that the corrosion 

products formed at the interface intervene in the 

diffusion of electroactive species that promote 

corrosion.  

 

A capacitive interface forms a film of 

products capable of protecting the metal surface 

[Lugo et al., 2023]. 

 

Box 5 

 

 
Figure 4 

EIE in Bode-Phase angle for defect-free 

carbon steel at different exposure times.  

Source: own elaboration. 

 

In Figure 5 of the Bode diagram, on day 

0 and day 8, two time constants are shown in the 

high and intermediate frequency range, which 

visualise the process of corrosion product 

formation and charge transfer, respectively. 

 

On days 16, 24, 32 and 41, a time 

constant attributed to the charge transfer process 

can be observed. Additionally, it can be 

observed that, during these four exposure times, 

the phase angle shifted to low frequencies, 

attributing this behaviour to generalised 

corrosion. 

 

 There is a resistive interface, which is 

considered to be the transition of iron from a 

solid state to an ionic state, i.e. it corrodes. On 

days 24, 32 and 41, there is a shift from a 

resistive interface to a capacitive interface, 

indicating that the corrosion products are 

semiconductors and therefore form a compact 

film that can protect the steel surface [Gallardo, 

et al., 2023]. 

 

Box 6 
 

 
Figure 5 

EIE in Bode-Phase angle for carbon steel with 

defects at different exposure times. 

Source: Own elaboration. 
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Figure 6 shows the polarisation curve 

when carbon steel has no defects. In the anodic 

branch, the oxidation reaction controlled by a 

charge transfer or metal dissolution process can 

be seen, but at the end of the curve, the anodic 

slope increases considerably, indicating that the 

film of corrosion products is deposited on the 

surface of the carbon steel, while in the cathodic 

branch there is a rapid kinetics for oxygen 

reduction [Mubarak et al., 2023]. 

 

Box 7 

 

 
Figure 6 

CP for carbon steel without defects exposed to 

congenital water at the end of its exposure to 

congenital water.  

Source: Own elaboration. 

 

When steel has surface defects, Figure 7, 

the oxidation reaction is controlled by a charge 

transfer process with rapid dissolution kinetics 

compared to when the sample has no defects. In 

the anodic region, a chemical reaction can be 

observed that keeps the corrosion density 

constant, verifiable by the Tafel slope, indicating 

that a layer of corrosion products is adsorbed on 

the surface of the carbon steel, partially isolating 

the metal surface from the electrolyte.  

 

Meanwhile, in the cathodic branch, the 

current density is attributed to the process of 

reduction and diffusion of oxygen from the 

electrolyte to the substrate surface. The 

polarisation curves do not correspond solely to 

charge transfer, so this behaviour suggests a 

contribution from the mass transfer process in 

the anodic reaction. Figures 6 and 7 show a 

mixed control [ASMT, G59-97, 2010]. 

 

 

 

 

 

 

Box 8 

 

 
Figure 7 

CP for carbon steel with defects exposed in 

congenital water at the end of its exposure in 

congenital water.  

Source: Own elaboration. 

 

Figure 8 shows the initial physical 

conditions for defect-free and defective carbon 

steel before exposure to congenital water to 

assess its behaviour in the face of corrosion 

[González, 2025]. 

 

Box 9 

 

 

 

 

 

 

 

 

 

Figure 8 

Carbon steel with and without surface defects 

before exposure to congenital water.   

Source: Own elaboration. 

 

Figure 9 shows carbon steel without 

defects after the application of electrochemical 

techniques. Corrosion products are observed on 

the surface in contact with water as an electrolyte, 

specifically iron oxide films on the contact 

surface. When carbon steel has a cross-shaped 

defect at the end of the application, iron 

corrosion products can be observed adhering to 

the contact surface between the metal and the 

electrolyte. Iron oxides and hydroxides form due 

to the corrosive characteristics of congenital 

water, a phenomenon known as generalised 

corrosion due to its uniform appearance of 

corrosion across the entire surface. 

 

 These products have rapid formation 

kinetics and a high solubility product constant, 

so they generally detach from the surface.  
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However, they can sometimes remain 

adhered, as observed in this case, and slightly 

reduce the corrosion rate due to their self-

protective effect [Lugo et al., 2023]. 

 

Box 10 

 

 

 

 

 

 

 

 

Figure 9 

Flawless and flawed carbon steel after 41 days 

of exposure to the electrolyte.  

Source: Own elaboration. 

 

Conclusions 

 

This study evaluates the corrosive effect of 

carbon steel exposed to congenital water 

accompanying hydrocarbons during extraction, 

causing damage to the metal infrastructure of the 

oil industry. 

 

The corrosion rate of carbon steel 

obtained using the Rp technique in the early days 

is due to activation corrosion, which decreases 

over time due to the formation of corrosion 

products at the interface. Carbon steel has a 

capacitive interface that transitions to a resistive 

interface as a result of iron dissolution. 

 

Using the EIE technique, it was observed 

that the response of carbon steel corresponds to 

a resistive interface, i.e., it corrodes easily since 

the congenital water corresponds to a brine with 

a concentration of salts that favour uniform 

corrosion, with rapid anodic reaction kinetics 

with mixed control. This means that the steel 

corrodes, especially when it has surface defects, 

causing a serious problem, mainly for the oil 

sector, which uses it in its activities. Although it 

is not a material that is resistant to congenital 

water, its use cannot be abandoned, and the most 

appropriate evaluation, prevention and control 

strategies must be employed. 

 

In this situation, it is recommended to 

continue applying corrosion inhibitors for 

internal environments, coatings for external 

corrosion and cathodic protection for both.  

 

In addition, materials such as galvanised 

materials that show generalised corrosion should 

be tested in order to offer materials with slower 

corrosion rates in the presence of excess salts, 

chlorides and organic acids, which are 

fundamental components of congenital water 

[Renpu, et al., 2011]. 
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