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The H,S corrosion inhibition of X-120 pipeline steel by using carboxyethylimidazoline has been
evaluated by using electrochemical techniques. Electrochemical techniques include polarization
curves, linear polarization resistance, electrochemical impedance spectroscopy and electrochemical
noise measurements. Testing solutions includes H,S-containing 3% NaCl with different inhibitor
concentrations (0, 16, 32, 80, 160 and 332 umol I'*) at 50 °C. Different techniques have shown that by
adding 160 pmol I'* of carboxyethylimidazoline the susceptibility to both uniform and localized
corrosion decreases.
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1. INTRODUCTION

Because of its importance in several industries, corrosion of steel in hydrogen sulfide (H,S)-
containing solutions is a well-known phenomenon that has been investigated for many years. One of
these industrial processes is oil and gas production and transport. Produced fluids include CO,, H,S
and chlorides that in combination with water make these media highly corrosive [1, 2]. Oilfield
corrosion manifests itself in several forms, among which CO, corrosion (sweet corrosion) and
hydrogen sulfide (H,S) corrosion (sour corrosion) in the produced fluids and corrosion by chloride and
oxygen dissolved in water injection are by far the most prevalent forms of attack found in oil and gas
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production [3]. Recently, H. Ma et al. [4] found that H,S can either accelerate or inhibit corrosion of
iron under different experimental conditions such as H,S concentration and solution pH. The inhibition
effect of H,S is attributed to the formation of an FeS protective film for H,S concentrations below 40
umol cm™. Similarly, Abelev et al. [5] has examined the effect of H,S at ppm level concentrations on
iron corrosion in 3 wt.% NaCl solutions saturated with CO; in the temperature range of 25-85 °C
using electrochemical and surface science techniques. Small H,S concentrations (5 ppm) have an
inhibiting effect on corrosion in presence of CO; at temperatures from 25 to 55 °C. At 85 °C, however,
50 ppm H,S is needed to provide significant corrosion inhibition. At higher H,S concentrations, the
corrosion rate rapidly increases, while still remaining below the rate for the H,S-free solution.
Similarly, E-Maksoud [6] studied the behaviour of steel in acidic media. Factors affect the inhibition
efficiency of the organic compounds in acidic media were discussed; the effect of the structure, the
effect of zero- charge potential and the effect of synergistic effect. Different additives of organic
compounds with different active centers were used to prevent corrosion in acidic solutions. Thus, these
research works reports a peaking effect of inhibitor concentration ascribed to the formation of an
inhibitive film which then breaks down at higher concentrations. Dislike these works, Tang et al. [7]
has studied the electrochemical behavior of SAE-1020 carbon steel in 0.25 M Na,SO, solution
containing different concentrations of H,S at 90 °C using weight loss, electrochemical measurements,
scanning electron microscopy (SEM) and X-ray diffraction (XRD) techniques. Results have shown
that the corrosion rate of carbon steel increases significantly with the increase of H,S concentration.
H,S accelerates the corrosion rate of SAE-1020 carbon steel by a promoted hydrogen evolution
reaction.

Because of its implications in different industries, corrosion of steel in H,S-containing
solutions is a well-known phenomenon that has been investigated during many years [7, 8]. The
injection of corrosion inhibitor is a standard practice in oil and gas production systems to control
internal corrosion of carbon steel structures. Nitrogen-based organic inhibitors such as imidazolines or
their salts have been successfully used in these applications even without an understanding of the
inhibition mechanism [9-10]. The corrosion inhibition of organic compounds is related to their
adsorption properties which depend on the nature and the state of the metal surface, the type of
corrosive environment and the chemical structure of the inhibitor [11-13].

Among the different electrochemical techniques that can be used to evaluate inhibitors,
electrochemical impedance spectroscopy (EIS) appears as a powerful tool for the information that it
can provide, in addition to traditional techniques such as polarization curves or linear polarization
resistance (LPR) measurements. However, electrochemical noise (EN) measurements have also been
successfully applied to the study performance of corrosion inhibitors [14-18]. These measurements are
made without any external perturbation of the system, and provide information of the actual system
being studied with little possibility of artifacts due to the measurement technique.

EN technique involves the estimation of the electrochemical noise resistance, Rn, which is
calculated as the standard deviation of potential, oy divided by the standard deviation of current o;,

n=ala [1]
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where R, can be taken as the linear polarization resistance, R, in the Stern-Geary equation

|- bb 1

o 2.3(b, +b) R,

thus, inversely proportional to the corrosion rate, leor, but with the necessary condition that a

trend removal has to be applied over an average baseline as previously established [19]. It has been
demonstrated that the noise signal contains information about the dynamics that occur on the surface of
the electrode, giving information about the type of corrosion that is occurring, either uniform or
localized. Thus, the aim of this work is to study the performance of a simple organic compound,
carboxyethylimidazoline, as an H,S corrosion inhibitor of APl X-120 pipeline steel by using different
electrochemical techniques such as polarization curves, LPR, EIS and, particularly, EN measurements.

[2]

2. EXPERIMENTAL PROCEDURE

2.1. Testing material

Material tested was an API X-120 with a chemical composition as given in table 1.

Table 1. Chemical composition of X-120 pipeline steel / wt.%.

C Si Mn P S Cr Mo Ni A\| Co
0.027 024 100 0.003 0.004 042 0.18 1.35 0.045 0.004
Cu Nb Ti Fe

0.010 0.024 0.015 96.6

Slab samples were heated at 1250 °C, increasing the temperature from room temperature at a
rate of 0.4 °C s, soaked during 90 minutes and immediately hot rolled. Initially slab rough rolling was
done in five passes within 1250-1098 °C range. Then, the rough rolling was followed by a cooling
period until an experimental initial temperature for the final rolling procedure of 1051 °C was reached.
A finishing total deformation of 37 % was achieved also in five passes ending at 867 °C. The second
and third cooling procedures were performed from 867 during 30 minutes and then water quenched
resulting in an acicular ferrite + martensitic microstructure. Cubic specimens measuring 1.0 cm in
length with a copper wire welded to make electric contact were cut, embedded in epoxy resin, with an
exposed area of 1.0 cm?, abraded with 600 grade emery paper, rinsed with distilled water, acetone, and
dried under an air flow.

2.2. Testing solution

Inhibitor used in this work was a commercial carboxyethylimidazoline with a general structure
as shown on Fig. 1, which is composed of a five member ring containing nitrogen elements, a C-14
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saturated hydrophobic head group and a pendant, hydrophilic carboxyamido group attached to one of
the nitrogen atoms. Inhibitor was dissolved in pure 2-propanol. Concentrations of the inhibitor used
in this work were 0, 16, 32, 80, 160 and 332 umol I and the temperature kept constant at 50 °C with a
hot plate. The testing solution consists of 3% NaCl solution, heated, de-aerated with nitrogen gas, and
H,S was produced by reacting 3.53 mg I"* sodium sulfide (NazS) with 1.7 mg I acetic acid. Inhibitor
was added 2 hours after pre-corroding the specimen by using a micro syringe.

CH,
(CHy)ss
(0]
7 /
N N—C
\
NH,

CH, CH,

Figure 1. General structure of carboxyethylimidazoline.

2.3 Electrochemical measurements

Electrochemical techniques employed included potentiodynamic polarization curves, linear
polarization resistance (LPR), electrochemical impedance spectroscopy (EIS), and electrochemical
noise (EN) measurements in both current and voltage. Measurements were obtained by using a
conventional three electrodes glass cell with two graphite electrodes symmetrically distributed and a
saturated calomel electrode (SCE) as reference with a Lugging capillary bridge. Polarization curves
were recorded at a constant sweep rate of 1 mV s within an interval of +£300 mVsce with respect to
the open circuit potential value, Ecor. Corrosion current density values, lcor, Were calculated by using
the Tafel extrapolation method and by taking an extrapolation interval of £250 mVgsce around the Ecorr
value once stable. Inhibitor efficiency, n, was calculated as follows

77 (%) = (ICOI‘I‘ - I,corr)/lcorrx 100 [3]

where "o and leor are the corrosion current with and without inhibitor respectively. LPR
measurements were carried out by polarizing the specimen 10 mVsce with respect to Ecor, at a
scanning rate of 1 mV s™ every 20 minutes during 24 hours. EIS tests were carried out at the open
circuit potential value by using a signal with amplitude of 10 mVsce and a frequency interval of 0.1
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Hz-30 kHz. An ACM potentiostat controlled by a desk top computer was used for the LPR tests and
polarization curves, whereas for the EIS measurements, a model PC4 300 Gamry potentiostat was
used. Finally, EN measurements in both current and potential were recorded using two identical
working electrodes and a reference electrode (SCE). Electrochemical noise measurements were made
recording simultaneously the potential and current fluctuations at a sampling rate of 1 point per second
for a period of 1024 seconds. For the readings in current, two identical working electrodes with the
same exposed area were used, whereas for the readings in potential, a SCE electrode was used. A fully
automated zero resistance ammeter (ZRA) from ACM instruments was used in this case. Removal of
the DC trend from the raw noise data was the first step in the noise analysis when needed. To
accomplish this, a least square fitting method was used. Finally, the noise resistance, R, was then
calculated as the ratio of the potential noise standard deviation, oy, over the current noise standard
deviation, i, according to Eq. [1].

3. RESULTS AND DISCUSSION.

The effect of carboxyethylimidazoline concentration in the polarization curves of X-120 steel
in H,S-containing 3 % NaCl solution at 50 °C is shown in Fig.2.
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Figure 2. Effect of carboxyethylimidazoline concentration in the polarization curves for X-120 steel in
H,S-containing 3% NaCl solution.

In all cases, the steel shows only an active behavior, anodic dissolution, without evidence of a
passive layer. The shape of the curve practically remains the same with the addition of either 16 or 32,
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umol I'* of carboxyethyl-imidazoline. The Ecor value for all the inhibitor concentrations lies between -
815 and -755 mVscg, except for 80 and 160 pmol I which have Ecor values of -516 and -340 mVsce
respectively. The corrosion current density values, leon, lies between 6 and 200 nA cm™ respectively.
The lowest corrosion rate and noblest Ecy values are obtained with 160 pmol I of
carboxyethylimidazoline, althoug a significant reduction in the corrosion rate is reached with the
addition of 80umol I of carboxyethylimidazoline, obtaining an I value of 40 nA cm™. Table 2
summarizes the electrochemical values obtained from polarization curves. Table 2 and Fig. 3 show that
the lowest corrosion rate is obtained by adding 160 umol I of carboxyethylimidazoline. Lower or
higher inhibitor concentrations reduces the inhibitor efficiency.

Table 2. Electrochemical parameters obtained from polarization curves in the H,S-containing 3%
NaCl solution

Inhibitor concentration

mol I
0 -774 200 —
16 -785 90 55
32 -814 80 60
80 -516 40 80
160 -340 6 97
332 -743 150 25
0.25
0.20 |-m
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Figure 3. Effect of carboxyethylimidazoline concentration in the I Value for X-120 steel in H,S-
containing 3% NaCl solution.
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The change in the R, values with time for X-120 steel in the H,S-containing 3% NaCl solution
as a function of carboxyethylimidazoline concentration is shown on Fig. 4. It can be seen that the
highest R, value and thus the lowest Il value, is obtained with 160 upmol I' of
carboxyethylimidazoline, remaining more or less constant as time elapses. On the other hand, the
lowest Ry, is obtained for the blank, uninhibited solution.
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Figure 4. Effect of carboxyethylimidazoline concentration on the change in the R, value with time for
X-120 steel in H,S-containing 3% NaCl solution.

All the R, values decrease with time, except that for 160 pmol I of carboxyethylimidazoline.
In solutions containing H,S, the corrosion process of iron and carbon steel is generally accompanied
by the formation of an iron sulfide film [19, 20]. The fact that R, decreases with time, suggests the
non-protective nature of the corrosion products film. This film is a non-adherent layer which can be
easily removed from the steel surface and can not passivate the steel surface under the environmental
conditions used here. The protectiveness of the inhibitor film depends, among other factors, upon the
adherence and stability of the inhibitor on this iron sulfide film. Generally speaking, it has been
accepted that organic inhibitors form a protective layer on the surface of the metal. However, the
decrease in the R, value shows that this film inhibitor is unstable and detached from the metal surface,
except for 160 pmol I"* carboxyethylimidazoline, where the film formed by inhibitor is more stable.

Nyquist data for the X-120 steel in the uninhibited H,S-containing 3 % NaCl solution is shown
in Fig. 5. The impedance spectra show one capacitive like, depressed semicircle at high frequency
values, and a second semicircle at intermediate and lower frequency values. The high frequency
semicircle is related to the double electrochemical layer, whereas the second, lower frequencies
semicircle represents the sulfide iron film. In such a process, the high frequency semicircle diameter,
which is the charge transfer resistance, R, is equivalent to the linear polarization resistance value, Ry.
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The semicircle diameter increases during the first hours but after this time it decreases in the same way
as Rp did in Fig. 4. The fact that the semicircle diameter increases first and after a while it decreases
suggests the non-protective nature of the corrosion products film. However, after a few hours, the
semicircle diameter decrease as time elapses, indicating an increase in the corrosion rate.
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Figure 5. Nyquist diagram for X-120 steel in uninhibited H,S-containing 3% NaCl solution.

In H,S-containing solutions, the corrosion process of iron and steel is generally accompanied
by the formation of an iron sulfide film [3-5, 21-22]. Thus, the increase in impedance is due to the
growth of this iron sulfide film. The decrease in the semicircle diameter, and thus the impedance,
indicates that film growth continues until a critical thickness, after which the film cracks and is
detached from the metal surface. This is in agreement with the results reported by Vedage et al. [22]
for 4130 steel in H,S solution at 95 °C, finding that the corrosion process for short times is film
diffusion limited, whereas for longer times a steady state was reached at which the film growth was
balanced by its dissolution into the aqueous phase, leading to a limited film thickness. Wuang et al.
[23], working with carbon steel in H,S solution at 25 °C reports at an early stage one large semicircle
with its impedance increasing with time. At a later stage, the precipitation of sulfide film revealed the
presence of a second capacitive semicircle at lower frequency values. In a similar way, Arzola et al
[24], working with X-70 pipeline steel in a H,S-containing 3 wt. % NaCl solution at 25 °C, reports that
the Nyquist diagrams shows the presence of one loop at high frequencies and an uncompleted loop at
lower frequencies. However, when used the 3% NaCl solution under dynamic conditions, using 1000
rpm in a rotating disc electrode, only one capacitive-like semicircle is found, similar to the one found
in this work. Under static conditions, the increase in the semicircle diameter value with time during
the first hours has been reported [24] to be due to the growth of an iron sulfide film, whereas the
decrease in the semicircle diameter was related to the dissolution of this film.
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The effect of carboxyethylimidazoline concentration in the Nyquist diagrams X-120 steel is
shown in Fig. 6.
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Figure 6. Effect of carboxyethylimidazoline concentration in the Nyquist diagrams for X-120 steel
immersed in H,S-containing 3% NaCl solution.
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Figure 7. Nyquist diagram for X-120 steel in H,S-containing 3% NaCl solution with 160 umol/l of
carboxyethylimidazoline.
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It can be seen that, in all cases, except for the addition of 160 pmol/l of
carboxyethylimidazoline, the data describes a deppressed, capacitive-like, semicrcle at high frequency
values and second semicircle at intermediate frequencies, similar to that shown by uninhibited
solution in Fig. 5. When 160 pmol I"* of carboxyethylimidazoline are added, a third semicrcle emerges
at lower frecuencies, Fig. 7, whch is attributed to an inhibitor-formed film. In this case, the semicircle
diameter remains more or less constant during the first hours, but after this time, the semicircle
diameter deceases with time, indicating an increase in the corrosion rate. According to Ramachandran
et al. [14] the film formed by the presence of long hydrocarbon chains in the structure of the
imidazoline acts as a protective barrier against aggressive ions from the bulk solution. The change in
the impedance modulus with time for the different inhibitor concentrations, [Z], is shown in Fig. 8. It
can be seen that the highest [Z] value is for an inhibitor concentration 0fl60 umol/l, whereas the
lowest value is for the uninhibited solution. Regardless of the inhibitor concentration, the [Z] value
decreases with time. This behavior is similar to that shown by Ry, Fig. 4, where the highest inhibitor
efficiency was obtained by adding 160 umol/l of carboxyethylimidazoline.

10000 L M ¢— o 160 ymol I
3 e
e v—80_ymol "
[&] E— 4 v
£ 1000F % R —
S £ *— 432 umol I "
> ——— A 4 _1 X
N 0-“575‘.$meml
— . 16 pmol |
100 ¢ 3 ®
£ 0 umol | [
\\\\\\\\\l\\\\\\\\\
|
1 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25

Time /h

Figure 8. Effect of carboxyethylimidazoline concentration on the change in the impedance modulus
values with time, [Z] , for X-120 steel in H,S-containing 3% NaCl solution.

The use of electrochemical noise can give information about the type of corrosion, either
localized or uniform, that an alloy can be susceptible to. The noise in current for X-120 steel in the
uninhibited H,S-containing 3% NaCl solution after different exposure times is shown in Fig. 9. At the
beginning of the experiment, the time series describes transients of high intensity and high frequency,
typical of a material undergoing uniform corrosion. After 4 hours of exposure, both the intensity and
frequency of the transients decrease dramatically; these transients are due to the breakdown of any film
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formed on the steel surface, leaving it unprotected in some places, indicating that the material is now
susceptible to a localized type of corrosion such as pitting.
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Figure 9. Noise in current for X-120 steel in uninhibited H,S-containing 3% NaCl solution after a) 0,
b) 4, c) 8 and d) 12 hours of exposure.
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Figure 10. Noise in current for X-120 steel in H,S-containing 3% NaCl solution containing 160 pmol
I"* of carboxyethylimidazoline after a) 0, b) 4, c¢) 8 and d) 12 hours of exposure
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Thus, Fig. 9 shows that the iron sulfide is formed, but after some time it cracks and is detached
from the steel surface. Unlike this, time series for X-120 steel exposed to the inhibited H,S-containing
solution with 160 umol I"* of carboxyethylimidazoline, Fig. 10, shows transients of high frquency and
low intensity, indicating that during all the testing times the steel is susceptible only to a uniform type
of corrosion, and thus, that any film formed by the inhibitor is very stable with time and protects the
steel against corrosion.

There is a factor called “Localization Index, LI” defined as:

LI= " [4]

were o;j is the current noise standard deviation and iyms the current root mean square value [25]
which establishes that for LI values between 1 and 0.1, the type of corrosion that the material suffers is
localized, when the LI value lies between 0.1 and 0.01, there is a mixture of both uniform and localized
types of corrosion; finally, for L1 values between 0.01 and 0.001, there is a tendency towards a uniform
type of corrosion.
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Figure 11. Change in the localization index factor with time, LI, for the  different
carboxyethylimidazoline concentrations

Fig. 11 shows the effect of carboxyethylimidazoline concentration in the LI values for X-120
steel as a function of time. Fig. 11 shows that for inhibitor concentrations lower than 32 umol I™* the
steel is very susceptible to a localized type of corrosion, whereas for inhibitor concentrations equal or
higher than 80 pumol I, the steel is more susceptible to uniform type corrosion. For uninhibited
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solution, it can be seen that for times lower than 15 hours, the LI value fluctuates drastically with time,
indicating that sometimes the steel is very susceptible to a localised type of corrosion but some other
times it is susceptible to a uniform type of corrosion. As it was indicated above, this is due to the fact
that the iron sulfide film craks and is detached from the steel surface, leaving unprotectted some parts
of the steel form the aggressive environment. For inhibitor concentrations equal to 80 umol I}, the
inhibitor must form a protective, stable film, decreasing the susceptibility towards both localized and
uniform corrosion. Once the inhibitor concentration reaches a value of160 pmol I, the highest
inhibitor efficiency is reached as shown by the LPR measurements, Fig.4.
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Figure 12. Effect of carboxyethylimidazoline concentration on the change in the R, values with time
for X-120 pipeline steel in the H,S-containing 3% NaCl solution.

The combined effect of potential standard deviation, o, and current standard deviation, o ,
results in the noise resistance value, R, (eq. [1]) which is inversely proportional to the corrosion rate,
lcorr, @S previously done with Ry, Fig. 4. An estimation of the corrosion rate can be completed through
the variation of R, with time for the different inhibitor concentrations, as can be seen in Fig. 12. This
behavior is very similar to that observed in Fig. 4 by Rpand [Z] in Fig. 8: high values at the beginning
of the test and then a decrease in the value towards the end of the test. As can be seen, initially R, was
high and corresponds to a low corrosion rate. Likewise, low R, observed towards the end of testing
corresponds to an increase in the corrosion rate. This shows that the film formed by the inhibitor
remains on the metal surface during a short period of time, i.e. it has a short time of residence. As it
can be seen, the highest R, value is obtained with the addition of 160 umol I* of
carboxyethylimidazoline, whereas the lowest R, value was obtained for the blank solution. Thus,
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corrosion rates estimated by polarization curves, LPR and EIS measurements were very similar to
those obtained by EN measurements, which establishes that the optimum carboxyethylimidazoline
concentration in the H,S-containing 3% NaCl solution at 50 °C is 160 pmol I™.

4.CONCLUSIONS

The effect of carboxyethylimidazoline concentration on the H,S corrosion inhibition of API X-
120 steel in 3% NaCl solution at 50 °C has been studied using different electrochemical techniques.
Different techniques showed that the best corrosion inhibition was obtained by adding 160 umol/l of
carboxyethylimidazoline reaching an efficiency value of 97%. For all the inhibitor concentrations this
efficiency decreased as time elapsed indicating a short time of residence of the film formed inhibitor
except for 160 umol I, where the film formed was more stable. The steel was very suceltible towards
a localized type of corrosion for inhibitor concetrations lower than 80 pmol I, but above this inhibitor
concentration, the steel was more susceptible towards a uniform type of corrosion.
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