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Abstract A study of H2S corrosion inhibition of pipeline

steel by hydroxyethyl imidazoline has been carried out by

using electrochemical techniques. Inhibitor concentration

included 5, 10, 25, 50, and 100 ppm in a H2S-containing

3% NaCl solution at 50 �C. Techniques included linear

polarization resistance (LPR), electrochemical impedance

spectroscopy (EIS), and electrochemical noise (EN) mea-

surements. In addition to the traditional noise in voltage

and current, noise resistance (Rn) measurements were used.

All techniques showed that the most efficient inhibitor

concentration was between 5 and 10 ppm, but inhibitor

efficiency decreased after 8 h of testing. Furthermore, EN

measurements showed that steel was highly susceptible to

localized corrosion at inhibitor doses lower than 10 ppm

due to the establishment of a porous inhibitor film. How-

ever, with 50 or 100 ppm of inhibitor, the steel was sus-

ceptible to a mixture of uniform and localized corrosion.

Hurst exponent was higher in presence of inhibitor for

times shorter than 8 h, indicating a short residence time of

the inhibitor. The data could not be fitted to any adsorption

isotherm model, indicating a lack of strong adsorption of

the inhibitor to the metal surface.

Keywords Electrochemical noise � Electrochemical

impedance � Hydroxyethyl imidazoline � Hurst

1 Introduction

Oilfield corrosion manifests itself in several forms, where CO2

corrosion (sweet corrosion), hydrogen sulfide (H2S) corrosion

(sour corrosion), and corrosion by oxygen dissolved in water

injection are by far the most prevalent forms of attack found in

oil and gas production [1]. Because of its applications in

different industries, corrosion of steel in H2S-containing

solutions is a well-known phenomenon that has been inves-

tigated for years [2, 3]. Corrosion inhibitor injection is stan-

dard practice in oil and gas production systems to control

internal corrosion in 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 [4–6]. Corrosion

inhibition of organic compounds is related to the adsorption

properties of the organic compounds and depends on the

nature and state of the metal surface, type of corrosive

environment, and chemical structure of the inhibitor [7–9].

Among the different electrochemical techniques that can

be used to evaluate inhibitors, electrochemical impedance

spectroscopy (EIS) appears to be a powerful tool due to the

information it provides in addition to traditional techniques

such as polarization curves or linear polarization resistance

(LPR) measurements. Moreover, electrochemical noise

(EN) measurements have also been successfully applied to

the study of corrosion inhibitors’ performance [10–13].

These measurements are made without any external per-

turbation 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 electro-

chemical noise resistance, Rn, which is calculated as the

standard deviation of potential, rv, divided by the standard

deviation of current, ri,

M. A. Lucio-Garcia � J. G. Gonzalez-Rodriguez �
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Rn ¼ rv=ri ð1Þ

where Rn can be taken as the linear polarization resistance,

Rp in the Stern–Geary equation:

Icorr ¼ babcð Þ= 2:3 ba þ bcð ÞRp

� �
ð2Þ

and thus, inversely proportional to the corrosion rate, Icorr,

but with the necessary condition that trend removal is

applied over an average baseline as previously established

by Tan et al. [14]. It has been shown that the noise

signal contains information about the dynamics that occur

on the surface of the electrode and gives information

about the type of corrosion that is occurring, either

uniform or localized. Thus, the aim of this study is to

evaluate the performance of a simple organic compound

such as hydroxyethyl imidazoline as a H2S corrosion

inhibitor by comparing results obtained by three different

electrochemical techniques such as LPR, EIS, and EN

measurements.

2 Experimental procedure

2.1 Testing material

Material tested was a pipeline with a chemical composition

as given in Table 1, with a martensitic microstructure

resulting from heating it at 867 �C during 30 min, and then

water quenched.

2.1.1 Testing solution

Inhibitor used in this study was a commercial hydroxyethyl

imidazoline with a general structure as shown in Fig. 1.

Inhibitor was dissolved in pure 2-propanol. The concen-

tration of the inhibitor used in this study was 0, 5, 10, 25,

50, and 100 ppm, and the temperature was kept at 50 �C.

The testing solution consisted of 3 wt% NaCl solution

which was heated and deaerated with nitrogen gas. H2S

was produced by reacting 3.53 mg L-1 Sodium Sulfide

(Na2S) with 1.7 mg L-1 Acetic acid. Inhibitor was added

2 h after pre-corroding the specimen with a micro syringe.

This is because in practice, inside the pipelines, the cor-

rosive environment is inhibitor free, and it is after some

time that the inhibitor is added. Electrochemical measure-

ments were taken 20 min later. All this procedure is rec-

ommended in the NACE MR0175-2003 specification [15].

H2S concentration was 45 mM which was calculated by

using the following equation:

2NaClþ Na2Sþ 4CH3COOH

! 4H2Sþ 4CH3COONa þ H2Sþ 2HCl ð3Þ

2.2 Electrochemical measurements

Electrochemical techniques employed included linear

polarization resistance, LPR, electrochemical impedance

spectroscopy, EIS, and electrochemical noise, EN,

measurements, in both current and voltage. Measurements

were obtained, each one separately, step by step, by using a

conventional three electrode glass cell with two symmetri-

cally distributed graphite counter electrodes and a saturated

calomel electrode (SCE) as reference with a Lugging

capillary bridge. LPR measurements were carried out by

polarizing the specimen from ?10 to -10 mV respect to

Ecorr, at a scanning rate of 1 mV s-1 every 20 min during

24 h. Electrochemical impedance spectroscopy tests were

carried out at Ecorr by using a signal with amplitude of 10 mV

and a frequency interval of 0.1 Hz–30 kHz. An ACM

potentiostat controlled by a desk top computer was used for

the LPR tests, whereas for the EIS measurements, a model

PC4 300 Gamry potentiostat was used. Finally, EN

measurements in both current and potential were recorded

with two identical working electrodes and a reference

electrode (SCE). EN measurements were carried out by

simultaneously recording the potential and current fluctua-

tions at a sampling rate of 1 point/s for a period of 1024 s. A

fully automated zero resistance ammeter (ZRA) from ACM

instruments was used in this case. Removal of the DC trend

from raw noise data was the first step in the noise analysis

when needed. In order to accomplish this, a least square

fitting method was used. Finally, the noise resistance, Rn, was

then calculated as the ratio of the potential noise standard

deviation over the current noise standard deviation.

Table 1 Chemical composition of used steel (wt%)

C Si Mn P S Cr Ni Ti V Cu Nb Mo Al

0.044 0.271 1.69 0.009 0.001 0.010 0.240 0.014 0.001 0.217 0.055 0.25 0.0310

NN

R

HO

Fig. 1 General structure of hydroxyethyl imidazoline, where R is an

alkyl chain derivative
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3 Results and discussion

Figure 2 summarizes the LPR results, showing variation of

Rp over time for uninhibited and inhibited solutions at all

different inhibitor concentrations. Regardless of the

inhibitor concentration, even for the solution without

inhibitor, Rp decreased with time, indicating an increase in

the corrosion rate with elapsed time. In solutions contain-

ing H2S, carbon steels corrosion process is generally

accompanied by the formation of a sulfide film [16, 17].

The fact that Rp increased first over time and after a while it

decreased suggests the non-protective nature of the corro-

sion products film. The film is a non-adherent layer which

can be easily removed from the steel surface and cannot

passivate the steel surface under the environmental condi-

tions used here. The protectiveness of the inhibitor film

should depend among other factors, on the adherence and

stability of the inhibitor on this iron sulfide film.

As soon as the inhibitor was added, Rp increased, and

thus, the corrosion rate decreased. Rp reached its highest

value by adding 10 ppm inhibitor. For lower or higher

inhibitor concentrations, Rp was lower than that obtained

with 10 ppm, the concentration that produced the lowest

corrosion rate. However, similar to the solutions without

inhibitor, the Rp of inhibited solutions decreased over time,

showing an increase in the corrosion rate. For exposure

times longer than 8 h, the Rp values for solutions without

inhibitor were slightly higher than those obtained by add-

ing either 5 or 10 ppm of inhibitor. In general, it has been

accepted that inhibitors form a protective layer on the

surface of the metal. However, the decrease in the Rp value

shows that this film inhibitor was unstable and detached

from the metal surface. Furthermore, the metal was left

unprotected and exhibited a higher corrosion rate. Thus, the

kinetics of the detaching process such as slight desorption

or breaking, along with the FeS corrosion products of the

inhibitor can be analyzed from Rp.

The Nyquist data for the 3% NaCl solution without

inhibitor is shown Fig. 3a. The impedance spectra show, in

all the cases, a single (capacitive-like) depressed semicircle

indicating a process under charge transfer control. In such a

process, the semicircle diameter is equivalent to the linear

polarization resistance value, Rp. It can be seen that

semicircle diameter increased with time. This indicates that

the corrosion rate was decreasing as time elapsed. How-

ever, after 24 h of testing, the semicircle diameter

decreased, indicating an increase in the corrosion rate at

this time. The Bode diagram in the modulus versus log

(frequency) format, Fig. 3b, showed an increase in the

modulus with time until 8 h, and a decrease for longer

times. When 10 ppm of inhibitor was added (Fig. 4a), two

semicircles were observed: one at high frequencies, related
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Fig. 2 Effect of hydroxyethyl imidazoline concentration on the

change in Rp over time in H2S-containing 3% NaCl solution
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Fig. 3 EIS data for H2S-containing 3% NaCl solution without

inhibitor in the a Nyquist and b Bode format
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to the charge transfer from the metal to the solution, and a

second semicircle at low frequencies, which, according to

literature [9–11, 14] has been related to the formation of a

porous film inhibitor. The second semicircle (the one at

low frequencies) was not present at the beginning of the

tests, indicating an absence of film inhibitor. The imped-

ance modulus (Fig. 4b) increased with time up to 16 h, and

afterward, it decreased. This behavior was similar with the

addition of either 5 or 10 ppm of inhibitor. The Nyquist

diagrams for the rest of the inhibitor concentrations showed

only single, depressed, capacitive-like semicircles in the

real axis, indicating that the corrosion process was under

charge transfer control.

Figure 5 shows the change in impedance modulus with

time for all the inhibitor concentrations. As seen, the lowest

value for the modulus was obtained for the solution without

inhibitor, while the highest value was obtained after adding

10 ppm inhibitor. This behavior was similar to that

observed for Rp (Fig. 2). Usually, when the Nyquist dia-

grams present a semicircle and the corrosion process is

under charge transfer control, total impedance modulus is

inversely proportional to the corrosion rate. Nevertheless,

the relationship between corrosion rate and impedance

modulus might not be so simple. Thus, taking this into

account and according to Fig. 5, the highest impedance

modulus was obtained with 10 ppm of inhibitor, and the

lowest modulus, at least during the first few hours of

testing, was obtained for solution without inhibitor as seen

in the results for Rp in Fig. 2. Once again, with exposure

times longer than 8 h, the impedance modulus for the

solution without inhibitor was slightly higher than that

obtained when either 5 or 50 ppm of inhibitor was used.

This trend was similar to the behavior observed for Rp as

shown in Fig. 2.

As an example of EN measurements, time records for

both potential and current with 10 ppm of inhibitor at the

beginning of the tests are plotted in Fig. 6. As seen, both

signals show transients of high amplitude or intensity, and

high frequency, indicative of a metal undergoing uniform

corrosion. The combined effect of potential standard

deviation, rv,, and current standard deviation, ri, results in

noise resistance, Rn, (Eq. 1) which is inversely proportional

to the corrosion rate, Icorr as previously done with the Rp

values, Fig. 2, and the impedance modulus, Fig. 5. An

estimation of the corrosion rate can be completed through

the variation of Rn with time for the different inhibitor

concentrations, as can be seen in Fig. 7. This behavior is

very similar to that observed in Figs. 2 and 5. As can be

seen, initially Rn was high, which corresponded to a low

corrosion rate. Similarly, low Rn observed toward the end

of testing corresponded to an increase in corrosion rate.

Generally speaking, the highest Rn was obtained by adding

5 ppm of inhibitor during the first few hours of testing, and
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10 ppm of hydroxyethyl imidazoline in the a Nyquist and b Bode
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regardless of the inhibitor concentration, a decrease in

corrosion rate was obtained. Nevertheless, this was not the

case toward the end of testing as was observed for the Rp

results.

An index called ‘‘Localization index,’’ LI, was calcu-

lated as:

LI ¼ ri=Irms ð4Þ

where ri is the current standard deviation and Irms is the

current root mean square value [18]. LI has been correlated

with the tendency toward localized or uniform corrosion.

For LIs between 1 and 0.1, the alloy is highly susceptible to

localized corrosion; for LI values between 0.01 and 0.001,

the alloy is highly susceptible to uniform corrosion.

Finally, for LI values between 0.1 and 0.01, the alloy is

susceptible to a mixture of localized and uniform corrosion

[18]. Figure 8 shows that at inhibitor doses lower than

50 ppm, the alloy is highly susceptible to localized corro-

sion, while at 50 or 100 ppm of inhibitor, it is susceptible

to a mixture of uniform and localized corrosion.

Alternatively, the structure of the EN time records can

be analyzed in the time domain and described by the Hurst

exponent H [19]. The development of fractal geometry by

Mandelbrot [20] has provided mathematical tools for the

analysis and characterization of the structure and scaling

exponents of fractal time records. An EN time record is a

‘‘random’’ fractal, where the levels of detail are similar but

not identical for the same statistical properties. The fractal

dimension Df describes the structure of a fractal, e.g., the

‘‘roughness’’ of an EN time record and fractal geometry

provides the explanation of the values for Df, H, and b that

are observed for some of the EN time series parameters and

noise spectra. Specifically, the fractional Brownian motion

(fBm) Mandelbrot technique provides the connection

between the structure of the EN time record and SDF
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(characterized by Df, H, and b) and microscopic behavior

(oxidation reactions) responsible for corrosion. The fractal

dimension Df is defined as

Df ¼ 2� H ¼ 5� bð Þ=2 ð5Þ

For example, the Hurst exponent H, which is formally

related to b reveals long-term time dependence in a time

series and can be evaluated from oscillations occurring in

the data. When the variation in the time record over a

specific time interval (the lag time) is proportional to the

lag time raised to the power H, the time series is said to be

fractal. According to Hurst’s rescaled range analysis based

on his empirical law [19], we have

R=S ¼ ðs=2ÞH ð6Þ

where R represents the difference between the maximum and

minimum of the variable, S the standard deviation of the time

series, s the measured time, and H the Hurst exponent.

Parameter H describes both the appearance of the time series

(‘‘roughness’’) and its characteristics: when 0.5 \ H \ 1,

oscillating signal or ‘‘persistence’’ can be seen; when

0 \ H \ 0.5, a jagged signal ‘‘anti-persistence’’ is noted.

When H is equal to 0.5, the process is said to be completely

random, statistically independent of each other. Hurst

exponents, H, for both potential and current in and solution

with and without 10 ppm of inhibitor are shown in Figs. 9

and 10, respectively. In both cases, it can be seen that H was

larger for solution containing 10 ppm of inhibitor and times

shorter than approximately 8 h. After about 8 h, the Hurst

exponents did not follow a constant trend. If Figs. 2 and 7 are

checked, then it can be seen that after approximately 8 h, the

efficiency of the hydroxyethyl imidazoline with 10 ppm

started to decrease, and corrosion rates similar or higher than

those found for uninhibited solutions were observed. This

means that the time of residence, i.e., the time in which

hydroxyethyl imidazoline remains on the metal surface is too

short (around 8 h). This is due to the fact that we could not

adjust any adsorption isotherm for this inhibitor. The best

calculated efficiency for this inhibitor was used to obtain

inhibitor coverage (H), adsorbed over the metal surface. This

is represented by the following equation:

H ¼ %IE=100 ð7Þ

where IE is inhibitor efficiency. A best fit was performed

and compared using impedance and noise resistance with

Langmuir, Temkin, Frumkin, and Flory–Huggins adsorp-

tion isotherm models. The adsorption isotherms show how

adsorption varies with both activity and electrode charge.

Langmuir isotherm model requires uniform activity over

the surface for adsorption to take place with no interaction

among adsorbed molecules. Frumkin and Temkin consider

lateral interaction between adsorbed inhibitor molecules,

while Flory–Huggins measures the previously adsorbed

water molecules being displaced by an inhibitor molecule.

None of these isotherms could be fitted to our data. This

means that there is not strong adsorption of hydroxyethyl

imidazoline on the steel surface. This could explain the

short residence time of inhibitor on steel in H2S-containing

3% NaCl solution.

The corrosion resistance of a protective inhibitor film is

often related to its susceptibility toward local breakdown

and pits initiation. It has been demonstrated that pit growth

occurs in two consecutive stages which is characterized by

metastable growth in its early stage, followed by stable

growth [21]. Metastable pits cause no great damage to the

material because their diameters are typically on the order

of a few micrometers. Moreover, the early development of

stable pits is identical to that of metastable pits [22], and

the probability of stable pitting is directly linked to the
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Fig. 9 Change in Hurst exponent in current over time for steel in the
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occurrence and intensity of metastable pitting. Thus, in the

absence of inhibitor or concentrations lower than 50 ppm

as is evident in Fig. 8, the probability of stable pitting was

higher for low inhibitor concentrations due to the fact that

its LI values were higher than the ones obtained with

inhibitor concentrations higher than 50 ppm. This is com-

mon with inhibitors that they are used in concentrations

which do not cover the entire surface and, therefore, some

uncovered sites remain in which aggressive ions such as

Cl- or S2- can attack the metal surface. Once critical

concentration has been reached, in this case around

50 ppm, in such a way that the whole metal surface is

covered by the inhibitor, the number of active sites is

lowered and, thus, the probability for localized attack. This

increases the pitting potential, Fig. 10. This was shown by

the Nyquist plots at 10 ppm, Fig. 4, which showed the

presence of one semicircle at high frequencies, related to

the charge transfer from the metal to the solution, and a

second semicircle at low frequencies, related to the pres-

ence of a porous inhibitor layer. This behavior was found

only at 5 and 10 ppm of inhibitor.

4 Conclusions

The effect of hydroxyethyl imidazoline on the H2S corro-

sion inhibition of a pipeline steel has been studied by LPR,

EIS, and EN measurements. All techniques showed that

highest inhibitor efficiency was reached by adding between

5 and 10 ppm of inhibitor. However, at doses lower than

5 ppm, Nyquist diagrams showed that the inhibitor formed

a layer which made the steel highly susceptible to localized

corrosion. For doses higher than 10 ppm, the presence of

an inhibitor layer was not evident, and the steel was sus-

ceptible to a mixture of uniform and localized corrosion.

Thus, EN measurements can be used not only to predict

corrosion types, i.e., localized or uniform, but also corro-

sion rates. Hurst exponent calculations showed that this

was higher in presence of hydroxyethyl imidazoline only

for short times, indicating the short residence time of this

inhibitor. The results could not be fitted to any adsorption

isotherm, which means that there was an absence of strong

interaction between the inhibitor and the metal surface.
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