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Abstract

The corrosion behavior of a 1018 carbon steel was studied by electrochemical techniques under
hydrodynamic conditions employing N-hydroxyethylimidazoline derivatives of avocado oil as
a green corrosion inhibitor. The corrosion behavior of the steel surface under hydrodynamic
flow conditions before and after the addition of the green corrosion inhibitor was evaluated by
means of the rotating cylinder method using rotation speeds of 0, 10, 100, 500, 1000, and 2000
RPM. The inhibitor concentration was set at 25 ppm (7.29x10-° mol/L) in all conditions studied.
The results display a high corrosion resistance of the carbon steel surface at a rotation speed of
1000 RPM in the absence of inhibitor, which is attributed to the formation of a protective FeCO3
layer. When the inhibitor is added to the electrolyte, the highest corrosion resistance is observed
for the samples evaluated under static conditions and the lowest rotational speeds. In the
presence of the inhibitor, the carbon steel surface shows a decrease in the corrosion resistance
as the rotation speed increases above 500 RPM. Interestingly, the addition of the inhibitor
promotes a uniform corrosion process on the steel surface under zero rotation and low rotational
speeds, and a localized corrosion process for high rotational speeds, respectively. The results
suggest that dynamic conditions are associated to a change in the inhibitor concentration at the
metal surface, which influences in a negative way the protective effect of the inhibitor.
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1. Introduction

Carbon steels have extensive applications due to their wide range of achievable mechanical
properties. Industrial applications of carbon steels are mainly associated with the fabrication
of tools, machinery parts, automobile parts and structural components including gears,
blades, shafts, springs, dies, rails, and pipelines [1]. Some structural applications of carbon
steels in the oil&gas transportation industry arise from their mechanical strength,
weldability, and low cost. However, one disadvantage of these materials is their poor
corrosion resistance in environments containing acidic and chloride solutions [2].

It is well known that corrosion of carbon steels is often promoted by the presence of
CO; in the environment. For instance, when water and brine are exposed to CO,, carbonic
acid (H,COs) is usually produced. This chemical reaction is often carried out within
hydrocarbon pipelines where carbonic acid and NaCl are the main corrosive agents.
Corrosion of carbon steels caused by CO; is known as “sweet corrosion” associated with
either a pitting or uniform corrosion process [3]. The sweet corrosion process also promotes
the formation of iron carbonate scale (FeCOs3) on the surface of the alloy; the scale formation
depends on the pH of the solution, which should be between 4 and 6, and occurs at
temperature values above 50°C. If the product of the local concentrations of iron (Fe?*) and
carbonate (CO3™) ions exceed the solubility limit in the electrolyte, the formation of FeCOs
Is reached. This precipitate acts as a protective layer on the steel, reducing the corrosion rate
[4, 5]. It is worth to mention that corrosion is not avoided by the precipitation of FeCOs,
since the formation of this scale is related to the presence free-scale active regions at the
metal surface [6].

One common practice to mitigate corrosion in industrial petrochemical pipelines is the
addition of corrosion inhibitors into the fluids. Corrosion inhibitors act by adsorption on the
metal surface; this adsorption can be either physical or chemical depending on the chemical
structure of the inhibitor, the state of the metal surface, and the type of corrosive medium
[7, 8]. Organic compounds such as imidazoline, amides, amines, and their salts can act
successfully as corrosion inhibitors [9], in particular when these are adsorbed on the metal
surface forming a film that repels water molecules. A recent study suggest that organic
corrosion inhibitors can also improve corrosion resistance of carbon steels by a double
action, i.e. by adsorption on the metal surface and by simultaneously protecting the iron
carbonate scales previously formed [10].

Nowadays, many efforts have been devoted to produce green corrosion inhibitors from
oleic sources like coffee, rice, palm, castor, soy, or corn oils, which are used in the petroleum
industry since these have shown good performance to mitigate corrosion in pipelines and
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especially because they are non-toxic and synthetized from eco-friendly products. The
performance of green inhibitors is a function of their chemical structure. For instance, the
length of the hydrocarbon tail in the imidazoline structure (hydrophobic chain) can be
extended during the synthesis process when oleic sources are used, promoting a change in
the inhibition performance of the imidazoline compound at the metal surface [11]. Due to
fact that the avocado fruit has high oil content (15-30%) which is unsaturated and the
predominant fatty acid is oleic, a green corrosion inhibitor was synthetizing from waste
avocado oil, which can lead to reduce the cost of inhibitor synthesis with respect to other
synthesis strategies. Also, the fact that the inhibitor can be obtained from waste is important
because it does not affect the avocado farming as a source of food for humans, being a good
way of developing sustainable inhibitors.

Usually, laboratory characterization tests for the evaluation of green corrosion inhibitor
performance are carried out under stagnant conditions. However, corrosion predictions
based on stagnant tests are often inaccurate for real applications, mainly due to factors such
as fluid movement [12]. For instance, when a fluid is under movement, mechanical shear
stresses can occur on the metal surface, which can contribute to the detachment of corrosion
products and modify the adsorption rate of the corrosion inhibitor [9]. Previous studies [13]
have observed that carbon steel in COz-rich environments at subcritical flow intensities
presents a limited formation of carbonate layers. Even in the presence of inhibitor, dynamic
conditions can promote a phenomenon known as flow induced localized corrosion (FILC).
This process initiates with cracks growing in the carbonate scale, which is followed by
spalling and initiation of localized corrosion [13]. Previous studies also suggest that
mechanical shear stresses produced under dynamic flow conditions can affect the corrosion
resistance of the system, in particular due to the removal of the inhibitor films [6].

In order to evaluate the performance of corrosion inhibitors under flow dynamic
conditions, a rotating cylinder electrode equipment can be used; this assembly has the
advantage to provide information about the influence of turbulent flow on the corrosion rate
of metallic alloys in corrosive environments [9]. Previous studies have reported that
corrosion performance of carbon steel can be evaluated by means of a rotation assembly test
[14]. The test results can be compared against the corrosion performance of the steel
observed in common situations such as in straight pipe flows [14]. Fortunately, this type of
approaches allows to accurately simulate, in the laboratory, real transportation conditions of
oil and gas through steel pipelines.

The aim of this work is to study the effect of dynamic flow conditions on the corrosion
performance of a 1018 carbon steel alloy by using N-hydroxyethylimidazoline derivatives
of avocado oil as a green corrosion inhibitor. Specifically, this work is focused to study the
effect of the presence/absence of a green corrosion inhibitor in a corrosive environment on
the corrosion behavior of the steel surface. Changes in the corrosion rate of the steel surface
promoted by the variation of the dynamic flow conditions induced by rotating the sample
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were evaluated. This study seeks to reveal how hydroxyethylimidazoline derivatives of
avocado oil act as a corrosion inhibitor under simulated flow pipeline conditions.

2. Experimental procedure

2.1. Material

A commercial 1018 carbon steel rod was used as testing material (working electrode) in the
present study. The composition of this material is reported elsewhere as 0.15-0.20% C,
0.60—-0.90% Mn, 0.040% P, 0.050% S, and Fe balance [15]. The working electrodes were
machined into 12 mm diameter and 8 mm thickness cylindrical coupons. Before each test,
the cylinders were ground employing SiC emery paper down to P 600 grade, then cleaned
with acetone and distilled water.

2.2. Test solution and cell arrangement

N-Hydroxyethylimidazoline derivatives of avocado oil were employed as a corrosion
inhibitor. The synthesis of this inhibitor was reported in a previous study [10]. The inhibitor
concentration employed in all the experiments was stablished at 25 ppm (7.29x10-° mol/L)
based on an optimal inhibitor concentration reported in a previous work [16]. The corrosive
medium consisted of 3% NaCl (wt.%) and diesel in a 90/10 proportion in volume percentage,
respectively.

The rotation test assembly consisted of a glass cell with three electrodes and a total
electrolyte volume of 400 ml. A graphite rod and a platinum plate were used as counter and
reference electrodes, respectively. To promote hydrodynamic flow conditions, the working
electrode was mounted on a Model 636 EG&G Princeton Applied Research Ring Electrode
System. Rotation speeds of 10, 100, 500, 1000, and 2000 RPM were applied to the working
electrode. Initially, the system was de-aerated by bubbling CO, for 1 h at 70°C. Thereafter,
the working electrode was immersed into the electrolyte and 1 hour later the corrosion
inhibitor was added.

2.3. Electrochemical measurements

Potentiodynamic polarization curves (PC), linear polarization resistance (LPR), and
electrochemical impedance spectroscopy (EIS) were performed to evaluate the corrosion
inhibitor performance under static and dynamic conditions (rotation speeds of 0, 10, 100,
500, 1000, and 2000 RPM). The electrochemical measurements were carried out employing
a Gamry Interface 1000 Potentiostat/Galvanostat. PC test was conducted at a sweep rate of
1 mV/s and at a scanning range from —400 to 800 mV with respect to the corrosion potential
(Ecorr). LPR test was performed applying an overpotential of =10mV with respect to Ecorr at
a sweep rate of 1 mV/s. EIS measurements were carried out applying a perturbation
amplitude of 10 mV, in a frequency range of 100,000-0.01 Hz. LPR and EIS measurements
were conducted for 24 h.
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The parameters calculated from the electrochemical dynamic test were the fluid
velocity (V), Reynold number (Re) and electrode wall shear stress (t). These parameters are
relevant to understand how the physical interaction between the fluid and the surface can
affect the corrosion rate of the alloy [12]. The flow velocity “V” [m/s] was obtained
according to the following equation:

V = w(r) 1)

where “r” is the electrode radius (0.00635 m) and “w” is the angular velocity (RPM); the
conversion factor from RPM to rad/s units is given by w = X rev/min (27 rad/60 s).

The Reynolds number (Re), which is the ratio between the viscous to inertial forces,
was obtained by using the following equation:

vd
Re = 5 (2)
where “d” is the electrode diameter (0.0127 m) and “v” is the kinematic viscosity, which in
turn was calculated as v=p/p [9]. The fluid density “p” value used in this work was
1086.75 kg/m® whereas the dynamic viscosity “p” value was ~0.0034 Pa-s, which was
calculated using a viscometer (Brookfield). The Re number is often used to categorize fluid
systems in which the effect of viscosity is important in controlling the fluid flow pattern, that
IS, to determine when laminar or turbulent flow can occur.
The shear stress at the wall (1), understood as the forces acting on the fluid by the
movement imposed to the electrode surface, was calculated according to the following
equation [12, 17]:

1=10.0791 Re3-p-w?2-r? (3)

The shear stress in the electrode wall is an important parameter related to the
hydrodynamic flow conditions that can influence the corrosion rate of the system. Variations
of this parameter can either promote delamination of the corrosion products or desorption of
the inhibitor from the metal surface [18]. Finally, SEM analysis was carried out using a JEOL
JSM IT500 electron microscope to analyze the degradation of the samples surface at the end
of the tests.

3. Results and Discussion

3.1. Flow parameters

It is well known that flow conditions within pipelines can be recreated by using a rotating
cylinder. Particularly, when experimental conditions involve transition from laminar to
turbulent flow [19]. Recent studies have carried out experiments under dynamic flow
conditions to determine the effect of laminar and turbulent regimes on the corrosion process
of carbon steel alloys [18]. Laminar flow conditions are defined when the fluid molecules
follow smooth paths within a liquid layer, with each liquid layer also moving smoothly with
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respect to each other; that is, no-mixing conditions are assumed to occur. On the other hand,
turbulent flow involves disruption among liquid layers and promotes liquid mixing and
changes in liquid pressure and velocity [9]. The onset of turbulent fluid conditions can
usually be predicted by the Reynolds number (Re), which is the ratio between the kinetic
energy and viscous damping of the fluid. Depending on the configuration of the pipeline,
different types of regime flow can occur. For instance, when a liquid is transported through
a pipeline and shows a Re value of ~2000, it is an indication of a transitional regime from
laminar to turbulent flow. When the Re values are around ~100,000, the fluid achieves full
turbulence flow [20, 21, 12]. On the other hand, when experiments are carried out in a
rotating cylinder system to simulate flow conditions within a pipeline, the transition from
laminar to turbulent flow can also be observed, but the Re values are often lower than those
calculated for the same flow regime within a pipeline; that is, when the same liquid is studied
in a rotating cylinder electrode, the transition from laminar to turbulent flow is predicted for
Re values of ~200 [21, 22, 23].

In the present study, Re values were calculated for the different experimental conditions
studied. For instance, according to Table 1, for the CO,-saturated 3% NaCl—diesel solution
laminar flow was promoted when the rotational speed was set at 10 RPM, while turbulent
flow was obtained for rotational speed above 100 RPM.

Table 1. Re and t calculated for the samples evaluated under CO2-saturated 3% NaCl-diesel solution.

Sample rotational V (mf/s) Re 7 (Pa)
speeds (RPM)
0 0 0 0
10 0.006 27 0.001
100 0.066 270 0.070
500 0.332 1350 1.100
1000 0.664 2700 3.552
2000 1.329 5400 11.542

3.2 Polarization Curves

The potentiodynamic polarization curves for the carbon steel samples evaluated without
inhibitor are presented in Figure 1. The results reveal that the noblest potential value was
obtained for zero rotation, while the most active potential values were obtained under
hydrodynamics flow conditions. This behavior is mainly related to the oil phase (diesel) in
the corrosive solution, which can behave like a cathodic type inhibitor [24]. In fact, Faysal
Fayez Eliyan et al. [25] studied the corrosion behavior of a API-X100 steel in a solution
containing an oil phase (diesel). The authors reported a reduction in the corrosion rate and
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lower corrosion potential values due to the presence of diesel in the electrolyte, in particular
for a diesel content of 10 % in volume.
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Figure 1. Polarization curves of a 1018 carbon steel in 3%NaCl—diesel solution with bubbling
CO: for different rotational speeds (0, 10, 100, 500, 1000, and 2000 RPM) at 70°C, in the
absence of inhibitor.

As can be seen in Figure 1, all the anodic branches displayed an active behavior. The
potentiodynamic curves showed an increment in the current density when the potential
become more anodic, which is associated with metal dissolution due to the instability of
species adsorbed at the metal surface, becoming unstable at high polarization potentials. This
fact suggests that adsorbed species leave the metal surface quickly as the anodic metal
dissolution occurs; moreover, some authors suggest that rotational speed can also be an
important factor for increasing the species desorption from the steel surface [7, 26]. In
addition, the behavior of the anodic current branch obtained in this study is similar in all
samples, regardless of the rotational speed employed. M.E. Olvera-Martinez et al. concluded
that a charge transfer phenomenon is carried out in the anodic reaction when the temperature
of the system is constant [9]. The results obtained by M.E. Olvera-Martinez et al. are then
in agreement with the results reported in the present study. From Table 2, the B. values
increased by increasing the rotational speed. This fact suggests that cathodic curves are more
remarkably controlled by mass transport as the rotational speed increases [27]. In this sense,
the cathodic process is flow dependent and is associated with the diffusion of H* ions from
the bulk solution towards the steel surface [9]. The reduction reactions happening in the
process can be attributed to the reaction of H,COs into HCOg, since it is favored for pH
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values from 4 to 6 [28, 29]. A measured pH value of 6 was obtained in the present work as
also reported in a previous study [30].

The corrosion current density values (icorr) Were very similar among all the samples,
although samples evaluated at 10 and 1000 RPM did not follow this trend. The i values
obtained for both samples suggested a slow corrosion process arising from the surface
conditions promoted by the flux experienced at these rotational speeds, as will be further
discussed.

Table 2. Electrochemical parameters from polarization curves obtained for different rotational speeds at
70°C in the absence of inhibitor.

Sample rotational speeds £ v/ vs Pt)  icorr (MA/CM?)  Ba (mV/decade)  Be (mV/decade)

(RPM)
0 —287 0.485 155 368
10 —-510 0.0661 148.5 460.1
100 —550 0.307 87 493.7
500 —-500 0.451 99.1 537.2
1000 —343 0.0531 118.9 751.6
2000 —342 0.488 204.7 723.4
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Figure 2. Polarization curves of a 1018 carbon steel in a 3%NaCl—diesel solution with
bubbling CO> for different rotational speeds (0, 10, 100, 500, 1000, and 2000 RPM) at
70°C, in the presence of inhibitor (7.29x107° mol/L).



Int. J. Corros. Scale Inhib., 2023, 12, no. 1, 1-31 9

Figure 2 shows the potentiodynamic polarization curves for the 1018 steel samples
evaluated in the presence of the corrosion inhibitor. The noblest potential value was
—545 mV, which was obtained for the sample evaluated at 0 RPM. When the rotational
speeds were increased, the potential values observed in the samples were between —766 and
—866 mV. Interestingly, the potential values of the samples evaluated in the presence of the
inhibitor had more active values with respect to the samples evaluated without inhibitor. This
fact can be associated with the adsorption of both inhibitor and diesel on the metal surface,
behaving as cathodic-type inhibitors [16, 25]. This phenomenon contributes to suppress the
cathodic reactions in the system due to the adsorption of the inhibitor at the cathodic sites
[31]. The cathodic reactions in the CO,-saturated agqueous system can be summarized as
follows [32]:

2H,CO3(aq) + 26" — Hy(g) + 2HCO;3 (aq) (4)
2H*(aq) + 2e~ — Ha(g) (5)
2H,0(l) + 2e- — Hy(g) + 20H(aq) (6)

Table 3 presents the electrochemical parameters obtained for the samples evaluated in
the presence of the green corrosion inhibitor in the solution. The results show the lowest icor
value for the sample evaluated at 0 RPM. However, under hydrodynamic flow conditions,
the icorr Values increased about two orders of magnitude with respect to the values displayed
for static flow conditions; this behavior is associated with an increment of the rotating rate
affecting the adsorption of the inhibitor, leaving the steel surface exposed to the electrolyte
[26]. Overall, the icr values were lower in the samples evaluated with inhibitor in
comparison with the inhibitor-free counterparts. This fact can be associated with the
enhanced corrosion resistance of the system due to the presence of the inhibitor at the metal
surface. In addition, the anodic branches showed a similar behavior for the different
rotational speeds. Therefore, above the corrosion potential, Ecor, the results displayed an
increment in the current density, followed by a decrement in the anodic branch slopes where
a notorious tendency to passivate to all rotating rate was observed, mainly at low rotational
speeds. This fact suggests a slowdown in the anodic reaction, which is related to the
dissolution of Fe (Fe — Fe?*+ 2¢"), resulting in the formation of a more protective layer on
the steel surface [11].

Table 3. Electrochemical parameters from polarization curves obtained for different rotational speeds at
70°C, in the presence of inhibitor.

Sample rotational speeds Ecorr Icorr Ba Bc
(RPM) (mV vs. Pt) (mA/cm?) (mV/decade) (mV/decade)
0 —545 0.000074 87 385

10 —-830 0.00217 125.2 248.4
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Sample rotational speeds Ecorr Icorr Ba Bc
(RPM) (mV vs. Pt) (mA/cm?) (mV/decade)  (mV/decade)
100 —-818 0.00052 97.1 149.5
500 —766 0.00461 83.8 313.6
1000 —865 0.00176 626.6 182.7
2000 —-805 0.00776 398.2 279.6

3.3. Linear Polarization Resistance (LPR)

The evolution of the polarization resistance of 1018 carbon steel in the absence of inhibitor
is shown in Figure 3. The polarization resistance (Ry) values are a function of the electrode
rotational speeds. For instance, the sample evaluated under static flow conditions presented
the lowest R, value, but when rotational movement was applied to the electrode, providing
Kinetic energy to the fluid, then an increment in the R, values was observed. Interestingly,
the increment in the R, values was not directly proportional to the rotational speed of the
electrode, suggesting the involvement of other variables in the corrosion process, as will be
further discussed. The sample evaluated at a rotational speed of 10 RPM showed a R, value
of 714.8 Ohm-cm? at the end of the test; when the rotational speed was increased to 100 and
500 RPM, the R, values were superior to that obtained under static conditions
(59.13 Ohm-cm?) and lower than that of the sample evaluated at 10 RPM. The R, values for
the samples evaluated at 100 RPM and 500 RPM were 279.5 and 90.6 Ohm-cm?,
respectively. When the samples were evaluated at 1000 RPM, the experiments displayed an
increment in the R, value (1528 Ohm-cm?) with respect to that of the sample evaluated at
10 RPM. Finally, when the rotational speed was 2000 RPM, a decrease in the R, value
(130.4 Ohm-cm?) was observed again with respect to that of the sample evaluated at
10 RPM. This random behavior has been previously reported in the literature for NaCl and
CO,-saturated NaCl solutions [9, 27, 33] and can be attributed to the presence of a protective
layer and diesel adsorption on the steel surface. Particularly, previous studies suggest the
formation of a FeCOj3 layer on the steel surface that blocks active sites at the surface and
restricts the transport of active species [34]. It is important to point out that the effectiveness
of the FeCOg; layer as a protective barrier depends on temperature, CO, partial pressure, and
pH values. For example, below 150°C the formation of FeCOg precipitates as an exclusive
corrosion product occurs, forming a protective layer. This layer leads to a decrease in the
corrosion rate, in particular when the temperature of the system exceeds 60°C. The formation
of a dense FeCOg layer has an enhanced protective function when the temperature of the
system is above 90°C [35].
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Figure 3. LPR plot of a 1018 carbon steel at 70°C in 3%NaCl—Diesel solution with CO>
bubbling at different rotational speeds (0, 10, 100, 500, 1000 and 2000 RPM) in the
absence of inhibitor.

The lowest R, value (59.13 Ohm-cm?) obtained in the present study under standstill
conditions can be associated with the reaction of Fe ions with carbonic acid species and
bicarbonate ions, leading to the formation of a FeCOg; layer with poor protective
performance. Interestingly, Hua et al. reported experiments performed at 90°C, obtaining a
dense FeCOj layer. Such FeCOj3 layer promoted a decrease in the corrosion rate of X65
carbon steel evaluated in brine solution [35]. Due to the lower temperature (70°C) employed
in the present study with respect to that reported by Hua et al., this carbonate layer may be
heterogeneous, including some morphological defects such as pores and cracks (see Section
3.4), which could not stop the corrosion process associated with the interaction of the
electrolyte and the metal surface [7, 16].

Regarding the comparative between static and dynamic conditions (Figure 3), the
results show an increment in the corrosion resistance values under hydrodynamic conditions
that can be attributed to the movement of the fluid. Dynamic conditions allow the mass
transport of species (H.COsz or HCO;) from the bulk solution to the steel surface, promoting
a faster precipitation of FeCOg, as it happened from 10 RPM. In fact, the fluid movement can
also contribute to increase the concentration of diesel at the metal surface. Both FeCO5 layer
and adsorbed diesel may contribute to increase the corrosion resistance of the samples under
dynamic conditions. Previous studies [30, 36] suggest some mechanisms associated with the
presence of diesel in the electrolyte. Firstly, oil phase can be adsorbed on the metal surface
reducing the corrosion rate due to the reduction in the mass transfer process. Secondly, an
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oil-water emulsion can be formed, allowing the oil to diffuse through the aqueous phase and
reach the steel surface. This fact can limit the diffusion of aggressive species towards the
metal surface. Thirdly, a multiphase fluid, involving CO; gas, oil and water, can be formed,
presenting a solubility of diesel around 0.5—-7 mg/L in water at room temperature. This
multiphase fluid can favor the formation of water-soluble fractions, containing a mixture of
C4 to C6 nonaromatic hydrocarbons. Then, these water-soluble fractions can be adsorbed on
the steel surface, reducing its corrosion rate by limiting the mass transport of aggressive
species towards the metal surface [30, 36].

Unlike the sample evaluated at 10 RPM, the R, values obtained at 100 and 500 RPM
decreased as testing time progressed, which is related to the occurrence of fluid wall shear
stresses at the electrode surface. It has been reported that fluid wall shear stresses <0.2 Pa
affect the formation of the FeCOj3 layer in absence of inhibitor evaluated both in NaCl and
NaCl-CO; solutions, starting a process of localized corrosion (see Table 1) [13, 37].
Otherwise, the samples evaluated at 1000 RPM displayed an increase in corrosion resistance,
which is related to the stronger movement of the fluid, allowing the diesel to reach the metal
surface more easily. As a result, the oily part soluble in the NaCl solution could act as
inhibitor, which along with the FeCO3 layer, may provide protection to the metal surface,
limiting the mass-transfer of aggressive species [26, 38]. On the other hand, at 2000 RPM,
the R, value decreases, which can be related to remotion of the FeCO3 layer and/or the
desorption of diesel due to mechanical forces (1) caused by the solution high kinetic energy
[9]. Therefore, we can assume that the fluid Kinetic energy shows different behavior in a
multi-phase solution. By one hand, for certain rotational speeds the movement of the fluid
helps to enhance the diesel adsorption and mass transfer of bulk solution to the metal surface
to improve the formation of the FeCOs layer. On the other hand, if the fluid movement is not
highly enough to promote the formation of a protective FeCOs layer, the wall shear stress of
electrode can initiate a process of localized corrosion and the adsorption and desorption of
diesel by mechanical effects [18].

The polarization resistance of the 1018 carbon steel alloy in presence of inhibitor for
different rotation speeds is presented in Figure 4. During the first hours, an increment of
corrosion resistance is observed for all conditions, except at 2000 RPM. The enhanced
corrosion resistance in these samples is associated with a better adsorption process of the
inhibitor on the metal surface with short pre-corrosion time (approximately 2 h), that is,
freshly ground specimens [26, 39, 40]. After 24 h testing, the highest corrosion resistance
(Rp) was obtained in the present study under stagnant conditions (0 RPM), while the lowest
Rp value was obtained at the highest rotation speed (2000 RPM). It is worth mentioning that
samples evaluated with inhibitor presented the best corrosion resistance if compared against
those evaluated without inhibitor, regardless of the rotational speeds employed (Figures 3
and 4).
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Figure 4. LPR plot of a 1018 carbon steel at 70°C in 3%NaCl—Diesel with CO2 bubbling

at different rotational speeds (0, 10, 100, 500, 1000 and 2000 RPM) in the presence of

inhibitor.

It is well-known that the corrosion inhibition process of organic inhibitors is firstly
carried out by adsorption on the metal surface, promoting the desorption of water molecules.
Then, the inhibitor interacts with Fe?* ions (Fe — Fe?* + 2e), which are generated by metal
dissolution leading to form metal—inhibitor complex species [Fe—Inh]?* [22]. Nevertheless,
under hydrodynamic conditions, the inhibitor may show a different performance; for
instance, fluid flow increases mass transport of inhibitor molecules, which in turn promotes
a higher concentration of such molecules on the metal surface resulting in an increased
inhibition performance. In the present study, the inhibitor performance increased when the
rotational speed was set at 100 RPM. Conversely, it has also been mentioned that a high flow
velocity promotes mass transport of Fe?* ions away from the metal surface to the bulk
solution, decreasing the concentration of [Fe—Inh]?* complex species on the electrode
surface, resulting in a negative effect on the protection at the surface [41]. Furthermore, it
has been found that when the rotational speed was set above 100 RPM the shear stress on
the electrode surface wall leads to the desorption of either the inhibitor layer or [Fe—Inh]**
complex species, causing a decrease of the corrosion resistance [22], as it was observed in
the present study.

Table 4 shows the inhibition efficiency percentage (%IE) values obtained from the LPR
measurements estimated from equation (7). The results display a %IE value of 99.97% for
the samples evaluated under static conditions; however, this efficiency was affected when
the experiments were carried out under dynamic conditions. The highest drop in the %IE
values was obtained for the samples evaluated at 1000 and 2000 RPM rotational speeds,
with %IE values of 79.04 and 59.62 %, respectively. These results are attributed to the flow
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of the electrolyte over the metal surface that can produce a decreased %IE by the reduction
of the inhibitor concentration per unit surface. Some studies have also suggested that
permeation of the electrolyte through the protective film is favored by the shear stresses at
the metal surface, which promoted the reduction in the inhibitor efficiency [40, 42, 43].
Despite the reduction in the inhibitor efficiency under dynamic conditions, Table 4 shows
that RPL values are always higher for the inhibited solution than those for the inhibitor-free
counterpart, which confirms that the corrosion resistance of the steel samples increases by
adding the inhibitor even under dynamic conditions. Hence, optimal inhibitory conditions
are achieved either under static conditions or by setting very low rotational speeds in order
to allow the inhibitor molecules to interact with the metal surface.

RI:)Linhibitor B I:\)F’Lblank
RPL

inhibitor

%IE :( 100 ©)

Table 4. %IE obtained from corrosion resistances values of RPL tests at various rotation speeds.

Sample rotational RPI__-uninhibited RI?L-inhibited %IE
speeds (RPM) solution (Ohm*cm?) solution (Ohm*cm?)

0 59.13 213800 99.97

10 714.8 15210 95.30

100 279.50 46980 99.40

500 90.64 4386 97.99

1000 1528 7291 79.04

2000 130.4 323 59.62

3.4. Electrochemical impedance spectroscopy (EIS)

Figure 5 shows the EIS plots for the steel samples evaluated in the absence of inhibitor.
The Nyquist plot (Fig. 5A) shows the formation of one capacitive semicircle for all
conditions. The formation of these semi-circles indicates the occurrence of a corrosion
process controlled by charge transfer, which, as discussed previously, confirms the
contribution of the ohmic resistance associated with the corrosion products layer, i.e. FeCOs.
The results agree with RPL values obtained in section 3.3 for all the samples, displaying the
highest semicircle diameters for the samples evaluated at 10 RPM and 1000 RPM.
Interestingly, the results also show the formation of inductive loops at low frequency (inset
in Fig. 5A), except for the sample evaluated at 1000 RPM. Previous studies associate the
formation of an inductive loop to the relaxation process obtained by the adsorption of species
on the metal surface, such as Cl and H}, and/or by the adsorption of intermediate
products (FeOH,q) formed during the dissolution of the base metal, stablishing a barrier to
current flow [24, 44].
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Figure 5. EIS curves of 1018 carbon steel at 70°C in 3%NaCl-Diesel with bubbling CO> for
different rotational speeds (0, 10, 100, 500, 1000 and 2000 RPM) in the absence of inhibitor.
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As deduced from the Nyquist plot (Figure 5B), the impedance module (|Z”|) also reveals
that the lowest charge transfer resistance (Rc;) was obtained for the sample evaluated at 0 RPM,
while the sample tested at 1000 RPM displayed the highest R. In fact, the results show that
the charge transfer resistance increases as soon as the electrode starts rotating and promoting
fluid movement. This fact indicates that the adsorption process of species on the metal surface
is improved by fluid motion. This result agrees with those in previous sections, which associate
the enhanced corrosion resistance to the improved mechanisms of diesel adsorption at the
metal surface as the rotational speed is increased. As suggested in previous studies [21, 45],
the fact that at 1000 RPM the highest R value was achieved can be associated with an
increment in the mass transfer of both diesel and H,CO3/HCO; species from the bulk solution
to the metal surface. This contribution can be observed in Figure 5A, from the linear behavior
observed at the end of the semi-circle in the sample evaluated at 1000 RPM. In this sense, the
formation of the FeCOj; layer and the role of diesel as inhibitor are both favored, leading to an
increase in the corrosion resistance. Overall, there is not a constant increment in the charge
transfer resistance of the samples as a function of rotational speed; instead, a random behavior
was observed, which can be likely attributed to competing processes between the adsorption
of diesel species and formation of the FeCOs protective layer [25].

On the other hand, the phase angle plot in Figure 5C presents the formation of a time
constant for each rotational speed evaluated in this study. Samples tested at 0 RPM and 1000
RPM presented the highest phase angle values, close to 50 degrees. It is worth mentioning
that, if the angle phase value is close to 90° the material follows a capacitive behavior, which
is associated with the presence of a protective layer. If the phase angle lies around 50°, a
corrosion process of mixed control (diffusion and charge transfer) can occur [30]. Conversely,
samples evaluated at 10 RPM and 2000 RPM showed the lowest phase angle values, i.e.
around 20 degrees. The low phase angles and the displacement of their peak values towards
low frequency regions found for these samples can be associated with the presence of thin
corrosion product layers at the metal surface. This fact agrees with similar phenomena reported
in previous studies [10, 46], and can be attributed in the present work to the effect of shear
stress and mass transport of H,CO3z or HCO; towards the electrode wall. In particular, some
authors reported that shear stress values between 7.7 and 15.4 Pa can disturb and decrease the
efficiency of the protective film [40], as observed at 2000 RPM in this work.

Figure 6 shows EIS plots for the samples evaluated in the presence of inhibitor. Nyquist
plot in Figure 6A shows the formation of semicircles in all conditions, indicating that the
corrosion process was mainly conducted under charge transfer. Overall, Figure 6A displays
a decrease in the semicircles diameter as the rotational speed is increased, indicating a
decrease in the charge transfer resistance in comparison to the sample evaluated at 0 RPM.
The standstill condition displays a straight line located at low frequencies, suggesting that
the corrosion process is controlled by diffusion [16].
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Figure 6. EIS curves of a 1018 carbon steel at 70°C in 3%NaCl-Diesel with bubbling CO, for
different rotational speeds (0, 10, 100, 500, 1000 and 2000 RPM) in the presence of inhibitor.
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Figure 6B presents the results of the impedance module plot of the samples evaluated
with inhibitor. The |Z| module plot displays that the sample evaluated at 0 RPM had the
highest charge transfer resistance (R.) followed by those evaluated at 10 RPM and 100 RPM,
with values of 226636, 17003 and 51076 Ohm-cm?, respectively. Moreover, the lowest
corrosion resistance was obtained for the samples evaluated at 2000 RPM, which also
confirms the results obtained in the RPL experiments previously discussed.

Interestingly, the phase angle plot in Figure 6C shows the formation of a time constant
in all samples but for 500 and 1000 RPM conditions. Both conditions showed the formation
of two and three time constants, respectively. When comparing these samples against the 0
RPM counterpart, the later display a high phase angle at high frequencies, which is
associated with a capacitive behavior due to the presence of the inhibitor at the metal surface.
However, fluid motion disturbs the adsorption of the inhibitor at the metal surface, causing
the displacement of the time constants towards lower frequencies, as observed for the
samples evaluated at 10 and 100 RPM. In addition, when the rotational speed is set at 500
and 1000 RPM, both high and low frequency time constants appear, which can be associated
with the occurrence of inhibitor adsorption and disruption of the corrosion layer due to the
increased shear stress experienced at the metal surface [47, 48, 49].

Usually, when the experiments are carried out in the presence of an inhibitor, the phase
angle plot often displays two time constants [5, 7]. However, the results obtained for the
samples evaluated at 10 and 100 RPM shows only a single time constant. It is then inferred
that the values of R are the sum of the contribution of both the electric double layer in the
metal/corrosion products and the inhibitor film [50]. This behavior agrees with a study
carried out by Shamsa et al. [51, 52] using an imidazoline-based corrosion inhibitor. The
authors concluded that corrosion protection may be a function of two factors, the adsorption
of inhibitor at the metal surface leading to the formation of a film and the presence of
corrosion products. Since, they observed that in the presence of both an inhibitor film and
FeCOg; layer on the steel surface, the overall protection provided by the corrosion inhibitor
was only of 25%.

Based on these results, the samples evaluated here at 10 and 100 RPM may show a
closer behavior with respect to the sample evaluated under static conditions, originated from
a most stable behavior of both the inhibitor film and the FeCO; layer. As mentioned
previously, the shear stress values increased two and three orders of magnitude above 100
RPM, which could disturb the protective effect of these layers. Finally, when the rotational
speed was set at 2000 RPM, most of the metal surface protection was provided by the FeCO3
layer and its ability to support formation and re-dissolution, mainly caused by the high shear
stress at the metal surface not allowing the complete establishment of the inhibitor film [51,
52].
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Figure 7. Electric circuits models used to simulate the EIS data for the samples evaluated
under: (A) inhibitor-free solution at 10, 100, 500, and 2000 RPM, (B) inhibitor-free solution
at 1000 RPM, (C) inhibited solution at 10 and 100 RPM, (D) inhibited solution at 500 and
2000 RPM, and (E) inhibited solution at 2000 RPM.

Figure 7 shows the electric circuits models used to interpret the EIS data in the absence
and presence of inhibitor. The equivalent circuit model shown in Figure 7A was obtained
for the samples evaluated at 10, 100, 500, and 2000 RPM in the absence of inhibitor. In this
model, R; is the solution resistance, Rjaer the fluid resistance through the porous FeCOs
corrosion layer, Ry is the charge transfer resistance, while CPE,aer and CPEy are constant
phase elements associated with the capacitance of the layer formed by the corrosion products
and double electrochemical impedance, respectively. The CPE is used due to the dispersion
effect caused by the heterogeneities at the metal surface such as roughness. The inductive
loop observed at low frequency is fitted by R. (inductive resistance) and L (inductance),
which are associated with a adsorption/desorption controlled process of intermediate species
and oil phase [16, 53]. On the other hand, the equivalent circuit in Figure 7B represents the
sample evaluated at 1000 RPM in the absence of inhibitor, where R, and Z,, are the Warburg
impedance resistance and module associated with species diffusion through the corrosion
product layer. The other elements of the equivalent circuit are the same than those presented
in Figure 7A. Therefore, the results suggest that, at 1000 RPM, the experimental conditions
promoted the formation of a denser FeCOg layer. In fact, this result supports the EIS results
presented previously in this work where both charge and mass transfer processes were
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identified for the sample evaluated at 1000 RPM. In this sample, the good performance
obtained can be then attributed to a more compact corrosion product layer formed on the
steel surface when compared to the rest of conditions, making the diffusion process in the
corrosion product layer the rate determining step of both anodic and cathodic reactions [54].

Table 5 presents a summary of the equivalent circuit parameters obtained after fitting
the EIS data for the samples evaluated in the absence of inhibitor. Interestingly, those
evaluated at the lowest rotational speeds displayed the highest Niyer and ng. The “n” values
are associated with the surface roughness due to corrosion effects. Where an “n” value close
to 1 is related to low surface roughness promoted by low corrosion rates. Conversely, “n”
values close to 0.5 are associated with high roughness due to high dissolution rates [55]. As
a result, the increment in the “ng” value observed for the sample evaluated at 1000 RPM can
be associated with the presence of a corrosion product layer on the steel surface, which, as
explained above, was likely denser and more compact as compared with those in the other
samples.

Figure 7C, D, and E shows the equivalent circuits models obtained after fitting the EIS
data of the samples evaluated in the presence of inhibitor. A summary of the equivalent
circuit parameters is also presented in Table 6. The results show the highest R and Ryiim
values in the samples evaluated at the lowest rotational speeds (10 and 100 RPM), where
Rrim and CPEgm are the resistance and capacitance of the inhibitor film, respectively. This
model can be associated with the formation of a protective film of inhibitor on the metal
surface [55], which is consistent with the ngm and ng values close to 1 found for these
conditions. However, when the rotational speed was increased at 500 and 2000 RPM, the
equivalent model changes as observed in Figure 7D, adding the R, and L parameters to the
model. This change is associated with the desorption of the inhibitor on the metal surface.
This behavior is also consistent with the ngim, Net, Reiim, and R¢; values obtained, indicating a
higher dissolution rate with respect to the samples evaluated at 10 and 100 RPM. On the
other hand, the sample evaluated at 1000 RPM had a different equivalent circuit as shown
in Figure 7E. This model is related to the amount of inhibitor adsorbed on the metal surface.
For instance, the turbulent flow influences the electrode wall shear stress and can promote
an inhibitor absorption/desorption process. Z,, is the Warburg impedance associated with a
diffusion process, such as ions passing through the pores within the corrosion product layer
[56]. Overall, although the turbulent flow seems to reduce the corrosion resistance of the
steel surface, it can be observed from the results in Tables 5 and 6 that, for practical
applications, the corrosion protection is still better in the presence of the inhibitor. In this
sense, the use of an inhibitor to protect the steel surface under flow conditions and also, if
possible, a decrease in the fluid movement are advisable strategies to maximize the inhibitor
action on the metal surface.
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Table 5. Equivalent circuit parameters obtained after fitting the EIS data in the absence of inhibitor.
Ro;a;;odnal Rs Rlayer CPEIayer ni Ret CPEct Nl RL L Rw 7w
(F?PM) (Q-cm?)  (Q-cm?)  (Flcm?) Y @cem?)  (Flem?) (Q-cm?)  (H-em?) (Q-cm?)
10 233.7 263 8.82x10°  0.792 978 2.3x10* 0.9 948.5 99.22
100 39.05 227.2 2.62x10%  0.897 345 9.2x1072 0.999 129.2 11698
500 11.23 56.56 8.19x10*  0.869 102 5.7x1072 0.634 157.1 989.5
1000 82 73.71 6.18x10°  0.360 2928 1.03x10*  0.826 2701 14921
2000 61.18 140.8  3.09x10°%  0.589 310 7.9x1072 0.6 200.9 436.9
Table 6. Equivalent circuit parameters obtained after fitting the EIS data in the presence of inhibitor.
rotatio d”a' Rs Rim | CPEsim N Ret CPE« ] R L Ru
(FE’PM) @-cm?) | (@cm? | (Flem? film @-cm?) | (Flem?) d @cm?) | (Hem?) | (Qcm?)
10 739.7 1975 4.04x10° 0.711 14788 2.46x107° 0.935
100 1734 1473 2.04x107° 0.792 53178 2.78x107° 0.858
500 46.28 610.7 8.56x107° 0.487 6656 8.20x10° 0.584 3599 4228
1000 57.09 339.1 9.59x10°° 0.805 7082 1.92x107* 0.482 6.69
2000 28.42 78.64 6.12x107° 0.710 300 6.04x107* 0.600 405.5 25.47
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Figure 8. SEM analysis of the 1080 carbon steel samples evaluated in the presence and
absence of inhibitor in a 3%NaCl—diesel solution with bubbling CO, at different rotational
speeds.

Figure 8 shows the SEM micrograph of the steel samples evaluated in the absence and
presence of inhibitor. The results in the absence of inhibitor and under static conditions (0
RPM) show the formation of a corrosion product layer (FeCO3 layer), which had a poor
protective role against corrosion, displaying the worse corrosion resistance among the
samples studied in this work. The formation of the FeCO3 layer was also observed for all the
samples evaluated in the absence of inhibitor. However, this layer presented different
characteristics as a function of the rotational speed. For example, at 10 RPM, the FeCOs
layer had a similar morphology than that observed at 0 RPM. At 100 RPM, the corrosion
layer displays some cracks, whereas at 500 and 1000 RPM, the corrosion layer seems to
growth mostly porous and dense, respectively. In addition, at 2000 RPM, the results show
the formation of large pits in the FeCO3 layer, which were likely formed due to the partial
dissolution of the latter during the test. The initiation and propagation of localized corrosion
on the carbon steel surface under sweet corrosion is often conducted firstly by a local
breakdown of the protective layer and development of a galvanic cell. In this case, the
chloride ions could cause pitting corrosion and could readily attack the steel surface by
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modifying the ionic strength of solution at the steel—solution interface by promoting the
formation of soluble iron chloride complex species. Thus, soluble iron chloride complex
compounds can lead to the delamination of the corrosion products due to the momentum
provided by the rotating electrode, especially under turbulent flow conditions [57]. Schmit
et al. reported that, under subcritical flow intensities, a mechanism of pitting can initiate a
flow induced localized corrosion (FILC), which is firstly associated with an increase in the
cracking tendency of the FeCOs layer, followed by spalling and the initiation of FILC [13].
Interestingly, the SEM analysis support the results obtained in the electrochemical testing of
the steel samples in the absence of inhibitor. In particular, the samples with the poorest
electrochemical performance were those showing a corrosion product layer with the
presence of porosity, cracks, or pitting. The sample with the best protective behavior was
that evaluated at 1000 RPM, which displayed a dense protective layer.

On the other hand, in the presence of inhibitor, at 0 and 10 RPM, the samples showed
a rough pattern induced during the metallographic preparation process. This roughness was
visible before immersion of the samples in the electrolyte; this observation suggests an
inhibited corrosion process. In fact, when the rotating rate was increased, the corrosion rate
also increased, in particular above 100 RPM. The sample evaluated at 100 RPM shows the
formation of a FeCOj3 layer. However, at 500 RPM, the samples presented pitting on the
surface of the FeCOj scales. Analyzing samples evaluated at 1000 and 2000 RPM, a severe
localized corrosion process can be observed, which resulted in the formation of pits. This
fact was likely promoted by the presence of scratches produced from the metallographic
preparation, causing the pits to be aligned in the same orientation of such scratches [57].
This phenomenon agrees with the electrochemical results presented in this work that
associate the movement of the fluid to the concentration of inhibitor adsorbed at the metal
surface. Under rotation some places on the metal surface remain uncovered by the inhibitor,
behaving as active sites where localized corrosion process can take place [24]. Therefore,
this result confirms that the inhibitor concentration is important to avoid corrosion, in this
case, localized corrosion. In addition, the fluid movement is a key factor that influences the
concentration of inhibitor at the metal surface, when the fluid movement is too large, the
inhibitor efficiency decreases drastically [58].

Figures 9-13 show a schematic representation of the models used to support the
phenomena mentioned in this work. Figures 9 and 10 describe the corrosion behavior of the
1018 carbon steel alloy in absence of inhibitor, displaying, for all rotating rates, a FeCOs
porous layer. Under these conditions, the adsorption of a thin film of diesel is promoted. The
pore size, precipitation and formation of the FeCO; layer, and diesel adsorption, are a
function of the rotating rate. The results show a FeCO; layer denser at 1000 RPM with
respect to the other rotating rates (see Figures 8 and 10) and, coupled with the diesel
adsorption, this rotation rate led to an increase in the corrosion resistance.
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Figure 9. Model used to describe the behavior of the carbon steel alloy in NaCl-CO2 solution
without inhibitor at 0, 10, 100, 500 and 2000 RPM.
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Figure 10. Model used to describe the behavior of the carbon steel alloy in NaCl-CO;
without inhibitor at 1000 RPM.

On the other hand, Figures 11, 12 and 13 show the schematic representation of the
models that describe the corrosion behavior according to the results using the inhibitor in
this work. Figure 11 describes the inhibitor adsorption during the first’s hours of test for all
the rotating rates. Figure 12 shows the stabilization of the inhibitor molecules on the surface,
which provides protection to the metal surface. From 500 to 2000 RPM, the highest rotation
rate can lead to inhibitor desorption and permeation of water molecules through the pores,
reducing the corrosion resistance.

[ WV
@
“ WA [ WS

= =
< < g
e @ s

<< < < - < water molecule

¢ 60060 & : Inhibitor
METAL

Figure 11. Model used to describe the behavior of the carbon steel alloy in NaCl-CO»
solution with inhibitor during the first’s hours of test (adsorption).
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Figure 12. Model used to describe the behavior of the carbon steel alloy in NaCl-CO>
solution with inhibitor at 0, 10 and 100 RPM (inhibitor establishing).
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Figure 13. Model used to describe the behavior of the carbon steel alloy in NaCl-CO;
solution with inhibitor at 500, 1000 and 2000 RPM (desorption).
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4. Conclusions

The corrosion resistance of a commercial 1018 carbon steel was studied in the absence and
presence of a green corrosion inhibitor under hydrodynamic flow conditions. In the absence
of inhibitor, the highest corrosion resistances were reached for a rotational speed value of
1000 RPM, which is attributed to the precipitation of a protective FeCO3 layer resulting in
turn from a mass transport competing process of HCO3and H* and adsorption of oil species
at the metal surface. Hydrodynamic flow conditions promote the formation of a FeCO3 layer
as a function of the rotational speed, which presents the best performance when the formed
layer becomes denser. Thus, the use of fluid movement for uninhibited carbon steel surfaces
iIs recommended in order to increase the corrosion resistance of the surface, especially
employing fluid movement that can improve the formation of the protective FeCOs layer.

In the presence of inhibitor, the best corrosion resistance was obtained under static flow
conditions. The increment in the rotational speed showed a remarkable increase in the
corrosion rate, in particular when the rotational speed was increased beyond 100 RPM. This
behavior is associated with the negative hydro-mechanical effect on the metal surface that
tends to change the inhibitor concentration at the surface due to the significant wall shear
stress produced by the fluid. This fact results in some unprotected metal areas in contact with
the corrosive medium, making them active sites where a localized corrosion process can take
place. Hydrodynamic flow conditions are not recommended when an inhibitor is used for
corrosion protection of steels; however, if the fluid movement is a must, then it should be as
low as possible to avoid a drastic desorption of the inhibitor film at the metal surface.
Anywise, the use of an inhibitor is better for corrosion protection even under hydrodynamic
flow conditions, bearing in mind that the inhibitor performance decreases with the fluid
movement.
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