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The corrosion behavior of a pipeline steel API 5L X-70 was tested under flow assisted conditions in a 

sour brine solution containing kerosene in the presence of an imidazoline derivative. Inhibitor film 

provided efficiencies in the range of 70-99% at 200 ppm with initial corrosion rates in the range of 

125-134 mpy (3.2-3.4 mm/y). In the absence of inhibitor, chemical species of cubic maghemite 

(Fe2O3) predominated with an apparent decrease in orthorhombic marcasite (FeS2) on the steel surface 

when angle was increased from 30° to 90°. In the presence of inhibitor, maghemite (Fe2O3) and 

marcasite (FeS2) prevailed as a mixture of oxides and sulfides at the impingement angles. Mackinawite 

appeared with and without the presence of corrosion inhibitor at every angle tested. As flow rate and 

angle are increased, inhibitor efficiency decreased due to partial film formation. Imidazoline derivative 

is efficient albeit a periodic replenishment is required after a 3-4 hour period. DFT molecular 

simulation of imidazoline derivative emphasized nitrogen polarity and capability of interacting with 

another molecular species.    

 

 

Keywords: Flow assisted corrosion, sour brine, jet impingement, API X-70. 

 

 

1. INTRODUCTION 

The internal corrosion of pipelines is a serious problem in the oil & gas industry as it affects 

mechanical integrity of chemical plant, equipment and piping systems. The interaction of a fluid in 
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motion with pipe wall leads to flow assisted corrosion (FAC). This type of corrosion is aqueous and 

generally occurs in carbon steels in liquid and liquid/vapor mixtures but not in dry gases. FAC takes 

place on the boundary layer of the metallic surface where the anodic dissolution of iron produces Fe
2+

 

and Fe (OH)2. Iron hydroxide inhibits corrosion after certain condensation reactions then this layer is 

converted into magnetite (black colored oxide Fe3O4), which may reach a thickness of 15-25 µm in the 

temperature range of 150-280 °C and it can be very thin (< 1 µm) below 150 °C. Under laminar flow 

conditions, this oxide is protective and its growth is balanced with its dissolution in flowing water. 

However, under turbulence resulting from local geometries, the dissolved ferrous ions are more rapidly 

removed from the surface and corrosion occurs [1, 2]. The rate of this process depends on the rate of 

mass transfer of ferrous ions from the metal surface to the bulk of flowing water [3], which in turns 

depends on hydrodynamics, environmental and metallurgical factors. The basic reactions of FAC 

included, iron oxidation and water reduction (1, 2) to form iron hydroxide (3) and oxyhydroxides (4), 

with hematite in the outer layer (5) and magnetite (6, 7) at the inner layer of oxide [4-6], other 

chemical species can be formed depending on the testing environment [7]:    

 

 (1) 

 (2) 

 (3) 

 
(4) 

 (5) 

 (6) 

 (7) 

 

FAC has an important effect on vessels, process equipment and a large number of components 

as it produces turbulence and commonly a slug flow pattern of liquid and gas, this turbulence removes 

the protective corrosion products to produce a wall thinning that reduces mechanical strength and loss 

of containment. FAC is commonplace in the nuclear power plant, electric and chemical process 

industries [8-11], in which fluid flow enhances corrosion rates by an accelerated mass transfer of 

reactants and corrosion products disrupt the passive film by a rubbing process. FAC can be influenced 

by shear stress, flow separation, turbulence and characteristics of the dispersed phase. Furthermore, in 

industrial applications FAC has been identified as one of the main degradation mechanisms that 

demands for frequent maintenance of equipment and piping that transport fluids so as to preserve 

mechanical integrity [12]. 

Carbon steels are widely used in the oil and gas industry despite their corrosion resistance is 

limited. These materials are preferred to others because of economic considerations and the fact that its 

corrosion usually leads to general attack. The API 5L pipe steel is a low carbon steel, which is used for 

the fabrication of transmission pipelines [13, 14]. The development of technology for high strength 

pipeline steel such as X-80, X-100 and X-120 through thermo-mechanical process allowed a reduction 

in wall thickness and sometimes an improvement in corrosion resistance [15, 16]. However, the API 

5L pipe is still susceptible to aqueous corrosion so inhibitor addition is a frequent corrosion control 

measurement.   
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Imidazolines inhibitors have been on use for more than forty five years with an improved 

performance [17, 18]. The importance and usefulness of oleic imidazoline in the oil and gas pipelines 

has been studied in detail by several researchers [19-21]. Most of these commercial inhibitors have 

organic molecules that are adsorbed onto the metal surface to form a protective film. Imidazolines are 

the most extensively used inhibitors to mitigate CO2 corrosion [22-25]. Likewise, they are also useful 

in controlling corrosion by hydrogen sulfide in wet sour gas [26], crude oil [27, 28], oil water 

emulsions [29] sour brines [30], and drilling muds [31] as well as in environments with minor contents 

of water combining CO2/H2S in the presence of chlorides [32]. 

This paper aims to investigate what chemical species are deposited on the metallic surface of a 

pipeline steel API 5L X-70 before and after the addition of a corrosion inhibitor (CI) under flow 

assisted conditions. This consisted in varying mass flow rate of an aqueous brine solution saturated 

with H2S and changing jet angle of impingement on the metallic coupons. The composition and 

morphology of the chemical species deposited in the form of corrosion products/inhibitor films 

contribute largely in determining corrosion rate and inhibitor efficiency as they determine the degree 

of porosity and adhesion to the metallic substrate and consequently their tendency to cracking and 

dissolution. X-ray diffraction and electronic microscopy aided in determining how corrosion and 

inhibition interact on carbon steel microstructure. 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Materials and equipment 

Samples of  pipeline steel API 5L-X70 were cut and machined into coupons of 1 cm x 0.5 cm x 

1 cm in order to provide a working area of 0.5 cm
2
. Three coupons of similar dimensions were wet 

abraded with emery paper, mounted in resin and welded to electric wires for connection to 

electrochemical equipment. The coupon set is placed in the test chamber made of clear acrylic in 

which a free jet impingement device is introduced. The chamber is provided with a tilted plate at the 

bottom for rapid fluid drain and recovery for appropriate disposal; inlet and outlet connections as well 

as movable plate, where metallic coupons are placed at the testing angles of 30°, 60° and 90°. 

Electrolyte consisted in a brine solution prepared according to the following composition (g/L): NaCl 

(106.57); CaCl2*2 H2O (4.47); MgCl2*6H2O (2.06) saturated with hydrogen sulfide to pH 4, besides 

10 % of kerosene as organic phase [33]. Sour brine is recirculated by a centrifugal pump and stored in 

a polyethylene tank with capacity of 100 L. The electrolyte is fed from the storage tank to the jet 

impingement and from there to the metallic coupon surfaces located in the testing chamber. 

 

2.2. Corrosion rate measurements 

Linear polarization resistance measurements were performed on the previously resin mounted 

steel samples electrode for jet impingement tests. The jet impingement chamber and the 

electrochemical cell consisted of an arrangement of two electrodes made of the same carbon steel 

material and a reference electrode of SS 316L [34], which allowed carrying out testing in a 
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manageable scheme though it introduced an error of around ± 10% in corrosion rate measurements. 

Experimental tests were controlled by means of the POWER SUIT software in a potentiostat-

galvanostat made by Princeton Applied Research model 263A. The polarization scans were carried out 

on the steel at ± 20 mV vs. the open circuit potential (OCP) at a rate of 0.166 mV/s in a brine 

containing 10% kerosene and 1383 ppm of H2S. Corrosion rates were determined from polarization 

resistance measurements according to the Stearn-Geary´s equation (8) by means the Rp (ohm-cm
2
) 

provided as a function of flow rate (8 and 18 l/min) and testing time (1-8 hours). Procedure consisted 

in calculating current density Jcorr and corrosion rate (9) as follows:   

 

 
 

(8) 

 

 
 

(9) 

 

where βa and βc are the anodic and cathodic Tafel constants; 0.00327 is a constant used for dimension 

and time conversion [35], EW is the equivalent weight of corroded iron (27.8 g/g mol) and 𝜌 is steel 

density (7.8 g/cm
3
).  In this study B is assumed to be 0.026 V; this data was taken from measurements 

performed at pH 4 [36] and whose slopes range within 60-120 mV/decade. The system under study 

stabilized itself at a roughly constant open circuit potential of -0.71 mV to -0.84 after about 60 

minutes. Three tests were performed every hour to ensure measurement reliability. Inhibitor was added 

once every 8 hours at a constant dosage of 200 ppm. Potentiodynamic curves were performed ± 250 

mV vs. OCP at a rate of 0.166 mV/s. 

 

2.3. Surface characterization  

Images of corroded surfaces and those after inhibitor addition were recorded in a scanning 

electron microscope (SEM) JEOL-JSM 6300. X-ray diffraction (XRD) was performed in a D8 Focus 

Bruker diffractometer with Cu Kα radiation to determine the nature of chemical species deposited on 

metallic coupons as corrosion deposits and films by using the grazing incidence technique (GIXRD). 

X-ray scanning was performed within the range of 20° to 90° with a step width of 0.02°; further 

analysis of XRD spectra was carried out with the CreaFit 2.2 DRXW software.  

 

 

2.4 Quantum chemical calculations 

The molecular structure of the compound is schematically shown in Figure 1, this compound 

was studied by the DFT method, with an optimized geometry at B3LYP/6-31G* level of theory [37]. 

For energy minimization a convergence limit was set at unity with 1 kcal/A mol as rms gradient. The 

professional software Spartan 02 [38] was employed for calculations including: HOMO and LUMO 

energies as well as Mulliken´s electronegativity.    
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Figure 1. Molecular structure of 2-{2-[(8E)-heptadec-8-en-1-yl]-4,5-dihydro-1H-imidazol-1-

yl}ethanamine 

 

 

3. RESULTS AND DISCUSSION  

3.1. Chemical analysis and metallography  

The chemical composition of the pipeline steel X-70 was determined by optical emission 

spectroscopy by spark discharge, whose elements in wt. % are as follows: C (0.24), Mn (1.081), Si 

(0.284), P (0.019), S (0.021), Cr (0.156), Cu (0.185), Ni (0.088) balance with Fe. Microstructure of 

steel X-70 (Figure 2) consisted of a uniform distribution of ferrite and lamellar pearlite in colonies 

distributed over a matrix of ferrite, which is typical of a normalized carbon steel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Microstructure of steel API 5L X-70 etched in 5% nital (500X) showing ferrite and perlite in 

light and dark contrast, respectively. 
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3.2 Polarization scans 

3.2.1 Corrosion rates as function of flow rate and impingement angles  

 
Figure 3. Corrosion rate of pipeline steel API X-70 for the impinging angles of 30°, 60° and 90° at a 

flow rate of 8 L/min
 
with and without corrosion inhibitor for a testing time of 8 h. 

 

Figure 3 shows the corrosion rate versus time for a flow rate of 8 l/min at the impingement 

angles of 30°, 60° and 90°. For testing without inhibitor, the highest corrosion rates were recorded in 

the coupon placed at 90° (~120 mpy), followed by that at 60 ° (~ 60 mpy) and 30° (~30 mpy). It is 

evident the effect of corrosion inhibitor on corrosion as it displaced curves down ca. ~10 mpy.  

 

Table 1. Average corrosion rates at the testing conditions with and without corrosion inhibitor. 

 

Testing conditions 

*Corrosion rate (mpy) 

 

Flow rate 

Impingement 

angle 

Time 

(h) 

8 L/min 

 

18 L/min 

 

Vi Vf Vi Vf 

30° 
1 30 7.0 167 18.4 

8 12 5.8 70 30.5 

60° 
1 62 2.2 134 40.3 

8 26 14 67 46.6 

90° 
1 87 0.7 125 10.3 

8 118 8.0 86 56.8 

*Vi/Vf: corrosion rate in the absence and presence of 200 ppm inhibitor.  
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Table 2. Efficiency of CI as a function of time and flow rates of 8 l/min and 18 l/min. 

 
Testing time 

(h) 

8 L/min 

 

18 L/min 

 

 
30° 60° 90° 30° 60° 90° 

1 75.2 96.4 99.2 88.9 69.9 92.0 

2 80.1 93.6 99.1 88.3 71.9 94.6 

3 77.3 92.2 98.9 83.7 80.4 93.3 

4 75.1 91.7 98.2 81.2 31.8 92.1 

5 76.8 91.3 97.4 92.0 9.6 69.6 

6 67.0 77.1 95.9 88.5 24.2 60.2 

7 53.5 55.7 94.7 81.3 12.1 50.3 

8 51.8 46.5 93.2 56.2 30.3 34.1 

 

In Tables 1 and 2, it can be observed that the initial corrosion rates before the addition of 

inhibitor were in the range of 30-118 mpy for 8 l/min, while at 18 l/min they reached 67-168 mpy. 

However, after inhibition they decreased to ~1-14 mpy (8 l/min) and ~6-57 mpy (18 l/min), 

respectively. At 8 l/min, CI efficiencies reached 75-99% and at 18 l/min were in the range of 70-95%. 

After 8 hours testing with CI and for both flow rates, the highest corrosion rates were obtained at 90° 

(~ 57 mpy), whilst at 60°/30°, they decreased to an average of 10 mpy.  

 

 
Figure 4. Corrosion rate of pipeline steel API X-70 for the impinging angles of 30°, 60° and 90° at a 

flow rate of 18 l/min with and without corrosion inhibitor for a testing time of 8 h. 
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Figure 4 shows the corrosion rate versus time for a flow rate of 18 l/min at angles of 30°, 60° 

and 90°. For testing without inhibitor, the highest corrosion rates were recorded again in the coupon set 

at 90° (~260 mpy), followed by that at 60° (~140 mpy) and 30° (~32 mpy). CI mitigated corrosion 

though its effect is for a period of three hours as a result of increased turbulence.  

When imidazoline derivative was added, corrosion rates decreased for a period of 3-4 hours. CI 

proved to be highly efficient for the first hours. However, it is necessary to add another dose of CI after 

4 hours at 8 l/min to maintain a low and constant corrosion rate, whereas at 18 l/min, CI addition is 

required after 3 hour of testing. At 8 l/min (Figure 2) corrosion rates were within 1-4 mpy for 4 hours 

then corrosion rate increased to roughly 10 mpy after 8 h. At 18 l/min (Figure 4), corrosion rates 

dropped within 5-20 mpy for the first 3 hours to increase to 6-48 mpy after 8 hours. 

Figure 5 shows an example of the polarization scans performed at 18 l/min along with the 

electrochemical parameters (Table 3). Potentiodynamic curves showed the effect of corrosion 

inhibitor, which consisted in decreasing the open circuit potential towards more noble potentials along 

with a decrement in the current density as a result of film formation. The blank material of X-70 shows 

the same tendency when testing time increased from 0 to 4 hours though now because of the formation 

of corrosion products. The latter also occurred when 10 ppm of inhibitor was added, which is related to 

the arrests showed on the cathodic branch of the curve.  

 

 
 

Figure 5. Polarization scans for X-70 coupons in sour brine at 18 l/min. 
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Table 3. Corrosion parameters in the absence/presence of CI at 18 l/min at 90° 

 
 

Time 

(h) 

 

E 

(mV) 

 

icorr 

(A/cm
2
) 

 

Rp 

(ohm cm
2
) 

 

βc 

(mV dec
-1

) 

 

βa 

(mV dec
-1

) 

 

Vcorr 

(mpy) 

 

X-70, 0 h - 0.710 2.3 x 10
-4

 219 138 126 125 

X-70, 2 h -0.730 1.9 x 10
-4

 268 

 

90 

 

120 94 

X-70, 4 h 

 

-0.750 

 

1.2 x 10
-4

 365 
110 

 
145 86 

X-70 + 10 

ppm, 1 h 

 

-0.790 

 

6.4 x 10
-5

 787 
127 

 
107 32 

X-70 + 

200 ppm, 

1 h  

-0.840 2.7 x 10
-5

 1490 131 157 

 

10 

 

 

 

The corrosion inhibition efficiency of organic compounds, such as imidazolines, is strongly 

dependent on molecular adsorption on substrate surface. Adsorption depends on the nature and 

metallic surface condition, type of corrosive medium and chemical structure of inhibitor. Studies report 

[39, 40] that the adsorption of organic inhibitors mainly depends on some physicochemical properties 

of the molecule, related to its functional groups, steric effects and electronic density of donor atoms; 

adsorption is supposed to depend on the possible interaction of p-orbitals of the inhibitor with d-

orbitals of the surface atoms, which induce greater adsorption of the inhibitor molecules onto the 

surface of carbon steel, leading to the formation of a corrosion protecting film [41]. However, under 

turbulent flow conditions inhibitor film can be removed from steel surface at some critical flow 

velocity [42], which indicates that shear stress can remove inhibitor layers and decrease their 

efficiency. In contrast, the shear stress to remove an imidazoline base inhibitor ranged within 50-100 

MPa after atomic force measurement, which is much higher than the shear stress produced in high 

turbulence flow. In any case, corrosion phenomenon is still produced because of inhibitor film porosity 

and batches of film deposited on steel surface though inhibitor should add to maintain a steady state 

and mitigate corrosion rate [43]. 

 

3.3 SEM surface characterization 

3.3.1 SEM characterization at a flow rate of 18 l/min without inhibitor  

Figure 6 shows the coupon surfaces after conducting the test at a flow rate of 18 l/min (2.36 

m/s). It is noticed that flow rate promoted corrosion product removal and cracking in the layer of the 

corrosion products. The degree of product removal increased with the increase in the impingement 

angle from 30 to 90°. The corrosion products at a flow rate of 18 l/min were identified as those of 
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toothed type in a porous surface (Figure 7), which is more evident for coupons at 30° and 90°; while 

on coupon at 60° a greater amount of deposits is observed.  

 

 

 

Figure 6. Micrographs of corrosion products deposited on the metallic coupons at the impingement 

angles indicated and a flow rate of 18 l/min (300X). The arrows indicate flow direction. 

 

 

 

Figure 7. SEM images of corrosion products deposited on the metallic coupons at the impingement 

angles indicated and a flow rate of 18 l/min (1500 X). 
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The corrosion products displayed an increase in the density of agglomerates as the impact angle 

was increased from 30° to 90°. In the three surfaces, the growth of corrosion products developed in 

layers; this behavior can be better observed in the coupon at 90°. The removal of corrosion products is 

not only consequence of friction due to flow rate on the metallic surface but also it has to do with the 

nature of chemical species deposited, which are more or less susceptible to cracking and dissolution 

depending on its composition and film properties [44]. 

 

 

3.3.2 SEM characterization at a flow rate of 18 l/min with inhibitor 

Figure 8 shows the metallic coupon surfaces after the addition of CI, where it is observed an 

increase in the density of corrosion products with the impingement angle, which was more evident on 

the surfaces at 30° and 90°. The effect of inhibitor is to produce a new film on the corrosion products 

after its adsorption process has occurred [45]. CI is capable of modifying the corrosion products 

morphology on formation along with its chemical composition in order to improve corrosion resistance 

by film modification [46]. 

  

 

 

Figure 8. SEM images of API 5L X-70 steel coupons placed at the angles of a) 30°, b) 60° c) 90° 

tested at 18 l/min for 8 h in a sour brine after the addition of corrosion inhibitor (300 X). 
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Figure 9. SEM images of API 5L X-70 steel coupons placed at the angles of a) 30°, b) 60° c) 90° and 

tested at 18 l/min for 8 h in a sour brine with inhibitor (1500 X). 

 

This behavior is observed in more detail at higher magnifications (Figure 9), where it is 

observed that the serrated surfaces shown in Figure 7 were transformed into a rounded microstructure 

denominated of the rosebud type [47]. The corrosion products deposited on the metallic surface 

appears to produce a lower turbulence and in consequence FAC is mitigated. The distribution of the 

corrosion products seems more homogeneous than that formed in a toothed type surface without 

inhibitor, which means rounded deposits and lower interactions to produce micro-turbulence on steel 

surface [48] and in consequence deposits formed a more resistant film that might hamper the contact of 

steel surface with the liquid phase, which results in a lower corrosion rate.  

 

3.4 Characterization of corrosion products by XRD 

Figure 10 shows the chemical species that appeared in the diffraction patterns at a flow rate of 

18 l/min in absence of inhibitor. They are the same for the three angles of impingement: Cubic 

maghemite (Fe2O3) as the predominant phase, tetragonal mackinawite (FeS), orthorhombic marcasite 

(FeS2) and β-cubic iron oxide (Fe2O3). Cubic maghemite decreased as the angle increased (30°- 90°), 

as it happened with β-cubic iron oxide, while marcasite displayed two peaks (30°, 60°) though only 

one at 90°. In the absence of inhibitor, the corrosion products formed are the same for the angles 

tested, with the feature that oxides predominated over sulfides. The presence of marcasite is known to 
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decrease corrosion rate owed to the crystal lattice adherence on steel surface [49], which coincides 

with a decrease in corrosion rate for the sample tested at 90°.  

 

20 40 60 80 100

0

500

1000

1500

2000

2500

3000

(a) API 5L X70 Brine + 10% kerosene + 1382.7 ppm H2S

Flow rate = 18 l /min (Angle = 30°), without inhibitor










    Fe2O3 Cubic Maghemite

Fe2O3 -Cubic Iron oxide

    FeS2 Orthorrombic Marcasite

FeS Tetragonal Mackinawite



 

 

In
te

n
s

it
y

 (
a

.u
)

2degrees)

 

20 40 60 80 100

0

500

1000

1500

2000

2500

3000

(b) API 5L X70 Brine + 10% kerosene + 1382.7 ppm H2S

Flow rate = 18 l /min (Angle = 60°), without inhibitor

    Fe2O3 Cubic Maghemite

Fe2O3 -Cubic Iron oxide

    FeS2 Orthorrombic Marcasite

FeS Tetragonal Mackinawite












 
 

In
te

n
s

it
y

 (
a

.u
)

2degrees)

 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

7494 

20 40 60 80 100

0

500

1000

1500

2000

2500

3000

(c) API 5L X70 Brine + 10% kerosene + 1382.7 ppm H2S

Flow rate = 18 l /min (Angle = 90°), without inhibitor









    Fe2O3 Cubic Maghemite

Fe2O3 -Cubic Iron oxide

    FeS2 Orthorrombic Marcasite

FeS Tetragonal Mackinawite



 

 

In
te

n
s

it
y

 (
a

.u
)

2degrees)

 

 

Figure 10. XRD of corrosion products deposited on API 5L X-70 at a flow rate of 18 l/min in sour 

brine without inhibitor at (a) 30°, (b) 60° and (c) 90°. 
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Figure 11. XRD analysis of corrosion products deposited on API 5L X-70 in sour brine at a flow rate 

of 18 L/min with inhibitor at (a) 30°, (b) 60° and (c) 90°. 

 

Mackinawite (Fe(1-x)S) is the predominant chemical species that appeared in acid, neutral and 

alkaline aqueous environments below 100 °C, as a crystalline precipitate of ferrous ions in H2S [50-

52]. It appears almost immediately after carbon steel immersion in aqueous solution [53].  
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At intermediate concentrations of H2S, mackinawite accelerates corrosion though after longer 

exposure times, it is converted to pyrite (cubic FeS2), pyrrhotite (FeS(1+x))) and troilite (FeS) [54]. 

These species of iron disulfides such as pyrite and marcasite have a composition of FeS2.0 and it has 

been shown [55] that pyrite is the sole ultimate product of aqueous H2S with iron, carbon steel, troilite 

and mackinawite at 100-160 °C in the absence of oxidants other than H2S. However, in the presence of 

oxygen or sulfur, or under the application of anodic current at the crystallization site, marcasite is 

formed in addition to pyrite [56]. Troilite appears to have a higher crystalline order so seems more 

stable than other phases Oxides species such as magnetite (Fe3O4) and maghemite (Fe2O3) are believed 

to be part of the inner film and those species of sulfides conformed the external layer of steel iron 

surface. The kinetics of pyrite and marcasite formation is slow and formation may take several days 

[57]. On rotating carbon steel discs in aqueous hydrogen sulfide, the evolution of corrosion products in 

oxygen free solutions is as follows: Mackinawite (tetragonal FeS(1-x)), ferrous sulfide (cubic FeS), 

troilite (hexagonal FeS), pyrrhotite (hexagonal Fe(1-x)S) and pyrite (cubic FeS2). Temperature above 

100°C accelerates sequence of transformation, while higher rotational rates retard it [58].  

Figure 11 shows the chemical species formed on the outer film of the steel surface at a flow 

rate of 18 l/min in the presence of inhibitor. Film consisted of a mixture of oxides and sulfides; at 

30°/60° cubic maghemite (Fe2O3) appeared as the predominant chemical specie followed by 

orthorhombic marcasite (FeS2), tetragonal mackinawite (FeS) and β-cubic iron oxide (Fe2O3). 

However, at 90°, cubic magnetite (Fe3O4), triclinic pyrite (FeS2) and rhombohedral mikasaite (Fe2 

(SO4)3) appeared in addition to those at 30° and 60°. The range of the corrosion products were similar 

for 30° and 60°; however at 90°, the number of chemical species increased from 4 to 9, where an oxide 

(Fe2O3) and a sulfide (FeS2) were the prevalent phases besides rhombohedral mikasaita is added [59].  

Chemical species for the samples tested at 90° displayed some particular features in the 

presence and absence of inhibitor so it behaved differently to those at angles of 30-60°. In the absence 

of CI, corrosion products showed the lowest number of chemical species (4), in which a decrease in 

orthorhombic marcasite (FeS2) was detected. In the presence of CI, the number of chemical species 

increased (9), where oxides and sulfides seem to have a similar distribution. However, the film formed 

cannot control corrosion as it is showed by the high final corrosion rates. A plausible explanation has 

to do with the stagnation region where flow rate impinged at maximum rate avoiding the formation of 

a continuous film of inhibitor so corrosion is enhanced and inhibitor efficiency is decreased. 

 

 

3.5 Quantum chemical calculations  

 

After geometry optimization at level B3LYP/6-31G*, which provides d functions to 2
nd

 row 

elements (C, N, O, etc.) allowed a high reliability of simulation results (Figure 12). A total energy of E 

= 1028.48 au along with EHOMO = -5.26 eV and ELUMO = 0.96 eV shows a high ΔE = 4.3, which is 

sufficiently large to assure a strong interaction with metal substrate.  
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Figure 12. Optimized geometry of imidazoline derivative showing amine (pendant group), imidazoline 

(head) and alkylic chain of CI 

 

The analysis of Mulliken´s charges permits to identify the sites of inhibitor adsorption on 

substrate; they are indicated for the atoms involved (Table 4). The sites of ionic reactivity can be 

estimated from the net charges on a molecule. 

 

  
Table 4. Mulliken´s charges of selected atoms for imidazoline molecular structure. 

 

Atom  Charge 

N1 -0.453 

C2 -0.144 

C3 -0.163 

N4 -0.484 

C5 0.508 

C6 -0.158 

C7 -0.155 

N8 -0.701 

C9 -0.337 

 

 

The rest of atoms in the akylic chain are within -0.25 to -0.26 for C sp
3
; -0.3 for C sp

3
 adjacent 

to C sp
2
 and -0.093 for carbons C sp

2
. The other hydrogen atoms are in the range of 0.11 a 0.22. 

In terms of local FMO, HOMO contributions are located at N1 and N4 of imidazoline 

heterocyclic ring and N8 in ethylenamine moiety; meanwhile LUMO contributions are mainly located 

at C5-N4 in imidazoline ring and C16-C17 double bond. In Figure 13, both contributions are shown 

graphically.  
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Figure 13. HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular 

orbital) for CI.  
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In terms of global parameters, such as Pearson theory [60] hardness () and softness () 

calculated from FMO values, imidazoline has  = (ELUMO – EHOMO)/2 = 3.11 eV and = 1/ = 0.322 

eV. Large values of  indicate better adsorption on the metal surface [61].  

 

 

4. CONCLUSIONS 

Inhibitor film provided efficiencies in the range of 70-99% at 200 ppm with initial corrosion 

rates in the range of 125-134 mpy (3.2-3.4 mm/y). In the absence of inhibitor, chemical species of 

cubic maghemite (Fe2O3) predominated with an apparent decrease in orthorhombic marcasite (FeS2) 

when angle was increased from 30° to 90°. In the presence of inhibitor, maghemite (Fe2O3) and 

marcasite (FeS2) prevailed as a mixture of oxides and sulfides at the impingement angles. Mackinawite 

appeared with and without the presence of corrosion inhibitor at every angle tested on the metallic 

surface. At 90°, four chemical species were detected without inhibitor, whereas nine chemical species 

formed in the presence of inhibitor. At 90°, the additions of CI did not work after 4 hours probably 

because of the difficulty in forming a continuous protective film on the surface directly below the 

stagnation region, where normal stress is at peak and corrosion rates are in the range of 90 mpy.  

As the flow rate and angle were increased the inhibitor efficiency decreased due to partial film 

formation; imidazoline derivative is efficient under turbulent flow (Re = 12,500) albeit a periodic 

replenishment is required after a 3-4 hour period.  

DFT simulation of imidazoline derivative emphasized high polarity of nitrogen atoms in 

imidazoline and in primary amine. Likewise, its high value of energy change related to molecular 

orbitals (4.3 eV) indicates a relatively high capability of forming compounds, as compared, for 

example to benzimidazoles that may reach a value of ~5.5 eV. Nevertheless, the molecular interactions 

of carbon steel with the chemical species formed under FAC conditions should be calculated along 

with others such as steric hindrance and non-covalent interactions.  
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