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In the present work, the ionic liquid (IL) N-dimethyl-N-di(cocoalkyl) ammonium methyl sulfate
(DCA) was tested as a corrosion inhibitor (CI). The tests were carried out in 1 M solutions of
hydrochloric acid (HCIL) in order to inhibit the corrosion of APl 5L X-52 steel. The maximum
inhibition efficiency (IE) was obtained at 4 h and 50 °C within the 96-99% interval and IE was
obtained at 0 h and 30 °C within the 50-94% interval. The tests indicated that DCA inhibited the steel
corrosion and worked as a mixed-type inhibitor, where the molecular adsorption on steel was described
by the Langmuir isotherm, whereas thermodynamics suggested that a physisorption process occurred.
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1. INTRODUCTION

In most industrial processes, acidic solutions are commonly used for pickling, industrial acid
cleaning, acid de-scaling, and they are also applied widely to enhance oil/gas recovery through
acidification in the oil and gas industries [1]. Hydrochloric and sulfuric acids are the most common
types of corrosive acids used in such industrial operations [2]. These types of acid solutions are very
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aggressive and the main problem concerning API 5L X52 steel applications under different conditions
in the industry is the loss of physical and chemical properties due to corrosion damage [3-5]. Several
methods have been utilized in order to reduce the corrosion rate of APl 5L X52 exposed to acidic
solutions. The use of corrosion inhibitors (Cls) is a method used commonly to protect this steel type
against corrosion damage [6]. By using Cls, it has been possible to preserve the integrity of metal
components in facilities under severe corrosive conditions, which would normally lead to failure or a
reduction in the operating cycle of essential equipment such as risers, columns and well structures,
pipelines, distillation towers, and pressure vessels. For years, the organic compounds have proven to
be excellent Cls in acid media and their high IEs are due mainly to their capacity of being adsorbed on
the metallic surface. This adsorption phenomenon is favored by the presence of heteroatoms (nitrogen,
sulfur, phosphorous and oxygen), functional groups and = bonds present in their molecular structure
[6]. A problem regarding the application of inhibitors in different industries is that most of these
compounds are toxic to humans and the environment. Currently, the search of new Cls is focused on
“green corrosion inhibitors”, where the ionic liquids (ILs) are found [7-10]. The ILs are organic salts
that have a melting point below 100 °C. These compounds have a large number of advantageous
physicochemical properties such as high ionic conductivity and non-flammability as well as chemical
and thermal stabilities [11,12]. One of the most important characteristics of ILs is their negligible
vapor pressure, which makes them eco-friendly and less hazardous inhibitors of metal corrosion
[12,13]. The study of ILs as Cls is wide due to the ease that represents the combination of cations and
anions for obtaining new CIl molecules [13]. Derivatives of imidazolium [14-16], phosphonium [17],
pyridinium [14,18,19], ammonium [20,21], and phosphonium [22] are some of the ILs that have been
studied as Cls. This wide possibility of choosing cations and anions represents a good option for
synthesizing new green ClIs. The present work aims to investigate the corrosion inhibition effect of the
IL N-dimethyl-N-di(cocoalkyl) ammonium methyl sulfate (DCA) on API 5L X52 steel ina 1 M HCI
solution at different temperatures. The effect of the inhibitor concentration was evaluated by
electrochemical tests, and scanning electron microscopy (SEM) was performed to evaluate the surface
after exposure to the acid solution.

2. EXPERIMENTAL WORK

2.1 Preparation of Materials

The experiments were performed on API 5L X52 samples with a contact area of 0.28 cm®.
These materials were characterized and the following compositions (wt.%) were found: 0.08 C, 1.06
Mn, 0.26 Si, 0.019 P, 0.003 S, 0.0039 Al, 0.041 Nb, 0.018 Cs, 0.02 Cr, 0.019 Ni, 0.054 V, 0.003 Ti,
0.0002 Ca, 0.0003 B and the balance being Fe. The specimens were abraded with wet SiC paper
number 400-600; afterwards, the specimens were degreased in hexane and washed in an ultrasonic
bath of acetone for 5 min to remove impurities.
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2.2 Test solutions

The test solutions were prepared by using standard grade hydrochloric acid and deionized
water. This 1 M HCI aqueous solution was used to test the IL as Cl of API 5L X52 steel.
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Figure 1. Structure of N-dimethyl-N-di(cocoalkyl) ammonium methyl sulfate (DCA) evaluated as CI.

Figure 1 shows the chemical name and abbreviation of the compound used in the present study,
which was added to the acid solutions in concentrations of 10, 25, 50, 75 and 100 ppm (mgL™) to
protect API 5L X52 steel from the corrosive media.

2.3 Electrochemical tests

Electrochemical measurements were carried out in a standard three-electrode cell. The
electrode potential was measured against a saturated calomel electrode (SCE) via a Luggin capillary
probe, which was used as the reference electrode. The counter electrode was a Pt mesh (99.9% purity)
and the working electrode was made of APl 5L X52 steel, which was embedded into a Teflon
cylindrical bar. The tests were performed in a naturally aerated solution kept at temperatures of 25, 30,
40 and 50 °C. The electrochemical tests were carried out in a potentiostat/galvanostat PGSTAT302N
controlled by a PC through the Nova 1.10 software. Before recording the electrochemical test
polarization measurements, the working electrode was immersed in the test solution at steady-state
open circuit potential (Eocp) for 0, 4, 8 and 12 h right off the electrochemical test was done. The
cathodic and anodic polarization curves were developed in the potential range from -250 mV to Eocp,
and from Eocp to +250 mV at the same scanning rate of 0.166 mV s™. The reported data regarding the
IE represent the average with a standard deviation of 0.3-3.5 %.

2.4 Surface analysis

The steel surface was recorded by a scanning electron microscope (SEM); images of the
corroded surfaces and those after inhibitor addition were taken by a SEM Model JEOL-JSM-6300.
Compositional results were obtained by using the EDX (Electron Dispersive X-ray) analysis module
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attached to the microscope. The analyzed surfaces were exposed to OCP for 12 h at 25 °C and 4 h at
40 °C.

3. RESULTS AND DISCUSSION

3.1. Potentiodynamic Polarization
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Figure 2. Tafel curves for API 5L X52 steel immersed in 1 M HCI in absence and presence of
different DCA concentrations after 0 h of immersion at 30 °C.

The polarization curves of API 5L X52 steel in aqueous 1 M HCI, in the presence and absence
of ClI, are shown in Figures 2-4 at 30, 40 and 50 °C and different CI concentrations. The values of
related electrochemical parameters i.e., corrosion potential (Ecorr), corrosion current density (icorr),
cathodic Tafel slope (f¢) and inhibition efficiency (IE) were calculated and given in Tables 1 and 2.
Fhe IE was calculated from polarization measurements according to the relation given below:

IE (%) = [1—:—] 100 (1)
Where icorr and i%orr are inhibited and uninhibited corrosion current densities, respectively. The
icorr Was obtained by the extrapolation of the current—potential lines to the corresponding corrosion
potential.
In Figures 2-4, it can be clearly seen that the addition of inhibitor to the corrosive solution of 1
M HCI at the different temperatures reduces the anodic iron dissolution and also retards the cathodic

hydrogen evolution reactions at the respective actives sites; such a phenomenon is attributed to the
increase in the covered surface degree (&) prompted by the CI adsorption on the steel surface.
100
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IE



Int. J. Electrochem. Sci., Vol

log i (A/cm?)

. 10, 2015

—
o
T

KA
N
T

KR
i
T

# X Concentration (ppm)

——0
——10
——25
——50
—<— 175
——100

-0.7 -0.6 -0.5

E (V/SCE)

-0.2 -0.1

2780

Figure 3. Tafel curves for API 5L X52 steel immersed in 1 M HCI in absence and presence of
different DCA concentrations after 12 h of immersion at 40 °C.
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Figure 4. Tafel curves for APl 5L X52 steel immersed in 1 M HCI in absence and presence of
different DCA concentrations after 8 h of immersion at 50 °C.

The parallel cathodic Tafel lines (Figures 2-4) suggested that the addition of DCA inhibitor to
the 1 M HCI solution do not modify the hydrogen evolution mechanism and the reduction of H* ions at
the steel surface which occurs mainly through a charge transfer mechanism [23]. In Figure 2, the CI
effect on the polarization curves at the different evaluated concentrations is observed clearly. These
changes are more evident at concentrations above 25 ppm due to a higher presence of ClI molecules,
which provoke a decrease in the current density on the protected surface. Notwithstanding, as it can be
observed in Figures 3 and 4, the anodic branches of the polarization curves obtained at 40 and 50 °C,
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in presence and absence of CI, present clear adsorption and desorption processes regarding both
corrosion products and CI molecules. Firstly, in CI absence, the formation of corrosion products such
as FexQy, FeCl, and hydrated oxides [24-27] is common. However, the solubility of this type of
oxides localized on the steel surface is favored by the temperature effect. Therefore, it is logic to
suppose that this corrosion product marks the pathway of the adsorption and desorption processes that
are observed in the curves in the absence of CI, without forgetting that there is also a minor
contribution by the other types of corrosion products occurring in such a process. Secondly, in Cl
presence, the adsorption and desorption processes are evident, but these processes become more
complex due to the involved reactions between Cl-oxides. On the one hand, on the steel surface, there
are corrosion products of the same type as those obtained in CI absence, but in addition, there are also
CI molecules whose role is more evident due to their adsorption on the active sites located on the
zones where the corrosion products tend to be desorbed, a process that is confirmed by the decrease in
the current intensity of the anodic and cathodic branches. Nevertheless, it has been reported that a
temperature increase affects the Cl adsorption on the metal surface to be protected [28]. In the present
work, the potentiodynamic curves show clear displacements with respect to the current intensity in
inhibitor presence with respect to the blank, being this displacement more evident at higher
concentrations due to a higher concentration of molecules in the medium and on the surface, therefore,
the corrosion velocity on the surface tends to be minor. This analysis is reflected specifically in the I1E
data reported in Table 1. Figure 5 shows the highest IE was obtained at 50 °C within the 96-99%
interval for 4 h where the concentration did not influenced drastically the IE.
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Figure 5. DCA inhibition efficiencies as Cl of API 5L X52 steel in 1 M HCI after 4 h of immersion at
different temperatures.
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Table 1. Electrochemical parameters obtained from the Tafel curves of API 5L X52 steel immersed in
1 M HCl in absence and presence of different DCA concentrations at 25 and 30 °C.

25°C 30°C
Concentration Time

(ppm) (h) Bc -Ecorr lcorr ) IE Bc -Ecorr lcorr ) IE
(mV/dec) (mV/SCE) (uA/cm?) (%) (mV/dec) (mV/SCE) (uA/cm®) (%)
0 146 471 688 - 137 449 897 -
0 4 127 470 608 - 105 405 226 -
8 124 479 313 - 106 411 317 -
12 121 471 409 - 102 420 355 -
0 128 446 476 31 126 450 448 50
10 4 109 479 67 89 84 409 24 89
8 98 477 39 88 78 402 33 90
12 48 472 76 81 76 411 58 84
0 121 468 338 51 124 431 255 72
25 4 114 479 26 96 108 358 14 94
8 101 477 24 92 78 390 22 93
12 63 481 68 83 75 385 22 94
0 96 440 170 75 97 443 53 94
50 4 142 379 20 97 199 368 39 83
8 114 398 20 94 152 357 26 92
12 107 415 21 95 99 373 13 96
0 97 427 131 81 143 423 59 94
75 4 102 401 25 96 280 344 58 74
8 103 412 24 92 293 343 62 81
12 115 435 38 91 168 345 27 92
0 100 445 140 80 253 406 87 90
100 4 119 432 46 92 326 390 55 76
8 149 452 51 84 393 361 56 82
12 171 420 34 92 347 349 40 89

By increasing the attack time of APl 5L X52 steel in the solution, as observed in Figures 6 and
7, the IE changes become evident. In these figures, it is clear that DCA did not show high IE at very
low concentrations. This fact may be attributed to the high solubility of the complexes formed between
Fe"™ and DCA molecules. However, an increase in the DCA concentration caused a decrease in
solubility of the complex, resulting in the formation of a more compact layer at the surface of the low
carbon steel.
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Figure 6. DCA inhibition efficiencies as Cl of API 5L X52 steel in 1 M HCI after 8 h of immersion at
different temperatures.
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Figure 7. DCA inhibition efficiencies as Cl of API 5L X52 steel in 1 M HCI after 12 h of immersion
at different temperatures.

This process is linked directly to the adsorption of CI molecules on the surface as a time
function, which is why that the maximum surface covered by the CI molecules is obtained after 4 h at
the highest temperature due to the stability between the attraction and repulsion forces present in the
surface-Cl molecule interaction. This phenomenon, which is related to the IE, as observed in Table 2,
leads to the formation of a protective film that is more homogeneous, stable and compact.
Nevertheless, this film loses part of its properties eventually, as confirmed by Figure 7, due to energy
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disequilibrium prompted by the oxidation-reduction reactions, which confirms that these ones can only
be mitigated but controlled.

Table 2. Electrochemical parameters obtained from the Tafel curves of API 5L X52 steel immersed in
1 M HCI in absence and presence of different DCA concentrations at 40 and 50 °C.

40 °C 50 °C
Concentration Time

(ppm) (h) Bc 'Ecorr |corr IE Bc 'Ecorr Icorr IE
(mV/dec) (MV/SCE) (nA/cm?) (%) (mV/dec) (MV/SCE) (nA/cm?) (%)
0 132 426 988 - 154 413 2015 -
0 4 116 397 426 - 155 403 3696 -
8 115 421 835 - 147 418 3377 -
12 125 431 1400 - 86 455 383 -
0 123 431 602 39 130 432 1389 31
10 4 83 390 34 92 106 455 150 96
8 84 403 79 91 156 484 352 90
12 89 428 170 88 72 479 89 77
0 121 426 345 65 119 430 844 58
o5 4 93 365 23 95 91 396 82 98
8 86 378 37 96 97 424 236 93
12 88 369 38 97 70 467 84 78
0 86 437 93 91 101 428 434 78
50 4 190 350 58 87 143 366 52 99
8 118 365 19 98 104 406 72 98
12 113 378 15 99 113 404 89 77
0 184 391 92 91 106 450 310 85
75 4 308 335 56 87 221 356 76 98
8 165 354 23 97 118 404 46 99
12 118 382 14 99 123 420 75 80
0 246 379 139 86 200 447 294 85
100 4 293 360 51 88 173 448 98 97
8 269 341 46 95 146 415 42 99
12 129 363 13 99 138 400 33 91

Some authors have reported that the kinetics of these redox reactions is accelerated by
increasing the temperature, diminishing the IE as a result [28]. As for the present study, the IL-derived
Cl does not show such behavior, confirming once again the DCA properties with respect to those
shown by ILs, which are stable within wide temperature intervals [7]. According to the aforesaid, the
IE order as a time function is as follows: 0 h (31-94 %) < 4 h (74-99%) < 12 h (77-99%) < 8 h (81-
99%). This order confirms that the maximum IE is obtained for any time interval at 8 h. Tables 1 and 2
show that the Eor displacements do not feature a defined trend as a function of time and temperature.
Initially, there is a preference toward the anodic zone, but with the increasing temperature, this
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behavior is changed, which was observed at 0 and 8 h; the opposite case was observed at 4 and 12 h.
According to Ahmed A. Farag [29], the classification of a compound as an anodic or cathodic inhibitor
type is feasible when the OCP displacement is at least 85 mV in relation to the one measured for the
blank solution. However, from Tables 1 and 2, the Ecor Cchanges, positive and negative, are lower in
inhibitor presence and lower with respect to the blank. These findings reveal that the investigated
inhibitor decreased both the anodic iron dissolution and hydrogen evolution reaction by blocking the
active sites, but they do not cause any appreciable changes in the E.o values. Therefore, DCA
evaluated as IL was classified as a mixed-type inhibitor.

3.2. Adsorption isotherms.

The corrosion inhibition process of steel in corrosive media by using ILs is explained
frequently by means of the molecule adsorption process on the metallic surface, which prevent the
adsorption of aggressive species present in the corrosive medium [15]. This statement is valid when
the corrosion velocity is sufficiently small. Under this assumption, the adsorption equilibrium state
tends to acquire a quasi-equilibrium state. This fact has allowed the use of different equilibrium
adsorption isotherms in order to understand the inhibition process. In our case, different adsorption
isotherm models such as Langmuir, Temkin, Freundlich, and Flory—Huggins were used, obtaining the
best approximation with the Langmuir isotherm represented by equation (3):

C 1
+C (3)

E Kﬂdi‘

where C is the inhibitor concentration, Kags is the equilibrium constant of the inhibitor adsorption
process and & is the surface coverage that was calculated by equation (2) from the data shown in
Tables 1 and 2. Figure 8 shows the C/8 vs. C plot, where a good fitting process can be observed, which

was obtained with correlation coefficient (R?) data and the slope, which are reported in Table 3.

Table 3. Thermodynamic adsorption parameters of DCA on API 5L X52 steel in 1 M HCI.

Temperature 2 “AGads’

(K) R Slope Kads (kJ mol)
208.15 098 1.00 25.907 3515
303.15 099 099 65,789 38.08
313.15 098 099 44,843 38.34
323.15 099 094 27,548 38.26

The slope values close to the unity confirm that the CI matches the criterion established by
equation (3) and the formation of a Cl monolayer on the steel surface is obtained. In addition, the high
K, 4. values indicate a fast adsorption process on the metal active sites. This phenomenon is due to the
fast orientation of the high electronic density zone of the molecule located over the cation. In order to
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confirm the interaction between the CI and the steel surface, the standard free adsorption energy,

AG_,., was calculated from equation (4):
AG_;. = —2.303RTlog(55.5K,,.) 4)

Where R is the gas constant, the 55.5 value is the molar concentration of water in the solution
and T is the absolute temperature. The AG_ ;. values reported in Table 3 are found within the 35.15-
38.34 kJ/mol interval at the used temperatures.
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Figure 8. Langmuir isotherms for API 5L X52 steel in 1 M HCI at different temperatures for DCA.

This fact suggests that the metal surface exposed to the HCI solution is positively charged. The
positively charged surface can attract CI" ions, which in turn will attract DCA molecules through
electrostatic interactions. This causes the adsorption of a DCA complex on the metal surface, which
prevents ferrous ions from entering the HCI solution.

3.3 SEM Analysis

SEM micrographs and the corresponding EDX spectra (Figure 9 and 10) of API 5L X52 steel
surfaces were obtained to analyze the morphological change happening during the corrosion process in
absence and presence of inhibitor as shown in these Figures.

Figure 9 (a) shows the steel surface before being submitted to the acid medium. This surface
features a uniform morphology characteristic of a metallographic preparation. Its EDX spectrum shows
the characteristic iron peaks. The steel morphology after 12 h of immersion at 25 °C in 1 M HCI
without CI is shown in Figure 9 (b), where a dense layer of corrosion products with irregular
morphology and evident cracks through which the aggressive ions present in the corrosive medium are
diffused toward the steel surface, accelerating the mass loss.
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Figure 9. SEM micrographs and EDX spectrum for API 5L X52 steel after polishing (a), after 12 h of
immersion in 1 M HCI in absence (b) and presence of 75 ppm of DCA (c).
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Figure 10. SEM micrographs and EDX spectrum for API 5L X52 steel: (a) after 12 h of immersion in
1 M HCI in absence of Cl and (b) with 100 ppm of DCA (c).

The elemental analysis indicates the presence of chlorine and a high concentration of oxygen,
which are attributed to the formation of oxides/oxi-hydroxides and iron chlorides. In DCA presence,
the surface damage is reduced considerably as shown in Figure 9 (c), having clearly two zones: one
that presents corrosion products due to the presence of active sites and another one where a uniform
morphology with clear microstructure evidence can be appreciated. The EDX spectrum indicates a
remarkable reduction of the oxygen signal and the absence of chlorine, confirming that the steel
surface features less corrosion products after adding DCA due to the formation of a ClI protective film,
responsible of its steel inhibiting action. Figures 10 (a) and (b) show the SEM images and EDX spectra
of API 5L X52 steel after 4 h of immersion in 1 M HCI at 40 °C in absence (a) and presence of 100
ppm of DCA (b). Figure 10 (a) shows important surface roughness provoked by the steel dissolution.
In addition to the presence of small dark areas distributed all over the surface that confirm localized
corrosion of pitting type. The damage by surface corrosion in CI absence at 40 °C was higher than at



Int. J. Electrochem. Sci., Vol. 10, 2015 2789

25 °C, although the micrograph in Figure 10 (a) was obtained at a shorter time. This fact confirms once
again that the corrosion velocity is directly proportional to temperature. The EDX analysis shows the
characteristic peaks of the elements that constitute the APl 5L X52 steel sample; in addition, the
presence of oxygen and chlorine in the spectrum suggests the formation of iron corrosion products.
The SEM micrograph of steel immersed in 1 M HCI and 100 ppm of DCA, Figure 10(b), shows a
homogeneous surface morphology, besides a possible type of localized corrosion, which allows to
visualize clearly the surface grain limits, being this clear evidence of the DCA inhibition efficiency of
the API 5L X52 steel exposed to hydrochloric acid. This statement is supported by the EDX spectrum
where the oxygen and chlorine signals are absent, which are associated commonly with corrosion
products.

4. CONCLUSIONS

The ionic liquid N-dimethyl-N-di(cocoalkyl) ammonium methyl sulfate (DCA) showed
corrosion inhibition properties for the protection of API 5L X52 steel in aqueous 1 M HCI, which was
confirmed by polarization curves. The DCA inhibition mechanism was attributed to the strong
adsorption ability of this ionic liquid to form a protective layer on the metal surface, reducing the
active sites and the steel dissolution at the anodic sites by the aggressive environment. The polarization
curve results confirmed that DCA is a mixed- type corrosion inhibitor without clear preferences toward
the anodic or cathodic side. The effects exerted by the temperature and time on the IE were strong,
having the best result after 4 h and at 50 °C within the 96-99%; whereas the least IE was obtained at
0 hand 30 °C within the 50- 94% interval. The surface analysis in presence and absence of CI confirm
that DCA inhibited the steel corrosion due to its adsorption on the steel surface. Its moderate thermal
stability suggests that this compound may be considered for further studies to determine its upper level
application as a corrosion inhibitor.
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