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Q\C_cepted: 22 July 2024 at 298K was investigated through experimental and computational
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methods. The weight loss method, potentiodynamic polarization, and
electrochemical impedance spectroscopy (EIS) were employed to
evaluate the inhibition performance of the inhibitor. Theoretical
calculations based on molecular dynamics were used to analyze the
adsorption behavior of the inhibitor molecules and the interaction
between the inhibitor and the steel surface. The results indicated a
mixed inhibition mode and an increase in charge transfer resistance due
to the adsorption of inhibitor molecules on the steel surface. The
calculated inhibition efficiencies show good agreement, with a
maximum value of 85.88%. The adsorption follows the Langmuir
isotherm. Optical microscopy (OM) observations confirm the presence
of an inhibitor film on the steel surface, effectively reducing the
corrosion rate. Molecular dynamics simulation reveals that the studied
inhibitor molecules were adsorbed nearly to the Fe surface. The
adsorption of inhibitors on the Fe (110) surface is spontaneous, strong,
and stable.
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1. Introduction

Steels are widely used as construction materials across various fields, including the
medical, automotive, and food industries [1], steam power plants [2], piping systems,
chemical plants, and heat exchanger equipment [3]. Their popularity is attributed to their
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mechanical strength, durability, and corrosion resistance, primarily due to the formation of a
passive oxide film on their surface. However, despite their general corrosion resistance, these
steels are vulnerable to corrosion in specific acidic environments [4]. Sulfuric acid and
hydrochloric acid, for example, are commonly used for pickling, cleaning, and descaling in
industrial processes [5-6], and they pose significant corrosion risks to steel materials.

To mitigate corrosion, the use of organic inhibitors has emerged as a practical,
economical, and effective method of protection [7]. Among the various types of inhibitors,
heterocyclic organic compounds are particularly noted for their efficacy in protecting mild
steel in acidic environments [8]. The adsorption mechanism of these compounds typically
involves heteroatoms such as nitrogen, oxygen, and sulfur [9-10]. The effectiveness of these
inhibitors depends on several factors, including the physicochemical properties of the
inhibitor, the chemical composition of the electrolyte, and the nature of the metal [11-12].

Tetramethylammonium hydroxide (TMAOH) and its derivatives are among the organic
compounds identified as effective inhibitors against the corrosion of mild steels in
hydrochloric acid [13-20]. These compounds prevent corrosion and play a significant role in
biological activities due to their presence in natural and pharmaceutical products. TMAOH
and its derivatives generally possess various pharmacological properties [13,21], adding to
their utility.

Despite their potential, limited research has been done on using TMAOH and its
derivatives as corrosion inhibitors for steels [22]. This gap in the literature highlights the need
for further investigation into their effectiveness and mechanisms of action.

In this study, we aim to address this gap by exploring the corrosion inhibition of API 5L
X70 steel using N(CH3)% OHin 0.5M H2SOs. This work involves comprehensive monitoring
of corrosion behavior through various methods, including weight loss measurements,
potentiodynamic polarization (Tafel), and electrochemical impedance spectroscopy (EIS).
Additionally, the surface characteristics of the samples were examined using optical
microscopy.

The primary objectives of this research are to:

1. Evaluate the Corrosion Inhibition Efficiency: Determine the effectiveness of
N(CHs)% OH" in reducing the corrosion rate of API 5L X70 steel in 0.5M HSOa.

2. Understand the Inhibition Mechanism: Analyze how the inhibitor molecules interact
with the steel surface and form protective layers.

3. Characterize Surface Morphology: Use optical microscopy to visualize changes in the
steel surface before and after inhibition treatment.

4. Develop Practical Insights: Provide insights that can aid in applying TMAOH
derivatives as corrosion inhibitors in industrial settings.

Through this investigation, we aim to contribute to the broader understanding of
corrosion inhibition and provide a basis for the practical use of TMAOH and its derivatives in
protecting steel materials in acidic environments.

2. Experimental Methods
2.1. Material and medium
The steel under investigation is APl 5L X70, a high-strength low alloy pipeline steel
commonly used in the oil and gas industry. Its chemical composition, determined using spark
emission spectroscopy, is detailed in Table 1. The chemical composition includes a variety of
alloying elements that contribute to the steel's mechanical properties and corrosion resistance.

Table 1. Chemical Composition of API 5L X70 Steel
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Elements C Si Mn P S Cr Mo Ni Al

w (%) 0.0844 0.374 1.665 0.0131 0.0025 0.0475 0.0068 0.031 0.0393

B Cu Nb Ti V W N Fe Ce Co

0.0014 0.0193 0.0515 0.007 0.0874 0.007 0.001 974 0.200 0.0098

The inhibitor utilized in this research is Tetramethylammonium hydroxide (TMAOH),
supplied by Sigma-Aldrich. TMAOH is known for its effectiveness in corrosion inhibition
due to its chemical structure, which is illustrated in Fig. 1. The study was conducted in a 0.5
M H2SOs solution, both in the absence and presence of TMAOH at concentrations of 1072, 10-

2 and

102 M.
OH
CH,
H,C \+IL“"\\\CH3
CH,

Figure 1. Chemical structure of Tetramethylammonium hydroxide.

2.2. Gravimetric Study

Gravimetric measurements were performed to assess the weight loss of steel samples due to
corrosion. Samples with dimensions of 1.3 cm x 1.4 cm x 0.5 cm were immersed in 50 ml of
0.5 M H>SOs solution, both with and without various concentrations of the TMAOH
inhibitor. After 2 hours of immersion at 298 K, the samples were carefully removed, rinsed
with distilled water and acetone to remove any residual acid or corrosion products, dried, and
weighed using a KERN ALS 220-4N analytical balance with a precision of £ 0.1 mg. The
weight loss data were used to calculate the corrosion rate and the inhibition efficiency of
TMAOH.

2.3. Electrochemical Measurements

Electrochemical measurements were conducted to further understand the corrosion inhibition
mechanism of TMAOH. These measurements were carried out using a Gamry Interface 600
potentiostat/galvanostat, controlled by Gamry Framework software. The experiments utilized
a classic three-electrode electrochemical cell (Fig. 2) consisting of:

- A saturated calomel electrode (SCE) as the reference electrode.

- A platinum wire as the counter electrode.

- An API 5L X70 steel electrode as the working electrode, coated in epoxy resin to expose a
flat surface area of 0.5 cm>.

The working electrode was prepared by polishing it sequentially with silicon carbide (SiC)
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abrasive papers of different grades (600, 800, 1200, 2400, and 4000), followed by polishing
with a 3 pm diamond paste. The electrode was then thoroughly cleaned with distilled water,
degreased with acetone, rinsed again with distilled water, and dried under a stream of dry air.

Electrochemical measurements were conducted after a half-hour of immersion at 298 K to
ensure stabilization of the electrode potential. The following procedures were employed:

- Polarization Curves (Tafel): These were recorded by sweeping the potential from -250 mV
to +250 mV versus SCE at a scan rate of 1 mV/s. Tafel extrapolation was used to determine
the corrosion current density and the corrosion potential.

- Polarization Resistance (Rp): Rp was measured from the linear polarization curves obtained
by applying a small perturbation of £10 mV around the corrosion potential.

- Electrochemical Impedance Spectroscopy (EIS): EIS measurements were carried out over a
frequency range from 100 kHz to 10 mHz, with an AC amplitude of 10 mV. The impedance
data were analyzed to obtain information on the charge transfer resistance and the double-
layer capacitance.

=_]
Reference Ekctrode

Working Ekectrode e

== Counter Electrode

Figure 2. Classic three-electrode electrochemical cell.
2.4. Structural Characterization by Optical Microscopy
Optical microscopy was used to characterize the microstructure of API 5L X70 steel and to
provide insights into the interactions at the metal/solution interface. After 72 hours of
immersion in 0.5 M H;SO4, both without and with TMAOH, the steel samples were
examined using a Nikon ECLIPSE LV 100ND optical microscope. Prior to examination, the
samples were chemically etched with a 3% Nital solution for 10 seconds to reveal the
microstructural features. The microstructures were documented in Figs. 7, 8, and 9
illustrating the differences in surface morphology with and without the inhibitor.
3. Results and Discussion
3.1. Electrochemical Measurements
Weight loss measurements of APl 5L X70 steel in 0.5M H2SO4, both in the absence and
presence of various concentrations of TMAOH, after 2 hours of immersion at 298 K, were
evaluated by the corrosion rate Crand the inhibition efficiency Ew.(%), calculated using Egs.
1 andA2W[23]:
Cp= Xt(l)
Where:
- AW: weight loss;
- A: surface area of the sample (cm?);
- t: immersion time (h).
The corrosion rate Crgives an indication of how quickly the steel is corroding in the given
environment. It is determined by the weight loss per unit area of the sample per unit time.
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Lower values of Crindicate better resistance to corrosion.

Cro—C
Ey (%) = —REROR X 100 (2)

Where Cro and Crare the corrosion rates (mg cm™ h™)without and with the addition of the
inhibitor in 0.5M H2SO4, respectively. The inhibition efficiency Ew.(%)measures the
effectiveness of the inhibitor in reducing the corrosion rate. Higher Ew(%) values indicate
greater inhibition efficiency.

The calculated values of the corrosion rate (CR) and inhibition efficiency Ew.(%) are
presented in Table 2.

Table 2. Corrosion rate (Cr) values and inhibition efficiency Ew.(%) obtained from
gravimetric measurements

[C] Cr EwL
M (mg. cm. h'1) %
Blank 0.2420 -
103 0.0616 88.35
10 0.0741 83.24
101 0.0945 65.30

The results from Table 2 show that decreasing the concentration of the inhibitor reduces the
corrosion rate, consequently increasing the inhibitory efficiency, which reaches a maximum
value of 88.35% at 10 M. This increase is attributed to the adsorption of TMAOH molecules
on the steel surface, leading to the formation of a protective film [23].

3.2. Open Circuit Potential (OCP) Monitoring of APl 5L X70 Steel in 0.5M H2SO4 in

the Absence and Presence of TMAOH

Before studying the electrochemical behavior of the steel, it is important to evaluate its open
circuit potential (OCP) over time in 0.5M H2SOg4in the absence and presence of TMAOH at
20°C. The OCP was monitored at concentrations of 1073, 102, and 10" M for 30 minutes. The
evolution of the OCP characterizes the corrosion behavior of the sample and helps to achieve
a relatively stable potential. This stable potential is essential for further electrochemical
measurements, such as potentiodynamic polarization curves and electrochemical impedance
spectroscopy.

o —
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Figure 3. Open circuit potential monitoring of X70 steel immersed in 0.5M H2SO4 in the
absence and presence of TMAOH at different concentrations.
The OCP measurements (Fig. 3) show that in the absence of the inhibitor, the OCP stabilizes
after approximately 1500 seconds at a value of -0.40 V/Ag/AgCl. The addition of TMAOH
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shifts the OCP towards more positive values. This shift towards more noble potentials in the
presence of the inhibitor indicates the formation of a protective film on the steel surface.

3.3. Electrochemical Impedance Spectroscopy Measurements

Electrochemical impedance spectroscopy (EIS) was used to further study the corrosion
behavior of API 5L X70 steel in 0.5M H2SO4. The Nyquist plots were obtained after 1800
seconds of immersion, both in the absence and presence of TMAOH at concentrations of 10°
1102, and 10 M.

—»—101 M TMAOH

—h— 10_3 M TMAOH

-
—r— 10 "M TMAOH

=3 100kHz 10mHz
=
0.0 T T T
0.0 01 0.2
Z.r{ﬂcm:]
Figure 4. Nyquist plots of X70 steel in 0.5M H.SO, containing different concentrations of
TMAOH.

The Nyquist plots (Figure 4) reveal a single capacitive semicircular loop for both the blank
solution and the TMAOH-containing solutions. This semicircular loop is characteristic of the
charge transfer reaction that occurs at the steel/solution interface [24]. The diameter of the
semicircle increases with the decrease of TMAOH concentration, indicating an increase in
charge transfer resistance (Rp) and hence a decrease in the corrosion rate.

The equivalent electrical circuit used to simulate the metal/solution interface is shown in
Figure 5. The circuit consists of the solution resistance (Rs), a constant phase element (CPE),
and the charge transfer resistance (Rp). The constant phase element (CPE) is used to account
for the non-ideal capacitive behavior of the double layer at the interface.

Rs CPE

Ry

Figure 5. Equivalent electrical circuit scheme to simulate the MS/solution interface.
The addition of TMAOH, indicating the presence of a protective layer on the MS substrate.
This behavior reveals that the charge transfer process is reduced due to the adsorption of
TMAOH on the MS surface. It reveals a better corrosion resistance property of MS, and also
provides confirmation that the charge exchange between the MS and 0.5 M H2SOs is
substantially reduced using TMAOH. In a similar sense, the impedance diagram without of
TMAOH is the same in the case of presence of TMAOH. This allows us to observe that the
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corrosion process has not been affected by the TMAOH [25,26]. As seen in Fig. 5, the

electrical circuit components are Rs, CPE, and Rp. The ZCPE is calculated by Eq. 3 [27,28]:
1
ZCPE = Yo(jw)" (3)
With j, w, and n are imaginary unit Yo (j>= — 1), phase shift parameter (n=20/(r)), angular
frequency, and quantity of CPE, respectively. The Cdl is given by Eq. (4).

Car = (YoRp—1)'2 (4)

Table 2 presents the values of various electrochemical parameters derived from the fitting of
the impedance spectra. The corrosion inhibition efficiencies are calculated from the Rct
values usmg Ec; 5 [29]:

WE = Rer—Rern) x 100 (5)
Ree

Where Rcioand Rt represent the charge transfer resistance values of steel without and with
the inhibitor, respectively.

The analysis of these parameters reveals several key findings:

- The value of Rct increases as the inhibitor concentration decreases, suggesting the formation
of a protective film at the metal/solution interface, which enhances inhibitory efficiency [30].
- The decrease in CPE values may be attributed to the increase in the thickness of the
inhibitor film on the metal surface. This could result from the adsorption of TMAOH
molecules at the metal/solution interface or a reduction in the local dielectric constant [31].
The maximum Rct (953.1 Q.cm?) and the minimum CPE (102.5 pF-cm™2) are achieved at a
TMAOH concentration of 10~ M. The inhibitory efficiency, calculated using Eq. 5, increases
with decreasing TMAOH concentration, reaching a maximum value of 85.88% at 103 M.

Table 2. Calculated inhibitory efficiencies and electrochemical parameters derived from the
electrical circuit of X70 steel in 0.5M H2SOg in the absence and presence of TMAOH.

Inhibitor Rs Ret CPE n E
Concentration (Q.cm?)  (Q.cm?) (UF.cm™2) (%)
(M)

H2SOsa 05 M 2.17 94.39 749.4 0.88 -

101 3.31 303.6 202.7 0.89 68.90
102 3.42 424.8 179.4 0.87 77.78
103 3.83 953.1 102. 5 0.90 85.88

3.4.Potentiodynamic (Tafel) Polarization

Fig. 6 shows the Tafel polarization curves of the samples in 0.5M H2SOs, both in the absence
and presence of TMAOH at different concentrations after 1800 seconds of immersion at
298K. The curves exhibit a similar general shape, with an anodic passivation stage n the
potential range between -0.2 and -0.1 VV/SCE.
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Figure 6. Tafel polarization curves of X70 steel in 0.5M H2SO4 containing different
concentrations of TMAOH

The addition of the inhibitor results in a reduction of both anodic and cathodic current
densities, a shift of the corrosion potential towards more noble values, and variations in the
Bc and Pa values. This affects the kinetics of the cathodic reaction and the adsorption of
inhibitor molecules on the metal surface.
The classification of an inhibitor typically depends on its influence on the displacement of the
corrosion potential (decorr) relative to its value without the inhibitor (Ecorr). If decorr™> 85 mV,
the inhibitor is considered either anodic or cathodic. If decor< 85 MV, it is considered a
mixed-type inhibitor [32, 33].

In this study, decorr = +53 mV towards the anodic direction, indicating that TMAOH acts as a
mixed inhibitor with a predominantly anodic effect. This behavior is due to the adsorption of
TMAOH molecules, which block both cathodic and anodic active sites by reducing the rate
of cathodic hydrogen evolution and slowing down the anodic metal dissolution reactions
[34].

Table 3 summarizes the electrochemical parameters derived from the Tafel polarization
curves, including corrosion potential (Ecorr), cathodic Tafel slope (Bc), anodic Tafel slope
(Ba), corrosion current density (icorr), and polarization resistance (Rp) measured using the
linear polarization resistance (LPR) method. Without the inhibitor, icorr = 64.59 pA-cm™ and
Rp = 104.28 Q-cm?, which reach 4.41 pA-cm™ and 867.4 Q-cm? at 10° M TMAOH,
respectively.

Table 3. Calculated inhibition efficiencies and electrochemical parameters derived from the

polarization curves of X70 steel in 0.5 M H2SO4 in the absence and presence of TMAOH.

Inhibitor Ecorr lcorr -Be Ba Rp(Qcm?) Ei%
Cl\%mentration (mV) (MAcm?) (mVdec?) (mV dec?)

\(N. l. -401,7 64.59 114.7 66.4 104,28 -

101 -405.4 15.83 96.0 37 325.3 77,91
10 -306.9 11.89 86.7 52 453.02 83,02
103 -310.6 441 120.8 79.4 867.4 87,28

Overall, the results from the weight loss measurements, OCP monitoring, EIS studies, and
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Potentiodynamic Polarization consistently show that TMAOH is an effective corrosion
inhibitor for API 5L X70 steel in 0.5M H>SOs. The adsorption of TMAOH on the steel
surface forms a protective film that significantly reduces the corrosion rate

4. Metallographic Study

The microstructural observation using an optical microscope on the polished and chemically
etched X70 steel sample revealed significant details about its composition. The analysis
showed the presence of ferrite (light phase) and a relatively small amount of pearlite (dark
phase), as depicted in Fig. 7. Ferrite, being a soft and ductile phase of steel, provides good
mechanical properties, while pearlite, which consists of alternating layers of ferrite and
cementite, offers enhanced strength and hardness.

Figure 7. Metallographic observation of X70 steel
Further examination of the X70 steel sample immersed in an H2SO4 acidic medium revealed
pronounced degradation features. The optical microscope images highlighted the formation
of large pits on the surface of the X70 sample, indicative of severe corrosion. These pits are
caused by the aggressive attack of sulfuric acid on the steel surface, leading to localized
material loss, as illustrated in Figure 8.

Figure 8. Metallographic observation of pits on the surface of X70 steel immersed in 0.5M
H2SOq4

To evaluate the effectiveness of corrosion inhibitors, the X70 steel sample was also immersed
in an acidic solution containing an inhibitor (H2SO4+ TMAOH 10 M). The microstructural
observations revealed significantly smaller pits on the surface compared to the sample
immersed in the acidic medium without inhibitor (Fig. 8). This reduction in pit size
demonstrates the role of TMAOH as an effective corrosion inhibitor, which slows down the
rate of corrosion by forming a protective film on the steel surface, as shown in Fig. 9.
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Figure 9. Metallographic observation of pits on the surface of X70 steel immersed in 0.5M
H2S04+ 10°M TMAOH

5. Molecular Dynamics Simulation
Molecular dynamics simulations were performed to gain insights into the interaction
mechanisms between the inhibitor molecules and the Fe surface. The simulations of the two-
pyrazoline derivatives were conducted in a simulation box (24.82 x 24.82 x 35.63 A) with
periodic boundary conditions using the Discover module in Materials Studio 7.0 (from
Accelrys Inc.). The simulation conditions were set at 298 K with an NVT ensemble, a time
step of 1 fs, and a total simulation time of 50 ps, utilizing the COMPASS force field [37].
The interaction energy Eintractionbetween the Fe surface and the inhibitor molecule, and the
binding energy, were computed using the Egs. 6 and 7:

Einteraction = Etotal - (Esurface+H20 + Einhibitor) (6)

Ebinding = —Einteraction (7)

Where the Etwotar is defined as the total energy of the entire system, Esurface+H,o 1S defined as
the total energy of Fe surface and water molecule and the Einnibitoris the energy of the
adsorbed inhibitor molecule on the surface.

Figure 9. illustrates the energy and temperature equilibrium curves obtained from the MD
simulation for the TMAOH molecule. The curves indicate that both energy and temperature
reached a stable equilibrium, suggesting that the entire system has achieved a state of balance
[38].

The equilibrium adsorption configuration of the studied inhibitor on the Fe (110) surface is
depicted in Figure 9, and the calculated interaction and binding energies are listed in Table 4.
The close proximity of the inhibitor molecules to the Fe surface, as observed in Figure 9,
suggests strong adsorption. The highly negative binding energy values indicate that the
adsorption process is spontaneous, strong, and stable [39].
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Table 4: Interaction energies between the inhibitor and Fe (110) surface in an aqueous phase

(kJ/mol)
System Binding energy teraction energy
Fe (110)+TMAOH 924,285 -924,285

Figure 9. Equilibrium adsorption configurations of TMAOH on Fe (110) surface in water
solution (top and side view)

Conclusion

The inhibition of X70 steel corrosion by TMAOH in 0.5M H>SO4 was studied using various
analytical techniques including gravimetric measurements, potentiodynamic polarization
(Tafel) methods, electrochemical impedance spectroscopy (EIS), and optical microscopy
observations. The comprehensive results obtained from these methods lead to several
important conclusions:

e TMAOH exhibits excellent inhibitory properties, with an efficiency of 87.28% at a
concentration of 10 M. This high efficiency highlights its potential as a viable corrosion
inhibitor for steel in acidic environments.

e TMAOH acts as a mixed-type inhibitor, primarily exhibiting anodic inhibition. This
means that TMAOH not only reduces the anodic reaction rate but also has some effect on
the cathodic reaction, thereby providing a comprehensive protective effect.

e A decrease in the concentration of the inhibitor results in an increase in charge transfer
resistance.

e The optical microscopy observations confirm the formation of an inhibitor film on the
steel surface. This film acts as a physical barrier, preventing direct contact between the
steel and the corrosive environment, thereby reducing the rate of corrosion.

e Molecular dynamics simulations provide valuable insights into the interaction between
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the TMAOH inhibitor and the Fe surface. The high negative binding energy values
obtained from these simulations indicate that the adsorption of TMAQOH on the Fe (110)
surface is spontaneous, strong, and stable. This supports the experimental findings and
demonstrates the effectiveness of TMAOH at a molecular level in preventing corrosion.

These findings underscore the effectiveness of TMAOH as a corrosion inhibitor for X70 steel
in sulfuric acid media, providing valuable insights for its practical application in industry.
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