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Abstract 

The inhibition of API 5L Grade B steel corrosion in sulfuric acid solution in the presence of 

some pyridinium salt derivatives such as 1,1′-methylenebis(pyridin-1-ium)bromide (pyridinium 

salt 1) and 1,1′-(ethane-1,2-dyl))bis(pyridin-1-ium)bromide (pyridinium salt 2) was conducted 

using weight loss techniques, potentiodynamic polarization methods, electrochemical 

impedance spectroscopy (EIS), atomic force microscopy (AFM) and theoretical calculations. 

Various parameters were determined and discussed to fully understand the mode of action of 

these compounds, including thermodynamic activation, adsorption, and quantum chemical 

parameters. The results obtained by all techniques revealed that these derivatives are suitable 

inhibitors for this type of steel in sulfuric acid solutions. In addition, the inhibition efficiency 

increases with pyridinium salt concentration and temperature. The polarization curves show that 

both pyridinium salts are mixed-type inhibitors. Electrochemical impedance spectroscopy (EIS) 

indicates that charge transfer controls the corrosion process of steel in the absence and presence 

of compounds. The adsorption of each compound occurs via electrostatic and chemical bonds 

and obeys Langmuir’s adsorption isotherm. AFM images demonstrate that these salts protect 

this steel in H2SO4 solution. Theoretical calculations indicate a correlation between the 

experimental and quantum parameters. 
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1. Introduction 

Metals, particularly ferrous metals, play a crucial role in our daily lives due to their excellent 

mechanical properties and affordability. They are utilized in various industrial and 

engineering applications [1]. Before these metals are ready for use in various activities, they 

undergo different processes such as acid pickling, painting, laminating, galvanizing, and 

electroplating. In acid pickling processes, the metal part is immersed in a suitable acid 

solution, known as an acid pickling bath, to remove unwanted scale and rust from metal 

surfaces. Once the scale and rust have dissolved, the metal is exposed to further acid attack 

and corrodes. The aggressive behavior of the acid requires corrosion inhibitors, which are 

essential to limit the acid attack. The most commonly used inhibitors in acidic environments 

are organic. These inhibitors can adhere well to the metal surface and form a protective layer 

that shields the metal from aggressive acids. Compounds containing nitrogen, sulfur, 

oxygen, phosphorus, and aromatic heterocyclic systems with conjugated double- or triple-

bond structures have been proven to be highly effective inhibitors of metal corrosion, 

particularly in acidic environments [2–9]. The efficiency of an inhibitor primarily relies on 

its ability to adsorb onto the metal surface, displacing water molecules and forming a layer 

at the interface [10, 11]. In general, the adsorption of organic inhibitors on the metal surface 

is described by two main interaction types: physical adsorption and chemisorption, 

dependent on the metal charge and its nature, the organic compound’s chemical structure, 

and the electrolyte type [12]. Several studies have shown that organic salt compounds exhibit 

important features as corrosion inhibitors, mainly attributable to the synergistic interaction 

between the organic cations and the halide anions [13–19]. This research is dedicated to 

evaluating the inhibitory properties of two pyridinium salt derivatives on API 5L Grade B 

steel in H2SO4 solution. 

2. Experimental 

2.1. Sample preparation and solution 

The corrosion tests were conducted on API 5L Grade B steel samples with the following 

composition (wt.%): C (0.28), Mn (1.20), S (0.03), Cr (0.50), Cu (0.50), and Fe balance. The 

samples utilized for the weight loss test and surface analysis were cut into cubes with an area 

ranging from 5 to 6 cm2. The working electrode utilized in the electrochemical tests had an 

exposed area of 0.265 cm2 as a square. All steel samples were mechanically abraded with 

grade emery papers (220, 400, 600, 800, 1200, and 2000 grade), rinsed with distilled water, 

degreased in acetone, and dried at room temperature. The corrosive medium used in this 

study was prepared from a commercial solution of sulfuric acid (95–97%) and distilled 

water. 
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2.2. Inhibitors 

The preparation of pyridinium salt 1 and 2 was carried out by the reaction of two equivalents 

of pyridine and one equivalent of dibromomethane and dibromoethane, respectively. The 

mixture was heated at reflux for 24 hours in acetonitrile to give the desired salts 1 and 2 with 

79% and 88% of yields, respectively. The reaction is represented in Scheme 1: 

N
+ BrBr

n
n

CH3CN

Reflux

2 N

Br Br

N

1: n=1
2: n=2  

Scheme 1. Preparation of inhibitors 1 and 2. 

2.2.1. Experimental protocol 

A mixture of 2 mmol of 1,2-dibromoalkane derivative (dibromomethane or dibromoethane) 

and 5 mmol of pyridine in 20 mL of acetonitrile was refluxed for 24 hours. After cooling at 

–20°C, the obtained precipitate was filtered, washed several times with acetonitrile and 

vacuum-dried. The structures of both compounds were established using spectroscopic 

methods, and the obtained data are in good accordance. The obtained solids were used 

without any further purification. 

Compound 1: Yield 79%; white solid; mp. ˃270°C; 1H NMR (250.13 MHz, D2O): δ=9.23 

(d, J=6.3 Hz, 4H), 8.72 (t, J=7.7 Hz, 2H), 8.19 (t, J=6.8 Hz, 4H,), 7.33 (s, 2H) ppm. 

Compound 2: Yield=88%; white solid; mp. ˃270°C; 1H NMR (250.13 MHz, D2O): δ=8.77 

(d, J=6.5 Hz, 4H), 8.59 (t, J=7.8 Hz, 2H,), 8.04 (t, J=6.7 Hz, 4H), 5.26 (s, 4H) ppm. 

2.3. Weight loss measurements 

Once the preparation of steel specimens was completed, each sample was weighed and 

immediately immersed in solution containing 0.5 M H2SO4, with and without different 

concentrations of compounds for 4 hours at 25°C. When the exposure time was over, the 

samples were removed from the solution, cleaned with distilled water to remove the 

corrosion products deposited on the surface. After rinsing and drying, the samples were 

reweighed. 

2.4. Electrochemical measurements  

Electrochemical measurements were realized in a three-electrode cell at 25°C using a Gamry 

Instruments potentiostat/galvanostat/ZRA (Reference 3000). A platinum wire was employed 

as a counter electrode, and a saturated calomel electrode (SCE) was used as a reference 

electrode. The cell was placed in a water thermostat to get the necessary temperature. Before 

plotting the polarization curves and electrochemical impedance diagrams, the working 
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electrode was immersed in the test solution for 30 minutes at open circuit potential (OCP) to 

obtain a steady state. The polarization curves of the metal solution interface were obtained 

in potentiodynamic mode by varying the potential continuously from –800 to –200 mV 

towards ECS with the scan rate of 1 mV/s. The EIS measurements were performed at OCP 

in the 10 mHz –100 kHz frequency range using a sinusoidal AC perturbation with an 

amplitude of 10 mV peak-to-peak. 

2.5. Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) was used to characterize the surface topography of the steel 

sample before and after 4 h immersion in 0.5 M H2SO4 solution without and with 

7.5×10–3 M of inhibitors with a PicoScan AFM in tapping mode over two 3µ×3µ. 

2.6. Theoretical examination 

The Gaussian 09 program is used to optimize the geometries of the molecules studied and to 

calculate their frequencies. These calculations are carried out using the DFT method with 

the B3LYP functional on the standard 6-31G (d,p) basis. The quantum chemical parameters 

obtained were EHOMO, ELUMO, and ∆E and dipole moment (μ). 

3. Results and Discussion 

3.1. Weight loss studies 

In order to evaluate the protective effect of pyridinium salts 1 and 2 on the corrosion 

performance of API 5L Grade B steel in 0.5 M H2SO4 solution, we performed gravimetric 

measurements of API 5L grade B steel without and with different concentrations of 

inhibitors. The corrosion rate (W), surface coverage (θ), and inhibition efficiency (IE%) are 

determined after 4 hours of immersion at 25°C. The following relations calculate the 

corrosion parameters of weight loss measurements: 

 0 inh

0

% 100
W W

IE
W


   (1) 

 
m

W
S t





 (2) 

 0 inh

0

θ
W W

W


  (3) 

where W0 and Winh represent the corrosion rates of steel in the absence and presence of 

inhibitors, respectively; ∆m denotes the corrosion weight loss of steel (in grams); t signifies 

the exposure time of samples in hours, and S represents the surface area of the steel samples 

in square meters. The corrosion parameters from weight loss measurements in 0.5 M H2SO4 

solution with various inhibitor concentrations at 25°C are presented in Table 1. 
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Table 1. Corrosion parameters obtained from weight loss measurements for API 5L Grade B steel in 0.5 M 

H2SO4 solution without and with different concentration of pyridinium salts for 4 hours at 25°C. 

Inhibitor Concentration, M V, g∙m2 ∙h–1 IE, % θ 

Blank 

0.5 9.77 – – 

5×10–4 3.10 68.27 0.68 

1×10–3 1.85 81.06 0.81 

Inhibitor I 

5×10–3 0.88 90.94 0.90 

7.5×10–3 0.87 91.10 0.91 

5×10–4 3.01 69.19 0.69 

Inhibitor II 

1×10–3 2.02 79.32 0.79 

5×10–3 1.19 87.81 0.87 

7.5×10–3 0.92 90.57 0.90 

It is evident from Table 1 that as the concentration of pyridinium salts in the acid 

solution increases from 0 to 7.5×10–3 M, the corrosion rate decreases, and the inhibition 

efficiency significantly improves. This suggests that the amount of adsorption and coverage 

on the metal surface by the inhibitor increases with the rising concentration [20]. The 

inhibitors are very effective at a concentration of 7.5×10–3 M. This is probably because the 

inhibitors’ molecules cover the whole metal surface. It is also noted that adding an extra CH2 

group between the two pyridinium salts in the second compound does not significantly 

change how well it inhibits. 

3.2. Potentiodynamic polarization curves 

The polarization curves of API 5L Grade B steel submerged in H2SO4 0.5 M at 25°C and 

without and with different concentrations of inhibitors I and II are presented in Figure 1. 

 
Figure 1. Polarization curves of API 5L Grade B steel in 0.5 M H2SO4, without and with 

different concentration of pyridinium salts I and II at 25°C. 
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Figure 1 shows that adding pyridinium salts to the corrosive medium shifts the anodic 

and cathodic Tafel lines to lower current density values. However, this shift is more 

significant in the cathodic region, suggesting that these salts inhibit the reduction of 

hydrogen ions more than the anodic dissolution. The extent of this decrease depends on the 

concentration of the inhibitors, attributed to the adsorption of the inhibitors on the steel 

surface and subsequent blocking of active sites [21–24]. It can also be observed that as the 

polarization potential tends toward a more positive value, the desorption of the inhibitors 

becomes evident, leading to a significant increase in the corrosion current density compared 

to the initial phase of anodic scanning [16, 25]. In the cathodic domain, the curves are 

parallel and show a sizable linear segment, indicating that Tafel’s law is verified and that 

hydrogen reduction is controlled by pure activation kinetics [26, 27]. Various 

electrochemical parameters were measured to obtain information about the corrosion 

kinetics. These parameters include the corrosion potential (Ecorr), the cathodic (bc) and anodic 

(ba) Tafel slopes, the corrosion current density (icorr), linear polarization resistance (LPR), 

the surface coverage (θ), and the inhibition efficiency (IE%). These values were obtained by 

extrapolating the polarization curve using the Tafel method. These parameters are listed in 

Table 2. The following equations were also used to calculate the inhibition efficiency (IE%) 

and the surface coverage (θ): 

 
0
corr corr(i)

0
corr

% 100
i i

IE
i


   (4) 

 

0
corr corr(i)

0
corr

θ
i i

i


  (5) 

where icorr(i) represents the corrosion current density at a particular amount of pyridinium 

salts, whereas 0
corri  represents the corrosion current density without pyridinium salts. 

Table 2. Electrochemical parameters of API 5L Grade B steel in H2SO4 0.5 M medium in the absence and 

presence of different concentrations of inhibitors at 25°C. 

 Cinh, M 
–Ecorr, 

mV 
icorr, 

µA∙cm–2 
bc, 

mV∙dec–1 
ba, 

mV∙dec–1 
LPR, 

Ohm∙cm2 
IE% θ 

Blank 
0.5 427 871.69 178.1 100.1 31.92 – – 

5×10–4 463 229.05 146.1 87.70 103.89 73.72 0.73 

Inh I 

1×10–3 462 160.00 140.3 81.50 139.90 81.64 0.81 

5×10–3 466 75.09 128.1 77.70 279.67 91.38 0.91 

7.5×10–3 466 70.56 128.5 77.60 297.73 91.90 0.91 

5×10–4 436 226.41 147.0 80.60 99.83 74.02 0.74 
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 Cinh, M 
–Ecorr, 

mV 
icorr, 

µA∙cm–2 
bc, 

mV∙dec–1 
ba, 

mV∙dec–1 
LPR, 

Ohm∙cm2 
IE% θ 

Inh II 

1×10–3 465 198.49 147.1 87.90 120.36 77.22 0.77 

5×10–3 470 90.18 128.0 79.20 235.58 89.65 0.89 

7.5×10–3 459 78.11 131.7 75.50 266.77 91.03 0.91 

The results presented in Table 2 reveal that the addition of various concentrations of 

pyridinium salts to the corrosive medium causes a random shift in the corrosion potentials 

values towards the negative direction. This shift, in comparison to H2SO4, is less than 85 mV 

(approximately –43 mV), indicating that these inhibitors act as mixed inhibitors with a 

predominantly cathodic effect [3, 28]. It is noteworthy that both the inhibition efficiency and 

the surface coverage (θ) increase with the concentration of pyridinium salts, reaching a 

maximum value of 91.90% for Inhibitor I and 91.03% for Inhibitor II at a concentration of 

7.5×10–3 M. Furthermore, the addition of varying concentrations of inhibitors to the 

corrosive medium modifies the anodic and cathodic slopes. This implies that inhibitor 

molecules are adsorbed on both anodic and cathodic active sites, indicating that these 

inhibitors exert control over both cathodic and anodic reactions [14]. 

3.4. Electrochemical impedance spectroscopy 

To gain deeper insights into the mechanisms of corrosion prevention, electrochemical 

impedance spectroscopy (EIS) measurements were performed on API 5L Grade B steel 

immersed in H2SO4 solution with and without the presence of synthesized pyridinium salts. 

In Figure 2, Nyquist diagrams depict the behavior of steel in 0.5 M H2SO4 with pyridinium 

salts I and II at 25°C. The shape of the Nyquist diagram exhibits a depressed capacitive loop, 

indicating that the corrosion process of API 5L Grade B steel in these solutions is controlled 

by the transfer of charge [29–31]. The depression in the semicircular loop is commonly 

associated with the roughness and heterogeneity of the steel surface [32]. The diameter of 

the capacitive loop progressively increases with a rise in inhibitor concentration, suggesting 

the adsorption of inhibitor molecules. This phenomenon creates a barrier that effectively 

shields the metal from aggressive attacks in the solution [33, 34]. 

The parameters pertaining to the electrochemical impedance measurements of steel in 

0.5 M H2SO4 solution, both in the absence and presence of salts I and II, were simulated 

using the equivalent circuit model proposed in Figure 3. 
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Figure 2. Nyqusit plots of API 5L Grade B steel in 0.5 M H2SO4, without and with different 

concentration of pyridinium salts I and II at 25°C. 

CPE

Rs

Rct  

Figure 3. Proposed equivalent circuit model for the systems studied. 

Here, Rs represents the solution resistance, Rct denotes the charge transfer resistance, 

and CPE stands for the constant phase element. The use of the constant phase element, 

instead of a capacitor in the equivalent circuit schematic, was implemented to achieve a more 

precise fit. This adjustment was necessary because the metal/solution interface does not 

correspond to a conventional capacitor. The adoption of the constant phase element is a 

common practice aimed at accommodating deviations caused by the roughness of the metal 

surface [35]. The parameters values, including Rs, Rct, Y0, n, obtained by fitting the EIS data 

using the equivalent circuit of Figure 3, are listed in Table 3. The double layer capacitance 

(Cdl) and the inhibition efficiency (IE%) are respectively defined and calculated as follows 

[36, 37]: 

 
1

(1 )
ct0dl

( )n nC Y R    (6) 

 

0
ctct(i)

ct

100
R R

IE
R


   (7) 

where Y0 is the proportionality factor; n is the electrode surface roughness/heterogeneity 

factor; Rct(i) and 0
ctR  are the charge transfer resistance values in the presence and absence of 

the inhibitor, respectively. 
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As indicated in Table 3, the Rct values in the inhibited solution surpass those in the 

corrosive solution, indicating that the addition of inhibitors restrains the corrosion process. 

With an increase in the inhibitor concentration, the charge transfer resistance also rises 

significantly, suggesting a more effective blocking of the corrosion process at higher 

concentrations. Conversely, Cdl values decrease as the inhibitor concentration increases. This 

reduction in Cdl is attributed to a decrease in the local dielectric constant and an increase in 

the thickness of the double layer [38]. This behavior is commonly observed in systems where 

inhibitor molecules are absorbed, forming an adherent film on the metal surface [39, 40], 

indicating that these compounds effectively inhibit the corrosion of API 5L Grade B steel. 

The values of n, both in the absence and presence of inhibitors, approach unity, suggesting 

a nearly capacitive interface [41]. Additionally, the inhibition efficiencies obtained from EIS 

align well with those obtained through the weight loss method and polarization curves.  

Table 3. The inhibition efficiencies and electrochemical impedance parameters for API 5L Grade B steel 

in 0.5 M H2SO4 solution without and with different concentrations of pyridinium salts at 25°C. 

 Cinh, M 
Rs, 

Ω∙cm2 

Rct, 

Ω∙cm2 
CPE, n Y0, sn/cm2∙Ω 

Cdl, 

µF∙cm–2 
IE% 

Blank 0 1,27 22.32 0.88 287.39×10–6 144.36 – 

Inhibitor I 

5×10–4 1.04 95.56 0.85 158.94×10–6 75.91 76.64 

1×10–3 1.06 124.49 0.86 137.73×10–6 71.05 82.07 

5×10–3 0.84 182.68 0.88 115.47×10–6 68.22 87.78 

7.5×10–3 1.02 212.92 0.87 93.16×10–6 51.85 89.51 

Inhibitor II 

5×10–4 0.91 70.35 0.87 162.26×10–6 83.16 68.27 

1×10–3 1.01 107.19 0.88 139.09×10–6 78.38 79.17 

5×10–3 0.89 173.73 0.87 101.88×10–6 55.75 87.15 

7.5×10–3 0.72 196.60 0.88 90.67×10–6 52.35 88.64 

3.5. Adsorption isotherms 

Metal corrosion protection by organic compounds in acidic environments relies on the 

adsorption of inhibitor molecules onto the metal surface. Investigating the adsorption 

isotherm is crucial for understanding the interaction between the inhibitor molecules and the 

metal surface. In this research, various isotherms, including Langmuir, Temkin, and 

Frumkin, were plotted at 25°C using the θ values derived from the weight loss method. This 

approach aimed to identify the most suitable adsorption isotherm for the studied system. 

The appropriate isotherm, which appears graphically as a straight line, was determined 

using the correlation coefficient (R2). The Langmuir isotherm, which is shown in Figure 4, 

proved to be the best fit, with a correlation coefficient closest to 1 (0.999), indicating that 
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the adsorption of pyridinium salts I and II on the steel surface in 0.5 M H2SO4 medium 

follows the Langmuir adsorption isotherm. 

The following equation describes the correlation between surface coverage (θ) and 

inhibitor concentration Cinh via the Langmuir isotherm. 

 inh
inh

ads

1

θ

C
C

K
   (8) 

where Cinh is the concentration of inhibitor, Kads is the equilibrium constant for the adsorption 

process, and θ is the surface coverage. 

The equilibrium constant of the adsorption process (Kads) is obtained from the inverse 

of the value of the intersection of the straight line with the X-axis. It is related to the standard 

free energy of adsorption, ∆Gads, according to the following formula: 

 
0
ads1

exp( )
55.5

G
K

RT


   (9) 

where R is the gas constant and T is the absolute temperature (K). The value of 55.5 is the 

concentration of water in solution in mol·L–1 [42]. 

 
Figure 4. Langmuir adsorption isotherm plot for API 5L Grade B steel in 0.5 M H2SO4 

solution containing different concentrations of pyridinium salts I and II at 25°C. 

The values of ∆Gads and Kads are reported in Table 4. The negative values of ΔGads 

indicate the adsorption process’s spontaneity and the adsorbed layer’s stability on the metal 

surface. Generally, values of ΔGads close to –20 kJ∙mol–1 or lower are linked to electrostatic 

interactions between the charged molecules and the metal (physical adsorption). However, 

those close to –40 kJ∙mol–1 or higher involve a transfer of charges between the organic 

molecules and the metal surface (chemisorption) [43, 44]. According to Table 4, the 
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calculated ∆Gads values fall within the range of –20 kJ∙mol–1 to –40 kJ∙mol–1. It looks like 

the two pyridinium salts adsorbed on the surface of API 5L Grade B steel in a way that is a 

mix of physical and chemical adsorption, not just one type [15, 45, 46]. 

Table 4. Kads and ΔGads parameters for adsorption of pyridinium salts I and II on API 5L Grade B steel 

surface in 0.5 M H2SO4 solutions at 25°C. 

Inhibitor R2 Kads ΔGads (kJ∙mol–1) 

Inhibitor I 0.999 5.50×103 –31.28 

Inhibitor II 0.999 5.24×103 –31.16 

3.6. Effect of temperature 

The corrosion rate is significantly influenced by temperature, which plays a pivotal role in 

the electrochemical reactions that drive the corrosion process. Generally, an increase in 

temperature accelerates corrosion kinetics, which also affects the capacity and action of 

inhibitors [47, 48]. In order to determine the effect of this factor on the inhibition efficiency 

of the two pyridinium salts, gravimetric measurements were performed in 0.5 M H2SO4 

solution without and with 7.5×10–3 M at 25–55°C with a 10°C interval for 2 hours of 

exposure. The results obtained are given in Table 5. It can be seen that when the temperature 

rises by 10°C, the corrosion rate increases, while this rise is lower in the presence of both 

inhibitors. Moreover, the increase in temperature positively affects the inhibition efficiency. 

The rise in IE (%) values with temperature suggests that the adsorption of the inhibitor 

molecules on the metal surface is chemical rather than physical [49]. 

Table 5. Corrosion rate and inhibition efficiency of API 5L Grade B steel in 0.5 M H2SO4 without and with 

7.5×10–3 M of inhibitors at different temperatures. 

Temperature (°C) Blank 

(W, g∙h–1∙m–2) 

Inhibitor I 

(W, g∙h–1∙m–2) 

IE, % Inhibitor II 

(W, g∙h–1∙m–2) 

IE, % 

25 9.77 0.87 91.10 0.92 90.57 

35 18.30 1.39 92.40 1.54 91.58 

45 36.40 2.29 93.70 2.55 92.99 

55 69.30 4.01 94.21 4.19 93.95 

3.6.1. Thermodynamic parameters of the corrosion process 

The study of the evolution of the corrosion rate versus temperature permits the use of the 

Arrhenius equation (10) and transition state equation (11) to calculate some thermodynamic 

parameters of the corrosion process, such as the activation energy (Ea), the activation 

enthalpy ( 0
aH ) and the activation entropy ( 0

aS ). 



 Int. J. Corros. Scale Inhib., 2024, 13, no. 3, 1520–1540 1531 

  

 

 aln ln
E

W K
RT

   (10) 
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 
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where W is the corrosion rate, R is the universal gas constant, T is the absolute temperature 

(K), A is the pre-exponential factor, N is the Avogadro’s number, h is the Plank’s constant. 

The Arrhenius plots of ln W against 1/T and the transition state ln(W/T) versus 1/T for 

API 5L Grade B steel in 0.5 M H2SO4 solution without and with 7.5×10–3 M of pyridinium 

salts I and II are shown in Figures 5 and 6, respectively. 

 
Figure 5. Arrhenius plots for API 5L Grade B steel in 0.5 M H2SO4 solution without and with 

7.5×10–3 M of pyridinium salts I and II. 

 
Figure 6. Transition state plots for API 5L Grade B steel in 0.5 M H2SO4 solution without and 

with 7.5×10–3 M of pyridinium salts I and II. 
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For the blank solution and both pyridinium salts, the linear regression coefficients are 

close to 1 (Table 6), which indicates that the corrosion of steel in 0.5 M H2SO4 can be 

described using the Arrhenius kinetic model. The values of the activation energies, 

enthalpies 0
aH , and entropies 0

aS  a are given in Table 6. With 7.5×10–3 M of inhibitors, 

the activation energy, enthalpy and entropy decrease, the decrease in activation energy may 

be attributed to the chemisorption of these inhibitors on the steel surface [50, 51]. Positive 

enthalpy values indicate that the metal dissolution process is endothermic. In the presence 

and absence of pyridinium salts, the entropy of activation displays a negative and essential 

value. It indicates that the activation complex observed during the rate-determining phase 

represents an association instead of a dissociation process. This suggests that the disorder 

during the transfer of the reactants to the activated complex was reduced [52]. 

Table 6. Thermodynamic parameters and linear regression coefficients for API 5L Grade B steel in 0.5 M 

H2SO4 solution without and with 7.5×10–3 M of pyridinium salts I and II. 

Compound R2 Ea, kJ∙mol–1 0

a
H , kJ∙mol–1 0

a
S , kJ∙mol–1 

Blank 0.999 53.29 50.70 –55.99 

Inhibitor I 0.997 41.23 38.66 –116.59 

Inhibitor II 0.999 41.04 38.41 –116.70 

3.7. Atomic force microscopy images 

AFM images of steel samples before and after 4 hours of immersion in the absence and 

presence of 7.5×10–3 M of pyridinium salts I and II are shown in Figures 7a–d. When a steel 

sample is exposed to free H2SO4, its surface exhibits a porous structure characterized by 

broad and deep pores resulting from the corrosive action of the acid. The addition of 

inhibitors led to apparent differences in the surface morphology of the specimens. The 

surface is more uniform in the presence of both inhibitors. Average surface roughness values 

(Table 7) obtained in the presence of pyridinium salts I (29.34 nm) and II (68.09 nm) are 

lower than those obtained in 0.5 M H2SO4 (98.20 nm). This indicates that the inhibitor 

molecules are adsorbed on the steel surface, thereby reducing the acid attack. 

Table 7. Average surface roughness values API 5L Grade B steel (a) abraded, (b) in 0.5 M H2SO4, (c), and 

(d) in the presence of 7.5×10–3 M of inhibitors I and II, respectively. 

 a b c d 

Average surface 

roughness, nm 
11.92 98.20 29.34 68.09 
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Figure 7. AFM images of API 5L Grade B steel (a) abraded, (b) in 0.5 M H2SO4, (c), and (d) 

in the presence of 7.5×10–3 M of inhibitors I and II, respectively. 

3.8. Quantum chemical calculations 

In order to understand the influence of molecular structure on the inhibition efficiency of 

the compounds under investigation, quantum chemical calculations were conducted using 

the DFT method. The optimized geometrical structures, as well as the electron distribution 

in the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital 
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(HOMO) energy levels, are illustrated in Figure 8. Furthermore, the computed quantum 

chemical parameters, specifically EHOMO, ELUMO, ∆E, and the dipole moment (μ), are 

presented in Table 8. 

For the two pyridinium salt derivatives, the HOMO is localized on the halide anions 

(Br–), and the CH2, CH2–CH2 atoms that are seated between the pyridiniums ring, and this 

indicates that the inhibitors adsorb onto the steel surface via coordination sites present in 

these centers. 

On the other hand, the LUMO is focused on all salt molecules. This means that both 

anionic and cationic entities can accept electrons from steel and can be adsorbed to their 

surfaces through electron retro-donation. 

Generally, the ability of a molecule to donate electrons increases with the HOMO 

energy value. In contrast, a low LUMO energy value indicates that the molecule is more able 

to accept electrons [53]. Thus, the adsorption of an inhibitor and its corrosion inhibition 

performance is characterized by a high value of HOMO energy, a low value of LUMO 

energy, a low energy interval ΔE and a high value of dipole moment [54, 55]. Comparing 

the quantum parameters of pyridinium salts I and II shown in Table 8, pyridinium salt I has 

a low value of ELUMO, a low energy interval ΔE, and a high value of dipole moment, perfectly 

consistent with the order of inhibition efficiency found by experimentation. 

 
Figure 8. The HOMO and LUMO distributions of pyridinium salts I and II. 
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Table 8. EHOMO, ELUMO, ∆E, and the dipole moment (μ) for pyridinium salts I and II. 

 EHOMO, eV ELUMO, eV ∆Egap, eV μ (D) 

Inhibitor I –5.425 –3.216 2.209 10.994 

Inhibitor II –5.235 –2.755 2.480 0.044 

Conclusion 

1. The three methods used in this study show that both pyridinium salts have good inhibiting 

properties against API 5L Grade B steel corrosion in sulfuric acid. Good agreement 

between the E (%) values calculated by the mass loss method, the polarization curves and 

EIS method. 

2. The inhibition efficiency increases with the concentration of pyridinium salts and the 

temperature increase. 

3. The polarization curves show that both pyridinium salts stop the anodic and cathodic 

processes of steel corrosion and are mixed-type inhibitors. 

4. The EIS method showed that the charge transfer controls the corrosion process of steel in 

the absence and presence of both pyridinium salts. 

5. The adsorption of both inhibitor obeys Langmuir’s adsorption isotherm and occurs via 

electrostatic and chemical bonds. 

6. AFM images confirm the protection of API 5L Grade B steel in 0.5 M H2SO4 solution by 

the studied pyridinium salts. 
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