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A B S T R A C T   

The current research investigates the corrosion resistant efficiency of 2,4-diphenyl-3-azabicyclo[3.3.1] nonan – 
9–one (PABN) as inhibitor in carbon steel in 0.5 M H2SO4 environment through experimental and theoretical 
approaches. The weight loss methodology demonstrates that 0.10 ppm of nonan-9-one compound effectively 
inhibits corrosion in carbon steel submerged in an acidic environment with an efficiency of inhibition as high as 
97.2 %. The polarization studies reveals the function of the compound as an inhibitor at the anodic site, influ
encing the kinetics of carbon steel corrosion effectively. Impedance spectra under alternating current conditions 
elucidate the influence of the protective film formed by the action of PABN compound on the electrical behavior 
and corrosion resistance in carbon steel material. This existence of the protective film composed of carbon steel 
and PABN compound is affirmed through different techniques such as SEM, EDX and AFM. The DFT analysis 
anticipates the interaction patterns of the inhibitor with the surface of carbon steel using quantum chemical 
calculations, analyzing the molecular interactions between the molecules of the inhibitor and the surface of 
carbon steel, providing insights into PABN’s corrosion inhibitory properties.   

1. Introduction 

Carbon steel is a predominant alloy of iron and carbon with trace 
elements holding a crucial position in engineering and manufacturing 
with exemplifying versatility and indispensability. Renowned for its 
adaptability, carbon steel can be easily shaped rendering it as a preferred 
material for constructing a myriad of structures and components. Its 
exceptional strength and durability make it suitable for demanding ap
plications in construction, automotive manufacturing, and infrastruc
ture projects contributing to the creation of robust and enduring 
structures. Additionally, carbon steel’s cost-effectiveness positions it 
favourably in large-scale projects, while its machinability and weld
ability facilitate efficient manufacturing processes [1–3]. Embodying 
eco-friendly practices, carbon steel is highly recyclable, aligning with 
global sustainability efforts. With a wide array of uses spanning from 
construction beams and automotive components to pipelines and in
dustrial machinery, carbon steel stands as an essential material. The 

implementation of anti-corrosion measures in carbon steel is imperative 
to counteract the inherent vulnerability of the material to corrosion [4, 
5]. By preserving structural integrity, extending service life, and miti
gating economic costs associated with premature failures, anti-corrosion 
strategies contribute significantly to the reliability and efficiency of 
carbon steel structures and components [6,7]. 

Several compounds were synthesised and explored for their varied 
range of applications such as dye degradation, waste water treatment, 
anti-microbial, anti-fungal and anti-corrosive activity [8]. Organic in
hibitors that contain heteroatoms, such as oxygen, nitrogen, and sulfur 
are the most efficient chemicals in preventing corrosion. The utilization 
of organic inhibitors in an acidic solution proves effective in preventing 
corrosion of carbon steel [9–12]. Mihit et al., conducted research on 
employing an electrochemical approach and quantum chemical calcu
lations for suppressing the corrosion in copper and zinc in HNO3 solution 
[13]. Mohamed Kasim Sheit et al. have evaluated the impact of the 
compound 2-[(furan-3ylmethylene)-amino]-benzenethiol against the 
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corrosion taking place in carbon steel [14]. Noor et al. have researched 
the adsorption and consumption restraint influence of N-(l-morphholi
nobenzyl) on mild steel immersed in an acidic environment [15]. 

Ade et al. reported the corrosion inhibition efficiency of organic 
compounds in mild steel exposed to different acidic environments [16]. 
Ali Ahmed Abdulridha et al. reported the efficiency of the freshly 
blended Azo Schiff molecule as the erosion inhibitor in carbon steel 
immersed in a demanding environment of 1 M sulfuric acid. These 
findings hold practical significance in industries where carbon steel is 
exposed to acidic solutions, especially in contexts where accurate 
corrosion prediction is crucial [17]. Sheit et al. have evaluated the 
anti-corrosive efficacy of 5-Acetyl-3-Phenyl-2,6-Dipyridin-2-Ylte
tra-Hydropyrimidin-4(1H)− 1 inhibitor on mild steel dipped in sodium 
chloride [18]. Dharmendra Kumar et al. conducted a comprehensive 
study on imidazole derivatives as inhibitors of corrosion for copper, 
employing a combined approach involving density functional theory 
(DFT) and reactive force field methodologies [19]. Bedair et al. have 
found the potential use of benzidine-based Schiff base compounds as 
corrosion inhibitors in carbon steel in aqueous HCl of 1.0 M concen
tration, employing a combination of chemical, electrochemical and 
computational approaches [20]. 

Yadav et al. have reported the experimental and theoretical studies 
on corrosion inhibition effect of synthesized benzothiazole derivatives 
on mild steel in 15 % HCl solution [21]. Oluwatoba et al. has examined 
the corrosion inhibition potential of some 2-(4-(substituted) arylidene)−
1H-indene-1,3‑dione derivatives using density functional theory and 
molecular dynamics simulation [22]. Khaled et al. investigated the 
corrosion inhibition in mild steel in acidic media using new 
oxo-pyrimidine derivatives using experimental and theoretical insights 
[23]. Ferkous et al. have evaluated the corrosion inhibition in mild steel 
utilizing 2-(2-methoxybenzylidene) hydrazine-1-carbothioamide in hy
drochloric acid solution through experimental measurements and 
quantum chemical calculations [24]. The present study assesses the 
effectiveness of the PABN compound as an inhibitor using a diverse set 
of experimental techniques including weight loss analysis, electro
chemical assessments, UV spectroscopy, SEM, EDX, AFM and theoreti
cally using density functional theory (DFT) based quantum calculations. 

2. Experimental procedure 

2.1. Preparation of carbon steel specimens 

Carbon steel specimens having carbon (0.1 %), sulfur (0.025 %), 
phosphorus (0.07 %), and the rest containing iron are taken in rectan
gular form conforming to the standard size of 1.0 cm width, 4.0 cm 
length, and 0.2 cm thickness. An area of 1 cm2 of the specimen is 
exposed to electrochemical reactions. 

2.2. Preparation of stock solution 

The process involves the usage of double distilled water and diluted 
analytical grade H2SO4 and ethanol for preparing an inhibitor stock 
solution. The molecular structure of PABN compound is as shown in 
Fig. 1. 

2.3. Weight loss analysis 

The study quantifies the loss of weight in carbon steel specimens in 
aqueous solution in the presence and in the absence of PABN inhibitor 
over a 24-hour period, aiming to determine the compound’s inhibition 
efficiency using the following equation. 

InhibitionEfficiency IE(%) =

(
Wo − W1

Wo

)

x100% (1) 

W0 represents initial weight of carbon steel without inhibitor; W1 

represents weight loss in the presence of inhibitor [25]. 

2.4. Persistence of corrosion rate 

Specimens of carbon steel are prepared, weighed up and were sus
pended in a 100 ml aqueous solution with 0.5 M H2SO4 and treated with 
different concentrations of the inhibitor followed by washing, drying 
and determining the weight again. The corrosion rates are calculated 
utilizing the following formula. 

Corrosionrate =
Lossinweight(mg)

Surfaceareaof theSpecimen
(
dm2)X

Periodof Immersion(days)

mdd (2)  

2.5. Study of potential polarization 

Polarization studies were carried out in a three-electrode cell as
sembly (Fig. 2). The corrosion potential and Tafel slopes are studied by 
employing CHI660A Electrochemical Workstation Impedance Analyzer. 
It is a commonly used as a tool for studying corrosion. It uses carbon 
steel, a saturated calomel electrode and a platinum foil as working 
electrode, reference standard, and counter electrode respectively as 
shown in Fig. 2. 

2.6. Measurement of AC impedance 

EIS is a method that uses alternating current potential to measure 
impedance in an electrochemical system across various frequencies. It 
provides valuable information about the reaction mechanism, adsorp
tion process, double layer properties and electrode performance aiding 
in understanding the behavior of the electrochemical system [26]. The 
Cdl value is calculated using the following relation. 

Cdl =
1

2 × 3.14 × Rt × fmax
(3)  

2.7. Quantum chemical calculations 

Density functional theory is utilized for the quantum chemical cal
culations using B3LYP with electron basis set aug-cc-pvdz for the chosen 
molecule with Gaussian 16. This investigation resulted in the determi
nation of quantum chemical parameters such as EHOMO, ELUMO, E(ΔE), 
dipole moment (µ), chemical hardness (ƞ) and chemical softness (S). 

Fig. 1. Molecular structure of PABN compound.  
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3. Results and discussion 

3.1. Weight loss method 

Table 1 furnishes the values of corrosion rate (CR) and efficiency of 
inhibition (IE) in carbon steel dipped in 0.5 M H2SO4 solution derived 
through weight loss methodology. The compound PABN with a con
centration of 0.10 ppm exhibits 97.2 % inhibition efficiency. The IE 
increases as the concentration of PABN compound increases. The 
electron-donating feature of oxygen atom and the existence of delo
calized π-electrons contribute to the greater inhibition efficiency at 
higher concentrations of the inhibitor [27]. These characteristics play an 
important role in enabling the inhibitor to create a protective layer on 
the surface of carbon steel, thus inhibiting its solubilisation in the acidic 
solution [28,29]. 

3.2. Potentiodynamic polarization analysis 

The polarization investigation confirms the formation of a protective 
film on the carbon steel surface as a result of corrosion inhibition. This is 
evident from the decrease in the elevation of linear polarization resis
tance, reduction in the corrosion current, and a decrease in the corrosion 
potential. Fig. 3 illustrates the curves of potentiodynamic polarization in 
carbon steel in 0.5 M H2SO4 both in the absence and in presence of the 
inhibitor. Table 2 presents some of the important corrosion factors. In 
the solution containing 0.5 M H2SO4, the corrosion potential of carbon 
steel is -582 mV versus using the Standard Calomel Electrode (SCE). The 
introduction of PABN compound (0.10 ppm) into the system led to a 

change in the corrosion potential towards the positive side, measuring 
-530 mV versus the same SCE. An anodically positioned protective film 
forms on the surface of carbon steel [30,31]. The film controls the anodic 
process involved in the dissolution of carbon steel by creating complexes 
at the anodic locations on the surface of the carbon steel. An increase in 
the LPR value from 1,569,807.8 ohm cm2 to 2,223,135 ohm cm2 and a 
reduction in the corrosion current value from 2.970 × 10− 8 A/cm2 to 

Fig. 2. Three-electrode cell assembly.  

Table 1 
Inhibition efficiency at various concentrations of the inhibitor obtained by 
weight loss method.  

S. 
No 

Concentration of the PABN inhibitor 
(ppm) 

CR 
(mpy) 

Inhibition efficiency 
(%) 

1 0 5.478 0 
2 0.02 2.182 62.3 
3 0.04 2.105 76.2 
4 0.06 2.032 81.5 
5 0.08 2.001 90.7 
6 0.10 1.943 97.2  

Fig. 3. Polarization curves of carbon steel immersed in test solutions (a) 
Aqueous (0.5 M H2SO4) + Carbon Steel (b) Aqueous (0.5 M H2SO4) + Carbon 
Steel + PABN compound (0.10 ppm). 

Table 2 
Corrosion parameters of carbon steel in an aqueous solution of 0.5 M H2SO4 in 
the absence and presence of inhibitor system obtained by potentiodynamic po
larization method.  

System Ecorr(mV 
vs SCE) 

bc(mV/ 
decade) 

ba(mV/ 
decade) 

LPR (ohm 
cm2) 

Icorr(A/ 
cm2) 

0.5 M H2SO4+

Carbon Steel 
− 582 160 326 1,569,807.8 2.970 ×

10− 8 

0.5 M H2SO4 +

Carbon Steel 
+ PABN 
Inhibitor 
(0.10 ppm) 

− 530 157 309 2,223,135 2.038 ×
10− 8  
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2.038 × 10− 8 are witnessed. The polarization analysis validates the 
establishment of a protective coating on the surface of the carbon steel 
[32]. 

3.3. AC impedance spectral analysis 

The electrochemical impedance spectrum confirms the creation of a 
protective film on the surface of carbon steel. A protective coating on the 
carbon steel surface enhances charge transfer resistance, diminishes the 
double layer capacitance of the specimen and elevates its impedance log. 
Fig. 4 displays AC impedance spectrum of the specimen made of carbon 
steel dipped in 0.5 M H2SO4 in the presence and absence of PABN in
hibitor. Table 3 provides the AC impedance parameters obtained from 
Nyquist plots, encompassing charge transfer resistance (Rt) and double 
layer capacitance (Cdl) [33]. The addition of PABN compound (0.10 
ppm) increases the charge transfer resistance value Rt from 10,309 Ω 
cm− 2 to 11,725 Ω cm− 2, the Cdl value decreases from 4.947 × 1010 

F/cm− 2 to 4.349 × 107 F/cm− 2. The impedance value gets incremented 
from 4.380 to 4.382. The observations suggest the creation of a pro
tective coating on the carbon steel surface [34,35]. 

3.4. UV–Visible spectra analysis 

Fig. 5 (a and b) represents the UV–Vis absorption spectra of the 
sample in a solution containing the molecules of PABN inhibitor. Peaks 
are observed at 246 nm, 293 nm and 389 nm. Additional peaks at 243 
nm and 329 nm appears when PABN solution is added indicating that 
there is more absorption at these wavelengths. There is an increase in 
the observed peak intensity also. The alterations that were seen in the 
spectra, particularly the appearance of new peaks and a rise in intensity, 
strongly suggest that a complex was formed between the Fe2+ ions in the 
specimen and the 2,4-diphenyl-3-azabicyclo[3.3.1] nonan-9-one mole
cules that were present in the solution [36]. The creation of a coordi
nation complex is most likely due to the interaction taking place 
between the Fe2+ ions and the organic molecules lying on the surface. It 
is possible that the development of the complex is because the molecules 
that were discussed also have the ability to act as ligands and coordinate 
with the Fe2+ ions [37]. 

3.5. SEM and EDX analysis 

The details provided in this section outlines the utilization of scan
ning electron microscopy (SEM) to visually depict the carbon steel 
specimen’s surface in 0.5 M H2SO4 solution both in the absence and in 
presence of an inhibitor system. The observations are made from the 
SEM images presented in Fig. 6 (a–c). In Fig. 6(a), an even and polished 
surface of carbon steel is evident suggesting that without the exposure to 
0.5 M H2SO4, the carbon steel surface remains corrosion free even after 

one day. Fig. 6(b) shows a rough surface of the carbon steel specimens 
placed in 0.5 M H2SO4 solution after a day. The roughness indicates a 
highly corroded area suggesting that the sulfuric acid solution induces 
corrosion on the surface of the carbon steel. Fig. 6(c) demonstrates the 
surface of the specimen in the presence of PABN inhibitor along with the 
acidic medium, specifically carbon steel + 0.5 M H2SO4 + 0.10 ppm 
PABN compound. It is evident that the inhibitor suppresses the rate of 
corrosion in the specimen. The surface of carbon steel after treating with 
the inhibitor appears nearly resistant to corrosion [38]. The observed 
resistance is ascribed to the creation of an intractable complex on its 
surface serving as a protective film. The SEM images visually support the 
effectiveness of the PABN inhibitor compound in suppressing the 
corrosion on the surface of the specimen in the acidic solution [39]. The 

Fig. 4. AC impedance spectra (Nyquist plots) of carbon steel immersed in test 
solutions (a) Aqueous 0.5 M H2SO4 + Carbon Steel (b) Aqueous 0.5 M H2SO4 +

Carbon Steel + PABN compound (0.10 ppm). 

Table 3 
Corrosion parameters of carbon steel immersed in an aqueous solution con
taining 0.5 M H2SO4 in the absence and presence of inhibitor system obtained 
from AC impedance spectra.  

System Rt(ohm 
cm2) 

Cdl (F/ 
cm2) 

Impedance Log 
(z/ohm) 

0.5 M H2SO4+ Carbon Steel 10,309 4.947 ×
10− 10 

4.38 

0.5 M H2SO4 + Carbon Steel 
+PABN Inhibitor (0.10 ppm) 

11,725 4.349 ×
10− 10 

4.382  

Fig. 5. UV–Visible spectrum of solution containing PABN compound (a) 
without FAS (Fe2+) (b) with FAS (Fe2+). 
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inhibitor forms a protective layer, likely an insoluble complex, which 
inhibits the corrosive effect on the carbon steel [40,41]. Energy 
dispersive X-ray analyzer was used to analyze the elements on the sur
face of carbon steel both before and after introducing the PABN inhibitor 
solution. In Fig. 6 (d, e), the EDX spectrum of the specimen is depicted, 
illustrating the inherent peaks of the specific elements present in the 
sample. The EDX spectrum of the sample immersed in 0.5 M H2SO4 
reveals a reduction in carbon related elements suggesting damage 

caused by the presence of the acid. Fig. 6(f) displays the EDX spectrum of 
the specimen soaked in H2SO4 of concentration 0.5 M along with 0.10 
ppm of 2, 4- diphenyl-3-azabicyclo[3.3.1] nonan-9-one compound 
revealing reduced SO4 signal intensity and increased carbon steel peak 
intensity [42]. An inhibitor causes the appearance of Fe signal and an 
enhancement of O signal. The data indicates that carbon steel surface is 
coated with Fe, S, C, and O atoms suggesting an adsorbent inhibitor 
layer protecting it from corrosion [43]. The research suggests that the 

Fig. 6. The SEM images and EDX spectrum of (a, d) polished carbon steel surface, (b and e) Aqueous 0.5 M H2SO4 + Carbon Steel (c and f) Aqueous 0.5 M H2SO4 +

Carbon Steel + PABN compound (0.10 ppm). 
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adsorption of oxygen (O), nitrogen (N), and carbon (C) atoms from a 
PABN compound on the surface of carbon steel can result in the for
mation of a complex resulting in a protective coating. 

3.6. AFM analysis 

Figs. 7 (a-c) presents two-dimensional AFM images depicting the 
polished metal surface, corroded surface, and film protected metal sur
face. The corresponding three-dimensional images are also annexed in 
the same figure. The AFM parameters such as RMS roughness (Rq), 
average roughness (Ravg), and the value of maximum peak to valley 
height were calculated and shown in Table 4. The study examined the 
effect on polished carbon steel specimen and specimen in H2SO4 of 
concentration 0.5 M and specimen immersed in PABN inhibitor system 
along with the acidic medium. In a corrosive environment, carbon steel 
exhibits an initially elevated average surface roughness [44]. However, 
the introduction of a 0.10-ppm concentration of the PABN inhibitor 
compound leads to a subsequent reduction in surface roughness. In the 
corrosive medium (blank), the average surface roughness of carbon steel 
is initially high, subsequently decreasing but remaining higher than that 
of a polished steel surface. The presence of 0.10 ppm of PABN compound 
results in a smooth defensive layer covering the carbon steel surface 
affecting all the parameters such as rms value of roughness, peak to 

valley height, as well as the maximum height of the peak [45,46]. 

3.7. The density functional theory approach 

Surface adsorption causes corrosion inhibition but correlation be
tween the corrosion inhibition and PABN molecular properties are not 
explored. DFT studies are employed to analyze the inhibitor’s electronic 
and geometrical structure. It reveals increased binding efficiency with 
higher HOMO and lower LUMO energy values [47]. The molecule’s high 
chemical activity and low kinetic stability are attributed to its increased 
polarizing power due to its minimized energy gap [48]. Fig. 8 illustrates 
the orbital density distribution of frontier molecules with oxygen atoms 
having a high electron density potentially forming adsorption active 

Fig. 7. AFM cross sectional image of (a) polished carbon steel surface (control), (b) Carbon steel surface after immersion in 0.5 M H2SO4 (blank), (c) Carbon steel 
surface after immersion 0.5 M H2SO4+ 0.10 ppm of PABN compound. 

Table 4 
AFM data for carbon steel immersed in the presence and absence of inhibitor.  

Samples Value (nm) 

Sp Sq Sa Sy 

Carbon steel surface 3409.30 483.60 380.57 1753.30 
0.5 M H2SO4+ Carbon Steel 2748.30 380.13 294.72 2687.70 
0.5 M H2SO4 + Carbon Steel + PABN 

Inhibitor (0.10 ppm) 
2272.30 310.42 245.73 1218.50  
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centres. The analysis indicates that a higher occupied molecular orbital 
(HOMO) inhibitor (− 6.594 eV) enhances the metal’s ability to provide 
electrons to its unoccupied orbital, thereby improving its corrosion in
hibition efficiency [49]. Lower unoccupied molecular orbital LUMO 
(− 0.944 eV) accepts electrons from metal surfaces, improving inhibitor 
efficiency as the energy gap between HOMO and LUMO decreases 
(5.650 eV). The lower dipole moment value of PABN compound in
dicates a less polar favourable interaction with metal surfaces poten
tially acting as a corrosion inhibitor [50]. 

4. Conclusion 

The current research indicates that 2, 4-diphenyl-3-azabicyclo
nonan-9-one shows promise as an effective corrosion inhibitor in car
bon steel in a 0.5 M H2SO4 environment. The protective film of the 
inhibitor compound shows a 97.2 % efficiency in controlling carbon 
steel corrosion in the afore mentioned acidic environment. The com
pound effectively prevents corrosion by acting as an anodic inhibitor 
affecting the anodic reactions that lead to corrosion. The polarization 
study reveals an augmented charge transfer resistance along with a 
reduction in double layer capacitance and corrosion current. These ob
servations imply that the presence of an adsorbed layer contributes to 
the creation of a protective coating. UV–visible spectra confirm the 
protective film’s presence with Fe2+ ions an inhibiting material while 
microscopic analysis reveals a smoother surface. Density functional 
theory approach is highly accurate in predicting inhibitor efficiency due 
to its consistent match with the experimental results. 
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