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Abstract 

This study investigates the corrosion inhibition efficiency of para-bromopiperazinylbenzene 

(PBPB) for mild steel in an acidic medium using weight loss methods at various concentrations 

(0.1 to 0.5 mM) and immersion time of 5 hours. The inhibition efficiency was found to increase 

with the inhibitor concentration, reaching a maximum efficiency of 91.3% at the highest 

concentration. The effect of temperature on corrosion inhibition was also studied at 303 K, 

313 K, 323 K, and 333 K, showing a slight increase in inhibition efficiency with rising 

temperature. Potentiodynamic polarization measurements were conducted at 303 K, confirming 

the trend observed in weight loss studies. Adsorption isotherm analysis revealed that the 

inhibitor obeys the Langmuir adsorption isotherm, with the free energy of adsorption suggesting 

a combination of chemisorption and physisorption processes. Density Functional Theory (DFT) 

calculations were performed to study the quantum chemical parameters such as EHOMO, ELUMO, 

and others, showing good correlation with experimental data. The harmony between 

experimental and theoretical results underscores the potential of PBPB as an effective corrosion 

inhibitor for mild steel in acidic environments. 
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1. Introduction 

Corrosion is a pervasive issue in various industries, leading to significant economic losses 

and safety concerns. It is one of the natural electrochemical processes happening in metals, 

such as ordinary carbon steel, creating harmful environmental spoilage over time and 

structural members’ failures. Mild steel is widely used in various industries such as 

construction. automotive, oil, gas, etc., but is much susceptible to corrosion under acidic 

content [1, 2]. Hydrochloric acid (HCl) is one among those acids widely used for industrial 

processes, like pickling, de-scalement, and acidizing of oil wells, and is very aggressive 

towards mild steel. this conditioning too is well mitigated by using corrosion inhibitors to 

cover the metal surface and elongate the lifetime of equipment used [3]. Inhibitors prevent 

corrosion when they are present in trace amounts and mainly involve the two categories: 

organic and inorganic. Some inorganic inhibitors are chromates, nitrates, and phosphates, 

which are highly efficient but have disadvantages, including toxic and environmental 

hazards with harmful by-products formed [4]. On the other hand, organic inhibitions not 

only perform well but also generate interest among researchers with bio-disposability and 

environmentally friendliness due to the adsorptive ability of creating a protective layer on 

the metal surface that inhibits corrosion [5]. Such heteroatoms in these inhibitors include 

nitrogen, oxygen, and sulfur, enhancing the tendency of the compounds to interact with metal 

surfaces either by donating or accepting electrons [6]. This means that the strong interaction 

between organic inhibitors and metal surfaces will result in stable adsorbing layers 

preventing further corrosion. Organic inhibitors appear to be multifunctional and can be 

designed to be optimal for particular corrosion types combined with environmental 

conditions [7]. Attention has spread from corrosion studies under other environments to the 

scenario of a well-studied environment, hydrochloric acid in the industry. Mild steel is 

corrosion prone; inhibit it using corrosion inhibitors; especially organic inhibitors because 

they have proved to be the most favorable. Although such efficacious inorganic inhibitors as 

chromates are always used, they have limits due to their carcinogenicity and environmental 

risks. Phosphates limit use for less toxicity but are a major contributor to the eutrophication 

of aquatic systems. Organic inhibitors are, thus, less toxic, more biodegradable, and able to 

form sulfonate protective barriers through functional groups containing nitrogen, oxygen, or 

sulfur. The efficiency can be improved through molecular optimization and concentration 

[12, 13]. 

Density Functional Theory (DFT) advances have brought forth organic inhibitors. 

Indeed, DFT goes a long way in describing molecular interaction character with metal 

surfaces by such electronic properties as highest occupied molecular orbital (HOMO), 

lowest unoccupied molecular orbital (LUMO), and dipole moment. Such molecules have 

higher HOMO energies and lower energy levels for LUMO, thus making them better in 

inhibition efficiency because of easy donation of electrons to form strong protective layers 

[14]. para-substituted organic compounds, have been reported to be excellent corrosion 

inhibitors. Benzene ring with bromine as a substituent along with a pyrrolidine moiety is N-
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TBI. Its structure has an importance because it contains electron-withdrawing bromine like 

the electron-donating piperazine and brings about electron distribution, reactivity, and 

interaction with metal surfaces to be of the effective corrosion inhibitors. The combination 

of these substituents contributes much toward its effectiveness as corrosion inhibitor. N-TBI 

is found to be effective in acid conditions as a corrosion inhibitor of steel, providing 

economic and ecological benefits in cut down maintenance costs and impact on the 

environment [15]. Incorporating the bromine atom in its molecular framework alters the 

electronic properties of PBPB so that it increases the adsorption capacity or strength and 

interaction with metal surfaces. PBPB is likely to provide long-term protection against 

corrosion through combination of chemisorption and physisorption as indicated by 

preliminary studies [15, 16]. The present investigation seeks to continue previous research 

efforts to establish the ability of PBPB to protect mild steel in acidic medium. In addition, 

the study augments existing knowledge on effective inhibitors by coupling experimental 

techniques-such as weight loss measurements and potentiodynamic polarization-with DFT 

calculations toward a more comprehensive understanding of PBPB’s performance and 

mechanisms. The outcome will have a significant impact on the development of efficient, 

environmentally friendly corrosion inhibitors for industrial applications. 

 
Figure 1. The chemical structure of PBPB. 

2. Materials and Methods 

2.1. Materials 

Company of Metal Samples was the supplier for mild steel coupons which were employed 

as the working electrodes in this investigation. The chemical composition of the mild steel 

coupons, expressed in weight percentage, is detailed in Table 1. Prior to experimentation, 

the mild steel coupons were cleaned according to the standard method G1-03/ASTM 

[16, 17]. 

Table 1. Chemical composition of mild steel coupons (wt.%). 

Element Carbon Manganese Silicon Aluminum Sulfur Phosphorus Iron 

Percentage 0.210 0.050 0.380 0.010 0.050 0.090 Balance 

2.2. Preparation of acidic solution 

The corrosive solution was prepared by diluting 37% HCl (Merck-Malaysia) with distilled 

water. 
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2.3. Weight loss measurements 

Weight loss experiments were conducted at time intervals of 1, 6, 12, 24, and 48 hours, 

across temperatures ranging from 303 K to 333 K. Mild steel coupons were exposed to 

inhibitor concentrations of 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 1 mM. Following exposure, the mild 

steel specimens were carefully cleaned with distilled water and acetone, dried in an oven, 

and weighed. Measurements were conducted in triplicate, and the mean weight loss values 

were determined [18]. The corrosion rate (CR) in mm/year and inhibition efficiency (IE) 

were determined using Equations (1) and (2): 

 R

87600 W

a t
C




  (1) 

where W represents the weight loss of the tested mild steel (grams), a denotes the surface 

area of the tested mild steel (cm2), and t represents the exposure time in hours. 

 R(0) R(i)

R(0)

% 100
C C

C
IE


   (2) 

where CR(0) represents the corrosion rate in the absence of the inhibitor, and CR(i) represents 

the corrosion rate in the presence of the inhibitor. 

2.4. Potentiodynamic polarization measurements 

Potentiodynamic polarization measurements were conducted in a 1.0 M HCl solution with 

varying concentrations of PBPB as the corrosion inhibitor. The experiments were performed 

using a Gamry Instrument Potentiostat/Galvanostat/ZRA (REF 600) model, equipped with 

a water-jacketed glass cell containing three electrodes: a working electrode (mild steel 

specimen), a counter electrode (graphite rod), and a reference electrode (saturated calomel 

electrode, SCE). The working electrode was prepared by polishing, thoroughly cleaning, and 

immersing it in the test solution until a stable open-circuit potential (OCP) was achieved, 

typically within 30 minutes of immersion [19]. Potentiodynamic polarization curves were 

recorded by varying the potential from –250 mV to +250 mV relative to the OCP at a scan 

rate of 0.5 mV/s. The corrosion current density (icorr) and corrosion potential (Ecorr) were 

derived from the Tafel extrapolation method using Gamry’s DC105 software. The inhibition 

efficiency was determined by comparing the icorr values in the absence and presence of the 

inhibitor. To ensure reliability, all measurements were performed in triplicate, and the 

average values were reported. These tests provided valuable information on the anodic and 

cathodic reactions occurring on the mild steel surface in the acidic medium, offering insights 

into the inhibition mechanism of PBPB. 

2.5. Density Functional Theory (DFT) computations 

Quantum chemical computations were performed to complement experimental findings. 

Gaussian 03 software was utilized for the DFT calculations. Becke’s three-parameter hybrid 
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functional (B3LYP) level with the Gaussian 03 version [20], employing the 6–31G reference 

set, was employed to investigate the chemical reactivity of the PBPB molecule. Quantum 

parameters including energy gap (ΔE), fraction of electron transfer (ΔN), dipole moment (μ), 

ionization energy (I), electron affinity (A), absolute electronegativity (χ), hardness (η), and 

softness (σ) were determined for PBPB in the gas phase [21]. The quantum chemical 

parameters were calculated using Equations (3–8): 

 I = –EHOMO (3) 

 A= –ELUMO (4) 

 
2

χ
I A

  (5) 

 
2

η
I A

  (6) 
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η
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2(η η )
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


   (8) 

where χFe is the electronegativity of iron and ηinh is the hardness of iron. 

The conceptually correct way to calculate ΔN for interactions between a molecule and 

a metal surface requires the use of the metal’s work function rather than the free electron gas 

Fermi energy. χFe=UFe, the work function of iron (UFe=4.5 eV) [22]. 

3. Results and Discussion 

The effectiveness of corrosion inhibitors is typically evaluated by analyzing their ability to 

reduce the corrosion rate of metals in aggressive environments. In the current investigation, 

the PBPB performance as corrosion inhibition for mild steel in a 1.0 M HCl was studied 

using weight loss techniques and potentiodynamic polarization measurements. The above 

approach utilizes the concentration of inhibitor and temperature to evaluate results within 

the purview of interactions of PBPB molecules and the mild steel surface. The detailed 

process that highlights the mechanism of inhibition will then follow this. Initially, the effect 

of several concentrations of inhibitor with regard to the corrosion rate and the inhibition 

efficiency is considered, specifically explaining how the inhibitor forms protective layers 

thereby practically minimizing the corrosive impact arising from hydrochloric acid. This will 

be followed by temperature on which the inhibition was done; it will, thus, provide light on 

the aspects of the factors affecting stability and adsorption patterns of PBPB under varying 

thermal conditions. Potentiodynamic polarization data also discuss those anodic and 

cathodic reactions that comprise the inhibition mechanism. Adsorption isotherms and 

quantum chemical calculations are also incorporated to provide a theoretical interpretation 

of the empirical observations. A comprehensive approach like this provides a deeper 
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understanding of inhibition mechanisms, particularly regarding efficacy and thermal 

stability as a corrosion inhibitor for use in industrial applications involving mild steel in an 

acidic environment. This is shown in Figure 2, where the corrosion rate (CR) and inhibition 

efficiency (IE%) of PBPB in mild steel in 1.0 M HCl are shown in relation with different 

concentrations of the inhibitor (0.1–0.5 mM) and temperature (303 K, 313 K, 323 K, and 

333 K). These were determined through weight loss techniques over a period of five hours 

in contact. 

 
Figure 2. CR and IE% of mild steel in 1.0 M HCl as a function of PBPB concentration at 

various temperatures for an immersion period of 5 hours. 

3.1. Weight loss measurements 

3.1.1. Effect of inhibitor concentration 

As shown in Figure 2, the corrosion rate of mild steel decreases as the concentration of PBPB 

increases across all studied temperatures. At a low concentration of 0.1 mM, the corrosion 

rate remains relatively high, indicating insufficient surface coverage by the inhibitor. 

However, with higher concentrations, the corrosion rate decreases steadily, demonstrating 

improved protection due to enhanced surface coverage by PBPB molecules [24]. Similarly, 

the inhibition efficiency increases with rising inhibitor concentration, reflecting the 

formation of a protective layer on the mild steel surface that effectively blocks the interaction 

with the acidic medium. At the highest concentration of 0.5 mM, the inhibition efficiency 
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peaks at approximately 91.3%, confirming the inhibitor’s strong protective performance at 

adequate concentrations. 

3.1.2. Effect of temperature 

The influence of temperature on inhibition efficiency was examined within the range of 

303 K to 333 K. As seen in Figure 2, inhibition efficiency increases slightly with temperature 

across all concentrations of PBPB, particularly at higher concentrations. At 303 K, inhibition 

efficiency is already significant but improves marginally as the temperature rises to 313 K, 

323 K, and 333 K. This trend indicates that PBPB adsorption involves both physisorption 

and chemisorption, with the chemisorption component strengthening at elevated 

temperatures. The combined adsorption mechanisms contribute to maintaining a superior 

performance of the inhibitor at high temperatures because it is stable and effective even when 

used in industrial conditions where the heat is hiked [25]. In summary, Figure 2 illustrates 

how PBPB can be used as a corrosion inhibitor against mild steel when it is exposed to acidic 

environments. The inhibitory efficiency increases with increasing concentrations of the 

inhibitor, but the highest inhibition efficiency was recorded at 91.3% for 0.5 mM 

concentrations of the inhibitor at 333 K [30]. This development implies that PBPB is another 

example of cost-effective and effective corrosion inhibitor applicable to protecting corrosion 

on equipment used in various types of industrial activities. 

3.2. Potentiodynamic polarization measurements 

Curves of potentiodynamic polarization of mild steel in 1 M HCl solution with the various 

concentrations of PBPB are depicted in Figure 3, and the tabulation of Tafel polarization 

was provided at I217. Parameter such as Ecorr, anodic Tafel slope, cathodic Tafel slope, icorr, 

CR and IE% are included [26]. A graphical representation of the electrochemical behavior of 

mild steel in an acidic environment due to PBPB concentration has been discussed and 

photo-graphed in Figure 3. The blank solution (0.0 mM, black) exhibits the highest current 

density, indicative of significant corrosion. As PBPB concentration increases, the curves 

shift towards lower current densities, signaling a reduction in both anodic and cathodic 

reactions. This implies that PBPB may provide a double mechanism of action as a corrosion 

inhibitor by inhibiting both the anodic dissolution of iron and the cathodic hydrogen 

evolution reaction. Thus, PBPB acts as a mixed-type inhibitor, suppressing both 

electrochemical reactions related to corrosion concurrently [27]. 
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Figure 3. Potentiodynamic polarization curves for mild steel in 1 M HCl with different PBPB 

concentrations at 303 K. 

Table 2. Tafel polarization parameters for mild steel in 1 M HCl with various PBPB concentrations at 

303 K. 

Conc. (mM) –Ecorr (V) βa (V·dec–1) βc (V·dec–1) icorr (μA·cm–2) CR (mm·y–1) IE% 

0.0 0.555 5.258 5.128 1.246 11.245 0 

0.1 0.560 4.110 5.112 0.616 4.136 50.56 

0.3 0.558 4.846 4.916 0.285 2.715 77.12 

0.4 0.554 5.104 5.053 0.211 2.165 83.06 

0.5 0.547 4.663 4.882 0.172 1.521 87.79 

The Tafel polarization parameters provide additional insights into the effectiveness of 

PBPB as a corrosion inhibitor. values exhibit neglectable changes when the inhibitor 

concentration is enhanced, and remain around –0.55 V vs. SCE. This constancy reinforces 

the fact that adding PBPB to the system will not make any contribution to changing the 

overall electrochemical potential of the system to a great extent, hence its behavior as a 

mixed-type inhibitor is highly likely [28]. The corrosion icorr also shows a sharp decline with 

the increasing concentration of PBPB, decreasing from 1.246 µA/cm² for the blank to 

0.172 µA/cm² at the highest concentration of 0.5 less. This decrease in icorr corresponds to a 

notable reduction in the corrosion rate which is significant, decreasing from 11.245 mm/year 

to 1.521 mm/year. This highlights the strong capacity of the inhibitor to inhibit the corrosion 

process in terms of the change in corrosion current since inhibitor has a significant effect on 
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the corrosion rate. The greater the concentration of PBPB, the larger the inhibition efficiency 

(IE%) becomes; it peaks at 87.79% for 0.5 mM. Remedial and preventive measures have 

shown benefit in other similar steel surfaces because corrosion retardation, i.e. the 

degradation of mild steel can be partially slowed. The inhibition efficiency is very high at 

0.5 mM due to the building of an involved surface layer on the mild steel with both anodic 

and cathodic corrosion reactions suppressed. The Tafel plots and the polarization curves 

confirm that PBPB is an active corrosion inhibitor that suppresses the mechanisms of anodic 

and cathodic corrosion in the medium of 1 M HCl. With about 87.79% being the maximum 

extension of the protection provided by PBPB and lies with HCl corrosion, there is 

potentially higher application of this material to industries that employ corrosion control 

where corrosion is produced under low pH conditions. 

3.3. Comparative discussion: weight loss measurements vs. potentiodynamic polarization 

measurements 

Weight loss and potentiodynamic polarization measurements demonstrated the ability of 

PBPB as an anti-corrosion inhibitor. Weight loss data showed a decrease in corrosion rate 

with increasing inhibitor concentration, reaching 91.3% efficiency at 0.5 mM. A slight 

increase in inhibition efficiency with temperature suggested chemisorption involvement. 

Polarization measurements confirmed PBPB as a mixed-type inhibitor, reducing both anodic 

and cathodic reactions, with a maximum efficiency of 87.79% at 0.5 mM. While weight loss 

provided long-term insights, polarization clarified electrochemical behavior, collectively 

confirming PBPB’s strong protective performance for mild steel in acidic environments 

[29, 30]. 

3.4. Adsorption isotherm analysis of PBPB 

In this respect, numerous adsorption isotherm models were considered, including Langmuir, 

Temkin, Frumkin and Freundlich isotherms since all the above mentioned adsorption 

isotherms conveniently help in the explanation of the mechanism that is responsible for the 

equilibrium attained between the adsorbed species and the absorbed weak on the metal 

surface. Progressive regular weight loss measurements followed by modeling the 

experimental data obtained according to each of the above-listed isotherms in which the 

inhibitor was in contact with the mild steel will allow the evaluation of relevant 

thermodesorption parameters and fraction specific methods of treating the inhibitive ability 

of the contact with the margin. The level of fitting was externally monitored based on the 

coefficient of determination (R²) which stands for the adequacy of the fitted model to the 

data that R² that was mentioned previously, [31]. Of the models considered, the Langmuir 

isotherm provided a higher value of R² (0.986) than the other models, which suggest that this 

model gave the most accurate abstraction of the adsorption process of this compound on 

steel. This was followed by the Temkin (R² = 0.981), Frumkin (R² = 0.977) and Freundlich 

(R² = 0.960) isotherms. This result also implies the superiority of the Langmuir model in 

describing the adsorption of PBPB molecules on the mild steel surface investigated in this 
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study. The role of these two aspects must be understood; it is important to realize that the 

effect of inhibitors is not complete without adsorption. For the sake of this particular 

research, the following two equations were employed in order to assess the adsorption 

characteristics of PBPB on 1 M HCl solution-treated mild steel: The mechanisms presented 

herein by the other authors as well as the weight loss data served as the basis for the two 

isotherms formation regarding the adsorption of the inhibitor, as is evident from the given 

Figure 4, hence giving useful assessments of the efficiency of the inhibitor in protecting the 

metal surface. The adsorption of proflavine hydrochloride onto activated carbon is best 

modeled by Langmuir’s isotherm which is given by Equation (9): 

 inh
inh

ads

1

θ

C

K
C   (9) 

where Cinh is the concentration, θ is the surface coverage, and Kads is the adsorption 

equilibrium constant. 

In this model, a plot of inh
/ θC  versus Cinh should yield a straight line, with the slope 

equal to 1 and the intercept corresponding to 
ads

1/ K . The linearity of the plot and the 

proximity of the slope to unity indicate that the adsorption of PBPB on the mild steel surface 

follows the Langmuir isotherm [33]. Figure 4 shows the linearity of the plot, with an R² value 

of 0.986, suggests that the adsorption of PBPB on mild steel follows the Langmuir isotherm 

closely, indicating a monolayer adsorption on a homogenous surface with no interaction 

between adsorbed molecules. The slope of the plot (0.807) is close to unity, further 

confirming the applicability of the Langmuir model to this system. A slope less than 1 

suggests a slight deviation from ideal Langmuir behavior, which may be due to interactions 

between adsorbed inhibitor molecules or surface heterogeneity. However, the high R² value 

indicates that these deviations are minor and do not significantly affect the overall adsorption 

behavior. The intercept of the plot is 0.134, which corresponds to the inverse of the 

adsorption equilibrium constant Kads. A higher Kads (7.463 L/mol) value implies stronger 

adsorption of the inhibitor on the metal surface, leading to more effective corrosion 

inhibition [34]. The calculated adsorption constant indicates a strong affinity of PBPB for 

the mild steel surface, contributing to its high inhibition efficiency. 

The adsorption isotherm analysis confirms that PBPB adsorbs onto the mild steel 

surface following the Langmuir isotherm model, forming a monolayer of inhibitor molecules 

that effectively protect the metal from corrosion. The strong adsorption, indicated by the 

high R² value and appropriate slope, underlines the inhibitor’s potential for industrial 

applications where long-term protection of mild steel in acidic environments is required. 
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Figure 4. The Langmuir isotherm model. 

Moreover, the spontaneity of adsorption and the nature of bonding with the metallic 

surface were addressed using Gibbs free energy, ΔG, according to the Equation (10): 

 0

ads adsln(55.5 )G RT K   (10) 

(R=8.314 J·mol–1·K–1, T=303.15 K, [H2O]=55.5 mol·L–1) 

The calculated value of 0

adsG  is approximately −15.18 kJ. The negative value of 0

adsG  

signifies that the adsorption of PBPB onto the mild steel surface is a spontaneous process. 

Additionally, the exothermic nature of the adsorption is implied by the negative sign, 

indicating that energy is released when inhibitor molecules adhere to the metal surface [35]. 

The magnitude of 0

adsG  provides insights into the type of adsorption. When 0

adsG  is less 

negative than −20 kJ/mol, the adsorption is associated with physisorption, involving weaker 

van der Waals forces. Values more negative than −40 kJ/mol indicate chemisorption, 

characterized by the formation of stronger chemical bonds. In this study, 0

adsG  value of 

−15.18 kJ/mol suggests a combined mechanism of physisorption and chemisorption. This 

supports the formation of a protective monolayer on the mild steel surface, which effectively 

inhibits corrosion. The strong interaction between the inhibitor molecules and the metal 

surface is further corroborated by the high Kads, reinforcing PBPB’s effectiveness as a 

corrosion inhibitor. 
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3.5. DFT: quantum chemical parameters calculation 

The ionization potential represents the molecule’s tendency to lose electrons. A lower value 

indicates that the molecule can donate electrons more easily, facilitating the formation of 

strong bonds with the metal surface. The calculated value of 8.560 eV, as shown in Table 3, 

suggests that PBPB has a moderate tendency to donate electrons, contributing to its 

adsorption onto the mild steel surface and its inhibitory efficiency [36]. The electron affinity 

reflects the molecule’s ability to accept electrons. With a calculated value of 1.155 eV, PBPB 

exhibits a capacity to accept electrons from the metal surface, enhancing the stability of the 

adsorbed protective layer [37]. Electronegativity measures a molecule’s ability to attract 

electrons. PBPB’s calculated electronegativity of 4.8575 eV indicates moderate electron-

attracting power, enabling it to interact effectively with the metal surface. This dual ability 

to donate and accept electrons strengthens its inhibitory action. Hardness quantifies a 

molecule’s resistance to polarization or deformation of its electron cloud. PBPB’s calculated 

hardness of 3.7025 eV suggests moderate reactivity, striking a balance between molecular 

stability and its ability to adsorb onto the mild steel surface. Softness (σ) is the inverse of 

hardness and indicates the molecular reactivity. A higher softness value means that the 

molecule is more reactive. The softness of 0.2702 eV−1 suggests that PBPB is reactive 

enough to form a strong protective layer on the mild steel surface [38]. The negative value 

of ΔN indicates that electrons transfer from the mild steel surface (iron) to the inhibitor. This 

result aligns with the inhibitor’s ability to accept electrons through its LUMO, stabilizing 

the adsorption process. The magnitude of ΔN supports the strong adsorption ability of PBPB, 

as both charge donation and acceptance contribute to forming a stable protective layer. 

[22, 39]. 

Table 3. Quantum chemical parameters of PBPB. 

Parameter Value 

Ionization potential (I) 8.560 eV 

Electron affinity (A) 1.155 eV 

EHOMO −8.560 eV 

ELUMO −1.155 eV 

Electronegativity (χ) 4.8575 eV 

Hardness (η) 3.7025 eV 

Softness (σ) 0.2702 eV−1 

ΔN −0.0483 

Figure 5 shows the optimized structure, EHOMO, and ELUMO of PBPB. These molecular 

orbitals provide insights into the reactivity and interaction of the inhibitor with the metal 

surface. The EHOMO represents the orbital from which electrons are most easily donated. 
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EHOMO is predominantly localized on the benzene ring and nitrogen atoms in the piperazine 

ring, indicating that these areas are the most reactive and likely to interact with the metal 

surface. Electron-donating groups play a critical role in corrosion inhibition by enhancing 

molecular interactions with the metal surface. The ability of metals to shield equipment from 

rust and corrosion damage is essential for improving their longevity. Understanding how 

molecular properties influence corrosion inhibition performance is crucial for optimizing 

inhibitor efficiency [40]. Moreover, the other important values, EHOMO, and ELUMO will be 

distributed over bromine and the benzene ring. These values serve as the primary sites from 

which electrons can be accepted and this is important for enhancing the degree of inhibition, 

as electrons accepted are crucial to stabilize the layer of inhibitor that has been adsorbed on 

the metal. Achievement, confirmation as effective corrosion inhibitor of these of quantum 

chemical parameters and from the DFT simulations. Of these, the hydrogen-rich isomer of 

the above compound lacks dual properties and this substantiates the fact that more of it is 

activated Adsorbed inhibitors tend to form stable layers. In addition, softness, hardness and 

ΔN within medium range may be viewed as providing grounds for PBPB effectiveness of 

metal/engine interaction for the purpose of inhibition. This is further supported by very high 

energy barrier to adsorption (very strong adsorption) as evidenced of the negative 0

adsG  

value will render it appropriate for use in some industrial application where prevention of 

corrosion is in real need. 

 
  

Optimized structure HOMO LUMO 

Figure 5. Optimized PBPB molecular structure, EHOMO, and ELUMO orbitals obtained from 

DFT simulations. 

The energy gap between the EHOMO, and ELUMO is a key quantum chemical parameter 

that reflects the reactivity and stability of a molecule. This gap (ΔE) is inversely proportional 

to molecular reactivity: a smaller ΔE indicates higher reactivity, enabling easier electron 

transfer to or from the surroundings, which enhances interaction with the metal surface. 

Conversely, a larger ΔE signifies lower reactivity and greater molecular stability. In the case 

of PBPB, the calculated energy gap of 7.405 eV is relatively large, suggesting that the 

molecule is stable while maintaining moderate reactivity. This stability allows PBPB to 

interact effectively with the mild steel surface without undergoing significant structural 

changes, making it suitable for long-term corrosion protection. A larger energy gap also 

indicates that the inhibitor is less prone to disruption during adsorption, ensuring it maintains 

its protective integrity over time. While a smaller ΔE typically facilitates stronger adsorption 
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by promoting electron transfer, PBPB’s well-distributed EHOMO, and ELUMO across its 

structure enable effective electron donation and acceptance. This distribution supports strong 

adsorption onto the mild steel surface, even with a relatively large energy gap. ΔE also sheds 

light on the mechanism of adsorption. Molecules with smaller ΔE are more likely to form 

stronger chemical bonds, indicative of chemisorption. In contrast, the relatively large ΔE of 

PBPB suggests that physisorption – characterized by weaker, physical adsorption – plays a 

significant role alongside chemisorption. This dual mechanism helps form a stable and 

effective protective layer on the mild steel surface. In summary, the energy gap of 7.405 eV 

demonstrates that PBPB is a stable and moderately reactive inhibitor. Its balanced ability to 

donate and accept electrons, as reflected by its EHOMO and ELUMO distributions, enables 

efficient interaction with the mild steel surface. This balance underpins its success as a 

corrosion inhibitor, with both physisorption and chemisorption contributing to a robust 

protective layer. 

The protonation of the PBPB molecule: Another analysis from the optimization 

arguments for protonated PBPB of the electronic and geometric structure of the physisorbed 

complex and its reactions. Upon the above discussion, we come to piperazine rings. It 

contains nitrogen atoms for dendying, and type of interaction between the 15% nitrogen 

atom in positive protonated condition 16 and piperazine ring distinctly, and gently observe 

that located nitrogen atom piperazine 17 pendant ring undergoes slight changes to adjust to 

the positive charge satisfying the required angle keeping stability of piperazine ring, but 

producing the reactive layer on the metal with such system. The positively charged 

piperazine ring has an increased electric charge density which also helps it to accept the 

incoming, the free electrons, promote its adsorption on the negatively charged steel surface. 

The EHOMO diagrammed as in the Figure 6 explicates the electron distribution in the 

protonated PBPB molecule, both in density and extent. The EHOMO is localized per the 

piperazine nitrogen atoms and the benzene ring right above it, then its affinity with the 

benzene ring is regarding normal aromaticity established there. The variation in charge 

distribution suggests the presence of different charge states and protonation effects, 

influencing the inhibitor’s electronic properties and adsorption behavior. Protonation in the 

piperazine unit lowers EHOMO energy level, reducing the molecule’s ability to donate 

electrons compared to its non-protonated form. While protonation reduces electron donation, 

it enhances the molecule’s ability to accept electrons via the LUMO, which improves its 

interaction with the metal surface and strengthens adsorption. The EHOMO field of the 

molecule similar to what is plotted in the Figure 6 also gives directions on the areas of the 

molecule which are able to receive electrons. Generated ELUMO is fairly scattered within the 

bromine atom and the benzene, if air view is unconstitutional then these regions are feasible 

electron addition deposits during metal adsorption reactions. Protonation lowers ELUMO level, 

increasing the molecule’s ability to accept electrons, thereby enhancing its adsorption 

efficiency on the metal surface. 

Protonation increases the molecule’s capability to adsorb on the mild steel surface due 

to reduced charge strength. This leads to stronger interactions between the inhibitor and the 
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metal surface, improving corrosion protection. The protonated structure maintains sufficient 

π-electron density on the benzene ring, supporting initial weak adsorption via van der Waals 

forces. The positively charged nitrogen in the piperazine ring facilitates stronger 

chemisorptive interactions with the negatively charged sites on the mild steel surface, 

forming a durable protective layer. The shift in EHOMO and ELUMO levels upon protonation 

ensures an optimal balance between electron donation and acceptance, maximizing the 

efficiency of the dual adsorption mechanism. 

   

Optimized structure HOMO LUMO 

Figure 6. Optimized molecular structure, EHOMO, and ELUMO orbitals of protonated PBPB 

molecule obtained from DFT simulations. 

Ionization Potential indicates the energy required to remove an electron from the 

molecule. A lower value (1.150 eV) suggests that the molecule can easily donate electrons, 

facilitating strong adsorption through its EHOMO sites. Electron Affinity (A), reflects the 

molecule’s ability to accept electrons (Table 4). The negative value (–1.780 eV) implies a 

reduced tendency to accept electrons, likely due to protonation redistributing the electron 

density. Electronegativity (χ) calculated value of –0.315 eV reflects the overall electronic 

pull of the molecule. The negative value indicates a shift in the molecule’s electron density 

balance due to protonation, making it more reactive with electron-dense regions of the metal 

surface. Hardness (η) is a measure of the molecule’s resistance to deformation or 

polarization. The value (1.465 eV) suggests moderate stability, allowing the molecule to 

effectively interact with the metal surface without excessive reactivity. σ is the inverse of 

hardness. A value of 0.683 eV−1 suggests that the molecule is sufficiently reactive to form 

strong bonds with the mild steel surface, enhancing corrosion inhibition. ΔN indicates the 

molecule’s ability to accept electrons from the metal. The value of 0.034 eV is low, reflecting 

the dominant role of electron donation in the adsorption process. 

Table 4. Quantum chemical parameters of protonated PBPB molecule. 

Parameter Value 

I 1.150 eV 

A –1.780 eV 

EHOMO –1.150 eV 

ELUMO 1.780 eV 
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Parameter Value 

χ –0.315 eV 

η 1.465 eV 

σ 0.683 eV–1 

ΔN 0.034 

3.6. Atomic charges of PBPB 

The atomic charges of a molecule provide crucial insights into the distribution of electron 

density across different atoms, which in turn influences the molecule’s reactivity, interaction 

with other species, and overall chemical behavior. The atomic charges of the PBPB inhibitor, 

as shown in Figure 7, reveal significant details about the potential sites for interaction with 

the mild steel surface. The nitrogen atoms in the piperazine ring carry the most negative 

charges in the molecule, with N(4) –0.9 being slightly more negative than N(1) –0.8382. 

These highly negative charges indicate a high electron density around the nitrogen atoms, 

making them the primary sites for nucleophilic attack. In the context of corrosion inhibition, 

these nitrogen atoms are likely to interact strongly with the positively charged iron atoms on 

the mild steel surface, forming stable coordination bonds. This interaction plays a critical 

role in the chemisorption process, contributing significantly to the formation of a protective 

layer on the metal surface. The carbon atoms in the piperazine ring exhibit a range of charges, 

with C(2) –0.411 being more negative, while C(3) 0.27 and C(5) 0.27 are positively charged. 

The negative charge on C(2) suggests it might also participate in weak interactions with the 

metal surface, although its contribution would be secondary compared to the nitrogen atoms. 

The positive charges on C(3), C(5), and C(6) 0.3691 suggest these atoms are less likely to 

directly interact with the metal surface but instead influence the overall electronic 

environment of the nitrogen atoms, further enhancing their reactivity. The carbon atoms in 

the benzene ring show a mixture of positive and negative charges, indicating an uneven 

distribution of electron density. The presence of negative charges on C(8), C(9), C(11), and 

C(12) [Charge: C(8): –0.153; C(9): –0.15; C(10): 0.111; C(11): –0.157 and C(12): –0.147] 

suggests potential sites for weak interactions, possibly contributing to physisorption on the 

mild steel surface. However, the benzene ring is more likely to be involved in van der Waals 

interactions rather than strong chemical bonding, indicating its role in physisorption rather 

than chemisorption. The bromine atom [Br(13): –0.111] despite its relatively low negative 

charge compared to the nitrogen atoms, still contributes to the molecule’s overall electron 

density. The bromine atom’s electronegativity and position in the para location relative to 

the piperazine ring suggest it plays a role in stabilizing the electronic structure of the 

molecule. While it might not directly participate in strong interactions with the metal surface, 

it helps maintain the molecule’s overall geometry and electron distribution, which can 

influence the effectiveness of the inhibitor [41]. The PBPB atomic charges distribution 
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suggests some main points illustrating the inhibitory action effectiveness towards the 

corrosion process: 

 Mainly, the N atoms which have large negative charge are sites for chemisorption and do 

undergo coordination interaction to metals from Br atoms. The chemisorption is crucial in 

making a stable protection layer that prevents corrosion of mild steel in an acidic 

environment. 

 Chemical grifts that carbon atoms in the benzene ring also the bromine help the substance 

to physiosorbed onto the metal surface while with weaker forces but once the inhibitor is 

introduced in the corrosive media, these interactions make a first barrier that grow rapidly. 

 The charges mainly from other carbon atoms in piperazine and benzene rings in addition 

to the corresponding charges in bromine, are for keeping the molecule’s quality and shape 

of its structure. This is a vital characteristic because such coverage effectively prevents 

and ameliorates the propensity of corrosion agents to attack the metal substrates. 

 

Figure 7. The atomic charges foe the tested inhibitor molecule. 

3.7. Suggested inhibition mechanism for PBPB on mild steel 

The proposed inhibition mechanism for PBPB on the mild steel surface involves a dual 

physisorption and chemisorption adsorption process which were effectively shielding the 

steel from HCl. This combination of mechanisms ensures both rapid initial adsorption and 

long-term stability, contributing to the high inhibition efficiency observed in experimental 

results. Physisorption occurs when PBPB molecules interact with the mild steel surface 

through weak van der Waals forces. The bromine atom in the para position of the benzene 

ring, along with the π-electron-rich regions of the benzene ring, contributes to the 

physisorption process. These interactions, though reversible and relatively weak, provide a 

quick initial protective barrier over the metal surface. The physisorption process can be 

represented as 

physisorption

sol  adsInhibitor Inhibitor  
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In the present context, 
solInhibitor  represents the PBPB molecules in solution, and 

physisorption

 adsInhibitor  represents the PBPB molecules adsorbed on the mild steel surface via 

physisorption. 

Chemisorption is characterized by the existence of much stronger and more stable 

bonds which are formed between the PBPB molecules and the mild steel. Such covalent-like 

bond is formed due to a Presentation the non-bonding pairs of d-orbital electrons of Fe with 

the nitrogen atoms in the piperazine ring and it ensures that a stable, self-limiting protective 

layer regardless of a varying high temperatures or imbalanced acid solution distributions on 

steel is formed. The chemisorption progress can be formulated in the following reaction: 

physisorption physisorption

 ads  adsFe Inhibitor Fe Inhibitor   

In this case, Fe represents the iron atoms present on the mild steel and the term Fe–
physisorption

 adsInhibitor  chemisorbed PBPB on the mild steel surface [44]. 

At first, PBPB molecules conform to the metal surface and easily undergo adsorption 

through physical adsorption, which results in a first formed but limited corrosion protection. 

As the time proceeds, the more stable forces of chemical bonds (adsorption) prevail and such 

a protection becomes stable and can withstand severe conditions. The PBPB in this case, can 

benefit from this dual adsorption process where it forms a proper barrier, a number of layers 

have formed on the surface of the mild steel which subcludes the PBPB from any interaction 

with the mild steel substrate. The interaction between PBPB and the mild steel proceeds 

through the coupled action of the two mechanisms described in the following: 

surface solution adsFe Inhibitor Fe Inhibitor   

Physisorption provides rapid or instant effective surface coverage on mild steel and 

hence does not enhance the corrosion, process that includes corrosion. Chemisorption, as a 

technique, secures corrosion prevention over a long period since it generates a particularly 

firm chemical bonding. Both ways of using the inhibitors elevate the effect of inhibition, 

guaranteeing the most efficient coverage. 

Conclusion 

This study investigated the corrosion inhibition efficiency of PBPB for mild steel in an acidic 

medium using weight loss measurements, potentiodynamic polarization, and DFT 

simulations. The key findings are as follows: 

1. PBPB demonstrated significant inhibition efficiency, reaching 91.3% in weight loss 

measurements and 87.79% in polarization studies at 0.5 mM concentration, effectively 

mitigating both anodic and cathodic corrosion processes. 

2. The slight increase in inhibition efficiency with temperature observed in weight loss 

studies indicates robust performance under elevated thermal conditions, likely due to 

chemisorption strengthening at higher temperatures. 
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3. PBPB adsorption followed the Langmuir isotherm, confirming monolayer formation. The 

negative Gibbs free energy highlighted the spontaneous and exothermic nature of the 

process, driven by a combination of physisorption and chemisorption. 

4. DFT simulations identified nitrogen atoms in the piperazine ring as primary sites for 

chemisorption, supported by a moderate energy gap (ΔE=7.405 eV), indicating a balance 

between stability and reactivity. 

5. The synergistic combination of initial physisorption and subsequent chemisorption 

ensures rapid surface coverage and long-term stability, forming a durable protective layer 

on mild steel. 

The study underscores the potential of PBPB as an effective corrosion inhibitor for 

industrial applications in acidic environments. Its ability to form a stable, dual-layer 

protective mechanism and its consistent performance across varying temperatures make it a 

promising candidate for mitigating corrosion in harsh conditions. 
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