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      In this work, we tested the effectiveness of phenyl-1-propyl quinoxaline-2(1H)-one (PRQX), a novel quinoxaline analog, as a corrosion 

inhibitor for carbon steel (C-S) in a 1 M HCl electrolyte. Incorporating numerous techniques, such as scanning electron microscopy (SEM), 

electrochemical impedance spectroscopy (EIS), energy dispersive X-ray spectroscopy (EDX), and UV-visible spectroscopy, we examined 

the inhibitory properties of PRQX. PRQX maximum anti-corrosion efficiency was determined to be 97.7% at 10-3 M dose at 303 K 

temperature. PRQX displayed a mixed-type inhibitor effect, slowing anodic and cathodic corrosion processes, as indicated by PPD tests. The 

PRQX molecule binds to the C-S surface in compatibility with the Langmuir adsorption model. UV-visible analysis of the inhibited 

electrolyte clearly reveals the complexation of the Fe2+ with the PRQX molecule. Additionally, using density functional theory (DFT) and 

molecular dynamics simulation (MDS), conceptual analysis of the PRQX molecule's most reactive sites and its adsorption process were 

carried out. 
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INTRODUCTION 
 
      During   service,  metal   materials  are  degraded  by  the  
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influences of bordering corrosive environments, which is 
known as the corrosion of metals. Large-scale economic 
losses and resource waste have been brought on by metal 
corrosion [1,2]. In addition, it poses significant security 
dangers and might endanger human life. As a consequence, 
research on metal corrosion resistance has always been a hot 
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topic for scientists [3].  

      Carbon steel is employed most primarily as a material for 

building and construction and extensively applied in the 

industrial field due to its connection with a multitude of 

advantages, including strong mechanical power and cost-

effectiveness. When carbon steel is treated to the acid 

pickling and cleaning process, the fundamental issue is that it 

corrodes easily, resulting in significant economic and 

industrial losses [4,5]. As a result, the corrosion resistance of 

C-S is extremely significant. Since its ease of use, low cost, 

and impressive results make the inhibitor one of the 

numerous corrosion protection techniques that are important 

to utilize [6,7].  

      Generally, organic substances form a protective barrier at 

the metal/environment interface to limit corrosion [8-18]. 

According to a review of the scientific literature, the majority 

of heterocyclic and aromatic compounds that contain 

heteroatoms like sulfur, nitrogen, and oxygen, as well as               

π-electrons and functional groups, successfully prevent steel 

corrosion by binding to the active donor-receptor sites found 

in the inhibitor's molecular structure [19-22].  

      Quinoxalines are heterocyclic compounds with N and O 

atoms that are biologically active and employed in diverse 

antibiotics [23-26]. Aside from biological features, some 

quinoxaline compounds exhibit remarkable properties in the 

field of metal anti-corrosion. Recently, certain investigations 

in science on quinoxaline derivatives as corrosion inhibitors 

have been published. For example, Lukman O. Olasunkanmi 

and al. [27]. researched the anti-corrosion nature of 1-[3-(3-

methoxyphenyl)-5-(quinoxalin-6-yl)-4,5-dihydropyrazol-1-

yl]propan-1-one (Mt-3-PQPP) and 1-(3-(4-chlorophenyl)-5-

(quinoxalin-6-yl)-4,5-dihydro-1H-pyrazol-1-yl)propan-1-

one (Cl-4-PQPP) for mild steel in 1 M HCl. The PDP 

experimental findings suggest that the corrosion inhibition 

performances of Mt-3-PQPP and Cl-4-PQPP were found to 

be 90.28 and 89.82%, respectively, at 2.75 10-4 M. The anti-

corrosion abilities of 3-(4-(dimethylamino) quinoxalin-

2(1H)-one (NSQN) and 3-(4-chlorostyryl) quinoxalin-2(1H)-

one (CSQN) on mild steel in 1 M HCl have been examined 

by Laabaissi and al. [28] PDP data manifests that the anti-

corrosion performances of CSQN and NSQN are close to 

91.1 and 94.5%, respectively, at 10-3 M. Benhiba and al. [29] 

studied the corrosion inhibitory nature of (6-methyl-2-(p-

tolyl)-1,4-dihydroquinoxaline ((CH3)2Q)  for  mild   steel  in                           

 

 

1 M HCl. The EIS information reveals that the anticorrosion 

performance of (CH3)2Q can reach 94.3% at 0.001 M. 

Producing a highly effectiveness inhibitor remains 

challenging due to the wide range of chemical molecules 

along with other obstacles, notwithstanding major 

breakthroughs in inhibitor research. 

      In the present investigation, the newly synthesized 

quinoxalinone derivative inhibited the corrosion of C-S in                      

1 M HCl, 3-phenyl-1-propylquinoxalin-2(1H)-one (PRQX), 

was evaluated. This was done using EIS, PDP, weight loss, 

UV-visible spectroscopy, SEM, and EDX. As well, DFT and 

MDS were applied to validate the experimental findings. 

 
EXPERIMENTAL PROCEDURE 
 

Substrate and Electrolyte 
      The substrate to be worked on is carbon steel (C-S). Its 

chemical makeup is as follows (in weight percent): C:0.370; 

Si:0.230; Mn:0.680; S:0.016; Cr:0.077; Ti:0.011; Ni:0.059; 

Co:0.009; Cu:0.160, and the rest in iron (Fe). The dimensions 

of C-S substrates for weight loss and electrochemical tests 

were 1.5 × 1.5 × 0.3 (cm3) and 1.0 cm2, respectively. Prior to 

each use, the investigated C-S substrates were meticulously 

polished with emery paper ranging from 180 to 1200. 

Following polishing, the backing materials were dried, 

cleaned with distilled water, and dehydrated with acetone. 

All treatments of C-S substrates were made according to the 

standard methods [30].  

      The corrosive medium employed is a 1 M acidic 

electrolyte. This electrolyte was prepared by diluting a 

concentrated 37% HCl, analytical grade, with distilled water. 

 

Inhibitor 
      The availability of several nitrogen and oxygen atoms, its 

large size, many π-bonds (conjugated system), and its overall 

solubility in HCl were all factors in the selection of 

quinoxaline. Figure 1 shows the chemical structure of                

3-phenyl-1-propylquinoxalin-2(1H)-one (PRQX). The 

concentrations of PRQX varied between 10-3 M and 10-6 M. 

 
Weight Loss Experiments 
      The C-S substrates were precisely weighed before being 

submerged for 6 h at 303 K in the acidic electrolyte that 

contains and does not contain PRQX varying doses of PRQX. 
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Fig. 1. Molecular structure of 3-phenyl-1-propylquinoxalin-

2(1H)-one. 

 

 

After being submerged in the acidic electrolyte, the substrates 

were collected, washed, dried, and precisely weighed. The 

corrosion rate ( rC ) in mg cm-2 h-1 and the effectiveness of 

the inhibition  WLη %  were ascertained using the 

subsequent formulas [31]:  
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where 
b  and 

a stand for the substrate weights (mg) both 

prior to and post being submerged in various electrolytes, 

respectively. S is the exposed area (cm2), t is the exposure 

time (h), inh
rC and rC   represent the rates of unrestricted 

electrolyte corrosion when using and without PRQX, 

respectively. 

 

Electrochemical Experiments 
      All electrochemical tests were undertaken utilizing a 

temperature-controlled double-walled cylindrical glass cell. 

Three different electrodes and a PGZ 100 potentiostat were 

installed in the cell, and a computer running the Voltamaster 

4 application was used to regulate them. In this new cell 

configuration, a saturated calomel reference electrode (SCE) 

was used, along with a platinum disc as the counter electrode,  

 

 

and a C-S electrode as the working electrode. All experiments 

were carried out at a constant temperature of 303 K. Before 

the start of each electrochemical investigation, for a 30-

minute period, the C-S electrode was submerged in the 

electrolytes to provide a constant open circuit voltage (EOCP). 

The measures of the EIS at the EOCP have been performed by 

employing a frequency range of 105 Hz to 10-1 Hz with an 

amplitude of 10 mV. Further, PDP analyses were realized 

with a scan rate of 5.10-1 mV s-1 across -0.8 V and -0.1 V.  

Relationships (3) and (4) are used to estimate the corrosion 

inhibitory efficacies resulting from EIS and PDP data, 

respectively [32]:  
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where 
0
PR  and PR  stand for the polarization resistances of 

unfettered electrolyte using and without PRQX, respectively. 
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where, respectively, i  and 0i  indicate the densities of 

corrosion current in the absence and presence of PRQX. 

 

Surface Analysis 
      SEM-EDX analyses were performed on carbon steel 

substrates before and after 24 h of immersion in 1 M HCl in 

the presence and absence of the inhibitor molecule at 303 K 

using scanning electron microscopy. Since we have 

previously operated under similar working conditions and on 

the same type of material, we used the same information 

concerning the effects of concentration and temperature 

(assessment of inhibitor performance by gravimetry and 

electrochemical techniques), as well as the surface analysis 

results obtained during our work on carbon steel [33]. 

 

UV-visible Analysis 
      To assess the probable formation of the iron-inhibitor 

complex when immersing C-S in the inhibited electrolytes. 

The 1 M HCl media containing 10-3 M of PRQX was 

analyzed pre  and  post-72h  of  C-S submerged employing a 
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Jenway (series 730) UV-visible spectrophotometer.   

 

DFT Information  
      Quantum chemical simulations are utilized to take a view 

at the electronic structure of organic compounds in the 

environment of corrosion [34]. The structure and charge 

properties of the inhibitor molecule have a considerable 

impact on how it adheres to the metal surface during 

corrosion inhibition [35]. We wanted to comprehend the 

mechanism by which PRQX acts on the C-S surface using the 

aqueous phase DFT approach [36]. Using this theoretical 

adjunction, it was likewise possible to relate the expected 

experiential inhibitory efficiency of neutral to the chemical 

reactivity indices [37,38]. The chemical quantum 

computation was conducted using Gaussian 09 W software 

with the DFT/B3LYP/6-311++G(d,p). The conceptual 

specifications of chemical reactivity, such as the energies of 

the most occupied molecular orbitals ("EHOMO") and the least 

occupied molecular orbitals ("ELUMO"), the energy gap 

("ΔE"), the overall electronegativity ("χ"), the overall 

hardness ("η") and the electron transfer from the occupied 

orbitals of organic molecules to the unoccupied orbitals of a 

metal surface ("ΔN110"), were calculated. In the case of 

Fe(110), the theoretical value of "χ" is determined by the 

work function "Φ", with Φ = χ (Fe110) = 4.82 eV, and "η" 

represents the metallic mass (η (Fe110) = 0 eV) [39,40].  
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MDS Information   
      Due to its capacity to track the interatomic interactions 

between the two, the Molecular Dynamics Method (MDS) is 

especially well adapted to examining the adherence of an 

inhibitor substance to a metallic support [41]. The  Materials  

 

 

Studio 2016 (MS 2016) program's Forcite module, which is 

integrated, was employed to carry out this simulation. The 

interactions for the tested system were achieved by means of 

a simulation box (27.30× 27.30 × 37.13 Å3) with a 6-layer 

slab for the Fe(110) in each layer corresponding to a unit cell 

(11 × 11) and a vacuum spacing of 33 Å along the z-direction 

separating periodic image in each direction. In addition to the 

iron layer, the solvent layers were generated through an 

amorphous cell module, consisting of a PRQX molecule, 491 

water molecules, and 9 each of H3O+ and Cl- ions. The 

Andersen thermostat was employed to keep the simulation 

system's temperature constant. This model is an NVT, which 

means that the temperature (T), the volume (V), and the 

number of particles (N) are all kept constant. For the duration 

of the simulation, which lasted 103 ps (picoseconds) with a 

time step of 1 fs (femtosecond), the temperature was set at 

303 K. The system's particle interactions were calculated 

using the COMPASS force domain [42].   

 

RESULTS AND DISCUSSIONS 
 

Weight Loss Investigation 
      An easy and most reliable way to evaluate the 

performance of inhibitors is by measuring weight loss (WL). 

The WL parameters of C-S in the unfettered electrolyte using 

and without PRQX at 303 K are shown in Table 1. 

Observably, with the inclusion of PRQX in the acidic 

electrolyte, the rC of C-S was considerably diminished, 

likely due to the good defense of the metallic surface. 
Additionally, the values of  WLη %  raise with increasing 

amounts of PRQX, which is likely results from the adsorption 

of PRQX compound at the C-S area [43]. Specifically, when 

PRQX concentration was increased up to 10-3 M, the decrease 

in rC value became more pronounced, and the  WLη %  

value increased to reach a maximum of 95.2%. The presence 

of nitrogen and oxygen atoms in the PRQX chemical can 

function as adsorption sites and participate in molecular 

relationships with the vacated orbitals of the Fe atoms. Also, 

the large size of the PRQX molecule allows coverage of a 

large number of active centers. All this makes the PRQX 

work efficiently. 
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Table 1. Weight Loss Indices for C-S in Unfettered 

Electrolyte Using and without PRQX at 303 K 

 

Electrolyte C 

(M) 
rC  

(mg cm-2 h-1) 

 WLη %  

Reference 00 1.946 - 

 

PRQX 

10-6 0.403 79.3 

10-5 0.249 87.2 

10-4 0.165 91.5 

10-3 0.093 95.2 

 

 

PDP Investigation 
      Figure 2 displays PDP plots for C-S in the unfettered 

electrolyte using and without different PRQX amounts. 

Figure 2 reveals that when the PRQX is added to the 

reference electrolyte, the PDP plots shift to reduced current 

densities. Furthermore, the addition of PRQX to the acid 

solution significantly reduces the cathodic and anodic current 

densities, indicating that PRQX inhibits both the dissolution 

of the steel metal and the cathodic evolution of hydrogen 

[44].  

      As noticed, the lowered trend of the cathodic segment 

was greater than that of the anodic segment, suggesting that 

PRQX has a greater prevention impact from the cathodic 

reaction than the anodic reaction. Nevertheless, the cathodic 

portions are parallel, indicating that the PRQX has no effect 

on the mechanism of  H+ ions reduction and that hydrogen 

liberation happens predominantly through a charge transfer 

mechanism [45]. 

      Table 2 provides the values of corrosion current density 

(icorr), corrosion potential (Ecorr), cathodic (βc), and anodic (βa) 

Tafel slopes that were acquired employing extrapolation of 

the linear sections of PDP graphs. It is widely agreed that the 

corrosion inhibitor is of the anodic or cathodic type when the 

Ecorr is more than 85 mV [46]. In our case, the maximum 

negative shift value of PRQX is 38 mV. As a result, PRQX 

is a mixed-type inhibitor for C-S in the acidic electrolyte. 

Additionally, the icorr value for the reference electrolyte was 

1104.1 μA cm-2, but it was only 25.3 μA cm-2 in the presence 

of PRQX at 10-3 M. This difference may be ascribed to PRQX 

substances adsorbing on the C-S area, producing a barrier 

layer,  and  blocking  the  active  sites.  Furthermore,  the  βc  

 

 

values alter with PRQX introduction, pointing to a 

modification in the cathodic hydrogen evolution pathway, 

implying that PRQX significantly suppresses the corrosion 

process of C-S, and its performance increases with the 

amount. The restriction of the cathodic processes may be 

owing to the surface being covered with a monolayer as a 

result of the adsorbed PRQX chemicals [47]. However, 

contrasted with the electrolyte used as a comparison, the 

values of βa are significantly different in the existence of 

PRQX, suggesting that PRQX can influence the mechanism 

of the anodic sequence. The existence of N and O atoms in 

the quinoxaline-2-one rings which contain several lone pairs 

of electrons promotes the development of the Fe (II)-PRQX 

complex, altering the C-S dissolution process [48].  

      The (%)PP  rises as the PRQX amount rises, peaking 

at 97.7% at 10-3 M, might be assigned to the molecule's high 

electron densities provoked by the abundance of π-electrons 

in the quinoxaline ring and lone pair electrons of N and O 

atoms.   

 

EIS Investigation 
      For C-S, the EIS investigations were conducted at 303 K 

in the unfettered electrolyte using and without PRQX to 

provide further information about the kinetic and C-S 

interface structure. Figure 3 and S1 depict the Nyquist and 

Bode plots of PRQX. As per Fig. 3, the impedance spectra of 
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Fig. 2. PDP diagrams for C-S in the unfettered electrolyte 

using and without PRQX. 
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a reference electrolyte that contains and does not contain 

PRQX present a solitary capacitive loop, indicating that the 

corrosion of C-S occurs in a single charge transfer [49]. 

However, the forms of the EIS spectra in the restricted and 

unrestrained electrolytes remained similar, revealing that the 

existing mechanism was unchanged by the addition of 

PRQX. The large inhibition activity of PRQX is linked to the 

enlargement in the diameter of the EIS capacitive loop as the 

PRQX amount rises. Moreover, the Nyquist plots revealed 

somewhat depressed semicircular loops, which are 

attributable to dispersion effects, which are primarily due to 

the roughness and heterogeneity of the C-S area [50]. In the 

average frequency region of the bode plots (Fig. S1), just a 

one-time constant is noticed. This behavior is attributed to a 

relaxing effect caused by PRQX adsorption on the steel area 

[51]. The adsorption of PRQX compounds on the C-S surface 

is also responsible for the rise in |Z| at low frequencies [52]. 

Furthermore, the appearance of a protective layer on the C-S 

interface may be ascribed to the noticeable rise in the phase 

angle value from 55.77° in the unrestrained electrolyte to 

73.51° in the presence of 10-3 M of PRQX. 

      The equivalent circuit depicted in Fig. S2 was utilized in 

order to correlate with the experiment's findings. It consisted 

of electrolyte resistance (Re), polarization resistance (Rp), and 

the constant phase element (CPE). To better fit the 

experimental data, the CPE was utilized in the equivalent 

circuit instead of double-layer capacitance (Cdl). It is evident 

from Fig. 4 that there is a high degree of agreement between 

the simulation curves (red curves) and experimental data, 

indicating that the equivalent circuit depicted in Fig. S2 is 

adequate for fitting the Nyquist graphs. The short fitness 

values Chi-square (2 ≈ 0.001) in Table 3 reflect a strong 

consistency between the fitted and experiment data. The 

CPE impedance function is outlined as follows [53]:   

 

 

 

 

 

 

 

 

 

 

 

 

 

0 100 200 300 400 500 600 700
0

100

200

300

400

500

-Z
im

 (
Ω

 c
m

2 )

Zre (Ω cm2) 

Blank
10-3 M
10-4 M 
10-5 M
10-6 M
   Fitting

0 5 10 15 20 25
0

5

10

15

 
Fig. 3. EIS graphs for C-S in unfettered electrolyte using and 

without PRQX. 
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Fig. 4. Langmuir plot for the PRQX adsorption on the C-S in 

the acidic electrolyte at 303 K. 

Table 2. PDP Indices and (%)PP for C-S Corrosion in Unfettered Electrolyte Using and without PRQX 

 

Electrolyte C 
(M) 

-Ecorr 
(mV SCE

-1) 
-βc 

(mV dec-1) 
βa 

(mV dec-1) 
icorr 

(µA cm-2) 
(%)PP  

Reference 00 456.3 155.4 112.8 1104.1 - 
 
PRQX 

10-6 418.4 139.2 56.1 171.8 84.4 
10-5 453.5 98.3 61.6 111.5 89.9 
10-4 444.2 109.1 79.7 58.8 94.6 
10-3 448.7 82.2 63.4 25.3 97.7 
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Where Q, i, ω, and n respectively represent the CPE constant, 

imaginary number, angular frequency (ω = 2πf, where f is the 

frequency), and phase shift.  

Additionally, the following equation links the CPE to the Cdl 

[51]:  

  

           1/ 11
maxQ Q 2    10

n nn
dl pC R f    

 

Table 3 displays that the Rp values are significantly greater 

than those of the reference electrolyte and rise with the 

amounts of PRQX, suggesting the creation of a protective 

layer at the C-S substrate [53]. As a consequence, the 

inhibition effectiveness increased as the inhibitor 

concentration increased, peaking at 96.7% at the highest 

amount, showing that PRQX was able to successfully inhibit 

the charge transfer behavior. When different concentrations 

of the PRQX inhibitor are added, the double layer capacity 

(Cdl) decreases from 116.2 μF cm-2 for the reference (Blank) 

to 24.2 μF cm-2 for the PRQX inhibitor (10-3 M). Much 

research has been done on the interaction processes 

governing metal inhibition in an attempt to understand this 

characteristic [54,55]. These results show that as the inhibitor 

is adsorbed, the double layer capacity reduces and the organic 

film thickness increases according to the Helmholtz model 

formula:  

       
Where d is the deposit's thickness, S is the electrode's usable 

 

 

 

 

 

 

 

 

 

 

 

 

 

area, ε0 stands for the vacuum permittivity, and ε is the 

dielectric constant. 

      On the basis of this expression, the decrease in Cdl may 

also come from a reduction in the dielectric constant ε, 

indicating that PRQX works by adsorption onto the C-S 

surface at the metal/solution interface [56]. Additionally, a 

reduction in the C-S surface's heterogeneity is responsible for 

an elevation in n values in the presence of PRQX. Notably, 

the (%)EI  value derived using EIS exhibited the same 

pattern as the values derived from PDP and weight loss 

measures. 

 
Adsorption Isotherms 
      Organic molecules restrain metal dissolution after being 

adsorbed onto the metal/solution interface. As a result, it is 

essential to look into the adsorption properties of the PRQX 

compounds on the C-S interface. Adsorption isotherms are 

often regarded as one of the relevant criteria for determining 

inhibitor properties since they offer fundamental details on 

the interaction of the PRQX and the C-S [57]. In the current 

investigation, several adsorption isotherm models were 

examined, including the Langmuir, Freundlich, and Temkin 

isotherms, and the Langmuir adsorption isotherm was 

observed to offer the most precise clarification of the 

adsorption conduct of the studied PRQX. The equation of this 

model is the next [58]:  

      inh
inh

1
   (12)

C
C

θ K
                                                                                                                               

 

Where inhC , K , and ( /100)EI   are the PRQX dose, 

the equilibrium adsorption constant, and the surface 

coverage, respectively. 

 

 

 

 

 

 

 

 

 

      The correlation inhC   vs inhC  plot displays a straight 

line with a slope approximates the one (Fig. 4), as well as a  

Table 3. EIS Indices for C-S in the Unfettered Electrolyte Using and without PRQX 
 

Electrolyte C 
(M) 

Re 
(Ω cm2) 

Rp 

(Ω cm2) 

106 × Q 
(Ω-1 sn cm-2) 

n Cdl 

(µF cm-2) 

2 

(%)
EI  θ 

Reference 00 0.83 21.57 293.9 0.845 116.2 0.002 - - 
 
PRQX 

10-6 0.84 140.2 86.7 0.848 39.3 0.001 84.6 0.846 
10-5 0.86 220.8 74.6 0.851 36.4 0.004 90.2 0.902 
10-4 0.91 333.9 56.5 0.858 29.3 0.004 93.3 0.933 
10-3 0.95 662.2 42.5 0.864 24.2 0.006 96.7 0.967 
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linear correlation coefficient (R2) around one, implying that 

the adsorption of PRQX adheres to the Langmuir isotherm. 

The value of K could be computed using the intercept of the 

last curve, which is used to estimate the free energy of 

adsorption adsG   as [58]:  

 
       55.5    (13)adsG RT ln K                                                                                                                                   

 

where 55.5, R, and T are the water concentration, gas 

constant, and 303 K temperature, respectively. 

      The higher the K value, the stronger the adsorption of the 

inhibitor on the metal surface [59]. It is recognized that                 

when adsG   > -20 kJ mol-1, inhibitor molecules can be               

located on the C-S substrate by electrostatic interactions 

(physisorption), whereas when adsG   < -40 kJ mol-1, 

inhibitor adsorption occurs through the creation between 

coordination bonds (chemisorption) of inhibitor molecules 

and the C-S substrate. In cases where -40 kJ mol-1 < adsG   

< -20 kJ mol-1, inhibitor adsorption occurs through both 

physisorption and chemisorptions [59]. In our case, the value 

of adsG  is equal to -43.86 kJ mol-1 which implies the 

adsorption of PRQX on the C–S substrate is principally 

through chemisorption.   

 

Influence of Temperature 
      The temperature's influence on C-S corrosion in the 

unfettered electrolyte using and without 10-3 M of PRQX was 

investigated  using  PDP  assays at  temperatures  that varied 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

from 303 to 333 K (Fig. S3). Table 4 and Fig. S3 display that 

when the temperature rises, the icorr rises in both unrestrained 

and inhibited electrolytes, and that the rise in the unfettered 

electrolyte is larger than the increase in the inhibited 

electrolytes, signifying that the increase in temperature is 

sluggish the adsorption molecules of PRQX on the C-S 

interface. The mediocre drop in performance with the 

presence of PRQX at a temperature range of 9.3% suggests 

PRQX's significant inhibitory capability and low-

temperature dependency [60].  

The Arrhenius and the transition state equations were 

employed to assess the corrosion rate of C-S in view of 

examining in-depth the temperature effect on the adsorption 

mechanism of PRQX. The equations are as follows [61]:  

 
       exp    (14)  corr ai A E RT   

 

           (15)corr a aln i T ln R Nh S R H RT                                                                                              

 
where A denotes the pre-exponential constant, aS  denotes 

the apparent activation entropy, h denotes Plank's constant, 

aH  denotes the apparent activation enthalpy, N denotes 

Avogadro's number, and aE  denotes the apparent activation 

energy. 
      Table 5 displayed the aE values obtained from the              

slope of Arrhenius plots using and without PRQX (Fig. 5). 
The aE value with PRQX is bigger compared to the 

unfettered  electrolyte;  this finding may be connected to the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. PDP Indices of C-S Corrosion in Unfettered Electrolyte Using and without 10-3 M of PRQX at Different Temperatures 

 

 

Electrolyte 

T 

(K) 

-Ecorr 

(mV SCE-1) 

-βc 

(mV dec-1) 

βa 

(mV dec-1) 

icorr 

(µA cm-2) 

(%)PP  

 

Reference 

303 456.3 155.4 112.8 1104.1 - 

313 423.5 131.3 91.3 1477.4 - 

323 436.3 117.8 91.4 2254.0 - 

333 433.3 134.6 103.9 3944.9 - 

 

 PRQX 

303 448.7 82.2 63.4 25.3 97.7 

313 441.5 73.6 50.9 83.7 94.3 

323 441.8 80.2 44.7 170.5 92.4 

333 420.1 91.6 47.6 458.1 88.4 
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Table 5. The Activation Indices of C-S Corrosion in 

Unfettered Electrolyte Alone and PRQX 

 
Electrolyte aE  

(kJ mol-1) 
aH  

(kJ mol-1) 
aS  

(J mol-1 K-1) 
Reference 35.4 32.8 -79.2 
PRQX 78.9 76.3 34.1 
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Fig. 5.  Arrhenius graphs for C-S in the unfettered electrolyte 

alone with PRQX. 

 

 

physisorption phenomena and a slowing of the corrosion rate, 

as stated in the literature [62]. Figure 6 depicts the alternative 
Arrhenius plots using and without PRQX. The aS  and aH  

values were calculated using the intercept and the slope of the 

straight graphs, and the findings are displayed in Table 5. The 
positive sign for aH  indicates the endothermic nature 

during the degradation of C-S [63]. As a result, a rise in 

temperature helps C-S dissolve. Furthermore, the addition of 
PRQX raised the value of aH , proving that the adsorption 

of PRQX onto the C-S/electrolyte interface makes it more 
difficult for C-S to dissolve. In general, the 

aS  it is used to 

characterize the system's disorder or order. However, the aS  

value is negative in the unfettered electrolyte and tends to be 

positive and greater in the existence of PRQX. This 

demonstrates a rise in disorder during the conversion                    

of  reactants  into   activated  complexes  [64].  Additionally, 
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Fig. 6.  Alternative Arrhenius graphs for C-S in unfettered 

electrolyte alone and PRQX. 

 

 
this might be associated with PRQX molecule adsorption 

followed by water molecule desorption from the C-S surface. 
  
SEM micrographs and EDX spectra  
The C-S surface was observed by SEM in the unfettered 
electrolyte containing and without 0.001 M PRQX after 24 h 
of plunging. The polished C-S surface has numerous 

scratches left behind from the polishing process (Fig. 7a). 
When the C-S substrate was submerged in the unrestricted 
electrolyte, large holes emerged over the whole surface                   
(Fig. 7b). When PRQX was introduced to the acidic 
electrolyte (Fig. 7b), the dissolution of the C-S substrate was 
considerably reduced, signifying that the PRQX compounds 

were deposited on the C-S substrate and formed a protective 
layer.  
      The EDX spectra for C-S under various conditions are 
depicted in Fig. 7. From the polished C-S surface (Fig. 7a), it 
can be seen a large peak of iron and minor peaks 
corresponding to C-S chemical makeup. Strong characteristic 

peaks of Cl and O, components of HCl electrolyte and Fe 
oxide, are observed in the EDX spectrum of Fig. 7b after               
C-S submerging in the acidic electrolyte, suggesting the 
gathering of corrosion products on the C-S substrate. The 
corresponding peaks of corrosion products almost 
disappeared, and the Cl peak was greatly diminished in the 

presence of PRQX (Fig. 7c). In a nutshell, the SEM/EDX 
data reveal that PRQX has a significant inhibitory impact on 
C-S corrosion in acidic electrolyte. 

889 



 

 

 

El Faydy et al./Phys. Chem. Res., Vol. 12, No. 4, 881-899, December 2024. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. SEM/EDX photographs acquired directly post-polishing (a), 24 h after submerging in the acidic electrolyte (b), and 

24 h after submerging in the acidic electrolyte containing 10-3 M of PRQX (c). 
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Electrolyte Analysis 
      To prove the potential for complex (PRQX-Fe(II)) 

development,  UV-visible absorption spectra obtained from a 

1 M HCl solution containing 10-3 M of PRQX  were recorded 

before and after 72 h of C-S substrate submerging at 303 K 

and are provided in Fig. 8. According to earlier studies, a shift 

in the placement of an absorbance peak or a variation in 

absorption intensity suggest the development of a complex of 

two species in electrolyte [65]. The absorption spectrum of 

the electrolyte including 10-3 M of PRQX post-C-S 

submerging (blue curve) exhibits peaks at 207 nm and           

260 nm, that are assigned to the π-π* transition of the 

aromatic systems (phenyl and quinoxaline) of the PRQX, and 

another peak at 308 nm, which corresponds to an n-π* 

transition involving the lone pair of electrons on the oxygen 

(Ketone) and nitrogen atoms. After 72 h of C-S submerging, 

it appears that except for the first peak, the others have 

undergone a redshift with a rise in absorbance (red curve). 

These variations reveal that interactions between PRQX and 

Fe2+ in the acidic electrolyte have occurred. 

 

DFT Study 
      There are maps of electrostatic potential (MEP) and the 

electronic distributions of HOMO and LUMO in Fig. 9. The 

structure minimization (most stable/lowest energy) in the 

ground state (GS) is shown. The structure shown in this 

figure does not display negative frequencies in the Gaussian 

09 file, reflecting this well-optimized representation. This 

leads to a better spreading out of the HOMO and LUMO 

electron densities at this structure level. As a result, FMO 

(HOMO/LUMO) distributions are found all over the 

optimized PRQX structure. The way this molecule behaves 

electronically suggests that it has a lot of places where it can 

react with other molecules both locally and globally (donor-

attractor effect). 

      Chemical quantum descriptors are numerical values that 

describe the electronic structure, bonding, and other 

molecular properties of chemical systems based on quantum 

calculations. These descriptors can be used to predict and 

understand chemical properties and reactions, and they are 

commonly used in computational chemistry, materials 

science, and drug discovery. The overall reactivity of these 

quantum descriptors is gathered in Table 6. 
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Fig. 8. UV-visible spectrum for PRQX in the acidic 

electrolyte before (blue curve (a)) and after (red curve (b))         

72 h of C-S substrate submerging. 

 

 

 
Fig. 9. Optimized state structure, MEP, HOMO, and LUMO 

of the PRQX. 

 

 

      The energy gap (ΔE) is the parameter of most interest for 

the chemical reactivity of a PRQX molecule. The value of ΔE 

(3.851 eV) is identified as having the lowest energy gap, 

suggesting that it should have the highest reactivity and, 

therefore, the best inhibitory properties of the molecule 

studied   [66,67].   EHOMO   is   closely   associated   with  the 
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chemical responsiveness of the compound represented by the 

electron donor effect. The energy value of the LUMO 

determines the molecule's ability to accept electrons. A low 

LUMO value indicates a higher acceptor effect [68]. The 

highest EHOMO value (-5.874 eV) and the lowest ELUMO value 

(-2.023 eV) are the most favorable for chemical 

responsiveness. An expression used in quantum physics, 

electronegativity (χ), describes the tendency of an atom to 

pull electrons towards itself in the structure of a molecule. In 

addition, a comparison of the two electronegativity energy 

values for the iron atom (χFe (110) = 4.82 eV) and the 

inhibitor molecule studied (3.948 eV) shows a probable 

interaction. 

      In quantum chemistry, the term "overall hardness" (η) is 

used to describe a molecule's resistance to electronic changes 

like electron donation or acceptance. Hardness is a measure 

of the energy required to make an electronic change in a 

molecule. A molecule with high hardness requires more 

energy to accept or donate an electron compared to a 

molecule with low hardness. Hardness is related to the 

reactivity of a molecule towards electron transfer, where a 

high hardness indicates low reactivity and vice versa [68]. In 

the case studied, the minimum η value (1.925 eV) of the 

PRQX molecule justifies well the maximum value of the 

inhibitory efficacy of this molecule obtained experimentally 

98% at 10-3 M. The number of electrons released from the 

optimized PRQX to the vacant orbitals “d” of the iron d is 

quantified using ΔN110, a high value of this descriptor denotes 

a large electron donor effect [68]. The value of 0.226 (ΔN110) 

informs that PRQX can easily donate electrons to form 

coordination obligations with the C-S substrate. 

      The total selectivity method based on the use of Fukui 

indices (Functions) can be used to define the atoms involved 

in nucleophilic (f(+)) and electrophilic (f(-)) attacks. The 

calculation used to determine the most relevant sites was 

carried out in a work published by Benhiba and al. [69]. The 

data of this method are regrouped in Table 7. Atoms with a 

high  density of  Fukui  functions are, C(1), C(2), C(4), C(5), 

 

 

 

 

 

 

 

 
Table 7. Fukui Indices (f(+) and  f(-)) of the Atoms for PRQX 
Molecule 
 

Atoms f(-) f(+) 
 C (1) 0.068 0.036 
 C (2) 0.054 0.059 

 C (3) 0.037 0.036 

 C (4) 0.050 0.031 

 C (5) 0.056 0.028 

 C (6) 0.034 0.050 

 N (7) 0.046 0.035 

 C (8) 0.040 0.042 

 C (9) 0.043 0.095 

 N (10) 0.039 0.104 

 C (11) 0.028 0.021 

 C (12) 0.032 0.036 

 C (13) 0.023 0.025 

 C (14) 0.045 0.046 

 C (15) 0.027 0.026 

 C (16) 0.028 0.034 

 C (17)   0.011 0.010 

 O (18) 0.100 0.055 

 C (19)   0.007 0.005 

 C (33)   0.003 0.002 

 

 

N(7), and O(18) for f(-); C(2), C(6), C(9), N(10), and O(18) 

for f(+), responsible for the local reactivity and provide a 

greater number of coordination bonds, which favors 

adsorption of PRQX to the C-S support. 

 
MDS Study 
      The use of computational approaches, such as molecular 

dynamics simulations, can be helpful in predicting and 

understanding the adsorption configuration of molecules on 

surfaces. In addition, MDS is a powerful tool for 

investigating the behavior of molecular systems [70]. 

Table 6. Chemical Descriptors of the PRQX Molecule 

 

Descriptors of the PRQX 

EHOMO  

(eV) 

ELUMO 

(eV) 

ΔE 

(eV) 

ꭓ 

(eV) 

η 

(eV) 

ΔN110 

 

-5.874 -2.023 3.851 3.948 1.925 0.226 
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      The goal of this investigation is to examine and 

comprehend how the PRQX molecule in its neutral form 

interacts with the atomic surface of iron (Fe(110)). 

Furthermore, Fig. 10 reproduces the best adsorption 

configuration PRQX onto the Fe(110) substrate. As stated in 

these two views, H3O+ and Cl- approach the Fe(110) surface, 

an indication of possible corrosion by acid solution. In 

addition, the optimized pattern of the molecule takes up a 

substantial part of the Fe(110) and no H3O+ and Cl- 

approaches where PRQX has been adsorbed. Apparently, the 

fact that this adsorption property informs that there are 

several active acceptor/donor sites that contribute to the rise 

of the inhibition effectiveness of the mentioned substance. 

 

 

 
Fig. 10. Side (left) and top (right) views of the PRQX 

/Fe(110) system. 

 

 

The Einteraction and Ebinding values are defined by the two 

equations hereunder [71]:  

 

Einteraction = Etotal - (Esurface + solution + Einhibitor) and Ebinding =                  

- Einteraction             (16) 

 

      The low value of Einteraction approves the interaction of 

PRQX with the interacting iron atoms, while the higher 

values of Ebinding testify to large adsorption [71].  

      The values of these two descriptors for the system are 

calculated, depending on the comparative study on the 

comparable study that the most negative value of PRQX 

/Fe(110) (-893.587 kJ mol-1) reflects a larger interaction, 

while the highest value of Ebinding (893.587 kJ mol-1) of this 

system indicates that the target molecule strongly binds to the 

investigated atomic layer.  

      The radial distribution function (RDF) approach is used 

to clarify the type of bonds that exist between the investigated 

inhibitor and the Fe atoms. The latter is a valuable tool for 

the determination of the Fe-PRQX interatomic distance [72]. 

The published literature confirmed that the likelihood of 

chemical adsorption was higher when the bond length was 

less than 3.5 Å. By contrast, physical adsorption is more 

probable [73]. In Fig. S4, the spectral data from this method 

are illustrated. The first peaks reveal that the bond lengths 

(PRQX-Fe) are less than 3.5 Å.  

 
CONCLUSION  
 

      Employing systematic techniques and characterization 

instruments, a study was carried out into the ability of 

quinoxalinone (PRQX) to prevent C-S corrosion in an acid 

electrolyte, as well as its corrosion inhibition mechanism. 

The outcomes facilitate the establishment of the next 

conclusions: 

 PRQX exhibits strong C-S corrosion inhibition in the 

acidic electrolyte, and their effectiveness grows with 

concentration, reaching 97.7% at 10-3 M. 

   According to the PDP profiles, the PRQX significantly 

blocks both cathodic hydrogen generation and anodic metal 

dissolution processes, establishing that it is a mixed-type 

inhibitor with a propensity for the cathode. The PRQX's 

presence increases Rp values while decreasing the constant 

phase element of the double layer (CdlCPE), as determined by 
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EIS assessments, suggesting the inhibitor's inhibitory 

influence on C-S corrosion. 

 The Langmuir adsorption isotherm is appropriate with the 

chemisorption process of PRQX adsorption on the C-S 

interface. 

 Surface and electrolyte analyses (SEM, EDX, and UV-

visible) suggested the PRQX adsorption on the C-S interface. 

 Conceptual methods show that PRQX adheres well to the 

chosen surface. 
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