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The synergistic effect of dihydroxy benzyl phosphonic acid (DAP) and zinc sulfate ZnSO4 (Zn2+) system in 0.5 M H2SO4 
solution on carbon steel X48 has been evaluated using potentiodynamic polarization measurements, electrochemical 
impedance spectroscopy (EIS), scanning electron microscope (SEM), and quantum methods (DFT). The combination of 
DPA and Zn2+ has been demonstrated to have remarkable inhibitory efficiency (96%). DPA/Zn2+ formulation operate as a 
mixed inhibitor, inhibiting both the anodic and cathodic reactions to the same amount, according to polarization studies. 
The diameter of the semicircles increases with the addition of DPA/Zn2+ formulation. Furthermore, the double layer 
capacitance Cdl decreases and Rt values increase with this combination of DPA and Zn2+, confirming the significant 
adsorption on the surface steel. The adsorption isotherm of Langmuir is approached by the adsorption on the metal surface. 
The nature of the protective coating is also determined using surface characterization techniques (FTIR and SEM). 
The molecular orbital (HOMO and LUMO) energies, energy gap (ΔEgap), dipole moment (µ), global hardness (η), global 
softness (σ), electrophilicity index (ω), absolute electronegativity (χ) and the fraction of transferred electrons (ΔN) have 
been determined as supporting evidence. 
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Carbon steel is the most frequently used material, 
accounting for approximately 85% of yearly steel 
production worldwide. Marine applications, nuclear 
power, fossil fuel power plants, petroleum production, 
chemical processing, refining, construction, and 
metal-processing equipment all use huge amounts of 
carbon steel. Carbon steel, on the other hand, has a 
significant disadvantage in terms of corrosion 
resistance in hostile conditions1-4.  

So far, adding organic molecules to acid media has 
been one of the most prevalent, effective, and cost-
effective methods of protecting metals. The existence 
of polar functionalities with nitrogen, sulfur, or 
oxygen atoms in the molecule affects the inhibitor's 
efficacy5,6. The phosphonic acids have received a 
lot of attention and have been utilized as inhibitors; 
however, they do not create any noticeable 
modifications in general corrosion behaviour-7-10. 
Studies have been conducted to investigate synergistic 
effects of other additives in order to improve the 
latter's performance. Several writers have looked into 
the synergistic effect that phosphonic acids and Zn2+ 
have on metal corrosion inhibition11-15. The aim of the 

present work was to investigate the synergistic effect 
of DAP and zinc on the corrosion inhibition 
efficiency of carbon steel in sulfuric acid, using 
potentiodynamic polarization curves, electrochemical 
impedance measurements (EIS). Fourier transform 
infrared (FTIR) spectroscopy and scanning electron 
microscopy (SEM) were also used to characterize the 
surface. The absorption sites were assigned using 
quantum chemical calculations using DFT (B3LYP) 
methods with the basis set 6–31G(d,p). 

Experimental Section 

Material preparation 
All experiments were performed using carbon steel 

specimen X48 of the following composition: (wt. 
percent C: 0.50; Mn: 0.80; Si: 0.40; Mo: 0.10; Ni: 0.40; 
Cr: 0.40; P: 0.045; S: 0.05 and Fe: 0.05). (remainder), 
the working electrode was as disk with surface area of 
0.2 cm2 that was exposed to the corrosive solution . The 
specimen was polished with a series of emery papers 
(400, 600, 1000 and finally 4000 grade) then degreased 
with methanol and finally washed thoroughly with 
distilled water. The aggressive solution of 0.5 M H2SO4 
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was prepared by the dilution of an analytical reagent 
grade 98% H2SO4 (Sigma-Aldrich) and distilled  
water. Doses of the utilized inhibitor ranged from  
1×10-6 to 1×10-3 mol L-1. The experiments were all 
carried out at room temperature. 
 

Inhibitor preparation 
The test inhibitor was the dihydroxy benzyl 

phosphonic acid (DPA), which was synthesized in the 
laboratory using a process previously described16. 
Doses of the utilized inhibitor ranged from 1×10-6 to 
1×10-3 mol L-1 in H2SO4 solution. In the form of zinc 
sulfate solution, Zn2+ ions were added to the DAP. 
 
Electrochemical measurement 

The corrosion behavior was studied using 
electrochemical measurement techniques such as  
DC-Tafel slope and AC-Electrochemical impedance 
Spectroscopy (EIS). Electrochemical experiments  
were carried out utilizing a three-electrode setup. The 
reference electrode was a saturated calomel electrode 
(SCE), the counter electrode was a platinum disk with a 
surface area of 2 cm2, and the working electrode was a 
carbon steel disk with a surface area of 0.2 cm2. A PGZ 
301 Volta lab 40 system was used for all of the tests. To 
establish a steady state open circuit voltage, the working 
electrode was immersed in the test solution for  
30 minutes.  

Polarization measurements were taken at a scan rate 
of 0.5mV/s from -0.8 to -0.2V. To calculate the 
corrosion current density(icorr), the linear Tafel segments 
were extrapolated to Ecorr. The inhibition efficiency (IE) 
was calculated from the measured icorr using the 
following formula17. 

 

𝐼𝐸 %
°

° 100 ...(1) 
 

where icorr and io
corr are the inhibited and 

uninhibited corrosion current densities, respectively. 
The electrochemical impedance spectroscopy (EIS) 

measurements were performed at an open circuit 
potential with a frequency range of 100 KHz to 10 mHz 
and a 10 mV amplitude. The diameter of the semicircle 
in Nyquist representation was used to calculate the 
charge transfer resistance (Rct). The following formula17 
was used to calculate the inhibitor's inhibitory efficiency 
(IE). 

 

𝐼𝐸 % 100   ...(2) 
 

where Rt and Rinh are the charge transfer-resistance 
values without and with inhibitor, respectively.  

Surface examination study  
For one day, the carbon steel specimens were 

immersed in various test solutions. The specimens were 
then removed, properly cleaned with water, and dried. 
Various surface analysis techniques were used to 
investigate the nature of the film produced on the metal 
specimens' surfaces. On a JASCO 4200 spectrometer, 
FT-IR spectra in the range of 4000 and 200 cm-1 were 
acquired. A computer-controlled scanning electron 
microscope (JOEL-JSM-7001F-Japan) was used to 
evaluate scanning electron microscopic studies (SEM) 
of carbon steel samples. 

 
Theoretical studies 

On the basis of a set of functions, the conceptual 
density functional theory provides a point of view for 
understanding and forecasting experimental and 
theoretical stability and reactivity18. Many investigations 
on corrosion inhibitors have lately been undertaken19,20. 
Theoretical calculations were carried out utilizing the 
Gaussian 03 program package and the Beck's three 
parameter exchange functional, as well as the Lee–
Yang–Parr nonlocal correlation functional (RB3LYP) 
using the 6-31G (d, p) basis set21. The EHOMO and ELUMO 
energies (highest occupied molecular orbital energy and 
lowest unoccupied molecular orbital energy) were used 
to calculate all the quantum chemical parameters such as 
energy gap (ΔEgap), dipole moment (µ), global hardness 
(η), global softness (σ), electrophilicity index (ω), 
absolute electronegativity (χ) and the fraction of 
transferred electrons (ΔN) using the following 
equations22-24 and the results were visualized by means 
of Gauss View 5.0.8 computer software25. 

 

𝜂
 

                                                  ...(3) 
 

𝜎                                                                      ... (4) 
 

ω
η

                                                                ...(5) 
 

𝜒
    

                                           ...(6) 
 

∆𝑁                                                ...(7) 
 

Results and Discussion 
 

Polarization measurements  
Figures 1(a) and 1(b) depicts the potentiodynamic 

polarization behaviour of carbon steel in 0.5 M H2SO4 
with and without various doses of DAP and DAP/Zn2+ 
system. Table 1 lists electrochemical characteristics 
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determined from polarization curves, such as corrosion 
densities (icorr), corrosion potential (Ecorr), cathodic Tafel 
slope (βc), and anodic Tafel slope (βa). Corrosion current 
density (icorr) in acidic media reduces noticeably as 
inhibitor concentration rises. On the other hand, at 

298°C, the corrosion rate of carbon steel is lowered to 
the maximum value of 96.14 % for 10-3 DPA / Zn2+. It is 
obvious that as the inhibitor concentration is increased, 
the corrosion inhibition improves. This is owing to the 
fact that when the inhibitor concentration rises, so does 
the quantity of adsorption and coverage of the inhibitor 
on the steel surface26. These findings also support the 
idea that DAP and Zn2+ ions work together to suppress 
carbon steel corrosion in H2SO4 solutions. 
 
Electrochemical Impedance Spectroscopy (EIS) 

Figures 2(a) and 2(b) show Nyquist plots for carbon 
steel electrodes exposed for 30 min at the free corrosion 
potential in 0.5 M H2SO4 with, without DAP and with 
combination of DAP/Zn2+. Table 2 shows the impedance 
parameters calculated from Nyquist plots. The 
impedance diagrams are virtually semicircles in 
appearance, but not perfect semicircles; these circles are 
constructed with the inductive loop at high frequency, as 
shown in these plots. The iductive loop can be attributed 
to the charge-transfer reaction, which is based on  
direct electron transfer at the metal surface, electron 
conduction through the film surface27, adsorption, 
species FeSO4

28, or inhibitor species on the electrode 
surface 29. The inductive loop is not observed on the 
Nyquist diagram for acidic solution alone. Furthermore, 
increasing the concentration of DAP with or without the 
addition of Zn2+ causes an increase in the size of the 
semicircle, showing that the corrosion process is 
inhibited. The charge transfer resistance-based inhibition 
efficiency was determined to be 94.26 percent. The 
addition of the inhibitor improves Rt values while 
decreasing Cdl values (Fig. 3). 

The evolution of the Cdl as a function of the DAP 
inhibitor effectiveness and the DAP/Zn2+ system is 
shown in Fig. 4. According to the Helmotz model, the 
double layer capactance Cdl is given by the equation: 

 
 

Fig. 1 — (a) Polarization curves for XC48 in 0.5 mol.L-1 H2SO4

with various DAP concentrations and (b) Polarization curves
for XC48 in 0.5 mol.L-1 H2SO4 with various DAP/Zn2+

concentrations 

Table 1 — Potentiodynamical parameters for the corrosion of XC48 in 0.5 mol.L-1 H2SO4 solution in the absence and presence of DAP 
and DAP/ Zn2+ 

Concentration (mol.L-1) Tafel parameters Inhibition efficiency 
IE  

(%) DPA Zn2+ 
Ecorr 

(mV/SCE) 
icorr 

(mA/cm2) 
βa  

(mV/decade) 
-βc  

(mV/decade) 
Blank 0 -422.5 1.636 61.8 102.7 - 

DPA.10-6 0 -445.4 0.6515 94.9 161.0 60.06 
DPA.10-5 0 -473.1 0.5917 68.3 184.6 63.83 
DPA.10-4 0 -474.2 0.5464 64.3 156.7 66.60 
DPA.10-3 0 -473.9 0.4295 56.8 148.8 73.74 
DPA.10-3 Zn2+.10-6 -474.4 0.222 37.1 88.5 86.43 
DPA.10-3 Zn2+.10-5 -473.1 0.210 36.3 82.0 87.16 
DPA.10-3 Zn2+.10-4 -456.0 0.151 41.1 82.6 90.77 
DPA.10-3 Zn2+.10-3 -461.3 0.063 30.6 39.1 96.14 
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𝐶
 

 . 𝑆 …(8) 
 

where  
 δ : The thikness of the deposit,  
 S : The surface of the electrode  
 ε0 : The permiabittivity of the air  
 ε : The medium dielectric constant  

The increase in Rt values can be attributed to the 
creation of a protective layer on the metal surface, 
resulting in an increase in surface coverage30. 
However, the decrease in Cdl values could be due to 
the inhibitor's adsorption on the surface of the metal, 
implying that the inhibitor works via adsorption at the 
metal-solution interface31-33. 

 
 

Fig. 2 — (a) Nyquist plots for XC48 steel in 0.5 mol.L-1 H2SO4

with and without DAP and (b) Nyquist plots for XC48 steel in 0.5
mol.L-1  H2SO4 with and without DAP /Zn2+ 

Table 2 — Impedance parameters of XC48 steel in mol.L-1H2SO4 containing different concentrations of DPA and DPA / Zn2+ 

Concentration (mol.L-1) Impedance parameters Inhibition efficiency 
IE (%) DPA Zn2+ Rs( Ω. m2) Rt (Ω.cm2) Cdl(μF. cm-2) 

Blank 0 1.126 7.802 322.2 - 
DPA.10-6 0 1.664 22.45 131.4 65.24 
DPA.10-5 0 1.420 24.21 111.9 67.77 
DPA.10-4 0 1.536 25.46 98.76 69.35 
DPA.10-3 0 1.581 26.43 95.13 70.48 
DPA.10-3 Zn2+.10-6 1.073 27.98 89.86 70.74 
DPA.10-3 Zn2+.10-5 1.431 43.00 74.02 81.85 
DPA.10-3 Zn2+.10-4 1.451 83.02 30.28 90.60 
DPA.10-3 Zn2+.10-3 1.632 136.00 18.47 94.26 

 
 

Fig. 3 — Evolution of transfer resistance and capacitance as a
function of the logarithm of DAP/Zn2+ concentration 
 

 
 
Fig. 4 — Cdl evolution in 0.5 mol.L-1 H2SO4 as a function of IE 
percent of XC48 steel with DAP and DAP/ Zn2+  
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Adsorption isotherm 
Adsorption isotherms are crucial in figuring out 

how organo electrochemical reactions work34. To 
explore the manner of adsorption, the following 
equation is used to calculate the surface coverage 
values (θ) for varied concentrations of DAP in the 
presence and absence of Zn2+.  

 

100

(%)E


 ... (9)
 

 

The plots of Cinh/θ against Cinh for the inhibitor is 
shown in Fig. 5 and the equation 10 describes the 
relationship between and inhibitor concentration in 
corrosive medium.  

 

inh
ads

inh C
K

C


1

  ...(10)
 

 

Kads is the related to the standard Gibbs free energy of 
adsorption ∆Gads

0, it is expressed by equation 11, 55.5 is 
the molar concentration of water in the solution, R is the 
gas constant (8.314 K-1.mol-1) and T is the absolute 
temperature (K). 

 







 

RT
adsG

eKads


.

55.5

1

 ...(11)
 

 

The plots (Fig. 5), produces straight lines with linear 
regression and R2 values of 0.9999. This validates the 
hypothesis that DAP and DAP/Zn2+ adsorption on a 
carbon steel surface follows the Langmuir adsorption 
isotherm14. Standard free energy values of -20 kJ mol-1 

or less are associated with an electrostatic interaction 
between charged molecules and charged metal 
(physisorption), whereas those more negative than -40 
kJ mol-1 are associated with charge sharing or transfer 
from inhibitor molecules to metal surface to form a 
coordinate covalent bond (chemisorption)35,36. Table 3 
lists the parameter values obtained and calculated from 
the plot, as well as the derived ∆G°ads values. For  
both potentiodynamic polarization and electrochemical 
impedance spectroscopy, the values were in the range  
of -39 to 43 kJ/mol, revealing that both physical 
adsorption and chemical adsorption35,36.  

We compared our results to those reported in 
previous research for similar types of compounds37,38 
to highlight the strong inhibition rate of the examined 
inhibitors (Table 4). 
 

 
 

Fig. 5 — Langmuir adsorption isotherm model obtained by Tafel 
and EIS data for DAP and DAP/ Zn2+ 

Table 3 — The parameters of the linear regression from the Langmuir adsorption isotherm for DAP and DAP+Zn2+ system 

Method Inhibitor Slope R2 K(Lg-1) ∆Gads
0 (kJ.mol-1) 

Potentiodynamic 
Polarization 

DAP 1.374 0.99958 1.636.105 - 39.67 
DAP/Zn2+ 1.039 0.99994 3.771. 105 - 41.66 

Impedance  
Spectroscopy 

DAP 1.427 0.99998 9.046.105 - 43.91 
DAP/Zn2+ 1.061 0.99998 4.435.105  - 42.14 

 

Table 4 — Comparison of the findings of this study with those of prior studies on comparable chemicals 

 Inhibition Efficiency IE (%) 

Present inhibitor Prabakaran et al.37  Bouklah et al.38 

Structure OH

P
O

OH

OH  
OH

O

OH

O

P
OH OH

O

O

OH

 

N

P
O

OH

OH  
 

Weight loss method - 96 88.8 
Tafel method 96.14 81 89.7 
Eis method 94.26 91 - 
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Fourier transform infrared spectroscopy (FTIR) 
Figure 6 shows the FTIR spectrum of pure DAP and 

DAP / Zn2+ system. The P=O and P-OH stretching 
vibrations show at 1212.04 and 925.66-983.51 cm-1, 
respectively, for pure DAP. However, the P-OH 
stretching has disappeared from the spectrum of the 
film formed on the metal surface after immersion in a 
solution containing 10-3 M DAP/Zn2+, and the P=O 
stretching vibration shifts from 1212.04 to 1112.73 cm-1, 

with an intense peak at 3412.42 cm-1 that can be 
attributed to the presence of an OH group on the 
carbon surface39. The signal at 1397.17cm-1 is due to 
Zn-O, indicating that Zn(OH)2 was produced39. 
 

Scanning Electron Microscope (SEM) 
Figure 7 shows SEM micrographs of carbon steel 

surfaces after 24 hours of immersion in the presence 
and absence of optimal concentrations of 10-3M DAP 
and DAP/Zn2+ in 0.5M H2SO4 solution. The  
SEM micrograph of a polished carbon steel surface 
(Fig.7a) reveals a uniform surface of carbon steel; 
nevertheless, after immersion in corrosive solution, 
certain cracks and pits occur on the metal's surface  
as a result of the corrosive solution's attack (Fig.7b). 
(Fig.7c) reveals that the surface created by the 
inhibition system has high inhibitive characteristics 
for carbon steel in acidic conditions, while the 
smoothness of the metal surface is revealed by the 
presence of 10-3M DAP / Zn2+ 34. 
 
Mechanism of corrosion inhibition 

When carbon steel is immersed in an  
aqueous solution, the anodic and the cathodic 
reactions are: 

 
 

Fig. 7 — SEM micrographs of carbon steel surface; (a) Polished carbon steel (control);  (b) After 24 h in 0.5 mol.L-1 H2SO4 and (c) After 
24 h in H2SO4 containing 10–3 M of (DAP / Zn2+)  

 
 

Fig. 6 — FTIR spectrum of pure (a) pure DAP and (b) DAP/Zn2+ 
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Fe → Fe2+ + 2e- 

O2 + 2H2O+4e- → 4OH- 

When carbon steel is immersed in an acidic 
solution containing phosphonic acid, Fe2+ is produced, 
as well as a DAP-Fe2+ complex 40, and when carbon 
steel is immersed in this solution, the anodic reaction 
is controlled by the formation of DAP-Fe2+and the 
cathodic reaction is controlled by the formation of 
Zn(OH)2

 on the cathodic sites. The following 
reactions are possible: 
 

Zn2+ - DAP + Fe2+ → Fe2+ - DAP + Zn2+ 
 

Zn2++ 2OH-→ Zn (OH)2 

As a result, the protective film is made up of a 
Fe2+– DAP and Zn(OH)2 complex, and FTIR analysis 
of the film confirmed this. 
 

Synergism considerations of DAP with Zn ions 
The synergistic inhibitory effect was calculated 

using the following equation and a parameter Sθ 
calculated from the surface coverage values (θ) of the 
anion, cation, and both. 
where  

𝑆
 ′

                                                    …(12) 

 
 θ1+2 = (θ1 + θ2) – (θ1θ2). 
 θ1 : Surface coverage by anion. 
 θ2 : Surface coverage by cation. 
 θ'1+2 : Measured surface coverage by both the 

anion and cation.  
The synergism parameter values for the various 

concentrations of the studied formulation were 
calculated using potentiodynamic polarization and 
impedance spectroscopy data, and the results are shown 
in Table 5. All of the calculated values are greater than 
unity, indicating that the corrosion inhibition caused by 
the DAP/Zn2+ system is synergistic and the results are in 
good agreement with what41-43 has stated. 
 
Theoretical studies 

Some quantum chemical computations were 
performed after geometric optimization from DFT 
calculations, in order to inquire the relationship between 

the molecular structure and the inhibition efficiency of 
the studied compound, and the results are regrouped in 
Table 6. 

Some researchers have previously reported that 
increased inhibition efficiency is caused by smaller 
values of ΔEgap

44  and higher values of dipole moment 
μ18. Table 5 shows that the value of ΔEGap for DAP is 
5.8105 (eV) and the dipole moment µ is 2.0445 (Debye), 
indicating that this finding will result in strong 
inhibition efficiency since the energy required to 
remove an electron from the final occupied orbital 
will be minimized45,46 .  

HOMO and LUMO are essential factors in 
chemical reactivity, with HOMO indicating the ability 
to give an electron and LUMO indicating the ability 
to acquire an electron. Higher HOMO values indicate 
a better inhibitory activity with increased adsorption 
of the inhibitor on the metal surface, whereas low 
LUMO values indicate the capacity to accept the 
electron of the molecule47, which means that the 
adsorption capacity of the inhibitor increases the 
metal surface with an increase of EHOMO and a 
decadence of ELUMO. The frontier molecular orbitals 
HOMO and LUMO of DAP are displayed in Fig. 8, 
with HOMO and LUMO values determined and 
summarized in Table 5. The global hardness (η), the 
global softness (σ), the absolute electronegativity (χ) 
the index electrophilicity (ω) and the fraction of 
transferred electrons (ΔN) are important properties for 
measuring the molecular stability, reactivity and the 
capacity of inhibition efficiency of molecules. In this 
study, all these quantum parameters are in perfect 

Table 5 — Synergistic parameter for the corrosion of XC48 in 0.5 mol.L-1 H2SO4 solution of Zn2+ in presence of DAP 

Concentration 
(mol.L-1) 

Sθ 
Tafel method EIS method 

DPA.10-3 + Zn2+.10-6 1.52 1.40 
DPA.10-3 + Zn2+.10-5 1.08 1.17 
DPA.10-3 + Zn2+.10-4 1.07 1.02 
DPA.10-3 + Zn2+.10-3 1.72 1.80 

Table 6 — Calculated quantum chemical parameters of DAP 

Quantum chemical parameters DPA 

Etot (eV) -24884.8617 
EHOMO (eV) -5.9231 
ELUMO (eV) -0.1153 
ΔEgap( eV ) 5.8105 
µ (debye) 2.0445 
ηinh (eV) 2.9052 
σ(eV) 0.3443 
χ(eV) 3.0192 
ω 1.5507 
ΔN 0.6772 
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agreement with the experimental one.  

The charge distributions over the atoms suggest the 
formation of donor and acceptor pairs involving  
the charge transfer in the molecule48. The results of 
calculating Mullikan charges for DAP are listed in 
Table 6 and Mulliken charge distribution is shown in 
Fig. 9. According to Table 7, the inhibitors' greater 
negative charges are found on the O11, O17, O18, 
and O20 atoms, implying that these atoms are the 
active adsorptive sites.  

The condensed Fukui model indices are employed 
to investigate the local reactive sites of the inhibitors 
for nucleophilic and electrophilic attack by finite 
difference approximation, the condensed Fukui 
functions can be written as49,50.  
(For nucleophilic attack) 

 

 )()1( NqkNqkkf 
 ...(13)

 

 

(For electrophilic attack) 

 )1()(  NqkNqkkf  .                         ..(14)
 

 

where qk(N), qk(N+1) and qk(N-1) are the electronic 
population of the atom k in neutral, anionic and 
cationic systems respectively. 

The equation Δf (r) introduced by Morell  
et al.51 , is used to calculate the values of the dual 
descriptor.  

 
 

Fig. 8 — Optimized structure, HOMO and LUMO frontier orbitals
and MEP map of DAP 

 

 
 

Fig. 9 — Mulliken charge distribution of DAP 

Table 7 — Calculated Mullikan and condensed Fukui atomic charges of the studied inhibitor 

Atoms qk(N) qk(N+1) qk(N-1) fk
+ fk

- Δf 

1C -0,12857 -0,25604 -0,07568 -0,12747 0,05289 0,07458 
2C -0,1434 -0,06014 -0,14587 0,08326 0,00247 0,08079 
3C 0,31979 0,36828 0,35041 0,04849 -0,03062 0,07911 
4C -0,11988 -0,09388 -0,16724 0,026 0,04736 -0,02136 
5C -0,12822 -0,06536 -0,09125 0,06286 -0,03697 0,09983 
6C 0,09011 0,12734 0,09553 0,03723 -0,00542 0,04265 
7H 0,10552 0,16745 0,08065 0,06193 0,02487 0,03706 
8H 0,10927 0,18415 0,05349 0,07488 0,05578 0,0191 
9H 0,104 0,16503 0,03198 0,06103 0,07202 -0,01099 

10H 0,10398 0,18698 0,05291 0,083 0,05107 0,03193 
11O -0,57819 -0,58973 -0,43372 -0,01154 0,14447 -0,13293 
12H 0,34359 0,37293 0,29703 0,02934 0,04656 -0,01722 
13C -0,46197 -0,48191 -0,41439 -0,01994 -0,04758 0,02764 
14H 0,16744 0,19993 0,08161 0,03249 0,08583 -0,05334 
15H 0,16755 0,19474 0,09322 0,02719 0,07433 -0,04714 
16P 1.068193 1.101130 0.9977020 0,032937 0,070491 0,051714 
17O -0,57284 -0,5485 -0,64588 0,02434 0,07304 -0,0487 
18O -0,57761 -0,53331 -0,6347 0,0443 0,05709 -0,01279 
19H 0,36918 0,37156 0,18405 0,00238 0,18513 -0,18275 
20O -0,60464 -0,66599 -0,51999 -0,06135 -0,06135 -0,0233 
21H 0,36668 0,37299 0,29252 0,00631 0,07416 -0,06785 
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 kfkfrf )(
                                       ...(14)

 
 

The highest value of 
kf  denotes the nucleophilic 

attack's chosen site, while the highest value of 
kf  

shows the electrophilic attack's preferred site. 
Furthermore, we may detect both sorts of reactive 
sites concurrently using the )(rf   value. As a result, 
the nucleophilic assault is advantageous 
when 0)(  rf , while the electrophilic attack is 

advantageous when 0)(  rf . Table 7 shows the 

results of q(N+1), q(N), q(N-1), ,, 
kfkf and )(rf  

for the investigated inhibitor. The nucleophilic attack 
sites are the 1C, 2C, 3C, 5C, 6C, and 13C atoms, 
while the electrophilic attack sites are the 4C, 11O, 
17O, 18O, and 20O atoms, according to these 
findings. 
 
Conclusion 

Potentiodynamic polarization measurements and 
electrochemical impedance spectroscopy have been 
used to investigate the synergistic effect of dihydroxy 
benzyl phosphonic acid (DAP) and zinc sulfate 
ZnSO4 (Zn2+) system in 0.5 M H2SO4 solution on 
carbon steel X48. The inhibition efficiency increases 
with the inhibitor concentration, according to the 
potentiodynamic polarization curves. The addition of 
Zn2+ to H2SO4 containing phosphonic acid reveal that 
efficiency rose with concentration from 73.74to 96.14 
percent, implying that DAP and Zn2+ has a synergistic 
effect. The polarization measurements are validated 
by electrochemical impedance spectroscopy (EIS) 
tests. The Langmuir isotherm governs the adsorption 
of DPA and DPA/ Zn2+, and the values of ΔG°ads 
suggest spontaneous adsorption of the inhibitor on 
carbon steel surface. The protective film is made up 
of DAP-Fe2+ complex and Zn(OH)2, as shown by 
FTIR spectra, and SEM micrographs demonstrate the 
creation of a protective layer on the metal surface. 
The energies of the highest occupied molecular orbital 
EHOMO and the lowest unoccupied molecular orbital 
ELUMO, the energy variation (ΔEgap), the dipole 
moment (μ), the hardness(η), the softness σ, the 
electrophilicity ω, the électronégativity χ, and the 
number of electrons transferred (ΔN) of DAP show 
that the stydied molecule has a high inhibition 
efficiency, which is in good agreement with the 
experimental results presented in this paper. 
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