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Abstract 
    The inhibition effect of new heterocyclic compounds, namely 1-Hydroxy-2-(pyridine-3-yl) ethane-1,1diyldiphosphonic 
acid(2PEHDP)  on mild steel corrosion soft water was investigated using electrochemical measurements. The results indicated 
that the inhibition efficiency depends on concentration and corrosion inhibitor at relatively low dosages had a good inhibition 
effect on the mild steel corrosion in soft water. Potentiodynamic polarization studies show that the corrosion inhibitor was a 
mixed inhibiter predominant anodic.  
Then molecular dynamics simulations were also executed for 2PEHDP. The results show that 2PEHDP is a good corrosion 
inhibitor. The adsorption of 2PEHDP on the mild steel surface obeys the Langmuir isotherm, and thermodynamic parameters  
Kads , ∆G° ads, Ea were also determined and discussed. 
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Introduction 1. 

  Mild steel is a well-known material used in marine applications, chemical processing, 
petroleum production and refining construction and metal processing equipment[1 ]. 
Mild steel is particularly susceptible to severe corrosion in soft water. Soft water 
strongly corrodes steel and normally appears in open recircalating cooling system and 
water distribution system [2]. Corrosion causes economic loss and even serious 
operational problems[3]. The ues of corrosion inhibitors is a popular, efficiency and 
practical method that can inhibit corrosion at relatively low dosages[4].  

For many years, chromate-based and nitrate-based corrosion inhibitors were 
considered the performance standard in industrial water treatment such cooling water. 
Unfortunately, chromates and nitrates are toxic and accordingly have displaced by 
more environmentally acceptable chemicals, such as silicates, molybdates, 
phosphate/polyphosphoates, and zinc salts have been recongnized as the more 
environmentally acceptable mild steel corrosion inhibitors replacing chromates[5 ]. 
The phosphate / poly phosphates such as sodium hexameta phosphate and sodium tri-
poly phosphate, which are the optimal choices as inhibitors due to their low cost, 
versatility, and performance. Phosphonates such as 1-hydroxyethane-1,1- 
diphosphonic acid (HEDP)[6]. Amino(trimethelene phosphonic acid)(ATMP)[7], 
diethylenetriaminepentakis (methylene phosphonic acid)(DTPMP)[8]. And 2-
phosphonobutane-1,2,4 tricarboxylic acid (PBTCA). Phosphonates possess a number 
of superior qualities, including high chemical stability under extreme pH and 
temperature, ability to complex metals, ability to adsorb strongly onto a metal surface, 
as well as dispersant activity against suspended matter. In many cases, cooling 
systems operating under high cycles of concentration due to water conservation efforts 
dramatically increase the potential for calcium phosphate precipitation, even with the 
relatively low phosphate concentration present in makeup water. At moderate 
conditions of calcium hardness, pH , and temperature, phosphonates can react with 
calcium ions and precipitate as calicume-phosphonate[9], resulting in reduced 
corrosion control and scale formation.   
 In the present work, the corrosion inhibition efficiency of a of 1-Hydroxy-2-(pyridine-
3-yl) ethane-1,1diyldiphosphonic acid (2PEHDP, Fig. 1), on mild steel in water was 
investigated utilizing electrochemical techniques and SEM method. Besides, the 
molecular dynamics simulations were performed to study the electronic structure and 
the adsorption of 2PEHDP at molecular level, providing insights into the design of 
inhibitor systems with superior properties.  
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Fig.1. Chemical structure of the inhibitor 

 
 
 
 
2. Experimental 
2.1 Reagents and materials  
The tested inhibitor, 2PEHDP,  namely 1-Hydroxy-2-(pyridine-3-yl) ethane-
1,1diyldiphosphonic acid shown in Fig. 1, were synthesized in laboratory according to 
the following procedures[10].  The structure of the 2PEHDP was confirmed IR 
spectroscopy. The concentration range of 2PEHDP employed was (50-300) ppm 
Corrosion tests were performed on a mild steel of the following composition in Table 
1.  
 

Table (1)Chemical composition of the Milled steel alloys 
Alloy Composition % w/w 

Mille
d 

steel 

C Mn P S Si Ni Cr Cu 

0.22 0.50 0.0036 0.017 0.14 <  
0.008 0.039 0.014 

Mo Al Co Nb Ti V W Pb 
< 

0.003 0.025 < 
0.0085 

< 
0.0050 < 0.0010 0.008 < 0.040 < 

0.010 

Zr B As Sn Mg Fe 
< 

0.003 0.0012 0.020 0.0045 0.0018 < 98.9 

 
The exposed surface area of 0.50 cm2 to contact the solution. The surface pretreatment 
of the working electrode was carried out by grinding with different grades of emery 
papers down to 2000 grit. The electrode was then, rinsed with ethanol, distilled water, 
and finally dipped in the electrolytic cell. and finally dried in room temperature.. For 
each test, a freshly abraded electrode was used 
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1-hydroxy-2-(pyridin-3-yl)ethane-1,1-diyldiphosphonic acid
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2.2. Electrochemical measurements 
  Electrochemical measurements were carried out in a conventional electrochemical 
cell containing three compartments for working, a platinum counter was used in the 
experiments due to its large surface area and high catalytic activity[11] and reference 
electrodes. A Luggin–Haber capillary was also included in the design. The tip of the 
Luggin capillary is made very close to the surface of the working electrode to 
minimize IR drop[12]. the Ohmic potential drop   connected to a potentiostatic ( type : 
MLab 2 – channel : Max. current per channel ±100mA ; Max. CE voltage ±20 V ; 
current ranges 7 ; current resolution  100pA ; interfaces ; 1Rs 232 ; potential accuracy 
±1mV , Made in Germany . which has obtained from the BANK company , with 
software MLab Sci.  The reference electrode was a saturated calomel electrode (SCE) 
used directly in contact with the working solution. The experiments were conducted in 
a 250 cm3 volume cell (open to air) at 25±1̊C using a temperature control water bath. 
All potential values were reported in V(SCE). the electrode was immersed 30 min in 
the electrolyte solution until a steady free corrosion potential as reached  ( steady state 
open – circuit potential Eocp) 

Measuring the variation with time the open-circuit potential (Eocp) of the working 
electrode was also performed. This is important in defining domains of corrosion, 
partial and complete inhibition, and in determining inhibitor threshold 
concentrations[13]   
                   Table (2): Compositional Analysis of Water (South Refineries Company) 
 
 

 

 

 

 

 

 

 

Water (South Refineries Company) was used as test solution and a typical analysis of 
this electrolyte is given in Table 2.  

Max. Min. Parameter 

7.3 6.9 pH at 25C ̊                              

0.9 1.1 Electrical conductivity                  (µScm-1) 

9.0 8.0 Total Dissolved solid (TDS)           (mg l-1) 

650 550 Total suspended solid(TSS)           (mg l-1)                

380 290 Total hardness as CaCO3              (mg l-1) 

270 260 Alkalinity                                        (mg l-1)      

130 120 Chloride                                          (mg l-1)      

2250 1990 Calcium hardness as CaCO3        (mg l-1) 

3000 2650 Magnesium hardness as CaCO3   (mg l-1) 
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2.3. Calculation methods 

The molecular dynamics (MD) simulations were performed using the software, 
Material Studio 4.3, Discover module. Fe(2 0 0) surface was chosen for the simulation 
study. The MD simulation of the interaction between molecular inhibitors and the Fe 
(2 0 0) surface was carried out in a simulation box (19.86 A - 19.86 A - 38.10 A) with 
periodic boundary conditions to model a representative part of the interface devoid of 
any arbitrary boundary effects. The Fe (2 0 0) plane was first cleaved from Fe crystal, 
and then the surface was optimized to the energy minimum. The addition of the 
aminodiphosphonicacid molecules near to the surface was carried out and using the 
PCFF force field to simulate the behavior of the PCT molecules on the Fe (2 0 0) 
surface. The MD simulation was performed under 298 K, NVT ensemble, with a time 
step of 0.1 fs and simulation time of 50 ps. The interaction energy Einteraction of the Fe 
surface with the PCT molecules was calculated according to the following equation: 

EM- inhibitor = Etotal – ( Esurface + Einhibitor) ……….. (1) 
Ebinding = - ECu- inhibitor[14] 

 
where Etotal is the total energy of Fe crystal together with the adsorbed 
Quantum chemical calculations were conducted with DMol3 module in Materials 
Studio software. All electron calculations of PCT molecules were accomplished by 
GGA/BLYP method with a double zeta plus polarization (DNP) basis set and the 
choice of convergence accuracy was fine. Frequency analysis was performed to ensure 
the calculated structure being the minimum point on potential energy surface (without 
imaginary frequency).  
 
3. Results and discussion 
3.1. Experimental study 
3.1.1. EOCP vs time measurements 

  In the present study, the variation of the EOCP of MS was followed as a function of 
time in aerated non-stirred water in  presence of 2PEHDP at 298K. Results obtained 
are showed in Fig.2. In inhibited water the physical adsorption occurs between the 
positive charge of protonated inhibitor and negative charge of steel surface. So the 
steady state Ecorr drifts to more positive values. 
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Figure (2) Open circuit potential vs. time plots for MS in water 

3.1.2. Tafel Polarization measurements 
The influence of various concentrations of inhibitor on the polarization behavior of 
Mild steel in water at 298 K was shown in Figs.2.The values of corrosion current 
density (icorr), Ecorr (vs.SCE), cathodic Tafel slope (ßc), anodic Tafel slope (ßa) and the 
inhibition efficiency (Eff.٪)deduced from the polarization curves are summarized in 
Table1. The inhibition efficiencies for different inhibitor concentrations were 
calculated from the following equation[15] :  

𝑰𝑬% =  
𝑰𝒖𝒏𝒊𝒏𝒉. −  𝑰𝒊𝒏𝒉.

𝑰𝒖𝒏𝒊𝒏𝒉.
 × 𝟏𝟎𝟎 

where i(uninh) and i(inh) are uninhibited and inhibited corrosion current densities, 
respectively. 

The potentiodynamic polarization curves of mild steel in water solution in the 
absence and presence of (50-300)ppm of the inhibitors are shown in Figures 2.. 
Herein, the corrosion rates were calculated assuming that the whole surface of steel is 
attacked by corrosion and no local corrosion is observed. It should be noted that with 
the addition of inhibitors to the acid solution in Fig.3. both the anodic and cathodic 
current densities have decreased. The decrease in Icorr with increasing concentration 
shows the increase  efficiency of inhibitors as corrosion inhibitor for mild steel water. 
Furthermore, depending on the concentration of inhibitors, a shifting in the Ecorr (vs. 
SCE) values to the positive direction and a decrease in both of Tafel slopes has been 
observed  in Tables 3. 

However, anodic Tafel slopes are more enhanced. This observation is an indication 
to that the inhibitors acts as anodic inhibitor[16] From Fig. 3, it is clear that the 
addition of that obtained in the absence of inhibitor. The anodic Tafel slopes decrease 
in the presence of the inhibitors and the cathodic polarization curves give rise to 
parallel Tafel lines, which indicate that hydrogen evolution reaction is activation 
controlled and the addition of amino diphosphonic acid  inhibitors does not modify the 
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mechanism of this process[17]. Addition of inhibitors affects both anodic and cathodic 
reaction  and the Ecorr  shift  low 85 mV. Therefore, those compounds could be 
classified as mixed type inhibitors predominantly anodic reaction. 

 

 
Figure(3)Potentiodynamic polarization curve of MS electrode obtained 

in  water and containing various concentrations of ( 2PEHDP) 
Table (3): Electrochemical parameters for the corrosion of MS in water with different 

concentration of inhibitor (2PEHDP) at 250C 

C/ Ө Ө IE % CR 
 (mpy) 

βc 
mV/ 
Dec 

βa 
mV/ 
Dec 

Icorr 
µA/cm2 

Ecorr 
(mv) 

In. 
Co

nc. 
(mg/l) 

 

   18.813 -801.6 210.7 40.74 -570.9 blank 
122.19 0.409 40.91 11.115 -145.7 119.3 24.07 -552.9 50 
170.88 0.585 58.51 7.804 -652.6 198.4 16.9 -533.9 100 
216.39 0.693 69.31 5.772 -531 184.8 12.5 -500.8 150 
329.07 0.759 75.96 4.520 -387.5 405.7 9.79 -549.2 250 
397.59 0.754 75.45 4.617 -116.4 145.8 10 -484.8 300 

 
 
4. Adsorption isotherm and standard adsorption free energy 
 Basic information on the adsorption of inhibitor on metal surface can be provided by 
adsorption isotherm. Several isotherms including Frumkin, Langmuir, Temkin, 
Freundlich, Bockris–Swinkels and Flory–Huggins isotherms are employed to fit the 
experimental data. It is found that the adsorption of studied aminodiphosphonic acid 
derivatives only on carbon steel surface obeys the Langmuir adsorption isotherm 
equation[18]  : 

𝑪𝒊
𝜽 =

𝟏
𝑲𝒂𝒅 + 𝑪𝒊 
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where Ci is the concentration of inhibitor, Kads the adsorptive equilibrium constant 
and h is the degree surface coverage  (θ = Eff./100). 
 
The degree of surface coverage values for various concentrations of the 
aminodiphosphonic acid derivatives in the1.0M HCl solution have been calculated 
from the average of inhibition efficiency of potentiodynamic polarization Table .3 
Plots of C/θ against C yield straight lines as shown in Fig.4. 
Both linear correlation coefficient (r) and slope are close to 0.998 indicating the 
adsorption of three aminodiphosphonic acid inhibitors on the carbon steel surface 
obeys Langmuir adsorption isotherm. The adsorptive equilibrium constant (Kads) can 
be calculated from the reciprocal of the  intercept of C/θ vs C curve. Generally, a large 
value of Kads attribute to the stronger and more stable adsorbed layer formed on the 
metal surface. The standard free energy of adsorption (∆G°ads) can be given as the 
following equation[19]: 

∆G ̊ads=  −𝑹𝑻 𝒍𝒏(𝟓𝟓.𝟓 Kads) 
 
where R is the gas constant (8.314 J mol-1 K-1), T the absolute temperature (K), and 
the value 55.5 is the concentration of water in solution expressed in molar. 
The high values of Kads and negative values of ∆G°ads suggested that, surfactant 
molecules strongly adsorb on the carbon steel surface. Values of ∆G°ads around -20 kJ 
mol-1 or lower are consistent with the electrostatic interaction between charged 
inhibitor molecules and the charged metal surface (physisorption); those around -40 kJ 
mol-1 or higher involve formation of coordinate bond between the molecules with 
unshared electron pairs and/or 𝜋-electrons and the metal with vacant d-orbital  
(chemisorptions)[20]   
The obtained values of ∆G°ads, -31.237kJ mol-1 for 2PEHDP, respectively. This 
indicates that the adsorption of inhibitors onto metal surface contain two main modes: 
(a) electrostatic interaction between the charged molecules and the charged metal and 
(b) formation of coordinate bond between the molecules with unshared electron pairs 
and /or π-electrons and the metal with vacant d-orbital[21, 22]  
 The former is taken as physisorption, and the latter as chemisorption[23, 24] From the 
structures of the inhibitors, it is apparent that the aminodiphosphonic acid derivatives 
exist in the forms of either neutral or cationic molecules in the acidic media. In the 
form of neutral molecules, the aminodiphosphonic acid derivatives can adsorb on steel 
by the formation of coordinate bond between the molecules and Fe atoms. In the form 
of cationic molecules, the adsorption is predominantly related to the electrostatic 
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interaction between the protonated compounds and steel  surface negatively charged   
[25, 26] . 

 

 
 

Figure (4)Langmuier adsorption isotherm of the inhibition for  CA in water  
at 25 °C 

 
 

 
Table(4) Thermodynamic and equilibrium adsorption parameters of 

inhibitors on mild alloy in  water 

 
 
 
 
 
 
5. Effect of temperature 
 Temperature of corrosive system affects not only corrosion rate of steel in the water 
solution, but also interaction between the steel surfaces and the inhibitors. In order to 
investigate effect of temperature, polarization measurements were applied for steel in 
water in the absence and presence of  inhibitors in the temperature range of 25–50C̊  . 
The results are shown in Fig.5 and Table 5. 
From Fig. 5 and Table 5, corrosion current density increases in both uninhibited and 
inhibited solutions and inhibition efficiency of the three compounds decreases with the 
increase in the temperature of corrosive solutions, indicating that the compound are 
temperature-dependent inhibitors. That is to say, the increase in temperature is not in 
favor of the adsorption of the inhibitors on the surface of mild steel, which is 
indicative of the physical adsorption[27].  
 

50 100 150 200 250 300
100

150

200

250

300

350

400

C/
θ (

pp
m

) 

Conc. (ppm)  

  2PEHDP

Inhib. 1/Kad 
(ppm) 

Kad 
(M  )̅ 

∆G̊   
(KJ mol-1) 

Ea 
(KJ mol-1) 

blank - - - 44.01928 

2PEHDP 55.89 5351.762 -31.237 68.738 
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   Activation energy of the corrosion process can be calculated according to the 
Arrhenius equation[28]: 

Ln icorr = ln A - 𝑬𝒂
𝑹𝑻

 

  where A is the Arrhenius pre-exponential factor, Ea is the apparent activation energy 
of the corrosion process. Fig.4. depicts the Arrhenius plots of logarithm of icorr against 
reciprocal of temperature for mild steel in water without and with  of 2PEHDP. 
According to the slopes of the lines (-Ea/R), the values of Ea are calculated and 
presented in Table 5. From Table 5, it can be seen that the values of Ea in the inhibited 
solutions are much higher than that in the uninhibited solution. Many studies state that 
the higher Ea for corrosion process in the presence of inhibitors than that in the 
absence of inhibitor is indicative of the physisorption of inhibitors[29]. However, Vrac
ˇar and Drazˇic [30]argued that the criteria of adsorption type obtained from the 
change of activation energy cannot be taken as decisive due to competitive adsorption 
with water whose removal from the surface requires also some activation energy. On 
the other words, the so-called physisorption process may contain chemical process 
simultaneously and vice versa. Combined with the results from adsorption isotherms, 
therefore, we conclude that both physical and chemical processes occur in the 
adsorption of the compounds. 
 
 
 
 

 
Table (5)Effect of temperature on electrochemical parameters and inhibition efficiency for 
mild steel alloy in water solution with inhibitors 

 
 
 

50 40 30 25 T(C ̊ ) 

E ff ٪ 
Icorr 

(µA/cm-

2) 

Ecoor      
(m v) eff ٪ Icorr 

(µA/cm-2) 
Ecoor      
(m v) Eff  ٪ Icorr 

(µA/cm-2) 
Ecoor      
(m v) E ff ٪ Icorr 

(µA/cm-2) Ecoor  
(m v) Inhib. 

- 40.5 -250.3 - 27.8 -249.9 - 21.1 -248.6 - 16.78 -243.9 blank 

70.79 4.9 -248.3 95.76 0.71 -245.8 97.13 0.48 -245.5 98.68 0.22 -241.7 2PEHDP 
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Fig 5. Arrhenius plots for Mild Steel in Water in the Absence and Presence of Inhibiters. 
 
 
6. Theoretical study 
6.1 Quantum chemical calculations 

    Quantum chemical calculations were carried out to investigate the relationship 
between the molecular structures of the aminodiphosphonicacid  and their inhibition 
effect. The optimized minimum energy geometrical configurations and the frontier 
molecule orbital density distributions of the molecules are shown in Fig. 6. In order to 
enrich the discussion about the electronic interaction between 2PEHDP molecules 
with the metal surface, theoretical parameters such as molecular orbital energies 
(EHOMO, ELUMO), energy gap (∆E),dipole moment (µ), global hardness (η) and the 
fraction of electrons transferred (∆N) are useful for the understanding of their 
reactivities [31, 32] The quantum parameters calculated for the aminophosphonic acid  
are shown in Table 6 The EHOMO value is associated with the ability of the inhibitor 
molecule to donate electrons to the metal surface, therefore, higher EHOMO values 
indicate easier donation of electrons from the corrosion inhibitor to the empty metal d 
orbitals. On the contrary, the value of ELUMO is related to the ability of the molecule to 
accept electrons, lower values of this property means that the inhibitor accommodates 
additional negative charge from the metal surface more easily. Consequently, the ∆E 
(HOMO–LUMO) gap, i.e. the difference in energy between the HOMO and LUMO) is an 
important stability index. A lower HOMO–LUMO gap implies high stability for the 
molecule in the formed complex with the metal surface [33] Table 6 shows that the 
EHOMO of 2PEHDP( -4.505) presents the highest value which indicates that the 
structure of (-4.505) may be considered the best electron donating species of the 
studied aminophosphonic acid  . 
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 Additionally, (-4.505) is characterized by having the lowest value of the energy 
difference (∆E) which renders good inhibition efficiency for this species. The dipole 
moment (µ) provides information on the polarity of the whole molecule. High dipole 
moment is reflected in important molecular polarity which probably gives rise to high 
chemical reactivity[34]. The values of the dipole moment displayed in Tables 6.   As 
for η and ∆N, they were computed based on the procedure set forth in reference [35]. 
In order to calculate the fraction of electrons transferred, a theoretical value for the 
electronegativity(χ) of bulk iron was used χFe=7ev [36], and a global hardness of ηFe, 
Cu=0, by assuming that for a metallic bulk the ionization potential is equal to the 
electron affinity [37].  As a result, a satisfactory agreement has been found between 
the calculated and experimental data. 
 

Table 6: The calculated quantum chemical parameters with DFT for inhibitors in water 
∆N =

𝛘𝐜𝐮−𝛘𝐢𝐧𝐡
𝟐(ɳ𝐜𝐮+ɳ𝐢𝐧𝐡)

 
σ = 
 1/ η 

η = 
(𝐈−𝐀)
𝟐

  
χ =

(𝐈+𝐀)
𝟐

 
µ 

(D) 
∆E 
(ev) 

ELUMO 
(ev) 

EHOMO 
(ev) Inhibitor 

4.383 3.114 0.321 4.505 7.44 0.642 -3.863 -4.505 2PEHDP 
 

   
 

 

 

Fig(6) The HOMO and LUMO molecular orbital densities distribution of  aminodiphosphonic 
acid derivative2PEHDP 
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6.2. Molecular dynamics simulations 
  
The molecular dynamics simulations were performed to study the adsorption behavior of 
the three aminodiphosphonic acid molecules on the Fe(200) surface. The system reaches 
equilibrium only if both of temperature and energy reach balance. Assuming the mild  
steel surface is clean without any ions, the values of Etotal, Esurface and inhibitors are 
obtained, and Einteraction could be calculated according to Eq. (1).The close contacts 
between three aminodiphosphonic acid molecules and mild steel surface as well as the 
best adsorption configuration for the compounds are shown in Fig.7. The calculated 
values of Einteraction and Ebinding are given in Table 7. As can be seen from Fig.7, three 
aminodiphosphonic acid molecules are adsorbed on the mild steel surface with a nearby 
flat orientation. As discussed in quantum chemical study, N atoms in the amino part can 
donate electrons to the unoccupied d-orbital of copper to form coordinate bonds, and 
antibonding orbital of p-electrons in  diphosphonic acid part can also accept the 
electrons from d-orbital of iron form feedback bonds. The binding energies of the 
adsorption systems are 7721.22 kjmol-1 for 2PEHDP. The magnitude of binding energy 
is indicative of stability of adsorptive system, and higher positive value of binding 
energy indicates inhibitors adsorb on the iron surface easier and higher inhibition 
efficiency [31]. Thus a conclusion can be drawn according to the values of the binding 
energies in Table 7 that 2PEHDP adsorption system is more stable 2PEHDP. The 
theoretical speculation is in good agreement with the result from the electrochemical 
measurements. 
 

 

           Fig. 7. Equilibrium adsorption configurations of inhibitors 2PEHDP on Fe (2 0 0)   
                     surface obtained by molecular dynamic simulations                   
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          Table 7.Outputs and descriptor calculated by the Mont Carlo simulation  
                                for  adsorption of 2PEHDP on Fe(2 0 0) in H2O 

  

4. Conclusions 

(1) The  2PEHDP show good inhibition properties for the corrosion of mild steel in 
water. The inhibition efficiency increases with the increasing concentration of the  
inhibitors. 
 
(2) The adsorption process of inhibitors obeys the Langmuir adsorption isotherm. 
 
(3) Evaluation of potentiodynamic polarization measurements reveals2PEHDP behave 
as mixed type inhibitors predominance anodic effect. 
 
(4) Molecular dynamics simulation results reveal that 2PEHDP molecules adsorb on 
the steel surface. 
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