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Abstract: Saline environments are often found in cooling and water injection systems. When steel is 

exposed to similar environments, it gets pitting corrosion. To prevent this phenomenon, it is important 

to use corrosion inhibitors. This work assesses the efficacy of hydroxyapatite as a potential corrosion 

inhibitor for steel. This is the first application of this compound as an inhibitor in a saline environment. 

The synthesized product was investigated using X-ray diffraction, Fourier Transform Infrared 

Spectroscopy, chemical analysis, and SEM/EDX to characterize its properties and morphology. The 

inhibitory efficiency of HAp in NaCl, 3% medium, was performed by electrochemical techniques, 

including the stationary polarisation curves (PDP), open circuit potential (OCP), and electrochemical 

impedance spectroscopy (EIS). The synthesized product is hydroxyapatite with a Ca/P ratio of 1.67. 

The electrochemical study revealed that HAp is capable of preventing corrosion in 3% NaCl, with an 

inhibitory efficiency exceeding 91% when the inhibitor concentration is at 100 ppm. Also, the type of 

inhibitor is predominantly mixed with cathodic. The HAp molecule’s adsorption is in accordance with 

the Langmuir adsorption isotherm. Also, the SEM/EDX analysis of the metal surface indicates that a 

barrier film is formed at the interface steel/NaCl, which is made up of the primary elements of HAp. 

The theoretical aspect was carried out through density functional theory (DFT) and molecular dynamics 

(MD) simulation. The outcomes of the theoretical approach (DFT and MD simulations) confirm all the 

experimental results by showing the analogous tendency of the synthesized material's inhibition 

efficiency and indicating that HAp can act as an excellent steel inhibitor in 3% NaCl. 
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1. Introduction  

Hydroxyapatite is a biomaterial that finds extensive use in diverse medical fields, 

including orthopedics, implantology, and others [1–3]. It has a crucial role in several fields 

because of its biocompatibility and biological and chemical affinity towards bone tissue. 

Its ability to adsorb and exchange ions of the same or different charge in the biological 

medium increases its anticorrosive performance in vivo by releasing inhibitory substances that 

protect metal implants against corrosion and that the human body needs [4,5]. 
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Their anticorrosive property and their non-toxic chemical formula have led researchers 

to evaluate them against metallic corrosion found in most industries, which causes serious 

damage every year due to aggressive environments [6–8]. Steel is one of the metallic materials 

affected by the corrosion phenomenon [9–12]. 

The synthesis of hydroxyapatite with a formula close to those of biological apatites was 

carried out by simple precipitation at room temperature in an aqueous medium [13,14]. It is 

necessary to mention that the Ca/P ratio of hydroxyapatite varies between 1.5 and 1.67 for non-

stoichiometric ones. For the stoichiometric hydroxyapatite of formula Ca10 (PO4)6(OH)2, its 

ratio is equal to 1.67. 

In my current research, we were interested in the synthesis and characterization of 

hydroxyapatite. It was investigated as a steel corrosion inhibitor in a 3% NaCl medium. 

According to the literature, hydroxyapatite was used for the first time as an environmentally 

friendly steel inhibitor in a saline environment. 

The realization of this work involved different techniques of characterization of the 

studied inhibitor, such as XRD, FTIR, SEM/ EDX, and chemical analysis to identify the atomic 

ratio Ca/P corresponds to the hydroxyapatite. 

The performance of HAp against steel corrosion in 3% NaCl was figured out through 

electrochemical techniques such as electrochemical impedance spectroscopy (EIS), open 

circuit potential (OCP), and stationary polarization curves (PDP). This study was completed 

by surface analysis using SEM/EDX. In addition, the electrochemical behavior and the type of 

adsorption of HAp in 3% NaCl were studied using the Langmuir adsorption model, as well as 

the calculation of different thermodynamic parameters of the electrochemical system studied. 

To confirm the electrochemical results, theoretical studies have also been performed. 

2. Materials and Methods 

2.1. The synthesis of the inhibitor. 

The hydroxyapatite was obtained through a co-precipitation method described by Rey 

et al. in 1989 [13]. This method involves using a combination of solutions A and B, where 

solution A is composed of 6.5 g of ammonium hydrogen phosphate, 325 ml of distilled water, 

and 375 ml of ammoniac, which is then rapidly added to solution B consisting of 11.75 g of 

calcium nitrate and 137.5 ml of distilled water at room temperature. The precipitate is separated 

by Büchner filtration and then washed quickly with a washing solution (3L of distilled water 

with 15 ml of ammoniac) before being dried at 80°C for approximately 24 hours. 

2.2. Characterization methods. 

2.2.1. FTIR spectroscopy. 

The different HAp bands were identified using FTIR analysis in the Wavelength area 

of 4000-400 cm-1 using a BRUKER-type spectrometer by scattering the HAp powder on an 

ATR-A225 diamond at room temperature. 

2.2.2. X-Ray diffraction. 

The X-ray diffraction spectra were obtained using a Panalytical X Pert 3 Powder 

diffractometer in the range 20-80 of 2θ with a step size of 0.05 and an acquisition time of 3 

seconds per step, using copper Ka radiation (Kα1= 1.5405980 A°). 
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2.2.3. MEB/EDX. 

The morphology surface of the synthesized phosphate and the steel substrate after 

exposure to NaCl medium with and without HAp was investigated using Quantro S-Feg-

Thermofisher Scientific scanning electron microscope related to X-ray energy dispersive 

analysis. 

2.2.4. Chemical analysis. 

To determine the Ca/P atomic ratio that characterizes the prepared HAp powder, the 

quantification of phosphorus ions was carried out by colorimetry [14] using a ZUZI Model 

4201/50 UV-visible spectrophotometer and of calcium ions by titration in the presence of 

EDTA in a basic medium.  

2.3. Material preparation. 

Steel is used for the electrochemical tests with a specific exposed surface area of 1 cm2. 

It is formed by the following elements (wt%): Mn: 0.47%, Si: 0.24%, C: 0.11%, Cu: 0.14%, 

Al: 0.03%, Mo: 0.02%, Cr: 0.01%, Ni: 0.1%, W: 0.06%, V: <0.003%, Co: <0.0012%, and the 

remaining element is Fe. Before each electrochemical test, the steel substrates were treated 

using abrasive paper with different granulations. Then wash with acetone to remove the grease 

and with distilled water. The aggressive medium is NaCl 3%, prepared by dissolving 30 g of 

NaCl powder in 1L of distilled water. 

2.4. Electrochemical study. 

A three-electrode cell attached to a potentiostat/galvanostat PGZ100 was used for the 

electrochemical analysis. The steel plate was used as a working electrode with an exposed 

surface area of 1 cm2. The reference electrode was Ag/AgCl, and the counter electrode was a 

platinum grid.  

The anodic and cathodic polarization plots were studied at a scan rate of 1 mV/s after 

the potential had stabilized for 30 min. The potential range was from -1200 mV to 300 mV. 

The EIS patterns were obtained in the frequency range of 100 kHz to 10 mHz with an 

amplitude of 10 mV.ms. Before the EIS spectra were recorded, the metal was immersed for 30 

min. 

2.5. Theoretical investigations. 

2.5.1. Quantum chemical calculations. 

We performed DFT calculations to elucidate hydroxyapatite's adsorption behavior on 

the steel substrate. DFT was achieved by the Gaussian 09 package program using the B3LYP 

functional [15]. In addition, the GaussView 5.0.8 program was employed to generate molecular 

structure and visualization of results. The optimization calculation of hydroxyapatite was 

carried out using 6-311++G(d, p) basis. The impact of water was simulated with the self-

consistent reaction field (SCRF) calculations by using the polarizable continuum model (PCM) 

[16]. Several theoretical indices are included in the analysis of the electronic properties of 

inhibitors: energy band gap (ΔEgap), frontier molecular orbitals (ELUMO and EHOMO),  

electronegativity (χ), fraction οf electron transfer (ΔN), ionization potential (IP), electron 
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affinity (EA),  hardness (η), global electrophilicity (ω), softness (σ) and nucleophilicity (ε). 

Using the following relations given below [17,18], the computational parameters can be 

determined from the values of ELUMO and EHOMO . 

Calculations of the Fukui Indices (FI) were performed with the Material Studio version 

7.0 program from Accelrys Inc. The DMol3 module was embedded into this software and used 

for performing GGA (generalized gradient approximation) of Perdew-Burke Ernzerhof (PBE) 

and” “double numerical plus numerical polarization (DNP) settings 4.4. This calculation was 

performed by Chugh et al [19]. Dmol3’s default convergence criteria define the quality of DFT 

calculations as “fine.” Fukui functions were calculated through Hirshfeld population analysis.  
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                                                                                                            (1) 
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Where μ = ((ELUMO + EHOMO)/2) is the electronic chemical potential 
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=                                                                                                                                              (6) 
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2.5.2. Molecular dynamics simulations. 

The intermolecular interaction of hydroxyapatite inhibiting with steel substrate and 

their adsorption behavior was analyzed by molecular simulations. The MD approach 

implemented in Materials Studio software (Studio, n.d.) was adopted. Using Fe (110) supercell 

of size (12 × 12), a vacuum space 5 nm, the iron substrate was taken into consideration, and a 

vacuum slab of 30 Å thickness was built above the iron (110). The iron (110) surface was 

selected due to its most stable geometry [20]. In addition, for performing the MD simulations, 

first, a solution medium was built through water cell construction at its experimental density, 

which contains 500 H2O, 5 ions (Na+ and Cl-), and one inhibitor molecule reflecting the 

experimentally used neutral chloride media[21]. The simulation was done using COMPASS 

force field [22] for 500000 steps using a smart minimizer in the Materials Studio pack’s Forcite 

module. This was followed by 500 ps NVT MD simulations executed with 1 fs time. In 

addition, a radius of 12.5 Å, along with an atom-based cutoff, was applied for the van der Waals 

interaction calculations. In NVT simulations, the Nose-Hoover thermostat was used to keep 

the temperature at 298 K. We used equations 8 and 9 to estimate the interaction strength 

through the interaction energy and the total binding energy, respectively [23]. 
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( )interaction total surface solution inhibitorE E E E+= − +                                                                                         (8) 

bindinig interactionE E= −                                                                                                                            (9) 

Where Esurface+solution is the total energy of Fe (1 1 0) surface and solution without the 

inhibitor and Einhibitor denote the total energy of inhibitor; Etotal shows the total energy of the 

whole system. 

3. Results and Discussion  

3.1. Characterization of hydroxyapatite. 

3.1.1. FTIR. 

The infrared spectrum obtained is represented in Fig. 1. All the characteristic bands of 

the phosphate prepared are observed. A wide stretching vibration of the hydroxyle group (OH-

) was detected around 3529 cm-1. Also, the presence of characteristic bands of PO4 groups is 

located between 1004-473 cm-1. In particular, the band at around 1004 cm-1 corresponds to P-

O's symmetrical and antisymmetrical stretching vibration. The bands near 568.3 cm-1 and 472,9 

cm-1 are related to the bending vibration of O-P-O [7,24]. 

 
Figure 1. FT-IR spectrum of synthesized Hap. 

3.1.2. X-ray diffraction. 

The X-ray diffraction of the synthesized material was studied. The Fig. 2 shows the 

diffractogram of Ca10(PO4)6(OH) 2. The different peaks of the hydroxyapatite are identified 

(JCPDS card 901-0051).  

 
Figure 2. X-ray diffraction spectrum of Ca10(PO4)6(OH)2. 

https://doi.org/10.33263/BRIAC143.054
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC143.054  

https://biointerfaceresearch.com/  6 of 21 

 

3.1.3. SEM/EDX. 

The morphology of HAp powder was performed through scanning electron microscopy 

(SEM) related to X-ray energy dispersive analysis (EDX). The results are shown in Fig. 3. A 

dispersion of varying-sized particles is observed throughout the surface with the same view 

characterizing an apatite. The observation of phosphate and calcium peaks in the EDX spectra 

indicates that the product is a calcium phosphate, and the intensity ratio is specific to the 

hydroxyapatite prepared. 

 
Figure 3. Morphology and EDX spectrum of HAp powder. 

3.1.4. Chemical analysis. 

To verify the Ca/P atomic ratio of the HAp, we performed a quantitative analysis of 

phosphorus and calcium ions in solution. The concentrations of these ions were measured three 

times with a precision of approximately 0.05. As shown in Table 1, the experimental results 

revealed a Ca/P ratio equal to 1.67, consistent with the Ca/P ratio of hydroxyapatite[24].  

Table 1. Concentration of calcium, phosphorus, and Ca/P ratio of HAp. 

Compound [Ca2+] (mmol/L) [PO4
3-] (mmol/L) Rapport Ca/P 

HAp 8,6±0.05 5,13±0.05 1,67±0.01 

3.2. Electrochemical study. 

3.2.1. Open circuit potential (OCP). 

The variation of Eocp of the steel versus the immersion time in 3% NaCl is shown in 

Fig. 4, with and without the HAp inhibitor. The uninhibited solution indicates a significant 

potential shift from the beginning of the curve, probably due to the high dissolution of the steel 

substrate in 3% NaCl [25].  

In the existence of HAp at different concentrations, the potential values are shifted 

slightly. This can be attributed to a delay in the anodic process at the interface. This effect is 

explained by the high inhibiting effect of HAp against steel, which is observed at a 

concentration of 100 ppm. These findings are broadly related to the adsorption of material 

inhibitors to steel [26]. 
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Figure 4. Open circuit potential of steel in 3% NaCl in the presence and absence of Hap. 

3.2.2. Polarization curves.  

Figure 5 presents the TAFEL plots of the metal in a 3% NaCl medium, with and without 

the presence of HAp at 298 K. The results indicate that HAp does not alter the shape of the 

anodic and cathodic curves compared with the blank solution. This indicates that the presence 

of HAp in the corrosive medium leads to a decrease in the steel dissolution rates and hydrogen 

reduction reactions. 

The cathodic side has been divided into three distinct parts—the first part between Ecorr 

and the potential for the plateau's start. The dominant reaction is the reduction of oxygen 

(reaction 10). The second part characterizes oxygen diffusion, and the third part is related to 

the reduction of water (reaction 11) [7,27]. 
1

2
O 2 + H 2O + 2e−    →  2 OH−                                                                                              (10) 

2 H 2O + 2e−              →  H2 + 2                                                                                              (11) 

For the anodic part, it is a reaction of dissolution of the iron (reaction 12): 

Fe   →  Fe+ + 2e−                                                                                                                 (12) 

Furthermore, we noticed that in the presence of HAp, the corrosion potential is shifted 

towards more cathodic values than the reference sample. The corrosion current density is 

reduced for an optimal value in a concentration equal to 100 ppm [28]. 

 
Figure 5. TAFEL polarization curves for HAp at the 3% steel/NaCl interface at 298 k. 
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From the extrapolation of the cathodic and anodic curves, we can obtain the 

electrochemical parameters such as the cathodic (βc) and anodic (βa) slopes, corrosion potential 

(Ecorr), and the corrosion current density (i corr). These parameters were collected in Table 3 

with the inhibitory efficiency ηpp(%) for each HAp concentration calculated by the following 

relationship (13): 

𝜂𝑝𝑝(%) =
𝐼𝑐𝑜𝑟𝑟.0−𝐼𝑐𝑜𝑟𝑟

𝐼𝑐𝑜𝑟𝑟
× 100                                                                                                        (13) 

With Icorr,0 and Icorr represent the corrosion current densities with and without HAp in 

3% NaCl, respectively. 

Table 3. Electrochemical polarization parameters of the steel in NaCl 3% without and with the presence of 

HAp. 

Medium [Inh] ppm 
- Ecorr 

mV/Ag/AgCl 

icorr 

(µA cm-2) 

- c 

(mV dec-1) 

a 

(mV dec-1) 

ηPP 

% 

NaCl 3% -- 538 464 141 149 - 

HAp 

50 648 154.7 150 132 66.6 

100 609 40.4 139 128 91.3 

200 645 75.9 135 124 83.6 

300 620 79.5 131 127 82.8 

400 631 90.2 126 130 80.5 

The parameters in Table 3 show that the Icorr decreased after adding HAp. It decreased 

from 464 µA cm-2 for the blank solution to 40.4 µA cm-2 for an optimum concentration of 100 

ppm Hap [29]. The inhibitory efficiency increases significantly at this same concentration and 

reaches 91.3%. Beyond 100 ppm, the inhibitory efficiency has slightly decreased but is still 

significant. Nonetheless, the Icorr increases. 

The corrosion potential values have slightly shifted in the presence of HAp compared to 

the blank. Nevertheless, this deviation was less than ± 85 mV [30], which indicates that our 

inhibitor acts as a mixed type with cathodic predominance in NaCl 3 % [31,32]. 

3.2.3 Impedance diagrams.  

The behavior of steel in 3% NaCl solution was also examined by electrochemical 

impedance. The results were represented through NYQUIST diagrams after 30 minutes of 

immersion at 298 K. The impedance diagrams are shown in Figure 6. 

 
Figure 6. NYQUIST impedance diagram of steel in 3% NaCl medium in the absence and presence of HAp at 

different concentrations. 
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From Fig. 6, the size of the capacitive loop increases in the presence of HAp compared 

to the NaCl medium; it reaches a maximum of 100 ppm of the inhibitor. 

The NYQUIST diagrams of steel in 3% NaCl and after the addition of HAp show two 

overlapping capacitive loops; the first one at high frequency indicates the formation of a 

protective film on the metal surface, and the second one at low frequency related to the charge 

transfer phenomenon [7,8]. This finding is confirmed by the BODE diagrams illustrated in Fig. 

7, which show a phase widening in the presence of different HAp concentrations[33,34], 

showing two-time constants. They are linked to two relative relaxation processes at the 

steel/HAp interface due to the HAp molecule's adsorption [29]. 

  
Figure 7. BODE diagrams of steel in 3% NaCl with and without HAp. 

Using an appropriate equivalent circuit (Fig. 8) to fit the EIS curves makes it possible 

to obtain several electrochemical parameters. These include the charge transfer resistance (Rct), 

film resistance (Rf), electrolyte resistance (Rs), and constant phase elements (Qf and Qct), which 

are used instead of the film (Cf) and double layer capacitance (Cdl), respectively. They are given 

in Table 4. 

 
Figure 8. The equivalent circuit used for EIS curve fitting. 

The expression for the CPE impedance is given by: 

𝑍𝐶𝑃𝐸(𝜔) =  𝑄−1(jω)−n                                                                                                             (14) 

Where Q is the proportionality coefficient of the CPE, j is the imaginary number (j2=-1), 

w is the angular frequency (in rad s-1), and n is the deviation parameter attributed to the phase 

shift, which is between 0 and 1. The electrochemical parameters are shown in Table 4. 

Table 4. Electrochemical impedance parameters relative to the steel/NaCl 3% interface in the presence and 

absence of HAp. 

Medium    
[Inh] 

ppm 

Rs 

(Ω cm2) 

Rf 

(Ω cm2) 
nf 

Qf 

(µF.Sn-1) 

Rct 

(Ω cm2) 
nct 

Qct 

(µF.Sn-1) 

Rp 

(Ω cm2) 
θ 

ƞimp 

% 

NaCl 3% -- 10.2 161.0 0.705 1399 38.0 1 1451 199.0 - - 

HAp 

50 11.9 80.8 0.958 2039 505.6 1 1239 586.4 0.660 66.0 

100 15.0 147.5 0.771 651 1993.0 0.952 288 2140.5 0.907 90.7 

200 9.7 639.8 0.757 446 536.3 1 744 1176.1 0.831 83.1 

300 10.6 219.2 0.689 546 907.4 0.952 307 1126.6 0.823 82.3 

400 7.4 110.5 0.566 448 857 0.950 80 967.5 0.794 79.4 
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Table 4 shows that the presence of HAp in the corrosive solution increases charge 

transfer resistance for all concentrations, up to a maximum value of 1993.0 Ω cm2 at 100 ppm 

of the inhibitor [35]. This increase is related to a decrease in Qct values and an increase in Rf 

values, indicating the formation of a protective layer on the metal surface composed of HAp 

molecules [36]. At a concentration of 100 ppm, this film is uniform and adds better protection 

against corrosion. However, the inhibitory efficiency of HAp reaches its highest level of 90.7 

% at this concentration. 

We can also find that the values of n vary from 0.950 to 1 in the presence of the 

inhibitor, which led to an improvement in the surface homogeneity of the steel. This 

improvement is attributed to the HAp molecule adsorbing at the interface between the steel and 

the inhibitor [37]. 

3.2.4. Temperature effect. 

To evaluate the behavior of this inhibitor at higher temperatures, polarization curves 

were plotted for 100 ppm HAp at different temperatures from 298K to 328K (Fig. 9). The 

electrochemical parameters are reported in Table 5 with the Ecorr, icorr, βc, and βa are the 

corrosion potential, corrosion current density and the cathodic and anodic slopes respectively. 

 
Figure 9. TAFEL polarization curve of steel with and without the addition HAp at different temperatures. 

Fig. 9 shows a shift in corrosion potential when the temperature increases, in the 

presence of 100 ppm HAp and for the blank. However, the curves' shape has not changed, 

which means that the temperature does not affect the mechanism [38]. 

Table 5. Electrochemical impedance parameters of the steel /surface with and without HAp. 

Medium Temperature 

(K) 

-Ecorr 

mV/Ag/AgCl 

icorr 

(µA cm-2) 

- c 

(mV dec-1) 

a 

(mV dec-1) 

ηPP 

(%) 

NaCl 3% 

298 538 464 141 149 - 

308 594 758 151 154 - 

318 664 1353 160 158 - 

328 696 2170 165 161 - 

HAp 

298 609 40.4 139 128 91.3 

308 677 84.9 154 145 88.8 

318 668 192.6 168 152 85.7 

328 687 378.5 151 160 82.5 

We also noticed that the current density of corrosion increased with temperature 

increase. This was confirmed by the parameters mentioned in Table 5. The Icorr increases from 

40 µA cm-2 (298 K) to 378.5 µA cm-2 (328 K) in the presence of HAp[39]. In parallel, the 

https://doi.org/10.33263/BRIAC143.054
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inhibitory efficiency slightly decreases, which means that the desorption phenomenon is more 

enhanced than the adsorption by changing the temperature. 

3.3. Thermodynamic activation parameters.  

From the ARRHENIUS equations (15) and (16), which relate the corrosion rate and the 

activation energy, we can calculate the different thermodynamic parameters of a corrosion 

reaction (Fig. 10). 

ln(icorr) = ln(A) −
Ea

RT
                                                                                                            (15) 

ln (
icorr

T
) = (ln (

R

Nh
) +

∆Sa

R
) −

∆Ha

RT
                                                                                           (16) 

Where A, icorr, Ea, R, T, ∆Sa, ∆Ha, N, and h are the constant (pre-exponential factor), 

the corrosion current density, the activation energy, the molar constant of perfect gases, the 

temperature, the entropy of activation, the enthalpy of activation, the Avogadro number and 

the plank constant 

The ARRHENIUS lines obtained with and without HAp at 100 ppm are presented in 

Fig. 9. The Ea, ΔSa, and ΔHa were calculated using a linear regression of ln(icorr) and ln(icorr/T) 

against 1000/T. They have been collected in Table 5. 

 
Figure 10. ARRHENIUS lines of steel with and without HAp at 100 ppm.  

Table 5. Thermodynamic activation parameters of steel in 3% NaCl in the presence and absence of HAp. 

Medium [inh] 
Ea 

(KJ/mol) 

ΔHa
 

(KJ/mol) 

ΔSa 

(J/mol.K) 

NaCl 3% 
Blank 42.3 39.7 -60.8 

HAp 61.2 58.6 -17.6 

According to Fig. 10 and the data in Table 5, the Ea in the existence of HAp is greater 

than that in the Blank medium. This observation revealed better adsorption of HAp on the steel 

surface [40]. The increase in the activation energy value with the addition of the hydroxyapatite 

material can also be explained by the electrostatic interactions between the metal and the 

electrolyte medium, which form a physical barrier at the interface between the metal and the 

electrolyte medium [35]. 

Moreover, the steel surface is becoming more ordered, which can be explained by the 

negative values of ΔSa. A positive value of ΔHa proves that the adsorption process is 

endothermic [11]. Thus, it appeared that ΔHa was increased in the presence of HAp ed to the 

value found in the case of the blank medium. This means that the steel dissolution in the 

corrosive solution was decreased by adding HAp. All these thermodynamic results indicate 

that HAp blocks the corrosion reaction by forming a protective film.  

https://doi.org/10.33263/BRIAC143.054
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The calculation of the difference between the activation energy and the activation 

enthalpy (Ea -ΔHa) gives a value equal to 2.6 kJ.mol- 1; this value is near to the moderate value 

of RT, which is 2.63 kJ.mol- 1. Since equation (17) is verified, we can conclude that the 

corrosion process is unimolecular. 

𝐸𝑎 −△ 𝐻𝑎 = 𝑅𝑇                                                                                                                    (17) 

3.4. Langmuir adsorption. 

The Langmuir model is used to investigate the behavior and the adsorption type of HAp 

on the metal surface [41,42]. The graphical representation giving Cinh/θ versus Cinh is shown in 

Fig. 11. The inhibitor concentration is related to θ by the following equation (18) : 
𝐶𝑖𝑛ℎ

𝜃
=

1

𝐾𝑎𝑑𝑠
+ Cinh                                                                                                             (18) 

Where Kads is the adsorption constant in l/g, Cinh denotes the HAp concentration in g/l, 

and θ represents the recovery coefficient. 

From Fig. 11, we observed that the regression coefficient is near 1, which makes the 

Langmuir model the most appropriate to define the adsorption mode of HAp on the steel 

surface. 

 
Figure 11. Langmuir adsorption isotherm of HAp at 298 K. 

The Kads were calculated from the curve Cinh /θ as a function of Cinh; it is linked to the 

standard free energy △ 𝐺𝑎𝑑𝑠 by the equation (19): 

△ 𝐺𝑎𝑑𝑠
° = −𝑅𝑇𝐿𝑛(1000 × 𝐾𝑎𝑑𝑠)                                                                                           (19) 

With 1000, T and R respectively represent the water mass concentration in g/L, the 

temperature in K, and the perfect gas constant. The adsorption parameters are shown in the 

table 6. 

Table 6. Langmuir adsorption parameters of HAp in 3% NaCl. 

Compound Kads 

(L/g) 

ΔGads 

(Kj/mol) 
R² Slope 

HAp 37.12 -26.07 0.99631 1.06 

According to Table 6, a higher Kads value indicates the high adsorption capacity of HAp 

on the metal surface. As a result, their high inhibition efficiency [42]. 

The ΔGads negative value (-26.07 Kj/mol) [32] shows that the adsorption of the HAp at 

the interface is spontaneous. 

It is known from the literature that when ΔGads is equal to -40 kJ.mol-1(more negative), 

it is suggested that the adsorption of the inhibitor onto the metal surface is chemical type 
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(coordinate bonds) [29,43]. Conversely, for values equal to -20 kJ.mol-1 or more, the adsorption 

is probably based on electrostatic interactions (physisorption). Our results conclude that the 

HAp adsorption on the steel is a mixed type (physical and chemical) [26,32]. 

3.5. SEM/EDX. 

The morphology of the steel, with and without 100 ppm of HAp, after 24h of immersion 

in 3% NaCl was studied using SEM/EDX analysis. The morphology surface of the metal after 

analysis is shown in Fig. 12. 

   
Figure 12. Steel morphology surface in the presence and the absence of 100 ppm HAp at room temperature. 

From Fig. 12, we noticed that the surface exhibits serious damage without HAp. The 

appearance of cracks on the steel surface justified this. In the presence of HAp at 100 ppm, the 

surface was clear, and no cracks or holes were detected, corresponding to remarkable HAp 

protection. This observed protection could result from forming a layer made up of the HAp 

molecules that form on the steel surface that reduces and prevents the metal dissolution in the 

3% NaCl. 

The EDX spectra mentioned in Fig. 13 with and without HAp show the appearance of 

the elements that may exist in the steel/electrolyte medium interface. The mass percentages 

have been grouped in Table 7 for the 3% NaCl medium and in the presence of 100 ppm of HAp 

at 298 K. 
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Figure 13. EDX analysis of the steel surface in the absence and presence of 100 ppm HAp.  

The EDX spectrum of the metal in the uninhibited medium shows two intense iron 

peaks, which means that the surface of the metal is covered with corrosive elements like iron 

oxides. The presence of HAp in the corrosive medium significantly decreases the intensity of 

the iron peak with the appearance of calcium and phosphorus peaks over the whole surface, 

characteristic of the inhibitor. Also, there is a decrease in the oxygen peak when the inhibitor 

exists compared to the blank medium. These findings were verified by the existence of some 

elements (Table 7) on the metal surface. 

Table 7. Mass percentage of some steel surface elements in the absence and presence of Hap. 
 Element in mass percentage % 

Medium Carbon Oxygen Calcium Phosphor Iron 

Blank 0.98 10.07 - - 88.95 

HAp 1.16 7.52 0.14 0.25 90.93 

In Table 7, we observe that the oxygen was reduced from 10.07 % to 7.52 % in the 

presence of HAp, with the appearance of relative percentages of calcium and phosphorus that 

confirm the existence of an inhibitory layer formed from the HAp molecules at the 

steel/medium interface, which reduces the access of corrosive substances into the steel surface. 

3.6. Theoretical investigations. 

3.6.1. Quantum chemical calculations. 

DFT calculations are useful for understanding corrosion inhibition effectiveness to 

explain inhibitor/surface interactions. It is understood that molecules with low ELUMO values 

are more likely to accept electrons, while those with high EHOMO values tend to give away 

electrons (Fig. 14) [44]. Moreover, it has been noted that molecules with high EHOMO values 

tend to donate electrons to empty acceptors orbital having low energies (such as the metal Fe). 

From the increasing value of EHOMO (Table 8), the variation order of the level of inhibition 

efficiency of the HAp molecule in water is greater than that in gas. 

The reactivity of metal surfaces comes from the adsorption of any inhibiting 

compounds present on them. Indeed, the importance of calculating the energy gap (ΔEgap) for 

an inhibitor is a key indicator. Lower ΔEgap values indicate more reactive inhibitors. This makes 

us admit that the best corrosion inhibitors have low ΔEgap values [45]. Table 8 reveals that 

corrosion prevention by HAp in water is better. 
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Molecules with the lowest global hardness values are believed to be excellent metal 

corrosion inhibitors in corrosive medium. In contrast, The inhibitor adsorption onto a metal 

surface takes place in the ’molecule’s part with the highest electronegativity and softness [46]. 

Therefore, according to the aforementioned descriptors, the variation order of the inhibitory 

efficiency of the studied HAp molecule is preferred in water. 

The electrophilicity index is another descriptor that shows the molecule's tendency to 

receive electrons. On the other hand, nucleophilicity is the physical inverse of electrophilicity 

[17]. Indeed, molecules with high electrophilicity are ineffective against corrosion, and those 

with high nucleophilicity are effective corrosion inhibitors. Therefore, according to Table 8, 

the inhibiting efficiency of the HAp molecule in water is greater than that of this molecule in 

gas. 

The ΔN measures electron transfer between a metal and a molecule. When ΔN < 0, 

electrons move from metal to molecule; when ’it’s greater than zero, electrons move from 

molecule to steel. The greater value of ΔN demonstrates the greater the ability to give electrons 

to the surface of the metal [47]. Given the ΔN values (Table 8) calculated for the molecule 

studied, the best inhibition efficiency can be given for HAp in water. 

 
Figure 14. Repartition of HOMO/LUMO and optimized structure of hydroxyapatite obtained from DFT at the 

B3LYP with 6-311++G(d, p) basis. 
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Table 8. Chemical quantum parameters of studied hydroxyapatite compounds calculated at the B3LYP with 6-

311++G(d, p) basis. 

Inhibitor 
EHOMO 

(eV) 

ELUMO 

(eV) 

ΔEgap 

(eV) 

Ip  

(eV) 

EA  

(eV) 

χ 

(eV) 
η 

(eV) 

ω 

 (eV) 

ε  

(eV) 

σ  

(eV)-1 
ΔN 

HAp in 

gas 
-4,435 -3,813 0,622 4,435 3,813 4,124 0,311 27,341 0,037 3,215 1,119 

HAp in 

water 
-1,721 -1,311 0,410 1,721 1,311 1,516 0,205 5,610 0,178 4,881 8,062 

Looking at the Fukui indices, the high values of negative Fukui indices (𝑓−) are 

responsible for electrophilic attacks (electron-donating character), while the high values of 

positive Fukui indices (𝑓+) are responsible for nucleophilic attacks (electron-accepting 

character) [28]. As shown in Fig. 15 and Table 9, it can be seen that for HAp in gas, the high 

values of 𝑓− and 𝑓+ are located on the Ca(8), Ca(20), and Ca(21). The HAp in water give high 

𝑓+ indices in Ca(21). While the high 𝑓− Indices are located on the Ca(7), Ca(19), Ca(20), and 

Ca(21), indicating that calcium in this compound has an excellent electron-donating character. 

These findings confirm the ability of this molecule inhibitor to react with the iron surface. 

 
Figure 15 Fukui indices (FI) of hydroxyapatite calculated by DFT (DMol3). 

Table 9. Calculated Fukui indices of nucleophilic (𝑓+) and electrophilic (𝑓−) behaviors for hydroxyapatite. 

Atom 
In Gas In Water 

𝒇− 𝒇+ 𝒇− 𝒇+ 

P (1) 0.012 0.012 0.007 0.003 

O (2) 0.012 0.011 0.003 0.002 

O (3) -0.001 -0.001 0.005 0.000 

O (4) 0.004 0.005 0.002 0.002 

O (5) 0.022 0.021 0.005 0.041 

O (6) 0.016 0.016 0.003 0.003 

Ca (7) 0.035 0.034 0.137 0.040 

Ca (8) 0.224 0.230 0.063 0.050 

P (9) 0.024 0.024 0.009 0.058 
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Atom 
In Gas In Water 

𝒇− 𝒇+ 𝒇− 𝒇+ 

O (10) 0.041 0.041 0.009 0.099 

O (11) 0.026 0.026 0.008 0.078 

O (12) 0.024 0.023 0.004 0.065 

O (13) 0.015 0.014 0.002 0.044 

P (14) 0.025 0.024 0.006 0.044 

O (15) 0.022 0.021 0.007 0.039 

O (16) 0.054 0.054 0.008 0.070 

O (17) 0.016 0.017 0.003 0.023 

O (18) 0.024 0.023 0.006 0.070 

Ca (19) 0.080 0.080 0.134 0.046 

Ca (20) 0.153 0.154 0.182 0.086 

Ca (21) 0.158 0.158 0.394 0.115 

H (22) 0.013 0.012 0.003 0.022 

3.6.2. Molecular dynamics simulations. 

By analyzing the data and patterns obtained from the MD simulations, it is possible to 

understand more precisely how corrosion inhibitors bind to metals. Indeed, these calculations 

and results provide an in-depth insight into the interactions of inhibitor molecules with metals. 

Fig. 16 displays the side and top views of two corrosion inhibitor molecules (HAp in vacuum 

and in water) on the Fe (110) surface. Each ’inhibitor’s energy of interaction and binding is 

shown in Table 10. 

 
Figure 16. Configurations of hydroxyapatite compounds adsorption on the iron surface obtained by MD 

simulations. (a) In vacuum and (b) In the presence of water molecules. 

The amount of energy needed to interact with iron determines the strength of an 

inhibitor. Studying the effectiveness of inhibitors shows that the more negative their Einteraction 

values are, the more spontaneously they adsorb on the iron surface. This indicates that 

inhibitors perform better when they have a better possibility to interact with the iron surface. 

The negative interaction energies of HAp presented in Table 10 show the capacity of this 

molecule to bind to the steel surface and create an anticorrosive layer over the iron surface. The 

order of decrease in interaction energy is HAp in water (-9007,01 kcal/mol) < HAp in vacuum 
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(-974,12 kcal/mol). Based on these values, it can be seen that HAp in water possesses the 

greatest binding energy and, therefore, has a strong inhibitory power for iron surfaces. 

It can be noted that the MD simulations are in the same trend as that observed for the 

chemical quantum descriptors, which produce results consistent with corrosion inhibition 

performance. Overall, the results of these theoretical studies confirm the inhibition efficiency 

that has been reported experimentally. 

Table 10. The different energetic outputs (kcal/mol) derived from MD simulations of inhibiting hydroxyapatite 

over the iron substrate. 

Simulations models Einteraction (KJ/mol) Ebinding (KJ/mol) 

Fe (110) + Hydroxyapatite  -974,12 974,12 

Fe (110) + Hydroxyapatite + 500 H2O + 5 Na+ + 5 

Cl- 
-9007,01 9007,01 

4. Conclusions 

The hydroxyapatite was synthesized by co-precipitation in an aqueous medium and then 

characterized by structural, microstructural, and chemical techniques. The product obtained 

reveals a Ca/P=1.67 ratio characteristic of stoichiometric HAp. Furthermore, the evaluation of 

HAp as a steel corrosion inhibitor in 3% NaCl indicated high protection of the steel. The open 

circuit potential analysis of the steel indicates a shift in corrosion potential in the existence of 

HAp relative to the blank medium, leading to the formation of a layer at the steel interface. 

Stationary polarization curves of the metal in 3% NaCl revealed that HAp is acting as a mixed 

type having a cathodic predominance with an optimum efficiency of 91% when the 

concentration is 100 ppm. The examination of the impedance diagrams of HAp in 3% NaCl 

shows that the corrosion mechanism is unchanged through the addition of HAp and that the 

spectra consist of two capacitive loops, one at high frequency (film adsorption) and the other 

at low frequency (charge transfer). These findings are similar to those found in the PDP 

analysis. The inhibitory efficacy of HAp in a 3% NaCl medium was slightly influenced by 

increasing temperature but was still significant in the temperature range studied. The HAp 

adsorption molecule at the metal surface is produced through the physical adsorption type and 

follows the Langmuir isotherm. The surface morphology of the steel using SEM/EDX analysis 

affirms the good anticorrosive power of HAp towards steel in a 3% NaCl environment through 

the construction of a barrier layer at the interface, which retards the corrosion rate of the steel. 

In addition, experimental and theoretical studies have shown that the corrosion-inhibiting HAp 

molecule has a high tendency to adsorb on the iron surface. Molecular dynamics simulations 

and quantum mechanical descriptors supported the theoretical study. Combining these results 

with experimental results reveals that HAp can be exploited as an environmentally friendly 

inhibitor for steel corrosion in 3% NaCl. 
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