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Abstract:

Objective:

In  this  study,  electrochemical  measurements  were  used  to  characterize  Anhydrous  Tricalcium  Phosphate  (ATP)  as  a  corrosion
inhibitor for mild steel in 1.0 M HCl.

Method:

The potentiodynamic polarization curves indicated that the ATP reacts as an anodic type inhibitor. In addition, it has been found that
the electrochemical impedance confirms the inhibitor character of ATP obtained by the potentiodynamic polarization curves where
the inhibition efficiency increases by its concentration to reach a maximum of 93.79 % at 10-4 M. The temperature solution influence
indicated  that  the  corrosion  rate  increases  with  temperature  while  the  inhibitor  acts  actively.  Thermodynamic  adsorption  and
activation parameters indicated that the ATP acts by physical adsorption on the metallic surface with an endothermic process of
metal dissolution.

Result:

Additionally, it was found that the adsorption of ATP molecules obeyed to the Langmuir isotherm. Surface analyses via scanning
electron microscopy (SEM) was used to investigate the morphology of mild steel before and after immersion in 1.0 M HCl solution
without and with 10-4 M of ATP. It is revealed that the ATP  acted by the formation of a protective layer on the mild steel.

Keywords: Anhydrous tricalcium phosphate, Corrosion inhibition, Mild steel, Hydrochlorid acid, Electrochemical measurements,
SEM analysis.

1. INTRODUCTION

Acid solutions are widely used to eliminate unwanted rust in metalworking, cleaning boilers and heat exchangers.
So, the highly corrosive nature of HCl must be controlled by a suitable corrosion inhibitor [1 - 4]. According to the
literature, the best inhibitors which can be adsorbed on the metallic surface contain in their structures heteroatoms such
as oxygen, nitrogen, phosphorus and/or triple bonds [5 - 8].
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However, in the literature, many phosphate derivatives have been investigated as corrosion inhibitors and it has
been found that  they are  excellent  corrosion inhibitors  [9,  10].  It  is  found that  these  compounds act  as  mixed type
inhibitors and their  performances increase with immersion time. Thus,  the inhibition property of the phosphocalcic
compounds is certified to their pairs and planarity of free electrons in oxygen and phosphorus. On the other hand, the
anhydrous tricalcium phosphate derivatives are considered as non-toxic substances. With respect to the environment,
the  Anhydrous  Tricalcium  Phosphate  (ATP)  is  favorable  to  be  used  in  place  of  some  toxic  organic  inhibitors  in
agreement with the new environmental limits [11, 12]. Additionally, the force of its adsorbed layer on metallic surface,
according to the Langmuir isotherm, was associated to the functional groups of the aromatic ring [13].

However, the adsorption of organic compounds depends specially on their electronic structure where their inhibition
efficiencies  increase  with  the  number  of  aromatic  rings  [14,  15].  Finally,  the  adsorption  of  these  molecules  on  the
metallic surface is linked to their molecular structure, zero charge potential of metals and surface charge density [16].

The principal objective of this study was to examine the influence of inhibition of ATP molecule on mild steel
corrosion in 1.0 M HCl using potentiodynamic polarization measurements and electrochemical impedance spectroscopy
coupled with Scanning Electron Microscope (SEM) analysis.  The effect  of temperature and immersion time on the
performance of ATP was also studied

2. MATERIALS AND METHODS

2.1. Material and Compound

The tested inhibitor is the calcium phosphate carrier named anhydrous tricalcium phosphate (ATP) and its molecular
formula and projection on the plane are shown in (Fig. 1).

Fig. (1). Projection on the plane of the ATP structure.

2.2. Electrochemical, Cell aqnd Electrodes

Table 1  illustrates the chemical  composition of  the used mild steel.  Before each experiment,  this  electrode was
prepared like as our previous works [3 - 6]. The corrosive electrolyte was 1.0 M HCl and the concentration of the tested
ATP was in the range from 10-6 M to 10-3 M.

Table 1. Chemical composition of the working electrode.

C Si Mn Cr Mo Ni Al Cu Co V W Fe
0.11 0.24 0.47 0.12 0.02 0.1 0.03 0.14 <0.0012 <0.003 0.06 Balance

However, the current intensity – potential curves were recorded by scanning the electrode from the open circuit
potential (EOCP) to the negative values and from EOCP to the positive values by using a Potentiostat/Galvanostat PGZ 100
with a scan rate equal to 1 mV/s after 30 minutes of immersion at 298 K. Ag/AgCl and platinum grid were used as the
reference and auxiliary electrodes, respectively.

The  electrochemical  data  were  determined  by  the  Tafel  lines  extrapolation  and  the  inhibition  efficiency  was
obtained as follows:

(1)

where i  0
corr  and icorr  are the corrosion current densities values without and with ATP at  different concentrations,

respectively.

In addition, the Electrochemical Impedance Spectroscopies (EIS) were carried out with 10 mV rms from 100 kHz to
100 mHz of frequencies with ten points/decade. The obtained plots were analyzed using the Z-Veiw program and the
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inhibition efficiency was calculated as follows:

(2)

where  Rct
 0  and  Rct  are  the  charge  transfer  resistance  values  without  and  with  ATP  at  different  concentrations,

respectively.

2.3. Scanning Electron Microscope Characterization

The  morphology  of  the  sample  surface  before  and  after  being  treated  with  optimal  concentration  of  ATP  was
examined by Scanning Electron Microscope (SEM) JEOL JSM-IT 100.

3. RESULTS AND DISCUSSION

3.1. Potentiodynamic Polarization Curves

3.1.1. Open Circuit Potential

Fig. (2) illustrates the variation in open circuit potential (EOCP) with time without and with different concentrations
of ATP. It was observed that the potential for uninhibited solution decreases with time and stabilizes at the value of -
496  mV/Ag/AgCl  after  30  minutes.  This  phenomenon  can  be  explained  by  the  degradation  of  mild  steel  with  a
formation of corrosives products on its surface. So, in the presence of ATP, the potential shifts in the anodic direction
become (ennobling of potential) quickly stable with time. This phenomenon can be explained by the formation of a
protective film on the metallic surface.

Fig. (2). Evolution of EOCP versus time for mild steel in 1.0 HCl without and with different concentrations of ATP.

3.1.2. Potentiodynamic Polarization Curves

The current intensity potential curves for mild steel in 1.0 M HCl solution containing different concentrations of
ATP are illustrated in Fig. (3) and their corresponding electrochemical data are presented in Table 2. From these curves,
it can be observed that the current density decreases with ATP concentrations indicating its adsorption on the metallic
surface which inhibits the effect of aggressive ions. These finding suggested that this inhibitor behaves as a mixed type
inhibitor. In addition, it is can be observed clearly that the cathodic currents reduce with ATP addition indicating that
the hydrogen reduction reaction is inhibited [17]. This result indicated also that the energy barrier for proton discharge
increases causing a decrease in the gas evolution quantity [18]. It is remarked also in the anodic range that a pseudo
plate appeared especially at 10-4 M of ATP. On the other hand, it has been noted that the anodic Tafel slope (βa) values
in the presence of ATP were approximately constant indicating no change in the anodic oxidation mechanism where the
ATP was adsorbed firstly onto the metallic surface and blocked the reaction sites [19].
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Table 2. Electrochemical parameters for mild steel in 1.0 M HCl containing different concentrations of ATP at 298 K.

- C (M) Ecorr (mV/Ag/AgCl) icorr (µA/cm²) βa (mV/dec) βc (mV/dec) θ ηpp (%)
Blank solution 00 -498 467 70 -153 - -

ATP

10-6 -427 50 79 -110 0.8929 89.29

10-5 -427 48 82 -105 0.8972 89.72

5×10-5 -466 35 75 -90 0.9250 92.50

10-4 -422 28 87 -106 0.9400 94.00

10-3 -429 52 71 -107 0.8886 88.86

In  addition,  from  Table  2,  the  shift  of  the  corrosion  potential  Ecorr  to  the  positive  direction  with  ATP  addition
confirmed its  anodic type character.  Consequently,  the tested ATP is  effective at  the small  concentration where its
inhibition efficiency reached 94% at 10-4 M. After this critical concentration, the inhibition effect of ATP decreased.
This suggests the formation of soluble ATP complex [20].

Fig. (3). Polarization curves for mild steel in 1.0 M HCl containing different concentrations of ATP.

Fig. (4). Nyquist plots for mild steel in 1.0 M HCl without and with different concentrations of ATP at EOCP (T = 298 K).
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3.2. Electrochemical Impedance Spectroscopy

The  electrochemical  impedance  spectroscopy  diagrams  of  mild  steel  in  1.0  M  HCl  containing  different
concentrations of ATP after 30 min of immersion at EOCP and at 298 K are presented in Fig. (4). It is observed that all
diagrams were composed of one capacitive loop. In this case, the equivalent electric circuit presented in Fig. (5), with
one time constants, was proposed to extract and module interface metal/solution.

It is well-known that the application of the double layer capacitor does not always facilitate achieving satisfactory
experimental impedance data. So, the dispersion of the impedance data can be due to the heterogeneity of the surface. In
this case, the Constant Phase Element (CPE) was suggested where its impedance can be given as follows:

Fig. (5). Electrical equivalent circuit used for modeling the metal/solution interface.

(3)

where j, Q, and ω are the imaginary number, the frequency independent real constant and the angular frequency,
respectively. Indeed, the n is the CPE exponent for the whole number of n = 1, 0, -1, CPE is reduced to the classical
lump element-capacitor (C), resistance (R) and inductance (L), respectively [21]. However, the effective double layer
capacitance (C) was calculated as follows [22]:

(4)

The most important data obtained using the proposed equivalent circuit are offered in Table 3. It can be remarked
that Rct  values increase while Cdl  values decrease with ATP concentrations indicating its adsorption on the metallic
surface providing better surface coverage [23, 24].

Table  3.  Electrochemical  parameters  associated  to  the  impedance  diagrams  for  mild  steel  in  1.0  M  HCl  at  different
concentrations of ATP at EOCP and at 298 K.

- C (M) Rs (Ω cm²) Rct (Ω cm²) Cdl (µF cm-2) nct τdl (ms) ηEIS (%)

Blank Solution 00 2.35±0.42 39.85±0.74 139.24±5.38 0.85±0.01 5.55±0.003 -

ATP

10-6 2.34±0.19 337.6±0.33 118.71±3.17 0.87±0.01 40.07±0.001 88.19

10-5 2.39±0.19 347.80±0.42 111.88±1.00 0.89±0.01 38.41±0.001 88.54

5×10-5 6.81±0.21 517.9±0.78 86.25±1.17 0.90±0.01 44.67±0.001 92.30

10-4 2.03±0.19 642.00±0.28 45.04±0.68 0.91±0.01 28.91±0.001 93.79

10-3 2.43±0.20 322.00±0.42 71.38±1.78 0.89±0.01 22.98±0.001 87.62

In addition, it is shown that the n values increase with inhibitor concentration, which could be related to the decrease
of the surface heterogeneity as  a  result  of  the ATP molecules’  adsorption on mild steel  surface and formation of  a
uniform inhibitive film. In the same way, the relaxation time constant (τdl=Rct× Cdl) values increase with ATP addition
as well and the time of adsorption process becomes therefore much longer which means a slow adsorption process [25].
This shows that there is an agreement between the charge amount stored in capacitance and discharge velocity in the
interface metal/solution (τdl) [26].

On  the  other  hand,  a  good  agreement  between  the  inhibition  efficiencies  values  obtained  from  the  impedance
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spectroscopy and polarization curve was obtained, indicating that the corrosion rate does not depend on the applied
technique [27].

3.3. Temperature Solution Effect

3.3.1. Potentiodynamic Polarization Curves

The study of the influence of temperature solution on the corrosion rate of mild steel in 1.0 M HCl without and with
10-4 M of ATP was investigated using potentiodynamic polarization and the obtained curves are shown in Fig. (6 and 7),
respectively. It is observed that the augment in the temperature increases the corrosion current density a little in both
cases. It is also remarked that the increase in temperature displaces the Ecorr to the anodic and cathodic directions in the
absence and presence of ATP, respectively. As a result, the inhibition efficiency of ATP depends on the temperature
solution which decreases with its  increase.  According to the literature,  at  the lower temperatures,  the inhibitor was
physically adsorbed while at the high temperature, it was chemisorbed [28].

Fig. (6). Potentiodynamic polarization curves for mild steel in uninhibited solution at different temperatures.

Fig. (7). Potentiodynamic polarization curves for mild steel in 1.0 M HCl containing 10-4 M of ATP at different temperatures.

3.3.2. Kinetic Parameters of Activation Corrosion Process

Generally, the temperature influences the inhibition reactions, because of many changes that take place on the metal
surface such as adsorption and desorption of inhibitor molecules. So, the variation icorr with 1/T for mild steel electrode
in 1.0 M HCl without and with different concentrations of ATP was investigated and the obtained linear plots using
Arrhenius equation (5) [29] are presented in (Fig. 8).
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Fig. (8). Arrhenius plots for mild steel in 1.0 M HCl solution without and with of different concentrations of ATP.

(5)

where Ea, K, R and T represent the energy of activation, the pre-exponential factor, the universal gas constant and
the absolute temperature, respectively and the obtained values of the kinetic parameters are illustrated in Table 5. It was
found that the values of the correlation coefficients of all the linear regression are close to 1, signifying that the mild
steel  dissolution can be  explained using Arrhenius  model.  It  can be  noted from Table  5,  that  the  Ea  increases  with
increasing ATP concentrations. It is also remarked that all values of Ea in the studied range of concentration, are higher
than that of the uninhibited solution. This increase in the Ea in the presence of ATP may be interpreted by its physical
adsorption on the metallic surface. Effectively, a higher energy barrier for the corrosion process in the inhibited solution
was involved with physical adsorption or feeble chemical bonding in the midst of the inhibitors nature and the steel
surface [30]. Szauer et al., indicated that the augment in Ea can be linked to an appreciable decrease in the adsorption of
the molecules of inhibitor on metallic surface with an increase in temperature [31].

Table 4. Electrochemical parameters for mild steel in 1.0 M HCl in the absence and presence of 10-4 M of ATP.

T (K) Ecorr (mV/Ag/AgCl) icorr (µA/cm²) βc (mV/dec) ηpp (%)

Blank Solution

298 -498 467 -170 -
308 -491 800 -178 -
318 -475 1470 -165 -
328 -465 2000 -151 -

10-4 M of ATP

298 -422 28 -106 94.00
308 -447 68 -103 91.50
318 -483 132 -95 91.02
328 -491 204 -92 89.80

However,  the  enthalpy  (ΔH*a)  and  entropy  (ΔS*a)  of  activation  process  were  determined  from  transition  state
equation:

(6)

where h and N represent the Planck constant and Avogadro number, respectively.
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Table 5. Activation parameters for mild steel corrosion in 1.0 M HCl in the absence and presence of different concentrations
of ATP

C (M) Ea (kJ mol-1) ΔH*
a (kJ mol-1) ΔS*

a(J mol-1K-1)
Blank Solution 00 40.53 37.93 -66.50

ATP

10-6

10-5

5×10-5

10-4

10-3

50.32
50.47
52.46
54.05
50.62

46.79
47.87
49.86
51.45
48.02

-54.66
-51.61
-47.19
-44.00
-50.21

The variation in Ln (icorr/T) versus 1/T at different concentrations of ATP is presented in Fig. (9) showing straight
lines.  Their  activation  parameters  are  summarized  in  Table  5.  It  is  revealed  that  all  obtained  ΔH*a  values  for  the
dissolution reaction of mild steel in 1.0 M HCl in the presence of ATP are higher than that in its absence. In addition,
the positive signs of ΔH*a values reflect the endothermic nature of the mild steel dissolution process, recommending
that its dissolution is lower in the presence of ATP. Additionally, it is shown that the obtained ΔS*a values increases
with ATP addition compared to uninhibited solution signifying an increase in disorder during the corrosion process.

Fig. (9). Transition Arrhenius plots for mild steel in 1.0 M HCl solution in the absence and presence of different concentrations of
ATP.

Table 6. Curve fitting results of ATP adsorption for different adsorption isotherms.

Isotherms Linear forms Curves Parameters Values

Langmuir
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Slope 1.06156

Freundlich
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Isotherms Linear forms Curves Parameters Values

Frumkin

R2 0.86309

Kads (L mol-1) 3.9×1026

Slope (-2f) 52.60334
f -26.30

Flory-huggins
R2 0.89258

Kads (L mol-1) 3.9×1010

Slope (a) 5.50857
where Kads is the equilibrium constant of the adsorption process, Cinh is the inhibitor concentration, f is the factor of energetic inhomogeneity and the
parameter ̋ a ̏ is the water molecules number replaced by inhibitor molecules on metallic surface.

3.4. Adsorption Isotherm

In order to determine the interaction type between the inhibitor molecules and the metal surface, the adsorption
isotherms  models  were  used.  For  this,  the  surface  coverage,  θ,  for  mild  steel  in  1.0  M  HCl  at  different  ATP
concentrations  was  evaluated  from  current-  potential  curves.  So,  the  Langmuir,  Temkin,  Frumkin,  Freundlich  and
Flory-Huggins isotherms were made to fit the θ values at various concentrations of ATP. Their corresponding fitting
parameters values are illustrated in Table 7. It has been found that the ATP molecules were adsorbed on the metallic
surface according to the Langmuir isotherm model (Fig. 10).

Table  7.  :  Thermodynamic  and  kinetic  parameters  for  the  ATP  adsorption  on  mild  steel  in  1.0  M  HCl  at  different
temperatures.

Inhibitor
T

(K)
R2 Slope Kads

(L mol-1)
∆G*

ads

(kJ mol-1)
∆H*

ads

(kJ mol-1)
∆S*

ads

(J mol-1 K-1)

ATP

298
308
318
328

0.9999
0.9998
0.9998
0.9997

1.06
1.09
1.09
1.11

2399854
1641160
1498232
1173873

-46.4
-46.9
-48.2
-49.1

-18.22 94

However, the free energy of adsorption (ΔG*ads) can be determined using the following equation [32]:

(7)

Fig. (10). Langmuir adsorption isotherm for mild steel in 1.0 M HCl in the presence of various concentrations of ATP at 298 K.

where R, T, 55.5 represent the gas constant, the absolute temperature and the concentration of water in solution in
mol L−1, respectively
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In addition, the enthalpy (ΔH*ads) and entropy (ΔS*ads) of adsorption can be obtained as follows [33]:

(8)

(9)

The  variation  in  Ln  (Kads)  versus  1/T  is  represented  in  Fig.  (11)  and  the  obtained  thermodynamic  adsorption
parameters such as Kads, ΔG*

ads, ΔH*
ads, ΔS*

ads are illustrated in (Table 8).

It was found that ΔG*ads values are negative indicating the spontaneity of the adsorption of the inhibitor molecules
on the metallic surface [34, 35] and the tough interaction between the ATP molecules and the mild steel surface [36,
37]. According to the literature, the adsorption type is regarded as physisorption when the value of ΔG*ads was found in
the order of -20 kJ mol−1 or lower while the chemisorptions are observed when the value of ΔG*ads is in the order of -40
kJ mol−1 or higher [38 - 40]. In our case, the calculated ΔG*ads values Table 8 indicated that the adsorption mechanism
of ATP on mild steel surface is typical of chemisorption. The same conclusion was found in our previous study, when
we studied the interaction between hydroxyapatite molecules and mild steel in 1.0 M HCl [9].

On  the  other  hand,  the  obtained  negative  sign  of  ΔH*ads  indicated  that  the  ATP  molecules’  adsorption  is  an
exothermic  process  designing its  physisorption or  chemisorption [41].  In  addition,  the  obtained ΔS*ads  value  in  the
presence of ATP was large and positive, showing high disordering that took places in going from reactants to the metal
adsorbed  species  reaction  complex.  It  was  noted  also  that  the  value  of  the  adsorption  constant  Kads  decreased  with
temperature, demonstrating that the interactions between the adsorbed molecules and the metal surface were interrupted
and, consequently, they became easily removable.

Fig. (11). The relationship between Ln (Kads) and 1000/T for ATP.

3.5. Immersion Time Effect

Fig. (12) shows the impedance diagrams for mild steel in 1.0 M HCl in the presence of 10-4 M of ATP at different
immersion  times.  It  has  been  noted  that  all  diagrams  were  composed  of  one  capacitive  loop  where  their  diameter
increased  with  immersion  time  until  4  hours  and  decreased  after  this  time.  The  same  circuit  employed  for  the
concentration  effect  was  used  to  extract  the  electrochemical  parameters  which  are  presented  in  (Table  8).

However,  it  would  be  better  to  evaluate  the  inhibitor's  temporal  behavior  through  the  kinetics  associated  to
relatively long immersion times. From Table 8, it can be observd that the Rct increases with immersion time to reach a
maximum of 96%at 4 hours in parallel with the decrease of Cdl values. This evolution of Rct and Cd1 was due mainly to
the displacement of water molecules by Cl- ions of the acid and the adsorption of the inhibitor molecules on the metallic
surface, decreasing the dissolution rate of the iron and H+ proton reduction. After 4 hours of immersion, an increase in
Cdl values and a decrease in Rct values were observed. This can be explained by desorption of the ATP molecules from
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the mild steel surface.

Fig. (12). Nyquist plots spectra for mild steel in 1.0 M HCl in the presence of 10-4 M of ATP at different immersion time.

Table 8. Electrochemical impedance parameters for carbon steel immerged in 1.0 M HCl with and without 10-4 M of ATP at
different immersion times.

Immersion Time (h) Rs (Ω cm²) Rct (Ω cm²) Cdl (µF cm-2) nct τdl (ms) ηEIS (%)

0.5 2.03±0.19 642.00±0.28 45.04±0.68 0.91±0.01 28.91±0.001 93.79
2 2.18±0.20 788.3±0.18 44.39±0.68 0.92±0.01 34.99±0.001 94.94
4 2.86±0.19 797.3±0.62 43.02±0.67 0.92±0.01 34.30±0.001 95.00
6 2.91±0.19 542.8±0.37 87.00±1.26 0.81±0.01 47.22±0.001 92.65
12 2.01±0.21 425.5±0.44 88.80±1.93 0.78±0.01 37.78±0.001 90.63

3.6. SEM Characterization

The surface morphology observation of the mild steel before and after immersion in aggressive solution without and
with 10-4 M of ATP after 24 hours of immersion is presented in Fig. (13). Before immersion, it was observed that the
surface was smooth and there was polishing scratch Fig. (13a). It is clear that the surface of mild steel without inhibitor
was attacked (Fig. 13b)). The presence of cracks, pitting and corrosion products was also noted Fig. (13b). By contrast,
on the mild steel surface obtained in the presence of 10-4 M of ATP, this corrosion process did not initiate, as the surface
was more regular, no porous with the appearance of white clusters which can be attributed to the phosphorus deposit on
the mild steel surface Fig. (13c). This finding confirmed those obtained by the electrochemical measurements.

Fig. (13). SEM micrographs of mild steel (a) before immersion (b) in the absence (c) and presence of 10-4 M of ATP.
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CONCLUSION

The influence of anhydrous tricalcium phosphate on the corrosion behavior of mild steel in 1.0 M HCl by using the
different electrochemical method was analysed, and it was found that:

The  ATP  reacts  as  a  good  inhibitor  for  mild  steel  corrosion  in  1.0  M  HCl  and  decreases  both  anodic  and1.
cathodic reactions.
The inhibition efficiency increases with the ATP concentrations to attain a maximum value of 94% at 10-4 M.2.
The current intensity-potential curves indicated that the ATP acts as a mixed type inhibitor.3.
The inhibition efficiency of ATP decreases slightly with temperature as well as immersion time after 4 h.4.
The adsorption of ATP follows Langmuir`s adsorption isotherm and it is chemical adsorption.5.
SEM analysis indicated that the ATP compound acts by the formation of a protective film on the mild steel6.
surface.
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