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Abstract

The inhibitor effect of N-1-naphthylethylenediamine dihydrochloride monomethanolate (N-NEDHME) on the
corrosion of carbon steel in 2.0 M H3PO, at 303-328Kwas investigated by weight loss, potentiodynamic
polarization and electrochemical impedance. The results show that inhibition efficiency increases with the
inhibitor concentration, while decreases with temperature. The value of activation energy (Ej), Arrhenius
factor, enthalpy and entropy for N-NEDHME values were discussed. Langmuir isotherm was found to provide
an accurate description of the adsorption behaviour of the investigated compound. The thermodynamic

parameters (adsorption equilibrium constant (K.), free energy of adsorption (DG.,.), adsorption heat

ads
(DH;ds) and adsorption entropy (DS;ds )) have been calculated and discussed in detail. Polarization curves

show that N-NEDHME acts as a mixed-type inhibitor. The experimental data showed a frequency distribution
and therefore a modelling element with frequency dispersion behaviour and a constant phase element (CPE)
have been used. Quantum chemical calculation was applied to elucidate the adsorption mode of the inhibitor
molecule onto steel surface.

Keywords : Carbon stedl; HzPO,; Inhibition corrosion; Adsorption; Polarisation curves; EIS.

1. Introduction

Phosphoric acid (H3PO,) is widely used in the production of fertilizers and surface treatment of steel such as
chemical and electrolytic polishing or etching, chemical coloring, removal of oxide film, phosphating,
passivating, and surface cleaning [1]. The use of inhibitors for the control of corrosion for metals and alloys
which are in contact with aggressive environment is an accepted practice. Large numbers of organic
compounds were studied to investigate their corrosion inhibition potential. All these studies reveal that organic
compounds especially those with N, S and O showed significant inhibition efficiency [2-7]. Little work [8-14]
appears to have been done on the inhibition of mild steel in phosphoric acid solutions.

DFT (density functional theory) methods have become very popular in the last decade due to their accuracy
and less time requirement from the computational point of view [15]. Based on the well-known Hohenberg-
Kohn theorems [16], DFT focuses on the eectron density, p (r), it self as the carrier of all information in the
molecular (or atomic) ground state. Important molecular properties of molecules such as Enomo, ELumos
AEgap, dipole moment, etc., have been correlated with inhibition efficiency of different inhibitors using DFT
[17]. In this paper, the kinetics of the corrosion of carbon steel in phosphoric acid have been studied by weight
loss, potentiodynamic polarization, electrochemical impedance spectroscopy methods and theoretical studies.
The action of N-NEDHME as inhibitor in phosphoric acid medium over a range of acid concentration and
solution temperature has also been examined.
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2. Experimental details
2.1. Materials
The tested inhibitor, namely, N-1-naphthylethylenediamine dihydrochloride monomethanolate (N-NEDHME)
was obtained from Sigma—Aldrich chemical co. and his chemical structure is presented in Fig. 1. The sted
used in this study is a carbon steel (Euronorm: C35E carbon steel and US specification: SAE 1035) with a
chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti,
0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remainder iron (F€). The carbon sted samples were pre-treated
prior to the experiments by grinding with emery paper SiC (120, 600 and 1200); rinsed with distilled water,
degreased in acetone in an ultrasonic bath immersion for 5 min, washed again with bidistilled water and then
dried at room temperature before use. The acid solutions (2.0 M H3PO,) were prepared by dilution of an
analytical reagent grade 85 % H3PO, with double-distilled water. The concentration range of N-NEDHME
employed was 10° M to 107 M.

NH,

HN

OO 2HCl .CH,OH

Figure 1. The molecular structure of N-1-naphthyl ethylenedi amine dihydrochl oride monomethanol ate (N-NEDHME).

2.2. Corrosion tests

2.2.1. Weight loss measurements

The gravimetric measurements were carried out at the definite time interval of 2 h at room temperature using
an analytical balance (precision £ 0.1 mg). The carbon stedl specimens used have a rectangular form (length =
1.6 cm, width = 1.6 cm, thickness = 0.07 cm). Gravimetric experiments were carried out in a double glass cell
equipped with a thermostated cooling condenser containing 50 ml of non-de-aerated test solution. After
immersion period, the steel specimens were withdrawn, carefully rinsed with bidistilled water, ultrasonic
cleaning in acetone, dried at room temperature and then weighted. Triplicate experiments were performed in
each case and the mean value of the weight lossis calculated.

2.2.2. Electrochemical measurements

Electrochemical experiments were conducted using impedance equipment (Tacussel-Radiometer PGZ 100)
and controlled with Tacussd corrosion analysis software model Voltamaster 4. A conventional three-electrode
cylindrical Pyrex glass cell was used. The temperature is thermostatically controlled. The working electrode
was carbon steel with the surface area of 1 cm® A saturated calomel electrode (SCE) was used as a reference.
All potentials were given with reference to this electrode. The counter electrode was a platinum plate of
surface area of 1 cm”. A saturated calomel electrode (SCE) was used as the reference; a platinum electrode
was used as the counter-electrode. All potentials are reported vs. SCE. All electrochemical tests have been
performed in aerated solutions at 303 K.

For polarisation curves, the working e ectrode was immersed in test solution during 30 min until a steady state
open circuit potential (Eoqp) Was obtained. The polarization curve was recorded by polarization from -800 to O
mV/SCE with a scan rate of 1 mV s ™). AC impedance measurements were carried-out in the frequency range
of 100 kHz to 10 mHz, with 10 points per decade, at the rest potential, after 30 min of acid immersion, by
applying 10 mV ac voltage peak-to-peak. Nyquist plots were made from these experiments. The best
semicircle can be fit through the data points in the Nyquist plot using a non-linear least square fit so asto give
the intersections with the x-axis.

2.3. Quantum chemical calculations
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All theoretical calculations were performed using DFT (density functional theory) with the Beck’s three
parameter exchange functional along with the Lee-Yang—Parr nonlocal correlation functional (B3LYP) [18—
20] with 6- 31G* basis set is implemented in Gaussian 03 program package [21]. This approach is shown to
yield favorable geometries for a wide variety of systems. This basis set gives good geometry optimizations.
The geometry structure of N-NEDHME was optimized under no constraint. The following quantum chemical
parameters were calculated from the obtained optimized molecular structure: the energy of the highest
occupied molecular orbital (Exomo), the energy of the lowest unoccupied molecular orbital (E umo), the energy
band gap (DEgs, = Erowo — ELumo), the dipole moment () and the total energy (TE).

3. Resultsand discussion

3.1. Tafel polarization measurement

Fig. 2 shows the potentiodynamic polarization curves for the corrosion of aged maraging sted in 2.0 M
phosphoric acid containing different concentrations of N-NEDHME, at 303K. The electrochemical parameters
such as corrosion potential (Ecor), COrrosion current density (i) and cathodic Tafd slope (b.) associated with
the polarization measurements for the carbon steel in the presence of different concentrations of N-NEDHME
are summarized in Table 1. Since the linear portion of the anodic region is not well defined, the corrosion
current densities in al the above cases were determined by the extrapolation of cathodic Tafel slopes to the
respective corrosion potentials [22].

The ler values were used to calculate the inhibition efficiency, hr#(%0), (listed in Table 1), using the
following equation [23]:

hTafel(%) = = Icorr(uninh) - Icorr(inh) “ 100 (1)

corr (uninh)
where leoruning and leoriny @€ the corrosion current densities for steel electrode in the uninhibited and
inhibited solutions, respectively.
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Figure 2. Tafel polarization curvesfor the corrosion of C38 stedl in 2.0 M H3PO, at various concentrations N-NEDHME

The data in the Table 1 clearly show that the N-NEDHME effectively decreases the corrosion current density
of the carbon stedl, even when added in small concentrations. Inhibition efficiency increases with the increase
in the inhibitor concentration up to an optimum value. The maximum quantity of the inhibitor reported in
Table 1 corresponds to the optimum concentration of the inhibitor. The presence of inhibitor does not cause
any significance shift in the E.,, value. This implies that the inhibitor, N-NEDHME, acts as a mixed type
inhibitor, affecting both anodic and cathodic reactions [24]. According to Riggs and others [25], if the
displacement in corrosion potential is more than +85 mV/SCE with respect to the corrosion potential of the
blank, the inhibitor can be considered as a cathodic or anodic type. But the maximum displacement in the
present case is less than 20 mV/SCE, which indicates that N-NEDHME is a mixed type inhibitor. According
to Cao [26] if the shift in Ecor is negligible, the inhibition is most probably caused by a geometric blocking
effect of the adsorbed inhibitive species on the surface of corroding metal.
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Table 1. Polarisation parameters and the corresponding inhibition efficiency of carbon steel corrosionin 2.0 M

H3PO, containing different concentrations of N-NEDHME at 303 K.

Zarrouk et al.

Concentration (M) | Ecor vS. SCE (MV) [ bo(mV dec™) leorr (MA cm®) hretel (%)
Blank 501.9 159.0 2865.7 -

107 490.6 160.3 341.1 88.1
107 492.8 165.3 758.9 735
10* 4975 170.7 11485 50.9
10° 4927 172.4 1423.6 50.3

Fig. 2 indicates that the cathodic polarization curves are parallel and cathodic Tafel slope bc changes only
dlightly with the increase in the inhibitor concentration. This suggests that the reduction mechanism is not
affected by the presence of inhibitor [27,28] and hence the hydrogen evolution is slowed down by the surface
blocking effect of the inhibitor. The variation in anodic Tafel slope ba may be due to the adsorption of
phosphate ions/or inhibitor molecules on the alloy surface [29]. This indicates that the inhibitive action of N-
NEDHME may be considered due to the adsorption and formation of barrier film on the electrode surface. The
barrier film formed on the metal surface reduces the probability of both the anodic and cathodic reactions.
Thus, the inhibitor, N-NEDHME can be regarded as a mixed type of inhibitor. It is seen from Fig. 2 that at the
working electrode potentials, greater than -300 mV/SCE, on the anodic polarization region, the current—
potential characteristics do not change in the presence of the inhibitor. Above this potential there is a sharp
increase in current density with the increase in the potential, as indicated by the flat region on the anodic
curve. This potential can be defined as desorption potential [30]. This phenomenon may be understood by
considering the adsorption of the inhibitor molecules on the carbon steel surface and desorption of the
inhibitor molecules due to the dissolution of the metal in the corrosion medium; both taking place
simultaneously. In this case, the desorption rate of the inhibitor is higher than its adsorption rate, resulting in
the increase in the corrosion current with the increase in the potential [31]. At still higher polarization potential
the anodic current density change drastically, resulting in sharp increase in Tafel slope.

3.2. Electrochemical impedance spectroscopy

The experimental results obtained from EIS measurements for the corrosion of carbon steel in the absence and
presence of inhibitor at 303 K are summarised in Table 2. The impedance spectra for carbon steel in 2.0 M
H3PO, without and with various concentrations of N-NEDHME are presented as Nyquist plots in Fig. 3. A
considerable increase in the total impedance was recorded with the addition of N-NEDHME, as shown in Fig.
3. It can be concluded from Fig. 3 that the impedance response of carbon steel was significantly changed after
the addition of N-NEDHME to the corrosive solutions. This can be attributed to an increase in the substrate
impedance with the increase in the inhibitor concentration.
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Figure 2. Nyquist plots for carbon stedl in 2.0 M H3PO, in the absence and presence of different concentrations of N-
NEDHME at 303 K.

It is found that the obtained Nyquist plots are not perfect semicircles due to frequency dispersion and this
behaviour can be attributed to roughness and in-homogeneities of the electrode surface [32,33]. When thereis
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non-ideal frequency response, it is common practice to use distributed circuit e ementsin an equivalent circuit.
The most widely employed is the constant phase element (CPE). In general, a CPE is used in amodel in place
of a capacitor to compensate for inhomogeneity in the system. Therefore, a constant phase eement (CPE)
instead of a capacitive element is used to get a more accurate fit of experimental data sets using generally more
complicated equivalent circuits. The CPE impedance s given by [34,35]:

ZcpE = A-l (l (,0)-n (2)

where A is the CPE constant, o is the angular frequency (inrad s%), i =-1 is the imaginary number and nis a
CPE exponent which can be used as a gauge of the heterogeneity or roughness of the surface [36]. Depending
on the value of n, CPE can represent resistance (n= 0, A = R), capacitance (n=1, A = C), inductance (n=-1, A
= L) or Warburg impedance (n = 0.5, A =W).

In this table are shown also the calculated “ double layer capacitance’ values, Cy, derived from the CPE
parameters according to [37]:

C, = (ARE MY ©)
and the relaxation time constants according to the dielectric theory:
t=— @
2D T

where fra is the frequency at which appears the maximum in the curve -¢ (phase shift) vs. log f. The
inhibition efficiency IE (%) is calculated by Ry using Eq. (5), where R%; and Ry are the charge-transfer
resistance values without and with inhibitor, respectively:

IE(%) = M 100 (5)
1/ R,

The electrical equivalent circuit model shown in Fig. 5 was used to analyze the obtained impedance data. The
model consists of the solution resistance (Rs), the chargetransfer resistance of the interfacial corrosion
reaction (Ry) and the constant phase angle element (CPE). Excdllent fit with this model was obtained with our
experimental data. As an example, the Nyquist and Bode plots of both experimental and simulated data of
carbon steel in 2.0 M H3PO, solution containing 10°M of N-NEDHME are shown in Fig. 4. It is clear that the
measured impedance plot is in accordance with that calculated by the used equivalent circuit model. The
electrochemical parameters, including Rs, Ry, A and n, obtained from fitting the recorded EIS data using the
equivalent circuit of Fig. 4, arelisted in Table 3.
The inhibition efficiency was evaluated by Ry and Cy values of the impedance. The more densely packed the
inhibitor surface film, the larger the diameter of the semicircle, which results in higher Ry and lower Cy
values. Results of the present work showed that the Ry values increase with increasing N-NEDHME
concentration, while the Cy values tend to decrease (see Table 3). The decrease in Cy values is due to the
adsorption of N-NEDHME on the metal surface [38]. This decrease in Cy with increase in N-NEDHME
concentration may be explained on the basis that the double layer between the charged metal surface and the
solution is considered as an eectrical capacitor. The adsorption of N-NEDHME on the electrode surface
decreases its electrical capacity because they displace the water molecules and other ions originally adsorbed
on the surface.
The decreasein this capacity with increasein N-NEDHME concentration may be attributed to the formation of
a protective layer on the eectrode surface [29,39]. The thickness of this protective layer increases with
increasein inhibitor concentration, since more N-NEDHMEH" cations e ectrostatically adsorb on the electrode
surface, resulting in a noticeable decrease in Cy (inspect the Cy values in Table 3). This trend is in accordance
with Helmholtz model, given by Eq. (6) [29]:

C,= 8;—8 S ©6)

where d is the thickness of the protective layer, S is the electrode area, €, the vacuum permittivity of vide

and € isdielectric constant of the medium.
The inhibiting effectiveness increases with the concentration of the inhibitor to reach a maximum value from
88%1010° M.
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Figure 4. EIS Nyquist (a) and Bode (b) plots for carbon steel/2.0 M HzPO, + 10-2M N-NEDHME interface:
(....) experimental data; (—) calculated.
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Figure5. Electrical equivalent circuit used to fit the EI'S data of the interface carbon steel/2.0 M H3PO,
solution without and with N-NEDHME

Table 3. Impedance parameters and inhibition efficiency values for carbon steel in 2.0 M H3;PO, containing
different concentrations of N-NEDHME at 303 K.

Conc(M) [Rs(Qcm) |Ry(Qcnd) [N Ax10%(S" Qem?) | Cy (uF cm?) | IE (%)
H5PO, 2 4.44 11.46 0.89 0.19103 8961 |-
107 6.28 94.64 0.83 0.13780 56.65 87.89
10 0.34 48.67 0.85 0.17371 74.81 76.45
N-NEDHME 5 5.14 3257 0.89 0.1456 75.14 64.81
10° 4.85 23.48 0.89 0.19358 99.39 51.19

3.3. Gravimetric study

3.3.1. Effect of N-NEDHME concentration

The weight loss of precleaned and dried steel specimens were determined after 2 h of immersion at 303 K by
weighing metal samples before and after immersing in 50 cm® of 2.0 M HsPO, in absence and presence of
various concentration of N-NEDHME. The experiments were performed in triplicate and the average weight
loss was recorded. The mean value of corrosion rate and its standard deviations are reported. The corrosion
rate (Cr) and inhibition efficiency hw. (%) were calculated according to the Eqgs. 7 and 8 [40,41], respectively:

W, - W
C,=—"2—2 7
R Al (7)
2 wo
M (%) =61 —-2 100 ©)
Wo @

where W, and W, are the specimen weight before and after immersion in the tested solution, wp and w; are the
values of corrosion weight losses of carbon steel in uninhibited and inhibited solutions, respectively, A the
total area of the carbon steel specimen (cm?) and t is the exposure time (h).

Theinhibition efficiency hw. (%) and corrosion rate (Cgr) obtained from weight loss measurements at different
concentrations of N-NEDHME in 2.0 M H3;PO, solution is shows in Table 4. The inhibition efficiencies
increase and the corrosion rate decreases obviously with increasing the concentration of N-NEDHME, which
indicates that N-NEDHME has a good performance on inhibition of corrosion for carbon steel in 2.0 M H3PO,
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solution. The maximum efficiencies reach 88% at the highest concentration. The corrosion inhibition can be
attributed to the adsorption of the N-NEDHME at the steel/phosphoric acid solution interface [42]. Indeed, the
adsorption of the N-NEDHME could occur due to the formation of links between the d-orbital of iron atoms,
involving the displacement of water molecules from the metal surface, and the lone sp2 eectron pairs present
ontheN atoms.

Table 4. Corrosion parameters for carbon steel in agueous solution of 2.0 M H3PO, in the absence and
presence of different concentrations of N-NEDHME from weight loss measurements at 303K.

Conc (M) Cr (mgcm?h™) hwe (%) 0
H5PO, 2 1.972
1x107 0.193 90.2 0.902
5x10° 0.262 86.7 0.867
N-NEDHME 1x10° 0.365 815 0.815
5x107 0.481 75.6 0.756
1x107 0.666 66.2 0.662
1x10° 0.941 52.3 0.523

The variation of Cr and hyy (%) with the N-NEDHME concentration are shown in Fig. 6.
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Figure 6. Variation of corrosion rate and inhibition efficiency of carbon steel in 2.0 M H3PO, containing
various concentrations of N-NEDHME.

3.1.2. Effect of temperature

The corrosion of a metal in the presence of an inhibitor involves many changes occurring on the metal surface,
such as rapid etching and desorption of the inhibitor and the inhibitor itself, in some cases, may undergo
decomposition and/or rearrangement [43]. Therefore the effect of temperature on the inhibited acid-metal
reaction is highly complex. However, the study of the effect of temperature on the corrosion system facilitates
the calculation of many thermodynamic functions for the inhibition and/or the adsorption processes which
contribute in determining the type of adsorption of the studied inhibitors.

From Table 5, it can be seen that the inhibition efficiency decreases with the increase in temperature which
indicates the probable desorption of inhibitor molecules from the surface of the C-steel as the temperature
increases [44]. This is suggestive of physisorption of N-NEDHME molecules on the C-steel surface [45]. But
the decrease in inhibition efficiency with the increase in temperature becomes gradual at higher concentrations
of theinhibitor.

The activation energy (E,) for the corrosion processin the presence and absence of the inhibitor, N-NEDHME,
were calculated using Arrhenius law Eqg. (9) [46]:

E
LnC, =B- —2 9
R RT ©)
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where B is a constant which depends on the metal type and R is the universal gas constant. The plot of Ln Cg
versus reciprocal of absolute temperature, 1/T, gives a straight line with dope = - E4JR, from which the
activation energy for the corrosion process can be calculated. The Arrhenius plots for the corrosion of C- sted
in the phosphoric acid containing N-NEDHME are shown in Fig. 7.

Table 5 Temperature influence on the weight loss parameters for carbon steel in 2.0 M H;PO, with and

without different concentrations of N-NEDHME.

Temperature (K) Conc (M) Cr(mg cm?h™) hwe (%) 0
303 Blank 1972 |- -
1x107 0.193 00.2 0.902
5x10° 0.262 86.7 0.867
1x10° 0.365 815 0.815
5x107 0.481 75.6 0.756
308 Blank 2958 ||
1x107 0.340 0.885 0.885
5x10° 0.534 0.819 0.819
1x10° 0.736 0.751 0.751
5x107 0.931 0.685 0.685
318 Blank 5239 |
1x107 0.951 0.818 0.818
5x10° 1.629 0.689 0.689
1x10° 1.986 0.621 0.621
5x107 2.546 0.514 0.514
328 Blank 9696 |- |-
1x107 2.491 0.743 0.743
5x10° 4133 0.574 0.574
1x10° 5.417 0.441 0.441
5x107 6.366 0.343 0.343

The entropy of activation (AH;) and enthalpy of activation (AS,) for the corrosion of alloy were calculated
from the transition state theory Eq. (10) [46].
RT aDS, 0
Cp=—— a~
R Nh@(pg R 5@('0 RT 5
where E, is the apparent activation corrosion energy, R is the universal gas constant, A is the Arrhenius pre-
exponential factor, h is Plank’s constant, N is Avogrado’s number, DS, is the entropy of activation and DH, is
the enthalpy of activation.
Fig. 6 shows a plot of Ln (Cg/T) against L/T. A straight lines are obtained with a slope of
(-DH4R) and an intercept of (Ln R/Nh + DS/R) from which the values of DH, and DS, are calculated and are
listed in Table 6.

g DH, 0 (10)

Table 6 Activation parameters for the corrosion of carbon sted in 2.0 M H3PO, in the presence of different
concentrations of N-NEDHME.

Inhibitor (mM) Ea(kJmol™) DH, (kJ mol™) DS (Jmol* K" | E.- DH, (kJmol™)
0.0 51.65 49.03 -77.35 2.62
10.0 84.35 81.73 11.10 2.62
5.0 90.54 87.92 34.57 2.62
1.0 87.63 85.01 27.63 2.62
0.5 84.46 81.84 19.46 2.62
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Figure 5. Arrhenius plots for the corrosion of C- steel in 2.0 M H3PO, containing different concentrations of
N-NEDHME.
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Figure 6. Ln(Cg/T) versus /T for the corrosion of C-stedl in 2.0 M H3PO, containing different concentrations
of N-NEDHME.

The results show that the apparent activation energies at reatively lower concentrations
(0-5.0 mM) increase with the concentration of N-NEDHME, while in the range of 5.0-10.0 mM, they
decrease with increasing concentrations of N-NEDHME. A similar behaviour has been previously reported in
the literature [47,48]. According to Riggs and Hurd [49], the decrease in apparent activation energy at higher
levels of inhibition arises from a shift of the net corrosion reaction, from one on the uncovered surface to one
directly involving the adsorbed sites. This also reveals that the entire process is surface-reaction controlled,
since the energy of activation for the corrosion process, both in the absence and presence of inhibitor, was
greater than 20 kJ/mol [50].

Temperature investigations are required, although they do not furnish all of the information needed for the
elucidation of adsorption character. There are cases in which chemical adsorption is accepted as the most
probable type of adsorption, athough hy, (%) decreases with rising temperature and E, is higher than that in
the absence of inhibitor, while physical adsorption is suggested to occur in cases in which the oppositetrend is
observed [51]. Nevertheless, the adsorption of an organic molecule is not considered as a purely physical or
chemical adsorption phenomenon. A wide spectrum of conditions, ranging from the dominance of
chemisorptions or electrostatic effects, arises from other experimental data on adsorption [52].

In Table 5, the values of AH, and E, are nearly the same and are higher in the presence of inhibitor than in a
blank solution, indicating that the energy barrier of the corrosion reaction increased in the presence of the
inhibitor without changing the mechanism of dissolution [53]. The entropy of activation, AS,, in the absence of
the inhibitor is negative, implying that the rate-determining step for the activated complex is the association
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rather than the dissociation step, while in the presence of the inhibitor, AS, is positive, which implies that the
adsorption process is accompanied by an increase in entropy, which is the driving force for the adsorption of
inhibitor onto the C-stedl surface[48].
One can notice that E, and DH, values vary in the same way permitting to verify the known thermodynamic
reaction between the E; and DH, as shown in Table 5 [54]:

DH,= E,— RT (11)

3.1.3. Adsorption considerations
The primary step in the action of inhibitors in acid solutions is adsorption onto the metal surface, which is
usually oxide-free. The adsorbed inhibitor then acts to retard the cathodic and/or anodic electrochemical
corrosion reaction. It has been reported that the mechanism of inhibition of an inhibitor may vary with factors
such as concentration, pH, nature of the anion of the acid, and nature of the metal [55]. Basic information on
the interaction between the inhibitor and the carbon steel surface can be provided by the adsorption isotherm.
In order to abtain the isotherm, linear relation between 6 values (Eg. (11); Table 6) and inhibitor
concentration, Ci,, must be found. Attempts were made to fit the h values to various isotherms including
Langmuir, Temkin, Frumkin and Flory-Huggins. By far the best fit is obtained with the Langmuir isotherm.
Langmuir adsorption isotherm was found to be the best description of the adsorption behaviour of the studied
inhibitor among several adsorption isotherms assessed. Langmuir adsorption isotherm is described by the
following equations:
Cool.c, (12)
q Kads
whereq isthe degree of surface coverage and Ciy, is the inhibitor concentration in the electrolyte and the
surface coverage 6 is given by
g = hw.(%)/100 (13)
where hy, (%) is the percentage inhibition efficiency as calculated using Eq. (8).
Kas is the equilibrium constant of the adsorption process which is related to the standard Gibbs energy of
adsorption, DG, , according to:
K, = 1 o DG, 9 (14)
55.55 § RT
where R isthe universal gas constant. T the thermodynamic temperature and the value of 55.55 isthe
concentration of water in the solution in mol/L [56].
Fig. 7 shows the dependence of the fraction of the surface covered Ci,/6 as a function of the concentration
(Cinry) Of N-NEDHME.

0,000 0,003 0,006 0,009 0,012
C (mol/L)

inh

Figure 7. Langmuir adsorption isotherm for the adsorption of N-NEDHME on C-stedl surfacein 2.0 M H3PO,
at different temperatures.
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The DG, values obtained for N-NEDHME on the C-steel surface in 2.0 M H3PO, are between -29 and -32
kJ mol™. These values indicate that the adsorption process may involve complex interactions involving both
physical and chemical adsorption of the inhibitor, as reported by Li et al. [25]. The fact that both DG, and

inhibition efficiency decrease with the increase in temperature, indicates that the adsorption of N-NEDHME
on the C-steel surface in phosphoric acid are not favored at high temperature and hence can be considered to

be predominantly physisorption. Fig. 8 clearly shows the regular dependence of DG, on T, indicating a good
correlation among thermodynamic parameters.

-29,0

-29,5 4
-30,0 4

-30,5 1

(KJ/ mol)

-31,0 4

ads

-31,54

DG®

-32,0 4

-32,5 T T T T T T T T T T
3,05 3,10 3,15 3,20 3,25 3,30
1000/ T (K™

Figure 10. Variation of DG, versus T on C-steel in 2.0 M H3PO, containing N-NEDHME.

However, physisorption was the major contributor while chemisorptions only dlightly contributed to the
adsorption mechanism judging from the decrease of hy,. (%) with increase in temperature and the higher
values of E, obtained in the presence of inhibitor when compared to its absence.

The enthalpy of adsorption can also be calculated from the Gibbs-Helmholtz equation [57]:

oS, MY DH,, -
é T ap T’
which can be arranged to give the following equation:
DG, _ DH_, LA (16)
T T

The variation of DG_,,/T with 1/T gives astraight line with a slope which is equal to DH ; (Fig. 9). It can be

seen from the figure that DG, /T decreases with 1/T in a linear fashion. The obtained value of DH ,, was —
67.26 kI mol ™.
Thermodynamically, DG, is related to the standard enthalpy and entropy of the adsorption process, DH

and DS, , respectively, via Eq. (17):
DG, =DH_, - TDS,

ads

(17)
and the standard enthalpy of adsorption ( DH . ) can be calculated according to the van't Hoff equation [54]:

DH’
Ln(K_) =- = + Congt. (18)
e RT

A plot of Ln (Ka) versus 1000/ T gives a straight line, as shown in Fig. 10. The slope of the straight lineis -
DH_./R. Thevaueof DH_  isgiveninTable7.
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Figure 9. Therelationship between DG, /T and 1/T.
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Figure 10. Van't Hoff plot for the C-steel/ N-NEDHME /2.0 M H3PO, system.

The values of thermodynamic parameters for the adsorption of inhibitors are of significant importance in
providing a good insight into the mechanism of corrosion inhibition. In general, an endothermic adsorption

process (DH_,.> 0) is attributed unequivocally to chemisorption [54], an exothermic adsorption process

(DH < 0) may involve either physisorption or chemisorption or a combination of both the processes. In an

exothermic process, the physisorption is distinguished from the chemisorption by considering the absolute
values of standard enthalpies of adsorption.

The standard enthalpy of a physisorption process is lower than 40 kJ mol™, while that of a chemisorption
process approaches to 100 kJ mol™ [57]. In the present case, the calculated value of DH wis1S -67.29 kJ mol ™,
which is an intermediate case [58], probably involving both physisorption and chemisorption.

Table 7 Thermodynamic parameters for the adsorption of inhibitor on metal surfacein 2.0 M H3;PO,.

Temperature (K) | Kas(M7) | R° DG, (kImol™) | DH2 (kImol™) | DS (Imol™ K™
303 657285 | 09998 | -32.26 -115.61
308 378389 | 09997 | -31.38 -67.29 -116.59
318 172038 | 09998 | -30.32 -116.26
328 833.33 09987 | -29.29 -115.85
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The standard entropy of inhibitor adsorption, DS, , can be calculated from Eq. (16). The calculated values

DS, are recorded in Table 6. It is obvious that the values of DS, are negative, as inhibitor molecules move

freely in the bulk solution (are chaotic) before adsorption, while as adsorption progresses, the inhibitor
molecul es adsorbed onto the C-stedl surface become more orderly, resulting in a decrease in entropy [59].

3.4. Quantum chemical calculations

Computational methods have a potential application towards the design and development of organic corrosion
inhibitors in corrosion field [60]. The studies of Vosta and Eliasek [61] and Chakrabarti [62] can be respected
as the first theoretical studies on corrosion inhibitors in the literature. Semi-empirical calculations to evaluate
the efficiency of some imidazole derivatives as acidic corrosion inhibitors for steel have been performed by
Bereket et al. [63] using AM1, PM3, MNDO and MINDO/3 methods. Recently, the density functional theory
(DFT) has been used to analyze the characteristics of the inhibitor/surface mechanism and to describe the
structural nature of the inhibitor on the corrosion process [64]. Furthermore, DFT is considered a very useful
technique to probe the inhibitor/surface interaction as well as to analyze the experimental data. Thus in the
present investigation, quantum chemical calculation using DFT was employed to explain the experimental
results obtained in this study and to further give insight into the inhibition action of N-NEDHME on the C-
sted surface. Figs. 11-12 show the optimized geometry, the HOMO density distribution and the LUMO
density distribution.

Figure 12. Thefrontier molecule orbital density distributions of N-NEDHME: HOMO (left); LUMO (right).

Table 8 shows some of the key quantum chemical parameters computed using DFT method. These are mainly
the energies of the highest occupied (Exomo) and lowest unoccupied (ELumo) molecular orbitals, energy of the
gap, AE (ELumo - Eromo), dipole moment (1) and total energy (TE). These quantum chemical parameters were
obtained after geometric optimization with respect to all nuclear coordinates.

Table 8 The calculated quantum chemical parameters of N-NEDHME.

Compound TE (u.a) Enomo (6V) | ELumo (6V) | AEg (V) | p(Debye) | AN

N-NEDHME | -575.20729 | -4.999 - 0.6663 4.332 2.2569 0.96183673

Frontier orbital theory is useful in predicting adsorption centres of the inhibitor molecules responsible for the
interaction with surface metal atoms [65]. M oreover, the gap between the LUMO and HOMO energy levels of
the molecules was another important factor that should be considered. It has been reported that excellent
corrosion inhibitors are usually those organic compounds who are not only offer electrons to unoccupied
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orbital of the metal, but also accept free electrons from the metal [66]. It is also well documented in literature
that the higher the HOMO energy of the inhibitor, the greater its ability of offering electrons to unoccupied d-
orbital of the metal, and the higher the corrosion inhibition efficiency. In addition, the lower the LUMO
energy, the easier the acceptance of eectrons from metal surface, as the LUMO-HOMO energy gap decreased
and the efficiency of inhibitor improved. The calculated molecular properties for N-NEDHME are presented in
Table 7. Higher values of Epyomo are likely to indicate a tendency of the molecule to donate electrons to
appropriate acceptor molecules with low energy or empty eectron orbital. The negative coefficient of Eyomo
also confirms the physisorption mechanism [67]. This theoretical result is in agreement with the values of E,,

DH_,, and DG, obtained experimentally. The energy of the LUMO is directly related to the electron affinity

and characterizes the susceptibility of the molecule towards attack by neuclophiles. The lower the values of
ELumo are, the stronger the electron accepting abilities of molecules. Low values of the energy gap (AE) will
provide good inhibition efficiencies, because the excitation energy to remove an electron from the last
occupied orbital will be low [68]. A molecule with a low energy gap ismore polarizable and is generally
associated with a high chemical reactivity.
According to Pearson [69], when two systems Fe and inhibitors are brought together electrons will flow from
lower y (inhibitor) to higher y (Fe) until the chemical potentials become equal. As a first approximation, the
fraction of eectron transferred, AN, is given by:
Cr.- C.
DN - Fe inh 19
2(hFe +hinh) ( )

where c, and c,,, denote the absolute electronegativity of iron and the inhibitor molecule, respectively; h,

and h., denote the absolute hardness of iron and the inhibitor molecule, respectively. The difference in

electro-negativity drives the eectron transfer, and the sum of the hardness parameters acts as a resistance [69].
These quantities are related to eectron affinity (A) and ionization potential (1) which are useful in their ability
to help predict chemical behaviour [70].

c = L*A (20)
2
h = > A (21)
| and A arerelated in turn to Eyomo and E, ymo as follows:
| =—Eomo (22)
A= _ELUMO (23)

Vaues of y and n were calculated by using the values of | and A abtained from quantum chemical
calculations. Using a theoretical y value of 7 eV/mol according to pearsons electro-negativity scale [69] and a
global hardness n value of 0 eéV/mol for Fe by assuming that for a metallic bulk I = A [71], AN, which is the
fraction of eectrons transferred from inhibitor to the mild steel surface was calculated (Table 7). Values of AN
showed inhibition effect resulted from electrons donation. According to Lukovits [72], if AN <3.6, the
inhibition efficiency increased with increasing electron donating ability at the metal surface. In this study, N-
NEDHME was the donor of eectrons, and the C-steel surface was the acceptor. This result supports the
assertion that the adsorption of inhibitor on the metal surface can occur on the bases of donor- acceptor
interactions between the n-electrons of this compound and the vacant d-orbitals of the metal surface[73].

4. Conclusion

The main conclusions drawn from these studies are weight loss, polarization studies, and impedance
measurements which are in reasonably good agreement. The inhibition efficiencies increased with increasing
inhibitor concentration but decreased with temperature. E, for the inhibited solution was higher than that of the
uninhibited solution. The adsorption model obeyed the Langmuir adsorption isotherm at all studied
temperatures. Thermodynamic adsorption parameters, namely DG, DH,,. and DS, indicated that the
adsorption of N-NEDHME molecules was a spontaneous and exothermic process. The variation of inhibition
efficiency with temperature and the values of DG, and DH ,,, predict both physisorption and chemisorption
of this compound on the alloy surface, but predominantly physisorption. Tafel parameters give an idea this
inhibitor is mixed-type in nature. Data obtained from ac impedance technique show a frequency distribution
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and therefore a modelling element with frequency dispersion behaviour, a constant phase element (CPE) has
been used. The calculated corresponding parameters showed increase of the Ry and decrease of the
capacitance values with N-NEDHME concentration in the 2.0 M H3;PO, medium. The calculated quantum
chemical parameters support the good inhibiting performance of this compound.
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