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ABSTRACT: The copper corrosion inhibition in one molar nitric acid by cefpodoxime drug is studied via mass loss technique at
303-323K and quantum chemistry. The results show that the studied drug is an efficient inhibitor which adsorbs spontaneously
on copper through Langmuir model. Thermodynamic adsorption functions and activation ones were determined and analyzed.
They indicate a predominant physisorption process and an endothermic dissolution process. Scanning electron microscopy was
used to characterize the metal surface. Quantum chemical calculations at B3LYP level with 6-31G (d, p) basis set lead to
molecular descriptors such as Exvomo (energy of the highest occupied molecular orbital), ELumo (energy of the lowest unoccupied
molecular orbital), AE (energy gap) and p (dipole moment). The global reactivity descriptors such as x (electronegativity), n
(hardness), S (softness) and w (electrophilicity index) were derived using Koopman’s theorem and analyzed. The local reactivity
parameters including Fukui functions f(¥) and local softness s(f) were determined and discussed. Theoretical results were
found to be consistent with the experimental data.
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1 INTRODUCTION

Copper is widely used [1, 2] due to its excellent corrosion resistance, mechanical, thermal and electrical conductivity
properties. However, when being in contact with acids such as nitric acid during industrial stripping and other cleaning
operations, it undergoes corrosion. The most practical method [3, 4] used to combat copper acid corrosion is the use of non-
toxic organic corrosion inhibitors (e.g. addition of heterocyclic organic compounds in the metal’s environment). Up to now,
various organic compounds containing heteroatoms such as O, N and S have been reported to be good inhibitors for copper
corrosion in nitric acid media. Indeed, it is generally accepted [5] that organic compounds exert their inhibitory action via
adsorption on metal surface through the heteroatoms and their double bonds in the aromatic rings. The adsorption of the
organic compounds onto the metal surface is influenced by their chemical structures.

The use of quantum chemical calculations [6] leads to structural and reactivity parameters of molecules. Many studies in
the literature [7-9] have reported on the use of DFT calculations in copper acid corrosion inhibition. It is revealed that the
inhibitory action of the organic compounds is correlated with the theoretical parameters such as the highest occupied
molecular orbital energy (Evomo), the lowest unoccupied molecular orbital energy (ELumo), the energy gap AE, the dipole
moment u, the Mulliken atomic charges, etc. Actually, the choice of effective corrosion inhibitors [10, 11] is generally based on
the correlation between experimental data (inhibition efficiency from mass loss or/ and electrochemical studies) and the
quantum chemical properties (electron donating or/and accepting ability) of the studied molecules. In this work, the inhibitory
effect of cefpodoxime drug (Scheme 1) on copper corrosion in 1 M HNOs solution is investigated by mass loss technique,
scanning electron microscopy and quantum chemistry based on density functional theory (DFT), which is used to get insight
into the corrosion inhibition mechanism.
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Scheme 1: chemical structure of cefpodoxime
2 MATERIALS AND METHODS
2.1 COPPER SPECIMEN

The samples of copper used in this study were in the form of rods with 10 mm as length and 2.2 mm as diameter which
were cut in commercial copper of purity 95%.

2.2  REAGENTS

Cefpodoxime of analytical grade with C1sH17Ns506S2 as formula and acetone of purity 99.5% were purchased from Sigma-
Aldrich Chemicals. Commercial nitric acid of purity 65% was purchased from Pan Reac AppliChem.

2.3 SOLUTION PREPARATION

1M HNOs solutions without or with different concentrations of cefpodoxime ranging from 0.05 to 5mM were then
prepared.

24 MASS LOSS METHOD

Before each measurement, the copper samples were mechanically abraded with different grade emery papers (1/0, 2/0,
3/0, 4/0, 5/0, and 6/0). The specimens were washed thoroughly with bidistilled water, degreased and rinsed with acetone and
dried in an oven. Mass loss measurements were performed in a beaker of 100 mL capacity containing 50 mL of the test solution.
The immersion time for mass loss was 1h at a given temperature. In order to get good reproducible data, parallel triplicate
experiments were conducted accurately and the average mass loss was used to calculate the corrosion rate (W), the degree of
surface coverage (©) and the inhibition efficiency (IE) using Equation 1-3 respectively:

W = _m1s—tmz (1)
Wo-W
oot .

Wo-W

IE(%) = ( =

)* 100 (3)

where W, and W are the corrosion rate without and with inhibitor respectively, m,; and m, are the mass before and after
immersion in the corrosive aqueous solution respectively, S is the total surface of the copper specimen and t is the immersion
time.

25 SCANNING ELECTRON MICROSCOPY
The scanning electron microscopy (FEG SEM, SUPRA 40VP, ZEISS, Germany) was used to characterize the copper surface

after its treatment in the presence or absence of cefpodoxime for 1 h immersion 303K. Comparison was made between the
bare sample and the immersed ones.
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2.6 QUANTUM CHEMICAL CALCULATIONS

To calculate the ground-state energy and the physical properties of cefpodoxime, the Gaussian 09 W package [12] was
used. The molecular structure was optimized to a minimum without symmetry restrictions using B3LYP exchange correlation
functional, a combination of the Becke three parameter hybrid functional [13] with the correlation functional of Lee, Yang and
Parr [14, 15] associated to 6-31 G (d, p) basis set [16]. Figure 1 presents the optimized structure of cefpodoxime. Density
functional theory has been proved to be successful in providing theoretical basis for chemical concepts such as
electronegativity (x), hardness (n), softness (S) and local parameters as Fukui function (f (7)), and local softness (s(7)).

Fig. 1. Optimized structure of cefpodoxime by B3LYP/6-31G (d, p)

For N-electrons system with total energy E, the electronegativity is given by Equation 4:
OE
= — = —|= 4
X="kp (aN)v(r) (4)

Where up and v(ﬁ are the chemical and external potentials respectively. The chemical hardness n which is defined as the
second derivative of E with respect to N is then given by Equation 5:

3%E
1= (5), 65 (5)
The global softness S is the inverse of the global hardness as seen in Equation 6:

=1
S= (6)

According to Koopman’s theorem [17], the ionization potential / can be approximated as the negative of the highest
occupied molecular orbital (HOMO) energy:

I'=—Eyomo (7

The negative of the lowest unoccupied molecular orbital (LUMO) energy is related to the electron affinity A:

A= —Eymo (8)

The electronegativity was obtained using the ionization energy / and the electron affinity A as given in Equation 9:

I1+A
x="=t (9
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The hardness which is the reciprocal of the electronegativity was obtained by Equation 10:
1-A
n=- (10)

When the organic molecule is in contact with the metal, electrons flow from the system with lower electronegativity to
that of higher electronegativity until the chemical potential becomes equal. The fraction of electrons transferred, AN, was
estimated according to Pearson [18]:

AN = XCu=Xinh (11)
2(McutNinn)

In this study, we used theoretical values of y.,and ¢y, (Ncy=4.98 eV) [19] and 1¢,= 0 [20]).
The global electrophilicity index, introduced by Parr [19] is given by Equation (12):

s
w = 2 (12)
The local selectivity of a corrosion inhibitor [21] is generally assessed using Fukui functions. Their values are used to identify
which atoms in the inhibitor are more prone to undergo an electrophilic or nucleophilic attack. The change in electron density
[22] is the nucleophilic and electrophilic Fukui functions, which are defined as:

163 =(29) (13)

v(r)

1. where N and p(?) are the number of electrons and the electron density at position 7* of the chemical species
respectively. After taking care of the discontinuities in f(r—)) versus N plot, the “condensed-to —atom” approximations
off(?)i when multiplied by global softness (S) [23] provide local softness values given by Equation 14-15 respectively:

2. sg (@) =[N+ 1) — q,(N)]S = £’ S (14)

3. s5¢ (M) = [qx(N) —qx(N = DIS = f'S (15)

In these equationsq, (N + 1), q,(N) and g, (N — 1) represent the condensed electronic populations on atom “k” for
anionic, neutral and cationic systems respectively. Therefore, s; (#) and s; (#) represent the condensed local softness values
of atom “k” towards nucleophilic and electrophilic attacks.

3  RESULTS
3.1  EFFECT OF TEMPERATURE AND CONCENTRATION ON CORROSION RATE
The corrosion rate curves of copper without and with the addition of cefpodoxime in 1M HNOs at different temperatures

are shown in Figure 2. These curves reveal that corrosion rate of copper in the studied medium, increases with increasing
temperature. But this evolution is moderated when the concentration of the studied compound increases.
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Fig. 2. Evolution of corrosion rate with temperature for different concentrations of cefpodoxime
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For the temperature range studied, the inhibition efficiency (IE) increases with the increase in inhibitor concentration until
a value of 90.09% for the concentration of 5 mM at 303K (Figure 3).
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Fig. 3. Inhibition efficiency versus temperature for different concentrations of cefpodoxime
3.2 ADSORPTION ISOTHERMS

The basic information on the interaction between the inhibitor and the metal can be provided by the adsorption isotherm.
The adsorption isotherms tested in this work are the models of Langmuir, Temkin, Freundlich, EI-Awady and Flory Huggins. By
fitting the degree of surface coverage (6) and the inhibitor concentration (Figure 4), the best adsorption isotherm obtained
graphically is Langmuir adsorption isotherm with a strong correlation (R>> 0.999) and the slopes of the straight lines are close
to unity.
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Fig. 4. Langmuir adsorption isotherm for cefpodoxime on copper surface in 1M HNO3
The obtained Langmuir adsorption parameters for different temperatures are presented in Table 1.

Table 1. Regression parameters of Langmuir isotherm

T(K) Correlation coefficient Slope Intercept
303 1 1.1067 0.0214
308 0.9999 1.1315 0.0259
313 0.9999 1.1582 0.0308
318 0.9999 1.1994 0.0348
323 0.9998 1.2290 0.0374
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33

THERMODYNANMIC ADSORPTION PARAMETERS

0

The calculated values of AG.;, are presented in Table 2.

Table 2. Thermodynamic parameters for the adsorption of cefpodoxime on copper surface at different temperatures.

T(K) Kaas(M?) AGY (k] mol™) AH? . (k] mol™) AS2, (J mol K™
303 46728.97 -37.19

308 38610.04 -37.31

313 32467.53 -37.47 -22.90 46.90

318 28735.63 -37.74

323 26737.97 -38.14

Thermodynamic adsorption parameters AHgds and (—ASgds) are respectively the intercept and the slope of the straight

0

line obtained by plotting AG, 4, versus T (Figure 5).
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Fig. 5. AG°u4s versus T for the adsorption of cefpodoxime on copper in 1M HNO3,

EFFECT OF TEMPERATURE AND THERMODYNAMIC ACTIVATION PARAMETERS

Figure 6 and Figure 7 show respectively the plots logW and log(W/T) versus 1/T'
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Fig. 6. Arrhenius plots for Copper corrosion in 1M HNO; solutions without and with cefpodoxime
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All graphs show, both in absence and presence of cefpodoxime excellent linearity as expected from equations (22) and (23)
respectively. The intercepts of the lines in Figure 6 allow the calculation of the values of the pre-exponential factor (k) and the
Ea

2 303R) lead to the determination of the activation energy E, both in the absence and presence of the inhibitor.
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Fig. 7. Transition state plots for copper corrosion in 1M HNO3 with or without cefpodoxime

AH
2.303R

The straight lines obtained by plotting log(W/T) versus 1/T (Figure 7) have a slope of (— ) and an intercept of

R ASg
[log(ﬁ) + 2.303R

]. Therefore, the values of AH; and AS,;, were calculated and displayed in Table 3

Table 3. Activation parameters for copper corrosion without and with cefpodoxime in 1M HNO;

E, (kimol?) AH} (kimol?) AS;(Jmol1K?)
Blank 22.77 20.15 -167.87
0.05mM 39.65 37.00 -123.80
0.1mM 41.59 38.94 -120.31
1mM 47.15 44.49 -104.08
5mM 59.73 47.07 -98.14

35 SURFACE STUDIES

In order to characterize the metal surface behavior in contact with nitric acid solution in the absence and presence of the
studied inhibitor, a surface analysis was carried out using scanning electron microscope, immediately after the corrosion tests.
The copper samples in 1M HNOs solution with and without optimal concentration of the cefpodoxime drug were subjected to
analysis. SEM images are shown in Figure 8 A-C.
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Fig. 8. micrographs

Micrographs show that surface corrosion of copper decreased remarkably in the presence of the inhibitor (Figure 8-C).
Inspections of the figures reveal that there is severe damage, clear pits and cavities on the surface of copper in the absence of
inhibitor (Figure 8-B) than in its presence and polished metal (Figure 8-A). There are fewer pits and cracks observed in the
inhibited surface. It confirms that the metal surface is fully covered with the inhibitor molecules and a protective inhibitor film
was formed.

3.6 QUANTUM CHEMISTRY CALCULATIONS
3.6.1 GLOBAL REACTIVITY

In Table 4, we list the values of selected quantum chemical parameters calculated for the studied molecule by using DFT
methods.

Table 4. Molecular and reactivity descriptors of cefpodoxime

Descriptor Value Descriptor Value

Eromo (eV) —4.2110 I (eV) 4.2110
Ewumo (eV) -1.6417 A (eV) 1.6417

AE (eV) 2.5693 i (Debye) 9.0641

AN 0.7992 N (ev) 1.2847

S (ev)? 0.7784 o) 3.3330

X (eV) 2.9264 TE (a.u) —2103.0911

HOMO and LUMO diagrams of the inhibitor are presented in Figure 9.
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Fig. 9. HOMO (left) and LUMO (right) of cefpodoxime by B3LYP 6-31 G (d, p)

From Figure 9, it can be seen that the HOMO and LUMO diagrams of the studied molecule clearly present the active areas
where transfers of electrons could occur (from the molecule to copper or vice-versa).

3.6.2 LOCAL REACTIVITY

The calculated Mulliken atomic charges, Fukui functions local softness indices by DFT at the B3YLP/6-31G (d, p) level are
displayed in Table 5.

Table 5. Charges of some selected atoms, condensed Fukui functions and local softness indices

Atom gk(N+1) qk(N) gk(N-1) fit fi sk Sk
C(1) 0.336 0.321 0.247 0.015 0.074 0.012 0.058
C(2) 0.379 0.377 0.279 0.002 0.098 0.002 0.076
C(3) -0.420 -0.324 -0.307 -0.096 -0.017 -0.075 -0.013
S (4) 0.211 0.261 0.455 -0.050 -0.194 -0.039 -0.151
N (7) -0.544 -0.580 -0.461 0.036 -0.119 0.028 -0.093
N (8) -0.629 -0.617 -0.576 -0.012 -0.041 -0.009 -0.032
C(11) 0.135 0.144 0.269 -0.009 -0.125 -0.007 -0.097
C(12) 0.486 0.543 0.519 -0.057 0.024 -0.044 0.019
0 (13) -0.504 -0.472 -0.388 -0.032 -0.084 -0.025 -0.065
N (14) -0.282 -0.186 -0.154 -0.096 -0.032 -0.075 -0.025
0 (15) -0.410 -0.389 -0.376 -0.021 -0.013 -0.016 -0.010
C(16) -0.020 -0.057 -0.087 0.037 0.030 0.029 0.023
N (20) -0.605 -0.512 -0.582 -0.093 0.070 -0.072 0.054
C(22) -0.004 0.060 -0.012 -0.064 0.072 -0.050 0.056
C(23) -0.064 -0.139 -0.138 0.075 -0.001 0.058 -0.001
C(27) 0.624 0.655 0.527 -0.031 0.128 -0.024 0.100
0 (28) -0.543 -0.581 -0.370 0.038 -0.211 0.030 -0.164
N (29) -0.557 -0.519 -0.491 -0.038 -0.028 -0.030 -0.022
S (30) -0.011 0.097 0.208 -0.108 -0.111 -0.084 -0.086
C(31) -0.354 -0.283 -0.307 -0.071 0.024 -0.055 0.019
C(32) -0.047 -0.070 0.057 0.023 -0.127 0.018 -0.099
C(33) 0.096 0.061 0.052 0.035 0.009 0.027 0.007
C(34) 0.445 0.541 0.600 -0.096 -0.059 -0.075 -0.046
O (35) -0.463 -0.494 -0.475 0.031 -0.019 0.024 -0.015
O (36) -0.576 -0.552 -0.531 -0.024 -0.021 -0.019 -0.016
C(38) 0.023 0.033 -0.135 -0.010 0.168 -0.008 0.131
0 (39) -0.512 -0.527 -0.431 0.015 -0.096 0.012 -0.075
C (40) -0.045 -0.063 -0.248 0.018 0.185 0.014 0.144
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4 DISCUSSION
4.1 CORROSION RATE VERSUS TEMPERATURE

The evolution of the corrosion rate for each concentration of cefpodoxime (Figure 2) shows a significant decrease in
corrosion rate upon the addition of the studied inhibitor to the acidic solution, revealing the effectiveness of the molecule as
a corrosion inhibitor for copper in 1 M nitric acid. A plausible explanation of these results is that the increasing inhibitor’s
concentration reduces the metal exposed surface to the corrosive environment through the increasing number of adsorbed
molecules on its surface which hinders the direct acid attack on the metal surface [24].

4.2 INHIBITION EFFICIENCY VERSUS TEMPERATURE

As seen in Figure 3, inhibition efficiency decreases as the temperature increases for the concentration range studied. The
literature [25] stated that decrease in inhibition efficiency with increase in temperature indicates physisorption of inhibitor on
the corroding metal surface.

4.3 ADSORPTION MODEL

From the correlation coefficients (R?) and the slopes displayed in Table 1, the correlation coefficients are very close to unity
and the slopes are also close to unity. Therfore, the studied inhibitor adsorbs on copper surface through Langmuir isotherm
model.

4.4 ADSORPTION THERMODYNAMIC FUNCTIONS

Langmuir adsorption isotherm is described by Equation 19:

Cinh _ 1 -~
9 - Kads + th (19)
where C;,j, is the cefpodoxime concentration, K, 4, is the equilibrium constant of thadsorption process and 8 is the degree
of surface coverage. The equilibrium constant (K, is related to the standard free adsorption enthalpy by Equation 20 [26]:

AGY,, = —RTIn(55.5K,45) (20)

In the above equation [27], 55.5 is the concentration of water in mol. L%, T is the absolute temperature while R is the perfect
gas constant. As displayed in Table 2, the obtained values of free adsorption enthalpy change, Angs were negative, indicating
the spontaneity of the adsorption process and the stability of the adsorbed layer [28] on the copper surface. It is generally
accepted [26, 29] that values of Angs around —40 kJ mol™ or more negative are associated with chemisorption while those of
—20 kJ mol? or less negative indicate physisorption. The values displayed in Table 2 clearly indicate both chemisorption and
physorption. The standard adsorption enthalpy change AHgds and the standard adsorption entropy change ASgds are
correlated with standard Gibbs free energy by Equation 21:

AGt(z)ds = AHt(z)ds - TAst(z)ds (21)

In the present work, AHgds is negative, showing an exothermic process. The literature [30] revealed that an exothermic
process means either physisorption or chemisorptions. Therefore this result confirms that the process of adsorption is both
physisorption and chemisorption. The change in adsorption entropy (Asgds) is positive, meaning that disorder increases during

the adsorption process. This situation can be explained by the desorption of water molecules replaced by the inhibitor.
4.5  TEMPERATURE AND ACTIVATION PARAMETERS

Activation parameters are of great importance in the study of the inhibition mechanism of metals. The kinetics functions
for the dissolution of copper without and with various concentrations of cefpodoxime are obtained by applying the Arrhenius
equation and the transition state Equation 22-23 respectively:

Eq
2.303RT

log (g) = [log(:;h) +

logW = logk — (22)

AS;
2.303R

AHG
2.303RT

1= (23)
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In these equations, E,is the apparent effective activation energy, k is the Arrhenius pre-exponential factor; h is the Planck’s
constant, X is the Avogadro number, AS,, is the change in activation entropy and AH_ is the change in activation enthalpy.

According to the values displayed in Table 3, it seems that £, and AH.* varied in the same way, probably due to the
thermodynamic relation between them (AHa* = Ea —RT). The higher values of effective activation energy (Ec) in the presence of
inhibitor as compared to the (Eq) in the absence of inhibitor in the hydrochloric acid medium indicates that the inhibitor induces
the energy barrier for the corrosion reaction which leads to the decreasing of rate of corrosion of copper in the presence of
inhibitor [28]. Furthermore, the inhibition efficiencies decrease with the increase in temperature. This trend in the evolution
of the activation energy Eu * can be interpreted as an indication for physical adsorption [31]. The value of AH.* is higher for
inhibited solution than that for the uninhibited solution. This suggested that an increase in randomness occurred on going from
reactants to the activated complex. This might be results of the adsorption of cefpodoxime molecules from the acid solution
could be regarded as quasi-substitution between the cefpodoxime in the aqueous phase and water molecules on copper
surface. In such condition, the adsorption of inhibitor molecules was followed by desorption of water molecules from the
copper surface. Thus increase in entropy of activation was attributed to solvent (H20) entropy [32].

4.6 QUANTUM CHEMICAL CALCULATIONS
4.6.1 GLOBAL PARAMETERS

Quantum chemical parameters obtained from the calculations which are responsible for the inhibition efficiency of given
inhibitor such as the energies of frontier molecular orbitals (Esomo) and (Ewumo), the separation energy (ELumo-Exomo), AE,
representing the function of reactivity, the electron affinity, the ionization potential, dipole moment, total energy etc are
collected in Table 4. The energy of the HOMO (Enomo) represents the ability of a given molecule to donate a lone pair of
electrons and the higher the Enomo value, the greater the tendency of the molecule to donate electrons to an electrophilic
reagent [33] and the lower the ELumo, the greater the tendency of the molecule to accept electrons from metal atoms. Results
from Table 4 show that cefpodoxime has low E.umo and high Exomo. This high Enomo value indicates the tendency to donate
electrons to empty molecular orbital of copper ions (Cu?*: [Ar] 3d®). The energy difference between Enomo and Ewumo (i.e., AE)
implies the more or less reactivity of the given compound; the smaller the AE value, the greater the reactivity of the molecule.
The results (see Table 4) show that the studied inhibitor has 2.5693 eV as separation energy. That could explain the high
inhibition efficiency obtained (90.09%) for 5 mM of cefpodoxime at 303K.

The dipole moment gives information on the polarity. The higher the dipole moment, the higher is the polarity of the
molecule [34]. As seen in Table 4, the dipole moment value is very high (9.0641Debye) compared with that of many other
molecules. Many authors state that high values of dipole moment [35] probably leads to an important adsorption of the
chemical compound on the metal surface and therefore higher inhibition efficiency.

The ionization potential (/) and the electronic affinity (A) are respectively (4.2110eV) and (1.6417 eV). This low value of (/)
and the high value of electron affinity indicate the capacity of the molecule both to donate and accept electron. The
electronegativity (x) indicates the capacity of a compound to attract electrons; whereas the hardness (n) expresses the degree
of reactivity of the system (low values of hardness indicate a tendency to donate electrons). In our work the low value of the
electronegativity of the studied molecule when compared to that of copper and the low value of hardness (1.2847eV) confirm
the relatively higher value of the fraction of electrons transferred (AN =0.7992). The electrophilicity index measures the
propensity of chemical species to accept electrons; a high value of electrophilicity index describes a good electrophile while a
small value of electrophilicity index describes a good nucleophile. In this work the obtained value (w = 3.3330eV) shows the
good capacity of cefpodoxime to accept electrons.

4.6.2 LOCAL PARAMETERS

Local reactivity descriptors including Fukui functions and local softness indices were collected in Table 5.

The analysis of Table 5 indicates that according to the Fukui theory of reactivity, C (23) is the nucleophilic attacks center (fk*
is maximum) when C (40) is the electrophilic attacks center (fk" is maximum). The local softness contains the information similar
to those condensed Fukui function plus additional information about the total molecular softness. A high value of s«*indicates
high nucleophilicity and the high value of sk indicates high electrophilicity.
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5 CONCLUSION

Cefpodoxime drug shows good inhibition properties for copper corrosion in 1 M HNOs. The inhibition efficiency increases
with increasing concentration in the studied inhibitor but decreases with rise in temperature. Adsorption of cefpodoxime
follows the Langmuir adsorption isotherm. The adsorption and activation thermodynamic functions reveal a spontaneous
adsorption process of the studied molecule onto copper and both physisorption and chemisorption mechanisms with
predominance of physisorption. The SEM images confirm the formation of a protective layer on the metal surface. Quantum
chemical calculations data from B3LYP/6-31G (d, p) are consistent with the experimental results.
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