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investigated in the temperature range of 298-318 K and the concentration range of 0.02-
2 mM using weight loss measurement approach. The results obtained at 298 K divulged

Keywords that this pharmaceutical compound had established more than 94 % inhibition efficiency
v Copper, at an optimum concentration of 2 mM. The adsorption of this drug on copper obeys the
v cefadroxil, Langmuir isotherm. The adsorption thermodynamic functions (AG®ags, AH ds and AS®ags)
v nitric acid, and the activation parameters (Ea, AH*,, AS*;) were determined and their values point
v weight loss, out both physisorption and chemisorption with a predominance of physisorption.
v Fukui functions, Furthermore, the quantum chemical properties/descriptors most relevant to the potential
v dual descriptor action of the compound as corrosion inhibitor such as highest occupied molecular energy

(EHomo), lowest unoccupied molecular orbital energy (ELumo), energy gap (AE), dipole

L . moment () and charges on heteroatoms were computed using DFT at B3LYP level with
dickiensil2@gmail.com 6-31G (d, p) basis set. Fukui functions and dual descriptor were also determined and
discussed. The theoretical results are consistent with the experimental data to good extend

1. Introduction

Copper and its alloys are widely used in many industries and applications (industrial equipment, tubes, wires
production, electricity and electronics, etc.) due to its excellent electrical and mechanical properties [1-4]. Thus,
corrosion of copper and its inhibition in aggressive media has focused many researches [5-8]. Among several
methods used in combating corrosion problems, the use of chemical inhibitors remains the most cost effective and
practical one [9-11].

Therefore, heterocyclic compounds [12] are employed as corrosion inhibitors because the presence of many

adsorption centers (O, N, S, P, and & electrons) helps them to form complexes with metal ions. These complexes
constitute a film barrier which separates the metal from the aggressive environment [13].
A review of literature [14, 15] indicates that cefadroxil has been studied as a corrosion inhibitor for steel and
aluminum in an acid medium. However, the inhibitive properties of this compound against copper corrosion are
reported for the first time through this paper. Cefadroxil is the commercial name of 7f - {[(2r) -2-amino-2- (4-
hydroxyphenyl) acetyl] amino} -2, 3-didehydrocepham-2-carboxylic acid having molecular formula of
Ci16H17N30sS and 363.389 gmol™ as molecular mass.

The aim of the present paper is to establish the relationship between the calculated quantum chemical
parameters and the experimentally determined inhibition efficiency of cefadroxil drug (Scheme 1) against copper
corrosion in one molar nitric acid medium. This can be achieved by computing the most relevant electronic
properties of the studied drug including global parameters such as Exomo, ELumo, energy gap (AE), dipole moment
(u), electronegativty (), global hardness (1), glogal softness(S), fraction of electrons transferred (AN) as well as
local ones (Fukui functions and dual descriptor).
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Scheme 1: Chemical structure of cefadroxil.

2. Experimental details

2.1 Copper samples

The copper specimens were in form of rod measuring 10 mm in length and 2.2 mm of diameter. They were cut in
commercial copper of purity 95 %.

2.2 The studied inhibitor

It is a first-generation cephalosporin antibiotic drug that is the para-hydroxy derivative of cefalexin, and is used
similarly in the treatment of mild to moderate susceptible infections such as the bacterium Streptococcus
pyogenes, causing the disease popularly called strep throat or streptococcal tonsillitis, urinary tract infection,
reproductive tract infection, and skin infections.

2.3 Solutions

Analytical grade 65 % nitric acid solution from Sigma-Aldrich Chemicals was used to prepare the corrosive
aqueous solution. The solution was prepared by dilution of the commercial nitric acid solution using double
distilled water. The blank was a 1M HNO:s solution. Solutions of cefadroxil with concentrations in the range of
0.02 mM to 2 mM were prepared. Acetone of purity 99.5% was also purchased from Sigma-Aldrich Chemicals.

2.4 Weight loss technique

Prior to all measurements, 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 double distilled water, degreased and
rinsed with acetone and dried in a moisture-free desiccator. Weight loss measurements were carried out in a beaker
of 100 mL capacity containing 50 mL of the test solution. The immersion time for weight loss was 1h at a given
temperature. In order to get good reproducible data, parallel triplicate experiments were performed accurately and
the average weight loss was used to calculate the corrosion rate (W), the degree of surface coverage (6) and the
inhibition efficiency (IE) using Equation 1-3 respectively:

_Mmy—m;

W = — @
_ Woe-w

0 == 2

Wo—-W

1E(%) = ( o

)*100 3)

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

2.5 Computational details

In order to explore the theoretical-experimental consistency, quantum chemical calculations were performed using
Gaussian 09 W package [16]. In the present calculations, we have used Becke’s three parameter exchange
functional along with the Lee-Yang-Parr non local correlation functional (B3LYP)[17] using 6-31G(d,p) basis set

Global parameters

The molecular descriptors such as the energy of the highest occupied molecular orbital (Exomo), the energy of the
lowest unoccupied molecular orbital (ELumo), the energy gap (AE= ELumo — Enomo), the dipole moment (w) and
the total energy (E) of the molecule were computed. The reactivity parameters were then calculated using the

conceptual framework of DFT [18, 19]. So, the chemical potential p,, is defined as (Equation 4):
OF

My = (azv)v(r) -4 (4)
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where u,, is the chemical potential, E is the total energy, N is the number of electrons, v(r) is the external potential
of the system and y is the global electronegativity. The global hardness is given by Equation 5 the equation below:

n=(5%) ©)

Figure 1: Optimized structure of cefadroxil calculated by B3LYP/6-31 G (d, p).

Using the finite difference approximation and the Koopmans theorem, the global electronegativity and the global
hardness are given by Equation 6 and 7 respectively:

— a4 _ _ (EnomotErumo) 6)
2 2
n= (I;A) ~ (ELUMO;EHOMO) @)

The global softness which is the reciprocal of the global hardness can be obtained using Equation 8:

1
S=: ®
The ionization potential is the negative of Enomo (Equation 9)
I'=—=Eyomo ©
The electron affinity is the negative of E umo (Equation 10)
A = —ELymo (10)
The electrophilicity index e [20] is defined as:
2
w="1L (11)

According to the definition, this index measures the propensity of chemical species to accept electrons. A high
value of electrophilicity index describes a good electrophile behavior while a small value of electrophilicity index
describes a good nucleophile behavior.
The fraction of electrons transferred (AN) is given by Equation 12 [21]:
_ XCy—Xinh

AN = 2(Ncy +Minn) (12)
The values of experimental work function y., = 4.98 eV [20] and hardness n¢, = 0 [22] (since for bulk metallic
atoms | = A) were considered to calculate AN. This new reactivity index measures the stabilization in energy when
the system acquires an additional electronic charge AN from the environment [23].

Local parameters

The Fukui functions were used to analyze the local reactivity of cefadroxil as a corrosion inhibitor of
copper. The condensed Fukui functions and condensed local softness are parameters which enable us to
distinguish each part of the studied compound on the basis of its chemical behavior due to different substituent
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functional groups. The Fukui function is defined as the derivative of the electronic density p(r) with respect to the
number N of electrons:

10 =(%2), ., (13)

The condensed Fukui functions provide information about atoms in a molecule that have a tendency to either
donate (nucleophilic character) or accept (electrophilic character) an electron or a pair of electrons [24]. The
nucleophilic and electrophilic Fukui function for an atom k [25] can be computed using a finite difference
approximation as seen in

i = [qx (N + 1) — g (N) ] for nucleophilic attack (14)
fii =lax (N) —qx(N — 1) ] for electrophilic attack (15)

where g, (N + 1), qx(N) and g, (N — 1) are the charges of the atoms on the systems with (N+1), N and N-1
electrons respectively.

It has been reported recently [26] that a new descriptor has been introduced [27, 28] which allows the
determination of individual sites within the molecule with particular behaviors. A mathematical analysis reveals
that dual descriptor is a more accurate tool than nucleophilic and electrophilic Fukui functions [29]. This
descriptor is defined as:

8 = (57, (16)

The condensed form [27] of the dual descriptor is given as:

Afe(M) = fif — fie (17)

When Afy. (r) > 0, the process is driven by a nucleophilic attack and atom k acts as an electrophile; conversely,
when, Af(r) < 0 the process is driven by an electrophilic attack on atom k acts as a nucleophile. The dual
descriptor Af () is defined within the range {-1;1}, what really facilitates interpretation [29].

3. Results and discussion
3.1 Weight loss measurement
Figure 2 gives the representation of corrosion rate versus temperature for different concentrations in cefadroxil.
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Figure 2: Evolution of corrosion rate versus temperature for different concentrations of cefadroxil.

It can be seen that over the temperature range studied, corrosion rate increases with increasing temperature.
However, the rise in cefadroxil concentration affects the evolution of the corrosion rate which decreases when the
concentration increases, indicating that the protection ability of the studied drug was concentration dependent.
Figure 3 presents the evolution of inhibition efficiency with temperature for different concentrations.
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Figure 3: Inhibition efficiency versus temperature for different concentrations of cefadroxil.

Inhibition efficiency increases with increasing temperature for all the range of concentrations. For a given
temperature, inhibition efficiency increases when the concentration increases. All these observations show that
cefadroxil acts as an effective inhibitor of copper corrosion over the concentration range studied. This behavior
could be explained by the formation of a barrier which separates copper from the nitric acid solution [13].

3.1.1 Adsorption considerations
Attempts were made to fit values of © to three isotherms including Langmuir, EI-Awady and Flory-Huggins. The
best fit was obtained with the Langmuir adsorption model whose equation is written as follows:

Cin 1

Th = @ + Cinh (18)
where Cyp,j, is the concentration of the inhibitor and K, 4 is the equilibrium constant in the adsorption process.
A linear relationship between % and Cy,p, (Figure 4) has been observed with correlation coefficient near unity.

The obtained Langmuir adsorption parameters for different temperatures are displayed in. Given that the
correlation coefficients (R?) and the slopes are very close to unity (Table 1), the studied inhibitor adsorbs on
copper surface through Langmuir isotherm model.
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Figure 4: Langmuir adsorption isotherm for cefadroxil on copper surface in 1M HNOs.
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Table 1: Regression parameters of Langmuir isotherm.

Isotherm model T(K) R? Slope Intercept
Langmuir 298 0.9991 1.0585 0.0223
303 0.9986 1.1092 0.0276
308 0.9979 1.1494 0.0322
313 0.9981 1.1638 0.0342
318 0.9973 1.2083 0.0400

The equilibrium constant (K,4,) is related to the free energy of adsorption (AG2,;) [30] by:
AGY,; = —RTIn(55.5K445) (19)

In the above equation, 55.5 is concentration of water in mol L, T is absolute temperature while R is universal gas
constant. The values of AG2,, and other thermodynamic functions are summarized in table 2.

Table 2: Adsorption thermodynamic functions.

T (K) Kaas (MY AGY,. (k) mol™1) AHY, (k] mol™') ASY, (Jmol 1K)
298 44843.05 —36.47

303 36231.88 ~36.55

308 31055.90 ~36.75 —21.74 49.10

313 29239.77 ~37.19

318 25000.00 -37.37

Negative values of AG?, indicate a spontaneous adsorption process and stability of the adsorbed layer [31] on

the copper surface. Literature [30, 32] state that values of AG,, around —40 kJ mol™ or more negative are
associated with chemisorption while these of —20 kJ mol™ or less negative indicate physisorption. The values
displayed in Table 2 suggest both, chemisorption and physisorption. The changes in adsorption enthalpy and
entropy were obtained using the following equation:

Angs = AHgds - TAS((I)dS (20)

According to equation (20), thermodynamic adsorption parameters AH2,;, and (—AS2,.) can be determined
respectively as the intercept and slope of the straight line obtained by plotting AG?,, versus temperature (Figure

5).

3.1.2 Effect of the 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 the studied inhibitor are
obtained [33] by applying the Arrhenius equation and the transition state equation:

Ea
logW = logk _A25'303RT \ (21)
w R ’ Hg
log (F) - [log(E) + 2.303R] "~ 2303RT (22)

In these equations, E, is the 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.
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Figure 5: AG2,,versus T for the adsorption of cefadroxil on copper in 1M HNO.

Figure 6 and Figure 7 display respectively the plots of logWW and log ( ) Versus =
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Figure 6: Arrhenius plots for copper corrosion in 1M HNO3 solutions without or with cefadroxil.

All graphs show, both in absence and presence of the studied inhibitor excellent linearity as expected from
equations (21) and (22), respectively. The intercepts of the lines in Figure 6 allow the calculation of the values of

the pre-exponential factor (k) and the slopes (— Fa ) lead to the determination of the activation energy E, both

in the absence and presence of the inhibitor. The stralght lines obtained by plotting log ( )versus = (Figure 7)

have (— 5 303R) as slope and [log(—) +
calculated and presented in Table 3.

2303R] as intercept. Consequently, the values of AH; and AS; were

From Table 3, it seems that F,, and AH,; varied in the same manner increasing with the concentration, probably
due to the thermodynamic relation between them (AH, = E, — RT). It can be seen that the values of E, are higher
in the inhibited solutions than those in uninhibited solutions. On the other hand, the higher values of E, in the
presence of inhibitor compared to that in its absence and the decrease of the inhibition efficiency (IE) with the
increase in temperature can be interpreted as an indication of predominant physical adsorption process [34, 35].
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Moreover, the positive signs of AH, reflected the endothermic effect of the copper dissolution process. The value
of AS; is higher for the inhibited solution than that for the uninhibited solution. This phenomenon suggested that
a randomness decrease occurred from reactants to the activated complex. This might be the result of the adsorption
of organic inhibitor molecules from the acidic solution which could be regarded as a quasi-substitution process
between the organic compound in the aqueous phase and water molecules at the copper surface [36].
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N e
(65 ] (65 ]
a e
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-2 | eBlank
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Figure 7: Transition state plots for copper corrosion in 1M HNO3 without or with cefadroxil.

Table 3: Activation parameters for copper corrosion without or with cefadroxil in 1M HNO:s.

System E, (kJmol?) AH, (kJmol™?) AS;, (Jmol*K™)
Blank 96.97 94.29 84.68

0.02 mM 114.23 111.52 131.16

0.1 mM 118.88 116.16 144.48
1mM 126.80 124.08 167.23
2 mM 138.42 135.69 200.94

3.2 Quantum chemistry

3.2.1 Global reactivity

The calculated quantum chemical parameters are displayed in Table 4. According to the frontier molecular orbital
theory (FMO) of chemical reactivity, transition of electron is due to interaction between highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of reacting species [37]. Exomo iS
a quantum chemical parameter which is often associated with the electron donating ability of the molecule. High
value of Exomo is likely to a tendency of the molecule to donate electrons to appropriate acceptor molecule of low
empty molecular orbital energy [38]. The inhibitor does not only donate electron to the unoccupied d orbital of
the metal ion but can also accept electron from the d orbital of the metal leading to the formation of a feedback
bond. The highest value of Exomo (-6.0965 eV) of cefadroxil indicates a good inhibition efficiency. The LUMO
energy orbital is consistent with electron accepting ability of a molecule. Lower value of E umo for a molecule
[38] implies good electron accepting ability. The obtained value (ELumo= —1.4525 eV) is low when compared
with that of some molecules in the literature [39]; so, the studied molecule could receive electrons from copper.

Diki et al., J. Mater. Environ. Sci., 2019, 10(10), pp. 926-938 933



Table 4: Quantum chemical parameters of cefadroxil.

Descriptor Value Descriptor Value
Eromo (eV) -6.0965 I (eV) 6.0965
ELumo (V) ~1.4525 A (eV) 1.4525
AE (eV) 4.6440 n (Debye) 4.5054
AN 0.1089 1 (eV) 2.3220
S(eV)?! 0.4306 ® 2.0780
x (V) 3.7745 TE (a.u) ~1558.5177

The energy gap, (AE = ELumo — EHomo) iS an important parameter as a function of reactivity of the inhibitor
molecule towards the adsorption on the metallic surface. As AE decreases, the reactivity of the molecule increases
leading to increase in the inhibition efficiency of the molecule. Lower values of the energy difference will render
good inhibition efficiency, because the energy to remove an electron from the last occupied orbital will be low
[40]. In the present work, the low value of energy gap (AE = 4.6440 eV) could explain the high inhibition
efficiency values (IE= 94.44 % for Ci;n=2 mM at T = 298 K).

Another important electronic parameter assessed is the dipole moment (p) that results from non-uniform
distribution of charges on atoms in the molecule. Several authors state that low values of dipole moment [41]
promote accumulation of the inhibitor molecules in the surface layer and therefore higher inhibition efficiency.
However, many papers indicate that inhibition efficiency increases with rising values of dipole moment. On the
other hand, survey of the literature [42, 43] reveals that several irregularities appeared in case of correlation of
dipole moment with inhibitor efficiency. So, in general [44], there is no significant relationship between dipole
moment values and inhibition efficiencies.

Global hardness and softness are important parameters to measure respectively the molecular stability and
reactivity of a molecule. The chemical hardness fundamentally represents the resistance towards the deformation
or polarization of the electron cloud of atoms, ions or molecules under small perturbation of chemical reaction. A
hard molecule has a large energy gap and a soft molecule has a small energy gap [45]. In the present work, the
studied compound has a low hardness value (2.5368 eV) and a high value of softness (0.3942eV)* when compared
[23, 46] with molecules in the literature.

The ionization potential (1) and the electronic affinity (A) are respectively (5.734 eV) and (0.559 eV). This low
value of (1) and the high value of electron affinity indicate the capacity of the molecule both to donate and accept
electron. The electronegativity () indicates the capacity of a system to attract electrons. In our work, the low
value of the electronegativity of the studied molecule (y = 3.247eV) when compared to that of copper (@, =
4.98 eV) shows that copper has the better attraction capacity. Then the low value of hardness (2.587 eV) confirms
the relatively higher value of the fraction of electrons transferred (AN = 0.2036) indicating a possible motion of
electrons from the inhibitor to the metal. 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 (® = 2.0780 eV) shows the
good capacity of cefadroxil to accept electrons.

3.2.2 Local reactivity

The local reactivity can be analyzed through atomic charges, condensed Fukui functions and the newly
introduced parameter (dual descriptor) that enable to distinguish each part of the molecule on the basis of its
distinct chemical behavior due to different substituent functional groups. The Fukui function is motivated by the
fact that if an electron § is transferred to an N electron molecule, it will tend to distribute and so minimize the
energy of the resulting N + § electron system [47]. Thus nucleophilic attack will occur where f; value is
maximum and Af;, () is positive whereas the electrophilic attack will occur where f,” is maximum and Af, (r) is
negative. The computed Mulliken atomic charges, Fukui functions and dual descriptor by DFT at the B3YLP/6-
31G (d, p) level are displayed in Table 5.
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Table 5: computed Mulliken atomic charges, Fukui functions and dual descriptor of some selected atoms of cefadroxil by
DFT B3YLP 6-31/ G (d, p).

Atom Ok (N+1) gk (N) Ok (N-1) fi" fi Af
1C -0.101 -0.095 -0.110 -0.006 0.015 -0.021
2C -0.320 0.330 0.354 -0.650 -0.024 -0.626
3C 0.136 -0.129 -0.077 0.265 -0.052 0.317
4C -0.142 -0.151 -0.103 0.009 -0.048 0.057
5C 0.115 0.090 0.102 0.025 -0.012 0.037
6C -0.124 -0.119 -0.084 -0.005 -0.035 0.030
110 -0.574 -0.555 -0.477 -0.019 -0.078 0.059
13C -0.085 -0.089 -0.078 0.004 -0.011 0.015
14 N -0.612 -0.588 -0.636 -0.024 0.048 -0.072
17C 0.580 0.607 0.596 -0.027 0.011 -0.038
180 -0.533 -0.498 -0.471 -0.035 -0.027 -0.008
19N -0.465 -0.518 -0.506 0.053 -0.012 0.065
21C -0.075 -0.043 -0.051 -0.032 0.008 -0.040
22C -0.030 -0.073 -0.086 0.043 0.013 0.030
23C 0.595 0.575 0.599 0.020 -0.024 0.044
260 -0.484 -0.452 -0.395 -0.032 -0.057 0.025
27N -0.503 -0.512 -0.489 0.009 -0.023 0.032
28 C 0.205 0.243 0.256 -0.038 -0.013 -0.025
29C 0.530 0.553 0.554 -0.023 -0.001 -0.022

300 -0.484 -0.477 -0.426 -0.007 -0.051 0.044

310 -0.523 -0.473 -0.476 -0.050 0.003 -0.053
33C 0.153 0.085 0.093 0.068 -0.008 0.076
34C -0.273 -0.406 -0.423 0.133 0.017 0.116
35S -0.515 0.110 0.174 -0.625 -0.064 -0.561

39C -0.360 0.085 -0.362 -0.445 0.447 -0.892

It can be seen from shaded raws in Table 5 that (3 C) with the maximum value of fi" and positive value of Af; (1)
is the most probable nucleophilic attack site, while (39 C) with the maximum value of fi and negative value of
Afy (r) is the most probable electrophilic attack site. These sites are indicated by the arrows on the HOMO and
LUMO densities (Figure 8).

(39C) (3C)

$

d‘ .

A B 9

Figure 8: HOMO (A) and LUMO (B) densities calculated by B3LYP/6-31G (d, p).
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Conclusion

From the results of the present study, cefadroxil is a good inhibitor for the corrosion of copper in one molar nitric
acid medium. The inhibition efficiency of this drug is concentration and temperature dependant. The adsorption
of cefadroxil on copper surface is spontaneous and obeys the mechanism of physical as well as chemical
adsorption from the calculated thermodynamic data. The experimental data obtained in the study fitted the
Langmuir adsorption isotherm (mean R? = 0.9982) best. Quantum chemical calculations using the DFT B3LYP/6-
31G (d, p) level revealed that the sites for nucleophillic and electrophillic attacks are carbon (3 C) and carbon (39
C) respectively.
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