International Research Journal of Pure & Applied Chemistry

R 22(8): 1-13, 2021; Article no.IRJPAC.74673
e ISSN: 2231-3443, NLM ID: 101647669

Inhibition Effect of Atenolol on Copper Corrosion in
1M HNOg3: Experimental Study and DFT

Ehouman Ahissan Donatien’’, Bamba Kafoumba®, Kogbi Guy Roland?,
Bamba Amara?, Kouakou Adjoumani Rodrigue' and Fatogoma Diarrassouba®

!Laboratoire de Thermodynamique et Physico-Chimie du Milieu, UFR SFA, Université NANGUI
ABROGOUA, 02 BP 801 Abidjan 02, Cote-d’lvoire.

“Laboratoire de Constitution et Réaction de la Matiére, UFR SSMT, Université Félix Houphouét-
Boigny, Abidjan Cocody, 22 BP 582 Abidjan 22, Cote-d’lvoire.

Authors’ contributions

This work was carried out in collaboration among all authors. All authors read and approved the final
manuscript.

Article Information

DOI: 10.9734/IRIJPAC/2021/v22i830423

Editor(s):

(1) Dr. Farzaneh Mohamadpour, University of Sistan and Baluchestan, Iran.
Reviewers:

(1) Archana Rao P, BVRIT Hyderabad College of Engineering for Women, India.
(2) Ziouche Aicha, University of Boumerdes, Algeria.

(3) K. Gurushankar, Kalasalingam Academy of Research and Education, India.
Complete Peer review History: https://www.sdiarticle4.com/review-history/74673

Received 27 July 2021
Original Research Article Accepted 03 October 2021
Published 09 October 2021

ABSTRACT

Atenolol was examined as a copper corrosion inhibitor in 1M nitric acid solution using the mass
loss technique and quantum chemical studies, based on density functional theory (DFT) at the
B3LYP level with the base 6-311G (d,p). The inhibitory efficiency of the molecule increases with
increasing concentration and temperature. The adsorption of the molecule on the copper surface
follows the modified Langmuir model. The thermodynamic quantities of adsorption and activation
were determined and discussed. The calculated quantum chemical parameters related to the
inhibition efficiency are the energy of the highest occupied molecular orbital E(HOMO), the energy
of the lowest unoccupied molecular orbital E(LUMO), the HOMO-LUMO energy gap, the hardness
(n), softness (S), dipole moment (u), electron affinity (A), ionization energy (l), absolute
electronegativity (x),absolute electronegativity (x), fraction (AN) of electrons transferred from
Atenolol to copper and electrophilicity index(w). The local reactivity was analyzed through the
condensed Fukui function and condensed softness indices to determine the nucleophilic and
electrophilic attack sites. There is good agreement between the experimental and theoretical
results.

*Corresponding author: E-mail: ehoumandona@gmail.com, dodolamour2000@yahoo.fr;
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1. INTRODUCTION

Copper and its alloys [1,2] are widely used in
various fields (shipbuilding, communications,
piping, etc.) because of their excellent electrical
and thermal conductivity. However, in contact
with aggressive media, particularly acidic media,
copper and its alloys dissolve (corrosion) [3,4],
which has led many researchers to take an
interest in inhibiting the corrosion of this metal
and its alloys. One of the most widely used
methods of protecting metals against corrosion is
the use of organic corrosion inhibitors [5,6] which
contain heteroatoms such as nitrogen, sulphur
and oxygen; these compounds are usually
heterocyclic [7,8] with polar functional groups
and conjugated double bonds. The inhibitory
action of these organic compounds is attributed
to their interactions with the copper surface via
their adsorption. The polar functional groups [9]
are considered to be the reaction centers that
stabilize the adsorption process. In general, the
adsorption of an inhibitor on a metal surface [10]
depends on the nature of the surface, the mode
of adsorption, the molecular structure and the
type of electrolyte solution. The general objective
is to study the behavior of the drug atenolol and
its efficiency towards the corrosion of copper in
nitric acid medium. Previous studies on some
antibiotics such as cefatrexyl and cefazolin have
shown good inhibitory efficacy of iron in chlorine
[11]. Thus, chemical drugs that are considered to
be non-toxic are promising in the search for
effective and inexpensive inhibitors against metal
corrosion in acidic media.

2. MATERIALS AND METHODS

2.1 Copper Specimens

The copper samples were in the form of a rod 10
mm long and 2 mm in diameter. It is a
commercial copper of 95.95% purity.

2.2 The Molecule Studied

Atenolol is a molecule of the beta-blocker class,
used to treat high blood pressure, angina
pectoris or myocardial infarction. Image 1 shows
the molecular structure of Atenolol.

This work, which is a contribution to the study of
metal corrosion inhibition in acidic media, aims to

study the behaviour of atenolol towards copper
corrosion in 1M nitric acid.
ClA H22 N2 03.

Atenolol is a white or approximately white
powder, fairly soluble in water and ethanol, with a
molecular weight M=266,34 g.mol™.

2.3 Solution

An analytical grade 65% nitric acid solution from
Merck was used to prepare the aqueous
corrosive solution. The solution was prepared by
diluting the commercial nitric acid solution with
ultrapure water. The blank was a 1 M HNO;
solution. The Atenolol solutions prepared were of
concentrations 0,093 mM; 0,187 mM; 0,234 mM
and 0,375 mM.

2.4 Mass Loss Method

Mass loss measurements were performed by
total immersion of the pre-weighed copper
sample in 100 mL capacity beakers containing
50 mL of the test solution maintained at a
temperature of (298K to 323K). The samples
were recovered one hour later and rinsed
thoroughly with distilled water, cleaned, dried in
acetone and reweighed using a balance with a
sensitivity of £0.1 mg. All tests were performed in
triplicate to ensure reliability of the results.
Weight loss was considered as the difference
between the initial weight and the weight after 1
h of immersion. The average values of the mass
loss data were used to calculate parameters
such as corrosion rate, inhibition efficiency and

surface  coverage using the  following

relationships:

Am
w=— Q)
EI(%) = 2% x 100 )
Wo

_ We-w

0="0 )

Where W, and W are the corrosion rate in the
absence and presence of the inhibitor
respectively Am is the mass loss, S is the total
surface area of the copper sample and t is the
immersion time.
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Image 1. Molecular structure of Atenolol

2.5 Quantum Calculations

Density functional theory (DFT) calculations were
carried out involving various steps including a
graphical representation of the geometry of the
molecule using the Gaussview visualization
interface, and the application of a theoretical
method (DFT) implemented in the commercial
software Gaussian. For our study, the
geometrical optimization of our molecule was
performed using the Density Functional Theory
(DFT) method with the B3LYP functional [12] and
the 6-311G (d,p) basis. The software GaussView
5.0 [13] was used to represent the 3D structure
and visualize the molecule under study. The
calculations were performed with the Gaussian
09 W software [14]. The relevant parameters
were calculated to describe the molecule-metal
interactions.

The basic relationship of the density functional
theory of chemical reactivity is precisely, the one
established by Parr et al [15] which links the
chemical electron potential up to the first
derivative of the energy with respect to the
number of electrons N, and thus with the

negative of the electronegativity y :

te = (), = X @)

The hardness n which measures both the
stability and reactivity of a molecule [16] has
been defined as the second derivative of the total
energy E with respect to N at constant external
potential v(r):

- (29, -6
oNZ2 v(r) oN v(r)

In these equations, is the chemical potential, E is
the total energy, N is the number of electrons
and v(r)is the external potential.

(5)

According to Koopmans theorem [17], the
ionization energy I can be approximated as the

negative of the energy of the highest occupied
molecular orbital (HOMO):
I = —Enomo (6)
The negative of the lowest unoccupied molecular
orbital energy (LUMO) is similarly related to the
electronic affinity A as follows:
A= —Erymo (7)

The electronegativity y and the hardness i can
then be written as follows

[+A
X=—- (8
n==" ©

The fraction of electrons transferred from the
molecule to the metal [18] is expressed as
follows:

Xcu-Xinh
AN = —————— 10
2(Mcy + Minn) (10
The opposite of hardness is softness [19]
ON
s= () (1)

v(r)

The overall electrophilicity index w introduced by
Parr [20], which is a measure of the energy
lowering due to maximum electron flow between
the donor and acceptor, is given by:

W
= (12)
The local reactivity of the molecule under study
can be analyzed by means of the fused Fukui
indices. Condensed functions indicate the atoms
in a molecule that tend to donate (nucleophilic
character) or accept (electrophilic character) an
electron or electron pair. The nucleophilic and
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electrophilic functions can be calculated using
the finite difference approximation as follows:

fii = [qe(N + 1) = q(N)] (13)
fi = [ax(N) — qx(N — 1)] (14)

In equations (13) and (14), q, is the gross
charge of atom k in the molecule and N is the
number of electrons.

3. RESULTS AND DISCUSSION
3.1 Mass Loss Experiment

Mass loss data was determined at the end of a 1-
hour time interval in the absence and presence
of different concentrations of Atenolol and was

used to calculate corrosion rates, inhibition
efficiency and surface coverage, according to
equations (1-3). Figs. 1 and 2 show the evolution
of corrosion rate and inhibition efficiency as a
function of temperature and  Atenolol
concentration, respectively.

Fig. 2 shows that the inhibitory efficiency of
Atenolol increases with both temperature and
inhibitor concentration. This could be explained
by a higher copper surface coverage when the
inhibitor concentration increases and especially
by the formation of a Cu-Atenolol complex film
(the vacant d-orbitals of the Cu®* ions receive
electrons from the Atenolol molecules. This leads
to an increase in inhibitory efficiency as the
temperature increases.

1,3
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1,4 H 0,187mM

- 0,234mM
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3
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Fig. 1. Corrosion rate versus temperature curve for different concentrations of Atenolol
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Fig. 2. Inhibition efficiency as a function of temperature for different concentrations of Atenolol
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3.2 Adsorption Isotherm

The model that best fits the adsorption process
was chosen using the values of the correlation
coefficient R? of the graphs: the highest value of
the correlation coefficient corresponds to the best
model. The isotherm models in their respective
modes are described by the following equation:

f(e: X) eXP(—Zae) = KadsCinn (15)

Where f (6, x) represents the configuration factor
and depends on the physical model and the
assumptions underlying the derivation of the
model, 6 is the metal surface coverage rate,
,Cinp 1S the inhibitor concentration, a is a
molecular interaction parameter, x is the number
of water molecules replaced by an organic
molecule, K, is the equilibrium constant of the
adsorption process. The equations of the
attempted models are listed in Table 1.

Table 1. Equations of the studied isotherms

Isotherme Equations
i Cin 1
Langmuir Th = + Cinn
Temkin 2,303
0 = —2a [logKaas + log Cinn]
El-Awady

1

6
log (TG) = logK + y logCinn

o
N
T

s

C/8 (MM)

c'mh (mM)

Fig. 3 A. Langmuir isotherms for the adsorption of Atenolol on copper in 1M HNOz; medium at
different temperatures

T=298K
T=303K
T=308K
T=313K

XK T=323K

-0,6 -0,4 -0,2 0

logC,.,

Fig. 3B. Temkin isotherms for the adsorption of Atenolol on copper in 1M HNO; medium at
different temperatures
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Fig. 3C. El-Awady isotherms for the adsorption of Atenolol on copper in 1M HNO; medium at
different temperatures

Fig. 3. (A, B and C) shows the graphs of the isotherms studied

The Langmuir adsorption isotherm is by far the
best isotherm (R® = 0.999, is almost equal to
unity) but there is a divergence in the slope from
unity [21] due to interactions between species
adsorbed on the copper surface as well as
changes in Gibbs energy values with increasing
surface coverage. The results suggest a slight
deviation from the ideal conditions (all adsorption
sites are equivalent) assumed in the Langmuir
model. Therefore, a modified Langmuir equation,
suggested elsewhere [22] and presented in the

equation below, which accounts for this
deviation, can be used:

At — 2t Gl (16)
n@ is the effective recovery rate.
The thermodynamic parameters can be

determined using the relationship between the
equilibrium constant K_ads and the change in

free enthalpy of adsorption AGY,

AGYs =

ads

—RTIn(55,5K,45) (a7)
Where R is the perfect gas constant, T is the
absolute temperature and 555 is the
concentration of water in mol.L™.

The values of AGY,

Table 2.

obtained are given in

The values of AG);, are negative for all
temperatures explored; this means that the
adsorption of Atenolol on copper is spontaneous.
According to the literature [23], a value of AGY,,
lower than -40 kJ.mol™ would indicate a chemical
adsorption process (chemisorption) whereas a
value higher than -20 kJ.mol™ would indicate a
physical adsorption process (physisorption).For
values between-40 kJ.mol™ and -20 kJ.mol™,
both types of adsorption would exist. With regard
to the values contained in the table, we can
deduce that the adsorption of Atenolol on copper
takes place according to the two adsorption
modes (physisorption and chemisorption).

The variations in enthalpies AH,; and entropy

AS2,; of adsorption are deduced using the

following equation:

AGaas = AHgqs — TASgqs (18)
Where AH?,. and AS?,. are respectively the y-
intercept and the opposite of the slope of the

straight line obtained from the curve of AG,,

versus temperature (Fig. 4).

Table 2. Values of thermodynamic quantities related to the adsorption of Atenolol on copper

T(K) Kags (x 10°M™)  AGY,. (kJ.mol™)  AHY. (kJ.mol™) AS%. (3.mol ™) )t K™
298 09.04 -32.72 7,24 134.3

303 10.25 -33,40

308 11.35 -34,25

313 11.50 -34,89

323 12,22 -36,05
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Fig. 4. Free enthalpy changes versus temperature

The adsorption enthalpy variation AH2;; has a
positive value, reflecting the endothermic
character of the adsorption process. The
adsorption entropy variation AS2;, is positive,
which indicates an increase in disorder during
the adsorption of Atenolol on copper. This
increase in disorder would be due to the
desorption of water molecules.

3.3 Effect of Temperature

The thermodynamic  activation  quantities
(activation energy E,, activation enthalpy change
AH; and activation entropy change AS;) for the
corrosion process were determined from the
Arrhenius and transition state equations [24]:

Ea
logW = logA — 2303RT

(19)

log () = [108 () + 55037] ~30sr

W is the corrosion rate, R is the perfect gas
constant, A is the pre-exponential factor, h is
Planck's constant and X is Avogadro's constant,
E, activation energy, AH; change in activation
enthalpy and AS; change in activation entropy.
Fig. 5 shows the Arrhenius curves log W versus
1/T for copper in 1M HNOS3 nitric acid solution
without and with different concentrations of
Atenolol. Straight lines are obtained with
correlation coefficients (R2 > 0.9). The slopes

(—E—“) of these straight lines are used to
2,303R

calculate the apparent activation energy (E,).
The values of the thermodynamic activation
quantities are given in Table 3.

(20)

Yor [o #® Blank

%: -01 | 0,093mM
°

02 \ 0,187mM

o3 L 0,234mM

N}\x X 0,375mM
-04
-0, 5 1 1 L 1 1
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Fig. 5. log W versus 1/T for the corrosion of copper in 1M HNO; with and without atenolol
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Table 3. Thermodynamic values of copper dissolution in 1M HNO; without and with different
concentrations of Atenolol

Concentration (mM) E,(k].mol™)

AH},(kJ.mol™) AS:(J.mol"t. K1)

0 16.39 13.80 -199.24
0,093 11.71 9.14 -219.46
0,187 10.68 8.17 -223.30
0,234 11.13 8.59 -223.33
0,375 6.39 3.83 -240
Blank
-0,5 F
0,093mM
1r 0,187mM
E s | 0,234mM
% Ll X 0,375mM
25 b T e . .
=L X b 8 r. ———
_SJE 1 1 1 1 1 1
3,05 3,1 3,15 3,2 3,25 3,3 3,35 3,4
1000/T(K?)

Fig. 6. log (W/T) versus 1/T for copper corrosion in 1M HNO; with and without Atenolol

The activation energy in the absence of Atenolol
is higher than the activation energies in its
presence; this would indicate according to the
literature [25] that chemisorption is prevalent.
Fig. 6 illustrates the log (W/T) versus 1/T.

The change in activation enthalpy AH, is positive,
indicating the endothermic nature of the copper
dissolution. The activation entropy variation AS;
is negative, which would reflect [26] some
organization during the formation of the activated
complex.

3.4 Quantum Chemical Calculations

Using the DFT Method

The calculations of the descriptors of the
molecule were performed using density
functional theory (DFT) at the B3LYP level with
the 6-311 G (d,p) orbital basis. In this theory,
based on the variational approach, the energy of
the ground state is given by the relation:
E = min, [F(n) + [ &1 Vey (ON(1)] (21)
After the structure optimization, the descriptor
parameters of the molecule are calculated.

Fig. 7 shows the optimized molecular structure of
atenolol.

Figs. 8 and 9 below give us the HOMO and
LUMO densities of our molecule (atenolol)
respectively.

The calculated quantum descriptors are reported
in Table 4.

According to the literature [27], the energy
Eyomo (energy of the highest occupied orbital) is
a reactivity parameter of molecules associated
with the ability to donate electrons. A high value
of Eyomo would favour the tendency for a
molecule to donate electrons to a suitable
acceptor with a low energy vacant orbital. The
observed Eyoyo Value, (-5.902eV) for atenolol
attests to its ability to donate electrons to copper.
The ability of a molecule to form bonds with a
metal surface would also depend on the value of
Erumo (energy of the lowest unoccupied orbital).
The energy E;yuo indicates the ability of the
molecule to accept electrons [28]. In this case,
the value (-0.302eV) for atenolol shows its
tendency to also accept electrons . So, the
binding ability of the inhibitor to the metal surface
increases with increasing E; ;o and decreasing

EHOMO .
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Fig. 7. Molecular structure of atenolol obtained from B3LYP/6-311G (d, p)

Fig. 8. HOMO density of atenolol at B3LYP/6-311G(d,p)

Fig. 9. LUMO density of atenolol at B3LYP/6-311G(d,p)
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Table 4. Atenolol descriptor parameters obtained from B3LYP/6-311G (d,p)

Parameétres Valeurs Parameétres Valeurs
Enomo (EV) -5,902 X (eV) 3,102
ELumo (eV) -0,302 n (eVv) 2,800
AE (eV) 5,600 S (eV)* 0,357
K (Debye) 8,527 AN 0,335
I (eV) 5,902 w (eV) 1,718
A (eV) 0,302 U (eV) -3,102

The energy gap value AE = E;ypo — Enomo 1S
also an important reactivity parameter for organic
molecules. Low values of AE would favour
exchanges between the molecules and the
metal. It has been proved that molecules with AE
value of the order of 5eV are good inhibitors [29].
In our case, the low value of AE (5.600eV) for
atenolol confirms the experimental results
obtained. This value of AE allows us to affirm that
between our atenolol molecule and the metal
copper, the electron displacement is more easily
done from the molecule towards the metal.

The overall softness (s) and the overall hardness
(n) are also important reactivity parameters that
provide information on the likely ability of a
molecule to interact with a metal surface [30].

They measure molecular stability as well as
molecular reactivity. A hard molecule has a large
energy gap and a soft molecule has a small
energy gap. A good inhibitor has a high softness
value and a low hardness value (low AE). The
results show that atenolol has low hardness
values (n=2.800 eV) and therefore a high
softness [s 0.357(eV)'1] compared to those
found in the literature [31]. This value reflects the
experimental results.

The ionization energy is also an important
descriptor of the chemical reactivity of atoms and
molecules. A high ionization energy indicates
high stability while a low value is associated with
high reactivity of atoms and molecules [32].

In our case, the low ionization energy (5.902 eV)
surely explains the good inhibitory power of
atenolol compared to those found in the literature
[31].

Generally, the number of transferred electrons
(AN) can be used to show the electron donating
capacity of the inhibitor [33]. According to the
literature a value of AN<3.6 eV means that

10

corrosion inhibition occurs in increasing order of
(AN) values [33].

This is the case in our study as we obtained AN
= 0.335 eV. This comparison can be made here
because our descriptors correspond to the
ground state and the experimental values are
determined for temperatures starting at 298K.

The electrophilicity index (w) which is another
important parameter for understanding the
behaviour of molecules, expresses the ability of
the inhibitor to receive electrons from the metal.
In our study, the value of the electrophilicity index
(w =1.718 eV) indicates that atenolol has the
ability to accept electrons from copper [31].
These results explain the nature of the type of
adsorption (chemisorption) obtained.

The dipole moment (u) is related to the
distribution of electronic charges in the molecule.
It is also an important parameter that reflects the
ability of the molecule to adsorb to the surface of
a metal. In our case, the value of this parameter
is high (u=8.527 Debye). According to some
authors [31,34], the ability of a molecule to
adsorb to the surface of a metal is all the greater
as its dipole moment is high.

The values of the Fukui function and the local
softness of the electrophilic and nucleophilic
attack sites are gathered in Table 5.

The analysis of the values of the functions
recorded in the above table for the inhibitor,
allows us to deduce that the nucleophilic attacks
take place around the carbon atom C(3)
(nucleophilic attack centre, included in the LUMO
density zone) as possessing the largest values of
f# and also possessing the largest value of
Af(#) > 0. The electrophilic attacks occur around
the oxygen atom O(19) (electrophilic attack
centre, included in the HOMO density region) as
it possesses the largest values of f;; (r) and of
Af(#) > 0 in absolute value.
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Table 5. Fukui function values and local softnesses for Atenolol

Atome i [k Sk Sk
C1 0,043 0,075 0,015 0,027
Cc2 0,096 0,039 0,034 0,014
C3 0,149 0,006 0,053 0,002
C4 -0,026 0,087 -0,009 0,031
C5 0,107 0,066 0,038 0,024
C6 0,090 0,025 0,032 0,009
Cl 0,025 -0,044 0,009 -0,016
014 0,078 0,114 0,028 0,041
C15 -0,060 0,063 -0,021 0,022
N16 0,042 -0,007 0,015 0,002
019 -0,011 0,137 -0,004 0,049
C20 0,003 -0,017 0,001 0,006
C23 0,020 -0,023 0,007 -0,008
C25 0,013 -0,009 0,005 -0,003
028 0,019 -0,025 0,007 -0,009
N30 0,034 0,032 0,012 0,011
C32 0,008 -0,020 0,003 0,007
C34 0,018 -0,012 0,006 -0,004
C38 0,003 -0,002 0,001 -0,001

4. PROPOSED MECHANISM SHOWING
THE PREPONDERANCE OF
CHEMISORPTION

The experimental (inhibitory efficiency) and
theoretical results (the fraction of transferred
electrons AN, the Fukui index fi& and the dual
descriptors Af) obtained in our studies suggest a
physical barrier consisting of a complex obtained
by electron transfers from the most probable
centre for electrophilic attacks (centre for which
the value of f; is maximum and the value of
Af(#) < 01 in absolute value is maximum and
belonging to the HOMO zone) towards the
incomplete orbitals of Cu?* ions:

Inh - - % Cu?* [Cu — Inh] (12)

[Inh] [Inh] [Inh]

[Inh]

The molecules could receive electrons from the
copper (d) orbitals at the most likely centre for
nucleophilic attack (centre for which the value of
f is maximum belonging to the LUMO zone)
which would strengthen the link between the
metal and the molecule

Inh <« - -Cu?* [Cu — Inh]

These electron transfers justify the existence of
the chemisorption phenomenon which is
preponderant in the adsorption process of
molecules on the copper surface.

The figure below is a proposed diagram of the
inhibition mechanism:

[Inh] [Inh] [Inh]

. :lon Cu®

¢<——> :Chimisorption

11

\

CUIVRE
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5. CONCLUSION

This study showed that the inhibitory efficacy of
atenolol increases with both concentration and
temperature. Atenolol adsorbs to copper
according to the modified Langmuir isotherm.
Also, the calculated thermodynamic parameters
related to adsorption and activation show the
existence of two types of adsorption but
chemisorption is preponderant. The quantum
chemical parameters confirm the inhibition
efficiency of Atenolol. Atenolol acts as a good
inhibitor of copper corrosion in 1M nitric acid.
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