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ABSTRACT
Herein, we report the using of atenolol drug as a green corrosion inhibitor for zinc metal. Corrosion inhibitory effect
of atenolol on zinc in 1M HCl was explored using the gravimetric method. The findings revealed that atenolol
inhibited zinc corrosion in HCl solution and corrosion rate decreased with increasing the atenolol concentration. The
optimum surface coverage was determined as 0.93 at 500 ppm atenolol concentration. Chemical computations were
exploited to determine the electronic characteristics of atenolol such as highest occupied molecular orbital energy
and lowest unoccupied molecular orbital energy (HOMO and LUMO, respectively). These important parameters
obtained and elucidated which also confirmed the experimental findings. The findings (experimental and
computational) demonstrated that the corrosion inhibition capacity increased with increasing the EHOMO value and
decreasing the ELUMO value.
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INTRODUCTION
Zinc has been used in numerous industrial applications, especially in protecting steel from corrosion.1
One of the feasible ways to protect metals from corrosion is the application of a corrosion inhibitor.2
Organic heterocyclic compounds which have phosphorous, nitrogen, sulfur and oxygen can be exploited
as corrosion inhibitors. Their inhibitory effect stems from the fact that the aforementioned electron rich
atoms can act as electron donors when attached to metals. These heterocyclic compounds adsorb to the
surface of metals by physical or chemical adsorption and forming a defensive or a protecting layer against
the highly corrosive alkaline or acidic environment. 3-6
Most importantly, the adsorption into the surface of the metal is kinetically and thermodynamically
controlled process which can be reversed at any instance.7 Computational chemical predictions were
implemented to determine the formation of atenolol in the vapor phase using Hyper Chem software
version 7. The software was very beneficial via using the semi-empirical and Perturbated Molecular
theory (PM3) calculations. As a matter of fact, these protocols often short computation times, and lead to
qualitatively descriptive information which is summarized in later sections. Frankly speaking, PM3 can
give very relevant results to the experimental results. Additionally, the semi-empirical PM3 method
makes uses of an accurate procedure to predict electronic properties of atenolol, namely, EHOMO and
ELUMO.
In this article, weight loss measurements are employed to study the corrosion and corrosion inhibition of
Zinc in 1 M HCl. Along with the experimental findings, there is a sufficient computational information
confirm the corrosion inhibition effect of atenolol indicative of a prospective usage of it as an eco-friendly
corrosion inhibitor.

EXPERIMENTAL
Zinc plates were obtained from zinc-graphite batteries and prepared with the following dimensions (8cm
X 2cm X 0.5mm), (L X W X H). HCl was supplied from Sigma-Aldrich (35-37%), AR-Grade. Ethanol
(96%), atenolol was supplied by Samara drug industry, Iraq, and acetone was supplied by Merck. All
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chemicals were used without any further purification. Ultrapure water (18.2Ω.cm) was used for preparing
solutions and washing.
A stock solution of 1000 ppm atenolol in ultrapure water was prepared and then a set of (100-500 ppm)
atenolol solutions were prepared by sequential dilution.
Zinc plates were washed thoroughly few times by acetone, followed by 96% ethanol and finally by
ultrapure water, and then dried by a clean tissue. These plates were scrubbed by emery paper and washed
also by acetone, ethanol, and water, dried by a clean tissue and stored in a desiccator until use.
The zinc plates were weighed and soaked in a 1M HCl solution over the course of 175 minutes at 25
minutes interval.
In each atenolol solution (100, 200, 300, 400, and 500ppm), a zinc plate was immersed and left to
equilibrate for 60 minutes. Thereafter, the plates were immersed in 1M HCl solution and measured the
weight difference for 225 minutes at 25 minutes interval and at room temperature.
The concentration of atenolol was determined via measuring the absorbance of atenolol solution using a
UV-Visible spectrophotometer (Shimadzu-1601) at λmax =275 nm. For adsorption experiments, solutions
were shaken using a flask shaker (Gallenkamp) for a 25 minutes interval, placed in the centrifuge for 20
minutes at 4400 rpm and then the supernatant was put in a quartz cell (Starna, 10mm path length, open
top)to measure the absorbance and then calculate the concentration of atenolol after the adsorption using
Beer-Lambert equation.

RESULTS AND DISCUSSION
Determining the corrosion of zinc was achieved by employing the gravimetric method by which we
monitored the weight loss in the zinc plate upon corrosion. The weight was measured at 25 minutes
interval over the course of 175 minutes. The weight difference then used to calculate the corrosion rate
(CR) using the following formula:
(1)

CR= ∆m/∆t

Where ∆m is the weight difference before and after the immersion in HCl, and ∆t is the time interval.
The atenolol inhibitor was introduced to the zinc in different concentrations (100, 200, 300, 400, and 500
ppm) and the weight difference was measured at 25 minutes interval over the course of 175 minutes as
depicted in Fig.-1.

Fig.-1: CR versus time for the zinc in 1 M HCl (red circles) and in the presence of atenolol inhibitor at different
concentrations (100-500 ppm). The error bars represent the error come from measuring the weight which is within
10% in this case.
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The CR was decreased with increasing the concentration of the atenolol which is attributed to the fact that
atenolol formed a protective layer and prevented the zinc metal of being exposed to the HCl. There was a
significant decrease in CR at 500 ppm in compared to the CR in the absence of atenolol which confirms
that atenolol was a good inhibitor. We suppose that there are also some other reasons for that significant
drop in the CR which will be discussed later on.
Another important parameter was also calculated is that the surface coverage (ϴ) using the following
formula:
ϴ= 1- (CRw/inh /CRw/o)
(2)
Where CRw/inh, CRw/o are the corrosion rate with and without the inhibitor respectively.
The surface coverage was calculated for atenolol (100-500 ppm) which was 0.93 at 500 ppm as shown in
Fig.-2. The implication behind calculating the surface coverage is that it expresses the number of
adsorbed sites to the number of available sites on the zinc plate. Based on the dimensions of the zinc plate
that used in this study, we calculated the surface area of the zinc plate (rectangular) which was 3.4 X 1015
nm2. The whole length of atenolol molecule was calculated as well which was 1.85 nm (from end to end).
Thus it can be inferred that this area will enough to accommodate 1.84 X 1014 molecule, and that is why
the 500 ppm was high enough to provide a high surface coverage which was approaching unity.

Fig.-2: CR (red triangles) and surface coverage (blue circles) versus atenolol concentration in ppm. Error bars show
10 % error due to the gravimetric method.

Based on the literature8-12, and the current findings so far, the atenolol was chemically or physically
adsorbed to the zinc. According to the chemical structure of atenolol (Fig.-3a), it is quite phenomenal that
the adsorption occurred between any electron rich atoms (e.g. oxygen or nitrogen). However, the scenario
here is different for few reasons:
1. The NH2 group in the amide cannot attach to the zinc, as the lone pair of electrons is delocalized
by resonance phenomenon.
2. The oxygen in –O– is linked to the benzene ring and its lone pair also contributed through
resonance phenomenon.
3. There might be a possibility that zinc forms a coordinate bond with the hydroxyl group (–OH)
and the 2o amine group (–NH).
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Here it should be noted that the lone pairs on nitrogen and oxygen are localized. However, the suggested
complex structure (Fig.-3b) can be true if the molecule configuration of atenolol was not changed in such
a way that maintains the hydroxyl and 2o amine group parallel to each other.
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Fig.-3: (a) The chemical structure of atenolol showing the possible adsorption sites; (b) A three-dimensional
structure of atenolol with nitrogen and oxygen atoms facing the zinc plate.

Theoretically speaking, the formation of a monolayer of atenolol on zinc can be completed once the
equilibrium is established as shown below in the following chemical equilibrium:

However, the adsorption of does not stop at the monolayer level, as it may continue to form a multilayer.
In this regard, a salient phenomenon worth mentioning is that benzene rings can form dimers, so-called
“π- π stacking”, as they bound by affording 2-3 k. cal/mol at a separation distance of around 0.5 nm
between their aromatic nuclei.13-14.

Fig.-4: The π- π stacking between benzene rings. The structure on the left is the T-shaped, and the structure on the
right is the sandwich form.
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There are three forms the benzene dimer can adopt.14 Nevertheless, the most stable forms are the
sandwich and the T-shaped forms as shown in Fig.-4.
In fact, this gives a support to the current findings which showed that the CR did not stop dropping at
500 ppm. To further elucidate the mechanistic pathway of atenolol ligation to the zinc surface, an
adsorption experiment was performed.
The adsorption isotherm showed that the adsorption was most probably a Freundlich isotherm as depicted
in Fig.-5 (a, b, and c). In this case, the adsorption of atenolol does not discontinue after forming a
monolayer which is quite consistent with what has been experimentally found based on gravimetric
method.

(a)

(b)

(c)
Fig.-5: (a)The contact time of adsorption of atenolol (0-225 minutes), (b) The adsorption isotherm of atenolol at
room temperature, (c)The logarithmic plot Freundlich isotherm showing a linear relationship with reasonable
correlation coefficient.

The Freundlich equation can be represented as follows:
log Qe= logKF +1/n log Ce

(3)

Where, Qe, and Ce is the adsorbate quantity at equilibrium (g) and the concentration of atenolol at
equilibrium (mg/L). The KF and 1/n are defined as Freundlich constants, where KF is the adsorption
capacity, and 1/n represents the adsorption intensity.15
There was a reasonable linear adsorption isotherm when log Qe was plotted versus log Ce as shown in
Figure-5(c). The correlation coefficient was 0.9847, and the values of KF was -1.93, and n = 1.34.
We suppose also that atenolol molecule in aqueous solution might form a hydrogen bonding with another
molecule which is realistically acceptable knowing that all solutions were prepared in water.
In order to give a clearer picture for the corrosion inhibition, and adsorption of atenolol on zinc we
performed a computational study to the atenolol inhibitor. The purpose of this computational study is to
obtain some useful information regarding the electronic properties of atenolol to find out the correlation
between atenolol structure and its inhibition capacity. The calculations for geometry optimization were
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conducted using the semi-empirical calculations with a PM3 protocol which has been established to give
reasonable results.17-18

(b)

(a)

(d)

(c)

Fig.-6: (a)Structure of atenolol in a stick model,(b) Structure of atenolol in a ball and stick model, (c) 2D contour
map of atenolol structure, (d)3D contour map of atenolol structure.

The contour map (Fig.-6c) showed the highest dipole moment which was on the nitrogen atom of the 2o
amine. The direction of the dipole moment in the atenolol molecule is towards that amine group. That
gives another support to the previous claim that this amine group is one of the possible anchors which can
adsorb to the zinc.
The reasonable of the way of correlating the electronic configuration of atenolol obtained from the
computation and the experimental data (corrosion and adsorption isotherms) is via calculating the energy
gap and consequently the EHOMO and ELUMO. This was achieved using PM3 calculations to get the
geometry optimized structure of atenolol, calculate the energies of HOMO, LUMO and other important
indices as illustrated in Table-1.
Table-1: The calculated quantum chemical parameters using PM3 method
Compound
Atenolol

EHOMO (eV)
-9.283

ELUMO (eV)
-0.267

∆E (eV)
-9.016

µ (Debye)
3.016

The energy difference or the band gap (∆E) between the HOMO and LUMO energy levels of atenolol is
a crucial factor, as, the low absolute value of ∆E gives good inhibition capacities19. Furthermore, the
adsorption of atenolol is related to the EHOMO and ELUMO20-22, since the higher EHOMO means that the
atenolol has a higher tendency to donate electrons towards the zinc metal. Additionally, lower ELUMO
means a higher donation of the electron. In our case, we had obtained a higher EHOMO, and a lower ELUMO
which confirms that atenolol has a good inhibition capacity.

CONCLUSION
In conclusion, atenolol showed a good corrosion inhibitive effect for the zinc corrosion in HCl solution.
This corrosion inhibition was tested via implementing weight loss measurements (gravimetric method),
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adsorption experiments, and chemical computations. All findings were reasonably consistent and suggest
using atenolol as a green corrosion inhibitor as it significantly hindered the corrosion rate of zinc.
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