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Abstract- In the current study, outdated Ampicillin drug (AMP) was assessed as a potent and
environmentally friendly corrosion inhibitor for 60Cu-40Zn brass by gravimetric analysis, in
nitric acid solution in a concentration range of 0.5M-2M. The findings revealed that AMP
exhibited high corrosion inhibition performance, and its efficiency increased with the increase
of its concentration and the concentration of nitric acid. In addition, potentiodynamic
polarization (PDP) curves, electrochemical impedance spectroscopy (EIS), and surface
analysis were conducted in 0.5 M HNO3 solution. Ampicillin was found to act as a mixed-type
inhibitor, and its inhibitory efficiency increased with the addition of AMP up to 92% at its
optimal concentration of 10 mM. However, it decreased slightly with increasing temperature.
The adsorption thermodynamic parameters demonstrated that the medicine adsorbed onto a
brass surface in accordance with the Langmuir isotherm, via physisorption and chemisorption
mechanism. Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX) and FT-
IR/ATR analysis clearly evidenced the strong adsorption of AMP onto the brass surface,
leading to higher corrosion resistance of the brass alloy in the inhibitive solution. Theoretical
parameters of drug molecules were computed, using density functional theory (DFT) and Fukui
indices, to better understand the adsorption mechanism of AMP molecules onto the brass
surface. A close agreement between quantum calculations and experimental results was
observed.
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1. INTRODUCTION

Brass materials are highly ductile and malleable mainly composed of copper and zinc and
are the most popular copper alloys depending on their field of application [1]. They have
excellent electrical and thermal conductivity making them excellent candidates for a wide
range of applications, including heating and air conditioning systems, high-tech industry,
manufacture of fittings, valves, tanks, impellers, musical instruments, etc. They are also used
in oil refineries, chemical plants, and marine engineering [2-5]. Their pleasing color, excellent
formability, and drawing characteristics make them indispensable for the manufacture of
jewelry, statues, and other decorative items [3]. Increasing zinc content of the alloy followed
by appropriate thermo-mechanical treatment, has led to the development of a wide variety of
Cu-Zn alloys with good physical and mechanical properties [6]. This kind of alloy is
susceptible to corrosion and its dissolution process is greatly accelerated as the zinc content
increases. This phenomenon is known as dezincification, which is considered to be a major
factor limiting the use of brass in many applications [1,7-8]. Therefore, alloys Cu-Zn (70/30)
and (60/40) are very sensitive to corrosion, while alloy (85/15) is much less so. It is worth
noting that among corrosive environments, nitric acid is identified as a powerful oxidizing
agent that can easily corrode copper and its alloys [9]. The brass surface being chemical,
physical, and energetically heterogeneous, it can be considered as another reason why the
corrosive process operates easily [10]. However, the extent of this phenomenon depends on
both the nature of the corrosive environment and the type of cathodic process [11]. The use of
corrosion inhibitors is one of the many practical and effective methods to reduce the dissolution
of metallic alloys in aggressive acidic environments [12-16]. Nowadays, organic molecules
that contain nitrogen, sulfur, oxygen, and aromatic rings are promoted. However, their
effectiveness mainly depends on their ability to adhere to the metal surface [17-19]. The
efficiency of the inhibitor depends on various parameters, including the nature of the metal
surface, the environment, the electrochemical potential of the interface, and the structure of the
inhibitor. This latter includes the number of adsorption centers in the molecule, their charge
density, molecular size, and adsorption mode. Usually, acid pickling operates at elevated
temperatures [20] and in spite of these favoring parameters, the efficiency of many organic
inhibitors decreases as the temperature rises. Therefore, it is important to find an inhibitor that
maintains its properties even at high temperatures. Chemisorption has been reported to be
responsible for retaining the inhibition efficiency at high temperatures [21]. The development
and use of corrosion inhibitors have been continuously gaining momentum in recent years.
Unfortunately, the most effective corrosion inhibitors that have been used for decades are toxic.
For this reason, current scientific research focuses on the development of eco-friendly
inhibitors [22,23]. The employment of non-toxic inhibitors has become the main requirement
in the industry [24]. Therefore, in recent years, researchers have developed alternative eco-
friendly corrosion inhibitors, including rare earth elements [25], amino acids [20,26], essential
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oils of extract plants [27], and drugs [28,29]. This class of inhibitors has gained a lot of interest
from a large number of scientists. Some medicines exhibit exceptional effects on preventing
the corrosion of various alloys in aggressive environments. Indeed, good inhibition efficiency
has been obtained by using Rhodanine Azosulpha [30] and anti-bacterial drugs [31] that hinder
the corrosion of stainless steel in hydrochloric acid electrolytes. Some antibiotic drugs [32-34]
acted as inhibitors to enhance the corrosion resistance of aluminum in HCI, whereas
antihypertensive drugs [35] have enhanced the corrosion performance of aluminum alloys in
aqueous solutions. Different anti-fungal and anti-inflammatory drugs [36,37] were tested as
corrosion inhibitors for metals in various environments. Regarding copper, its corrosion
resistance in NaCl was improved by adding an antiemetic drug in the corrosive solution [38].
Recently, a list of different classes of drugs was edited as corrosion inhibitors for different
alloys [39].

The Ampicillin drug was chosen as a corrosion inhibitor in this investigation based on the
following parameters: non-toxicity, relatively low cost, and a molecular structure which has
several functional groups such as -NHz; -C=0; -COOH, an aromatic ring, as well as
heteroatoms like O, N, and specifically sulfur atom, which can cause greater adsorption on the
surface of the brass.

The present work was initiated to evaluate the inhibitory capacity of expired Ampicillin
(AMP) as a corrosion inhibitor for brass (60Cu-40Zn) in 0.5, 1, 1.5, and 2 M nitric acid
solutions, using the gravimetric method combined with SEM, EDX, and FT-IR/ATR analysis
to characterize the adsorbed film on the brass surface.

Electrochemical techniques such as PDP and EIS were used to predict the electrochemical
corrosion behavior of brass with and without the addition of the inhibitor in 0.5 M HNO3
solution. Finally, to better understand the corrosion inhibition mechanism and the donor-
acceptor relationship between the inhibitor molecules and the brass surface, the theoretical
parameters of AMP molecule and its protonated form were computed using density functional
theory (DFT) in the water phase.

2. EXPERIMENTAL SECTION
2.1. Material preparation

The commercial brass studied has the following chemical composition by (weight%):
59.5% Cu, 0.25% Sn, 0.15% Fe, 0.45% Pb, and balance Zn. The working electrode used for
electrochemical tests was a round rod that was mechanically cut. It was connected to a copper
wire and embedded with epoxy resin, providing an active surface area of 0.196 cm?. Before
each electrochemical test, the electrode is abraded using Silicon Carbide papers (ranging from
600 to 1200 grade). It is then rinsed with bi-distilled water and degreased with acetone right
before being introduced into the electrochemical cell.
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2.2. Aggressive and inhibitive solutions

Aggressive HNO3 solutions (0.5, 1, 1.5, and 2 M) were prepared by diluting of analytical
reagent grade, 69% HNO3 (Sigma Aldrich Chemicals) with distilled water. Four Ampicillin
drug concentrations of 0.5, 1, 5, and 10 mM were used to evaluate its corrosion-inhibiting
power for brass in 0.5M nitric acid medium.

Ampicillin belongs to a class of medications called penicillin’s and the chemical molecular
structure of this compound is shown in Figure 1.
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Figure 1. Chemical molecular structure of AMP

2.3. Gravimetric (weight loss) method

In the gravimetric experiment, a polished brass coupon that had been weighed beforehand
was fully submerged in 150 mL of the test solution in an uncovered beaker. The latter was
placed in a water bath that was kept at a constant temperature. After 6 hours, the coupons were
taken out. Each coupon was dipped in acetone and left to dry in the air before being weighed
again. The change in weight was considered as the total weight loss. The experiments were
repeated with varying inhibitor and nitric acid concentrations. Based on the weight loss results,
the inhibition efficiency (IE%), degree of surface coverage (0), and corrosion rates (CR) were
calculated using Equations (1), (2), and (3) respectively.

IE% = (1 — 22 x100 1)
W,

6=1- % )

CR (mg cm?h) == ©)

The weight losses (mg) for brass in the presence and absence of the inhibitor in the HNO3
solution are represented by W1 and W2, respectively. The degree of surface coverage of the
inhibitor is represented by 6. A represents the area of the brass coupon in cm?, t represents the
period of immersion in hours, and W represents the weight loss of brass after time t. All
measurements were performed three times, and the average value was recorded.

2.4. Electrochemical methods

EIS technique of provides detailed information about the resistive and capacitive behavior
of the electrified interface, to assess the corrosion of brass in a 0.5 M HNOs3 solution, with and
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without AMP. Experiments were conducted at the open circuit potential, after a 30 min
stabilization period, over a frequency range of 100 kHz to 10 mHz, with a 10-mV peak-to-peak
voltage excitation, by using a Potentiostat-Galvanostat (Princeton Applied Research Versastat
3) controlled by a computer using Versa-studio software. Potentiodynamic polarization curves
were obtained using a conventional three-electrode cell. The saturated calomel electrode (SCE)
was used as the reference electrode (RE), and a platinum foil with a surface area of 1.0 cm?
was used as the counter electrode. The brass sample, which has an active surface area of 0.196
cm?, was used as the working electrode (WE). The curves were plotted from -300 mV to +300
mV relative to the open circuit potential (OCP), at a scan rate of 1 mV/s.

The inhibition efficiency (IE %) from EIS and the polarization curves were calculated by
the equations (4) and (5), respectively:

R1—Rqp

IE% = ——2 x 100 (4)

1

[E% = ero=leor » 10 )

lcor,0

Here: icor and icoro represent corrosion current density with and without inhibitor, respectively.
R1 and Ry represent charge transfer resistance with and without inhibitors, respectively.

The surface coverage has been also calculated, with equations (6 and 7), using Tafel and
EIS parameters, respectively:

6 — iCOT,O _iCOT 6
iCOT,O ( )

_ Ri1-Ryp
o= fuhe ™)

2.5. Characterization and analysis studies

In view of determining the phases present in the microstructure of 60Cu-40Zn brass, the
sample was chemically etched with iron chloride solution for a few seconds, then removed,
washed with bi-distilled water, and properly dried. An optical microscope (Nikon Eclipse
LV100ND) has been employed to examine the brass surface. The optical micrograph of the
etched surface is provided in Figure 2. Two phases are well visible, one light is rich in Cu, this
is the (o) phase, and the other is dark and rich in Zn, it is called the (”) phase.

To observe and analyze the surface of the brass, it was immersed in a 0.5 M HNOs3 solution
for 6 hours. This was done both with and without AMP at its optimal concentration. Before
immersing the brass, it was mechanically treated by abrading it with emery papers to achieve
a smooth surface, rinsing it with double distilled water, and then degreasing it with acetone.
After the immersion of the cleaned specimen, in the test solutions, it was removed, cleaned
with bi-distilled water, and dried with a cold air stream, and then its surface morphologies were
characterized using scanning electron microscopy SEM (Zeiss Gemini300), coupled with
energy dispersive X-ray analyzer EDX (Zeiss Gemini300), at accelerating voltage of 20 kV.
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Figure 2. Optical micrograph of the etched brass

2.6. Spectroscopic study (FT-IR)

FT-IR spectra, of pure Ampicillin (AMP) and of scraped layer recovered from 60Cu-40Zn
alloy were recorded using a Shimadzu FTIR 8000 type in the scanning range of 4000-400
cm™. The brass sample was immersed in the 0.5 M HNO3 acid solution containing 10 mM of
AMP for 6 hours. Then the sample was taken, washed with distilled water, and dried. The
inhibitor film adsorbed on the specimen surface was delicately scraped off and collected [40].
The pure AMP and the collected AMP/60Cu-40Zn film were mixed and compacted with
potassium bromide KBr to pellets form, and then their FT-IR spectra were recorded.

2.7. Theoretical calculations

The computational calculations were determined using the Spartan 08 program package
[36]. Full geometry optimization of the molecule was obtained using the DFT method at the
basis set B3LYP/6-31G (d, p) level of theory, in a water phase. Several quantum descriptors,
including the energy of the highest occupied molecular orbital (Exomo), energy of the lowest
unoccupied molecular orbital (ELumo), and dipole moment (), have been determined. The
absolute electronegativity (y) and hardness (1) were obtained by means of the equations (8)
and (9) [41]:

I+A
X=— (8)
1-A
n=— (9)
The ionization potential, denoted as | = -Enomo, and the electron affinity, denoted as
A =-ELumo.

Global electrophilicity index () and nucleophilicity (¢), which is equal to (1/®), are
deduced from the following equations:
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To better understand the reactivity of the AMP molecule, we determined the Fukui indices
(Egs.12 and 13) by approximating the finite difference from the Mulliken population analysis
(MPA) of atoms for AMP and protonated AMP:

e =qk(N +1) — q; (N) (12)
fi = axN) —q(N —1) (13)

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

3. RESULTS AND DISCUSSION
3.1. Weight loss measurements

The gravimetric method is often used to determine the corrosion rate because it is simple
to apply and accurate [42]. Table 1 illustrates the calculated values of corrosion rate (CR) of
brass electrode, immersed for 6 hours at 25°C, and inhibitory effectiveness (IE%) as a function
of drug concentrations at various concentrations of nitric acid. It is clear that the CR decreases
as the AMP concentration increases, and as a result, the IE percentage increases with the
addition of the drug. This result proves the effectiveness of expired AMP on the corrosion of
brass in all acid solutions.

The results clearly show that regardless of the acid concentration, the corrosion rate (CR)
decreases when expired AMP is present, and increases as the acid concentration increases when
the drug is not present. This suggests that Ampicillin in the acid solution prevents brass
corrosion in HNOs, and the extent of corrosion prevention depends on the amount of Ampicillin
present. In fact, the corrosion inhibition efficiency of AMP reached its highest value of 95.36%
in the most acidic solution (2 M HNO3) at the optimal drug concentration (10 mM). We also
observed that the inhibition efficiency increased as the concentration of AMP increased.

It is well known that the oxidizing power of nitric acid depends on its concentration [13].
For obtaining more information on the corrosion inhibition of AMP, the effect of various nitric
acid concentrations on the corrosion rate (CR) without and with the various additions of AMP,
obtained from the weight loss method, were determined by the expression proposed by Mathur
and Vasudevan [43]:

InCR=InK + BC (14)

K is the rate constant, B is the reaction constant and C is the molar concentration of HNOa.
According to Eq (14), K may be defined as a starting rate at zero acid concentration, so it
informs us about the corrosivity of acid towards the metal [43]. B is the slope of the straight
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line of In CR vs C [44]. The straight lines obtained of In CR vs C in uninhibited and inhibited
acid solutions (not shown here), suggest that the kinetic equation proposed by Mathur and
Vasudevan is applicable and valid [45,46]. In the studied experimental tests, the values of K
and B obtained in the absence and presence of AMP drug were 2.12, 1.25, 0.74, 0.44, 0.24 (mg
cm?ht)and 1.02, 0.73, 0.69, 0.54, 0.57 (mg cm™2 h't M), respectively. The higher value of K
in the blank HNO3z solution compared to that in the inhibited HNO3z solutions suggests that the
HNOg solution has a greater ability to corrode brass and that this aggressiveness increases with
increasing acid concentration from 0.5 to 2 M. Similar variations of kinetic parameters (K and
B) were reported by X. Wang et al [44].

Table 1. Gravimetric measurements of brass in various concentrations of HNO3 solution
without and with inhibitor concentrations at 25°C

[HNO] [AMP] CR IE 0
(mM) (mg cm” h_l) (%)
0 3.07 / /
0.5 1.59 48.22 0.4822
05 M 1 0.91 70.35 0.7035
5 0.51 83.29 0.8329
10 0.27 91.17 0.9117
0 7.17 / /
0.5 3.15 56.06 0.5606
1M 1 1.81 74.70 0.7470
) 0.89 87.52 0.8752
10 0.54 92.46 0.9246
0 9.48 / /
0.5 3.71 60.83 0.6083
15M 1 2.16 77.24 0.7724
5 1.04 89.07 0.8907
10 0.58 93.90 0.9390
0 14.87 / /
0.5 5.07 65.89 0.6589
oM 1 2.71 81.75 0.8175
5 1.21 91.84 0.9184
10 0.69 95.36 0.9536

We can notice that the values of K and B decreased in the presence of AMP in the acid
solution. These results indicate that AMP inhibitor slowed down the dissolution process of
brass. Moreover, for the same AMP concentration, the inhibition efficiency increased with
increasing of acid concentration which implies that AMP is an excellent brass inhibitor in nitric
acid medium, even at high acid concentration [44].
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3.2. Electrochemical study

To carry out the electrochemical study of the AMP corrosion inhibitory effect, we retained
the concentration of 0.5 M for the corrosive tested solution.

3.2.1. Potentiodynamic polarization results

The polarization curves of brass in 0.5 M HNOs solution at 25°C are shown in Figure 3,
both with and without various amounts of AMP. Table 2 gathers the different electrochemical
kinetic parameters obtained by extrapolating the tow Tafel linear to the corrosion potential.

214
-2 -
-3
O ]
IE _4_
[S) ] — . — ]
< Blank
= -5 —=—0.5mM
8 —a—1mM
-6 1 5 mM
] —x—10 mM
-74
'8 T T T T T T T T T T
-0.3 0.2 0.1 0.0 0.1 0.2

E (V/ESC)

Figure 3. Potentiodynamic polarization curves of brass in 0.5 M HNO3 containing different
concentrations of AMP at 25 °C with a scan rate of 1 mV/s

Figure 3 shows that as the amounts of AMP increase in acidic solution, the anodic and
cathodic current densities decrease. However, the overall shape of the curve remains the same,
indicating that the reduction and oxidation mechanisms are unchanged.

Table 2 revealed that the increase of the AMP concentration induced a significant decrease
of the corrosion current densities (icor). This can be explained by the improvement of the
corrosion resistance of the brass sample [47]. The values of the two Tafel slopes (ba and bc)
have similar magnitudes in the blank and inhibitive solutions, indicating that the corrosion
mechanism of the brass is unaltered by the presence of AMP. Moreover, the corrosion potential
(Ecor) remains relatively unchanged, suggesting that the drug is adsorbed on both the anodic
and cathodic sites of the metal surface. Therefore, it can be concluded that AMP acts as a
mixed-type inhibitor [48]. The inhibition efficiency (IE %) increases up to 92% when the AMP
concentration reaches the optimum value of 10 mM. This suggests that the protective
adsorption film, on the brass surface, becomes complete and more stable [49].
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Table 2. Effect of AMP concentrations on the Tafel polarization parameters for brass in 0.5 M
HNO;z at 25°C

[AMP] Ecor icor ba -be
(mM) (mV/SCE) (LA cm'z) (mV dec?) (mV dec?) IE (%) 0
0 -61.41 51.50 48.28 221.61 / /
0.5 -65.94 24.30 55.35 204.08 52.81 0.5281
1 - 68.03 11.70 57.01 156.03 77.28 0.7728
5 -91.35 06.20 60.78 134.10 87.79 0.8779
10 -78.31 03.90 66.81 128.10 92.43 0.9243

To apprehend the complex process of the anodic dissolution of brass in a nitric acid
medium, it is necessary to consider the dissolution of both metallic constituents of brass namely
zinc and copper. Generally, the anodic reaction of copper consists of two successive steps
[50,51]:

Cu—— Cuj,  +é€ (fast step) (1)

Cul,, — > Cu? +¢ (slow step) (2)

It should be noted that Cuags ions are intermediate species which adsorb on the copper
surface, they do not pass in solution. On the other hand, these monovalent ions oxidize to Cu?",
which will in turn reduce the alloy surface in the presence of Zn. However, their reduction is
independent of the cathodic reaction of the system (60Cu-40Zn/ 0.5 M HNO3). Zinc is the
second important constituent of brass (60Cu-40Zn) and its anodic dissolution in nitric acid
medium will occur according to the following reaction:

Zn ——» Zn?*+ 2¢ (3)

It is important to mention that this reaction takes place on different phases of the brass
surface. Indeed, the (Cu-Zn) alloy is an (a, ) brass whose copper-rich alpha phase (59.5%)
and zinc-rich beta phase (39.65%) are both susceptible to attack at different rates and therefore
adsorption of the inhibitor will occur to different degrees on the two phases of the brass surface
[52].

In a nitric acid environment, it is worth noting that the cathodic reaction is not a hydrogen
gas evolution reaction at brass corrosion tests. Indeed, it is well known that the proton discharge
reaction depends on the nature of the metal surface and that the hydrogen overpotential on brass
is high, i.e. the corrosion potential of brass is higher than the equilibrium hydrogen evolution
potential, in this acid solution. Therefore, corrosion of brass with hydrogen depolarization is
thermodynamically highly improbable in nitric acid solution [53]. Consequently, the
predominant cathodic process involves the reduction of nitrate ions which is accompanied by
the dissolved oxygen reduction reaction in aerated acidic environments, according to the
following reaction [50,54,55]:
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NOs™ + 4H* + 3¢ NO + 2H,0 (4)

In the solution containing free acid, nitrate ions are present and can easily reach the cathodic
sites where reaction (4) occurs. On the other hand, in the solution with the inhibitor, AMP
attaches to the active sites and forms a protective film on the surface of the brass. However,
this film has defects that allow nitrate ions to diffuse through it, which are necessary for
reaction (4) to occur on the bare surface. It is known that the diffusion of ions depends on their
size, and the NOgs ion is larger than the Cu?* and Zn?* ions, making its diffusion slower and
more difficult. Additionally, the presence of the adsorbed AMP molecules, with S, N, and O
atoms, creates electronic repulsion against nitrate ions, further slowing down their reduction
kinetics. When the inhibitor (AMP) is added to a 0.5 M HNO3 acid solution, the rate of
oxidation-reduction reactions at the brass electrode surface decreases, resulting in a noticeable
decrease in cathodic and anodic current densities. The inhibitory efficiency values obtained
using the polarization technique and gravimetric method are in good agreement.

3.2.2. Electrochemical impedance spectroscopy

In order to better understand the corrosion processes occurring at the interface between
brass and the solution, the EIS technique was used. Nyquist and Bode plots of brassina 0.5 M
HNO:s solution were obtained at various concentrations of AMP at 25°C, as shown in Figure
4,
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Figure 4. Effect of AMP on the Nyquist and Bode plots of brass corrosion in 0.5M HNOs3 at
25°C
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The impedance spectra were analyzed using suitable equivalent electrical circuits (Figure
4 inset), and the resulting data are presented in Table 3. It was observed that the appearance of
the impedance diagrams for the 60Cu-40Zn alloy in the 0.5 M HNO3 solution changed
significantly in both shape and size when the AMP inhibitor was present. These changes were
characterized by wider semi-circles compared to the blank solution (Figure 4a-b). Previous
studies [56,57] have shown that the depressed semi-circles observed in the absence and
presence of AMP are primarily caused by factors such as surface heterogeneity and roughness,
dislocation, impurities, grain boundaries, adsorption-desorption of the inhibitor, and
accumulation of species. Additionally, the enlargement of the diameter of the Nyquist diagrams
in the presence of the inhibitor indicates significant adsorption of AMP on the brass surface,
providing protection against the corrosive nature of the acid medium by blocking active sites
[58]. Furthermore, the size of the diagrams increases as the concentration of the inhibitor
increases, which suggests that a charge-transfer process primarily influences the corrosion of
the alloy [59,60].

The Nyquist plot corresponding to the blank solution is represented by two distinct
depressed semi-circles, located at the high and low frequency zones (Figure 4a). This
observation is supported by the phase angle plot of the Bode diagram, where two well-defined
time constants appeared (Figure 4b). Thus, an electrical equivalent circuit (EEC) corresponding
to two-time constants in series, Rs (R1//CPE1) and (R2//CPE>) has been proposed to model the
brass/0.5 M HNO:g interface (Figure 4a. Inset). Accordingly, in this circuit, Rs represents the
resistance of the electrolytic solution, the pair (R1, CPE:) is associated with the high-frequency
domain, R1 represents charge-transfer resistance with respect to the corrosion potential, and
CPE; represents a constant-phase element that depicts a non-ideal double-layer capacitance. In
the low frequencies range, the couple (R2//CPE>) is characterized, R> represents the layer
resistance formed by the corrosion products accumulated on the brass surface, and the constant
phase element CPE: is related to the corrosion products layer. This latter is likely due to the
redox phenomenon and adsorption species on the surface of the brass, it mainly consists of a
copper deposit [56] and cuprous compounds such as [Cu(NO3)]Jads [61]. The effect of the
different additions of AMP to acidic medium, on the impedance diagrams is highlighted in
Figures 4b-d. The electrical equivalent circuits (EEC) modeling the (60Cu-40Zn) /solution
interface, at different inhibitor concentrations, are shown in Figure 4b. As can be observed,
when the inhibitor concentrations are at their lowest values (0.5 mM and 1 mM), the impedance
diagrams show a depressed semi-circle with a single capacitive loop across the entire range of
frequencies, which is characterized by the pair (R1, CPE1). Therefore, the reason for the second
half-circle being suppressed in relation to the blank solution is the adsorption of AMP
molecules. These molecules create a barrier layer that protects the metal surface from acid
attack. As a result, the formation of active galvanic couples and the buildup of corrosion
products on the brass electrode surface are restricted. This interface has been properly modeled
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by the circuit (Rs (R1//CPEz)), inserted in Figure 4b. The impedance of the interfacial reaction
between the inhibitor film and the bare metal is represented by the elements R; and CPE;. It is
important to note that at higher inhibitor concentrations (5 and 10 mM), the impedance
elongations at low frequencies in the complex reference frame clearly show the accumulation
of species (such as water, ZnO, [Cu(NO3)]ass, etc.) at the interface. This corrosion
products/solution interface is characterized by the resistance R2 and the constant phase element
CPE..

The three EEC utilized for modeling the distinct interfaces, show a proper fit to the
experimental data of the EIS diagrams with a minimal error and a chi-square value (y?) in order
of 107, In all the proposed electrical circuits, CPE was used to account for the non-ideality of
the capacitance (C), resulting from roughness, surface heterogeneity, and the accumulation of
species on the surface of metal which form a porous layer [62,63]. The CPE of the impedance
is as follows [55,56,64]:

ZcpE =Q_1(jw)_n (15)

The CPE constant, denoted as Q, and the CPE exponent, denoted as n, indicate the
heterogeneous nature of the surface. The angular frequency is represented by ®, and the
imaginary number is j2= -1. After examining the impedance parameters in Table 3, it was
observed that Rs did not show significant changes, even after the addition of AMP. However,
the charge transfer resistance, R1, continuously and noticeably increased, while the double layer
capacitance, C1, decreased while maintaining the same order of magnitude (a few pF cm™).
The capacitance was calculated using the following relationship [56,62]:

C= (Q R(l—n))l/n) (16)

The Helmholtz model states that the capacity (C) of the double layer is inversely
proportional to the thickness (d) of the double layer, such that [53-55]:

Cq = % S (17)

The surface of the electrode is represented by S, the permittivity of the air is represented by €°,
and the local dielectric constant is represented by €. Therefore, based on Equation (17), the
decrease in Cy capacity can be attributed to either the decrease in the local dielectric constant
of the aqueous medium, caused by the replacement of adsorbed water molecules with AMP
molecules, or the increase in the thickness of the double layer. It is important to note that the
thickening of the double layer is a result of the large number of AMP molecules adsorbed at
the interface, forming a protective film that prevents the corrosive solution from affecting the
brass surface. This finding is supported by the high values of activation resistance (R1) obtained
in the inhibitive solutions, indicating that the dissolution of brass was significantly slowed
down by the expired drug.
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Table 3. AMP influence on the EIS parameters of brass in 0.5 M HNO3 at 25°C

[AMP] (mM) 0 05 1 5 10
Rs (Q cm?) 5.31 5.23 5.57 5.37 6.26
R; (kQ cm?) 117 471 9.19 11.20 15.57
0; (' S" em?) 10° 1.24 2.14 1.38 1.44 1.47
n, 0.89 0.90 0.90 0.89 0.88
C; (UF cm?) 7.35 6.55 4.03 3.65 3.23
R> (kQ cm?) 1.33 / / 3.25 471
0, (' 8" em?) 10° 5.59 / / 6.8 3.7
n, 0.87 / / 0.66 0.63
C> (uF cm?) 183 / / 1023 512.55
EI (%) / 75.20 87.30 89.60 92.50
7 0.003 0.001 0.001 0.002 0.003

Indeed, the inhibitory efficiency increased to the value of 92.50% at the maximal
concentration of AMP (10 mM). It is important to note that even at the lowest concentration of
0.5 mM, there was still a significant inhibition efficiency of 75.20%.

The second time constant, which appeared when the inhibitor was present at high values,
revealed several observations: (i) the resistance R> increased, but remained in the same order
of magnitude as in the blank solution; (ii) the values of R> were significantly lower than those
of Ry; (iii) the capacitance C; increased, reaching values of a few hundred pF cm; (iv) the
values of the roughness factor n, were significantly lower than unity.

All these results indicate that the second semi-circle could be assigned to the formation of
a porous film of corrosion products. This happens after the drug molecules have desorbed from
the alloy surface, probably due to the metal dissolution [53].

The Bode diagrams shown in Figures 4c-d, reveal that the impedance modulus Z increased
as the AMP amount increased at low frequencies. This suggests that the adsorption of the drug
molecules enhanced the corrosion resistance of the brass in the aggressive solution [52,65].
Additionally, a shift in the phase angle towards more negative values and its enlargement in
the presence of AMP confirmed that the drug strongly and efficiently adsorbed on the surface
of the copper alloy in an acidic medium.

The corrosion inhibition efficacy of Ampicillin as a corrosion inhibitor for various metallic
materials in aggressive solutions is summarized in Table 4 [66-70]. It is evident from this table
that Ampicillin has not been previously used as a corrosion inhibitor for brass. The efficiency
obtained in this study, using three different techniques, is very significant, exceeding 90%.
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Table 4. Comparison of the inhibitory efficiency values of AMP reported in different studies
with that obtained in this work

Inhibitor Corrosive Material Inhibition Efficiency EIl (%) References
medium Weight loss Tafel EIS

AMP 1 MHCI Carbon steel / 97.7 95.5 [66]

AMP 0.5 M Carbon steel / 79.7 74.2 [66]
H>SO,

AMP 0.1M Mild steel 89.96 / / [67]
H2SO4

AMP + KBr 0.1M Mild steel 96.78 / / [67]
H>SO,

AMP + KCI 0.1M Mild steel 98.55 / / [67]
H2SO4

AMP + K 0.1M Mild steel 95.37 / / [67]
H>SO,

AMP 2MHCI  Aluminium 85.50 87.97 / [68]

AMP 0.1M Mild steel 80.93 / / [69]
H2SO4

AMP 1M Fe 91.80 95.79 95.83 [70]

HCI
AMP 0.5M Brass 91.17 92.43 92.50 This work

HNO; (Cu-40Zn)

3.3. Temperature effect

Temperature is a factor that can affect both the behavior of metal in a corrosive environment
and the nature of the interaction between the metal and inhibitor. In fact, an increase in
temperature would cause the inhibitor to be released and organic compounds or complexes that
have formed to dissolve quickly. This would result in a decrease in the metal's ability to resist
corrosion. Data derived from the potentiodynamic polarization method were used to investigate
the effect of temperature on the corrosion process of brass in the presence and absence of a
drug. Table 5 presents the inhibitory efficiency (EI %) values and electrochemical parameters
related to the corrosion of brass in 0.5 M HNOz3 before and after adding different concentrations
of Ampicillin at temperatures ranging from 25 to 55 °C.

It is evident that increasing the temperature accelerates the corrosion rate in both the
inhibited and uninhibited solutions, resulting in a decrease in inhibition efficiency. This could
be attributed to the partial detachment of AMP molecules from the cathodic and anodic sites,
leading to a moderate dissolution of the brass surface [71]. Notably, the inhibitor efficiency
remains significant even at 55°C, as it maintains a high value of 80.23% at the optimal AMP
concentration.

3.3.1. Arrhenius law

The investigation of the temperature effect during the corrosion study is very interesting
because it allows us to evaluate the behavior of the brass corrosion and the stability of the
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inhibiting layer. This evaluation also helps us to calculate the activation thermodynamic
parameters related to the dissolution process of brass. Additionally, it provides more
information on the type of inhibition mechanism by comparing the activation energy values
before and after adding the inhibitor.

Table 5. Effect of temperature on the Tafel parameters for corrosion of brass in 0.5 M HNOs
without and with different concentrations of AMP

T  [AMP] Ecor icor b be IE 0
°C) (mM) (mV/SCE) (MAcm?)  (mV dec?) (mV dec?) (%)
0 -61.41 51.50 48.28 221.61 / /
05 -65.94 24.30 55.35 204.08 52.81 0.5281
25 1 -68.03 11.70 57.01 156.03 77.28 0.7728
-91.35 06.20 60.78 134.10 87.79 0.8779
10 -78.31 03.90 66.81 128.10 92.43 0.9243
0 -55.51 80.10 45.09 269.96 / /
05 -57.33 39.86 58.66 231.69 50.23 0.5023
3 1 -84.38 20.90 64.33 154.62 73.90 0.7390
5 -79.74 13.06 65.32 156.24 83.69 0.8369
10 -79.42 08.73 68.34 161.48 89.10 0.8910
0 -66.10 117.42 57.06 290.77 / /
0.5 -76.60 62.22 79.24 171.69 47.01 0.4701
45 1 -97.67 37.71 85.10 176.59 67.88 0.6788
-77.82 24.40 70.66 170.90 79.21 0.7921
10 -79.66 17.46 67.41 148.51 85.13 0.8513
0 -45.06 169.50 41.82 21351 / /
0.5 -46.92 93.16 54.33 228.98 45.03 0.4503
%5 1 -76.37 65.52 87.37 217.40 61.34 0.6134
-78.20 43.02 66.12 164.71 74.62 0.7462
10 -78.61 33.50 74.39 163.60 80.23 0.8023

To determine the apparent activation energies (Ea) for the corrosion process, both with and
without AMP at different concentrations in the acid solution, we used the Arrhenius formula
[72]:

: E,
Inigprr =INA— RT (18)

The corrosion current density is represented by icorr, A represents the Arrhenius pre-exponential
constant, T represents the absolute temperature, R represents the universal gaz constant, and Ea
represents the apparent activation energy. The plots of In (icorr) vs (1000/T) of brass in the
absence and presence of various concentrations of inhibitor are displayed as straight lines over
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the whole temperature range (not shown here), which indicates that the dissolution process of
the brass has been described accurately by the Arrhenius kinetic law.

The purpose of studying of the temperature effect on corrosion inhibitors is to understand
how these compounds adsorb on the metallic surface. To achieve this, we have focused on
calculating the standard thermodynamic parameters, specifically the apparent energy Ea, the
activation standard enthalpy AH, and the activation standard entropy AS, by studying the
temperature function of the corrosion rate. In fact, an alternate relation of the Arrhenius

transition state equation (19) enabled us to also compute AH,, and the entropy AS,,:

feore = 35 exp (52) — exp (57) (19)
The Planck constant is represented by h, the Avogadro number is represented by N, the
activation standard enthalpy is represented by AH, and the activation standard entropy is
represented byAS,,. Plots of In (icon/T) vs (1/T) are illustrated by straight lines (not shown here),
whose slope is (—AH,/R) and the intercept is (In R/Nh +AS,/R), which permit the
determination of AH, and AS,,.

All the Eaand A pre-exponential factor values, 37.16, 48.05, 53.54, 59.44 (KJ mol™) and
7.91 107, 2.99 10°% 1.51 10%°, 1.02 10! (A cm), achieved in the presence of the inhibitor, are
larger than without inhibitor, 32.84 KJ mol™ and 2.92 107 A cm™, respectively, suggesting that
the addition of AMP to the corrosive medium enhances the corrosion resistance of the brass
[73,74].

Furthermore, the observed increase in activation energy when an inhibitor is present is often
attributed to physical or electrostatic adsorption. In fact, as the temperature rises, there is a
noticeable decrease in the inhibitor's adsorption on the metal surface [13,50]. The decrease in
inhibitory efficiency as temperature increases can be explained by the shift of the adsorption-
desorption equilibrium towards the desorption process. This leads to both the dissolution of
brass and a decrease in the rate of the inhibitor's adsorption process. As a result, the surface
coverage also decreases. This demonstrated that the formed adsorption film has a physical
character [75]. In this study, it can be suggested that AMP is primarily adsorbed on the brass
surface through physical interactions, as the inhibition efficiency does not decrease
significantly with temperature. Specifically, at 55°C, the inhibition efficiency is 80.23%.

The positive sign of AH, indicates that the brass dissolution process is endothermic. In
addition, the large values obtained of AH, in the presence of AMP, 34.56, 45.22, 50.85 and
56.75 KJ mol™ compared with that obtained in the acid alone (30.22 KJ mol™) suggest a slow
corrosion of brass in the inhibitive solution [70]. Furthermore, the negative values of AS,
ranged from -110.72 to -43.13 J mol K™ for the brass/HNO3 system, indicate that the activated
complex in the rate-determining step is an association rather than a dissociation. This implies
that there is a decrease in disorder during the transformation of reactants into the activated
complex [15,70]. Therefore, the degree of disorder on the brass surface decreases in the
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presence of AMP, supporting the idea that a stable film of inhibitor is adsorbed on the brass
surface, even at high temperatures. This is consistent with the inhibition efficiency determined
at 55°C.

3.4. Adsorption isotherm and thermodynamic parameters

The main inhibition mode of organic inhibitors in electrolytic acid is related to their ability
to form a protective layer on the metal surface [76].

The adsorption process of inhibitor molecules depends on their chemical structure, the
distribution of charge in the molecules, the nature and surface charge of the metal, and the type
and temperature of the aggressive medium [72]. By examining the chemical structure of the
AMP molecule, we can see that its adsorption can occur through donor-acceptor interactions
between m-electrons, N, O, and S heteroatoms of the inhibitor molecules, as well as the x-
electrons of cationic species and the vacant d-orbital of copper and zinc [71]. The adsorption
of AMP molecules at the brass-solution interface can be seen as a substitutional adsorption
process between the inhibitive molecules in the aqueous solution (inheon) and the water
molecules on the metallic surface H2Oads) [77]:

M ( H20qads)) + N (inhgsor)) — X (inhads)) + 2 (H20s01))
+(n = X) (inhgson) + (M —2) ( H20¢uds)) (5)

where (m) is the number of the adsorbed water molecules, (n) is the number of inhibitive
molecules in solution, and (z) is the number of water molecules from the surface to the solution
that were replaced by (x) inhibitor molecules from the solution to the surface.

To gain a better understanding of how brass corrosion is inhibited, we need to consider not
only the direct adsorption of inhibitor molecules on the brass surface, but also the adsorption
of inhibitor complexes like (Cu-inh)?*. These complexes are formed when inhibitor molecules
combine with Cu?" ions. Based on electrostatic attractions, the charged organo-metallic
complexes are attracted and subsequently adsorbed onto the charged surface of the brass
electrode [78]. Adsorption of other compounds such as [Cu(NO*) inh*]Jags [61], and copper-
like zinc complexes has also been reported [79,80]. Hence, such complex structures may
beneficially contribute to the corrosion inhibition mechanism and improve the inhibitory
properties of the adsorbed layer formed on the surface of brass [80].

In an attempt to identify the nature and potency of the adsorption of AMP molecules as a
corrosion inhibitor, the potentiodynamic polarization experimental results (Table 5) were
considered by adjusting the surface coverage (0) values to diverse adsorption isotherms at
various temperatures. The Langmuir adsorption isotherm can establish the closest correlation
between the surface coverage degree (0) and inhibitor AMP concentration (Cinn) in the nitric
acid solution at all tested temperatures. Based on this isotherm (Eq. (20)) [81], () is related to
the inhibitor concentration Cinn, as below:
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Cin 1
o =%+ Cinn (20)

The inhibitor concentration in the bulk solution is represented by Cinn, and the adsorption
equilibrium constant of the adsorption process is represented by Kags. Figure 5 shows the linear
regressions between Cinn/6 and Cinn for each temperature within the concentration range of
0.5—10 mM.

0.015

. 25°C

0.010+

o))

0.0054

0 25 50 75 10
C (mM)

Figure 5. Langmuir adsorption isotherm plots for brass at different temperature

A perfectly linear plot was obtained with a correlation constant R? of 0.999 and a slope of
around unity at all the temperatures, thereby validating this approach. The equilibrium constant,
Kags, the adsorption process is related to the standard free energy of adsorption (AG,), also
known as the standard Gibbs free energy, by this equation:

AG 4 = —RT In(55.5 K,q4s) (21)

The universal gas constant, denoted as R, has a value of 8.3144 J K'mol?, T represents the
thermodynamic temperature in Kelvin. The value 55.5 represents the concentration of water in
the solution, expressed in mol per liter. The calculated values Kags of adsorption process are
3.36 10% 2.78 10% 2.17 10% and 1.94 10° M in the (25-55°C) range of temperature,
respectively. As we can notice that, Kags, referring to the adsorption capability of the inhibitor
on the metallic surface, has large values, indicating that it is easily and strongly adsorbed onto
the brass surface [82,83], which is consistent with the high inhibition performance of the tested
inhibitor. Nevertheless, we note a decrease of Kags as a function of temperature, but keeping the
same magnitude, which suggests that the AMP molecules are partly desorbed from the surface.

The negative values of AG,,, indicate that the inhibitor is spontaneously adsorbed onto the
brass surface [84]. Generally, the energy values of -20 kJ mol™ or less negative are assigned to
an electrostatic interaction (physisorption) between charged molecules and charged metal
surface; while those around -40 kJ mol™ or more negative involves charge sharing or electron
transfer from the inhibitor molecules to the metal surface, to form a coordinate covalent bond
(chemisorptions) [55]. In the current study, the computed values of AG,,, range between



Anal. Bioanal. Electrochem., Vol. 15, No. 10, 2023, 815-846 834

-30.06 and -31.58 kJ mol™, which implies that the adsorption of the AMP molecules on the
brass surface involves both physisorption and chemisorption at all temperatures. Indeed, the
very negative values of AG,,, exceed the physisorption domain and are close to that of
chemisorption. The excellent inhibitory performance of AMP molecules can therefore be
related to the presence of S and N atoms, in the molecular structure of the drug, which constitute
the active adsorption sites [85].

Further explain the nature of adsorption, the experimental results were fitted into the Gibbs-
Helmholtz equation (22) used to calculate the standard enthalpy of adsorption ( AH2,, ) [76]:

AG((I)dS = AH((J.)dS - TAS((l)ds (22)

The plot of AG,, vs T is illustrated by a straight line (not shown here); whose slope
represents AS2,. and the intercept is (AH?,,). The negative values of AH?, indicate that
adsorption of the AMP molecules onto the brass surface is an exothermic process [70].

Generally, an exothermic process will be indicative of physisorption, chemisorption or a
mixture of the two processes [86]. For the physisorption, the value is rather less than -40 kJ
mol?, whilst for chemisorption it is close to -100 KJ mol? [87]. In the current study, the
absolute value of AH?,;; for adsorption of AMP onto the brass surface is 15.45 KJ mol™, so it
is lower than 40 KJ mol™ attesting that the physisorption phenomenon participates in to the
process and becomes more dominant at elevated temperature [88]. On the other hand, the
negative value of ASY,. (-49.00 J mol™?) is related to a decrease in disorder, as a result of
desorption of water molecules from the metal surface. These last ones are replaced by inhibitor,
which form an ordered adsorbed layer on the brass surface [77].

In light of the results obtained, namely: the thermodynamic parameters of activation and
those of adsorption as well as the rather weak variation of the inhibition efficiency of AMP, as
a function of the temperature, at the optimal concentration; it can be suggested that the
mechanism of adsorption of AMP on the brass surface is a mixed type involving physical
chemical interactions.

3.5. Surface morphology
3.5.1. SEM and EDX measurements

It is well known that microstructure factor is significant in the corrosion processes and
inhibition of metallic corrosion. In this context, Figure 6 gives the SEM micrographs of the
brass surface after polishing and after an immersion of 6H in without and with the optimal
concentration of inhibitor (10 mM) in 0.5 M HNO3 solution. The SEM image depicted
in Figure 6a (inset) exhibits a smooth homogeneous surface with small fine scratches, resulting
from mechanical polishing of the brass electrode. After plunging the brass into the aggressive
solution for 6 hours, the micrograph of Figure 6b (inset) highlights that the surface is clearly
attacked and damaged and that it is differentially corroded due to the presence of two phases,
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one rich in copper (a)) and the other rich in zinc (B’). Indeed, as copper is more noble than zinc,
one can admit that the phase (o) forms the cathodic phase, which is the location of the reduction
reaction of the solution and that the B’ phase represents the anodic phase, which is the locus of
the dissolution reaction of zinc. The evidence of a corroded brass surface is seen in the
occurrence of cracks, pores or voids and the presence of corrosion products.

Contrarily, when an AMP inhibitor is present at its optimal concentration (10 m.M), the
Figure 6c (inset) clearly shows an improvement in the surface condition, the areas with defects
have been repaired, cracks have been refilled and there are no signs of corrosion products are
absent. Therefore, the presence of the AMP inhibitor results in a homogeneous and smooth
surface, indicating the development of an organic protective layer on the electrode surface.
This suggests that the corrosion of the brass has been significantly reduced.

Furthermore, the punctual EDX test was completed to identify the elemental composition
of an area of the brass surface before and after 6 hours immersion in the absence and presence
of the optimal concentration (10 mM) of AMP inhibitor.
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Figure 6. SEM micrographs associated with their EDX spectrums of brass samples a) As
polished, b) immersed in 0.5M HNOzduring six hours without inhibitor, and c) in the presence
of 10°M of AMP
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The EDX pattern (Figure 6a) displays the typical peaks of the two main constituent
elements, Cu and Zn, of the brass electrode utilized in the paper. After immersing the electrode
in the aggressive solution (Figure 6b), exhibits an intense oxygen peak appeared, together with
two peaks of Cu and Zn, which are less pronounced than the peaks of the un-corroded sample.
These findings support the presence of metal oxides on the surface of the brass, which are
corrosion products caused the dissolution of the Cu-alloy in the acid solution.

Meanwhile in the solution AMP inhibitor (Figure 6c), it was seen that the corresponding
oxygen peak has been significantly diminished with the emergence of new C and S peaks thus
confirming the adsorption of AMP molecules on the brass electrode surface which form a
barrier layer, and with drawing the metal surface from the aggressiveness of the acidic solution
tested.

3.5.2. FT-IR analysis

In order to ensure the successful adsorption of AMP on the brass surface, an FTIR analysis
was conducted on both pure AMP and the film that was adsorbed on the brass surface [89].
The FT-IR spectrum of the adsorbed inhibitor film was compared to that of the expired drug
(AMP). This comparison was done to confirm that AMP molecules were indeed adsorbed on
the metal surface after being immersed in a 0.5 M nitric acid solution with 10 mM AMP for 6
hours. It was also done to identify the interaction sites between the inhibitor and the brass
surface (Figure 7). Both spectra showed the same characteristic absorption bands that are
typical of pure AMP. In the pure AMP spectrum, the bands at 1771, 1687, and 1494 cm™ are
assigned to the stretching of the aromatic ring and the vibrational stretching of the C-N bond.
Additionally, the bands around 1020-1170 cm™ and 588-696 cm™ are due to the stretching of
the aromatic ring and folding, respectively [16].

A broad peak with low intensity at 3444 cm™ indicates the presence of a hydroxyl group,
which is overlapped by the intense N-H stretching mode peak [90]. Aliphatic C-H stretching
vibrations were observed at 2918 cm™, while aromatic C-H stretching vibrations were observed
at 2969 cm™*. The bands at 1687 cm™ are attributed to the C=0 stretching of the amide group.
The absorption bands near 2969 cm™ are attributed to the aromatic C-H stretching vibrations
[66]. The weak peak at 1606 cm™ in the pure AMP spectrum is attributed to N-H stretching. It
is clear that almost all the peaks in the pure AMP spectrum are present in the spectrum of the
film adsorbed on the brass surface.

This confirms that the protection of the brass surface against corrosion (Figure 7) is a result
of the AMP molecules adsorbing onto its surface. However, we observed a shift in the bands
and a change in the levels of adsorption in the spectrum of the adsorbed film compared to pure
AMP. For instance, the C-N stretching bending band shifted by approximately 1420 cm™ in
the AMP film spectrum. The band at 1585 cm™ is attributed to the N-H bending mode in the
film spectrum, which is consistent with the data reported in the literature, specifically 1619.58
cm for the AMP film on mild steel [67]. The band at 673 cm™ was assigned to the Cu-N



Anal. Bioanal. Electrochem., Vol. 15, No. 10, 2023, 815-846 837

stretching vibration, indicating that the inhibitor molecules interact with the brass surface and
the N, O, and S hetero-atoms act as interaction centers. All of these findings demonstrate that
the AMP molecules truly adsorbed onto the brass surface [16].
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Figure 7. FT-IR spectra === pure AMP and AMP film on the brass electrode

The used analysis techniques like SEM coupled with EDX and FT-IR allowed ascertaining
the adsorption of AMP molecules on the surface of the brass electrode. Thus, in the presence
of the AMP inhibitor in the corrosion tests, an inhibitive layer was formed on the brass surface
with good stability and the existing pores are almost eliminated (lower permeability). As a
result, the surface layer formed has good inhibiting properties and provides better protection of
the brass electrode against corrosion in nitric acid solution.

3.6. Quantum chemical calculations

The experimental pre-selection of corrosion inhibitors can be very laborious, as it requires
much time and laboratory equipment. The calculation of quantum descriptors is an excellent
alternative to the experimental approach. Indeed, it enables to correlate the structure of the
molecule with its reactivity, and therefore its adsorption and thus its effectiveness as a corrosion
inhibitor. For these reasons, density functional theory (DFT) emerged as a highly valuable tool
for analyzing experimental data and clarifying the corrosion inhibition mechanism [91]. The
optimized structure of neutral and protonated Ampicillin is depicted in Figure 8. Meanwhile,
the DFT parameters of the AMP molecule have been calculated and are listed in Table 6.

The theory of frontier orbitals was useful in predicting the adsorption sites of the inhibitor
molecule that interact with the atoms on the metallic surface [91].

The energy of the highest occupied molecular orbital (EHomo) tells us about the molecule's

tendency to donate electrons. Therefore, higher Enomo values indicate a greater ability to
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donate electrons, which improves the adsorption of the inhibitor onto the metal surface and
increases its efficiency as an inhibitor. Additionally, the energy of the lowest unoccupied
molecular orbital (ELumo) indicates the molecule's susceptibility to accepting electrons.
Consequently, a lower ELumo Vvalue corresponds to higher inhibition efficiency.

Inspection of Figure 8 reveals that the HOMO orbitals of the neutral Ampicillin are
primarily localized on the following hetero-atoms: S1, N2, O2, and O4, and to a lesser extent
on the aromatic ring. While those of the protonated form are placed on O1 and N2 hetero-
atoms, as well as on the aromatic ring. Concerning the LUMO orbitals of the neutral Ampicillin
and that of the protonated form, they are localized only on the sulfur and carboxyl groups. It
can therefore be deduced that the main active centers of the AMP molecule, which are the
adsorption sites, are represented by the hetero-atoms.
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Figure 8. The optimized chemical structure of a) neutral and b) protonated AMP; topology of
HOMO and LUMO orbitals for c¢), c’) neutral and d), d’) protonated AMP; molecular
electrostatic potential (MEP) for e) neutral and f) protonated AMP

The quantum parameters in Table 6 show that when AMP is protonated, the ELumo value
becomes more negative. This suggests that the protonated molecule has a stronger ability to
accept electrons from brass atoms [92]. However, both the neutral and protonated forms of
AMP have similar HOMO energy values, indicating that both can donate electrons to the empty
orbitals of the metal atoms and form donor-acceptor coordinating bonds. Additionally, the
energy gap (4E) of the protonated molecule is lower compared to that of the neutral molecule.
This suggests that the protonated molecule has a stronger reactive power than the neutral
molecule. It is widely reported in the literature that soft molecules are more reactive than hard
molecules [93]. Indeed, the protonated AMP has the lowest value of the hardness (1), this
means that it is softer, and hence more reactive than the neutral one.


https://www.sciencedirect.com/science/article/pii/S1658365514000855#bib0060

Anal. Bioanal. Electrochem., Vol. 15, No. 10, 2023, 815-846 839

Many studies [92,94] have considered the electrophylicity index (w) of a molecule, which
provides information on a molecule's ability to accept electrons. Indeed, the molecules with a
small value of w are more unlikely to accept electrons. In the view of certain authors [92,95],
a molecule with a low electrophilicity index is a strong corrosion inhibitor. In this paper, AMP
has the lowest value of ®, which means that the neutral form of AMP has a lower ability to
accept electrons from the brass surface atoms. Therefore, it can be argued that the neutral
inhibitor is more effective in preventing brass corrosion.

Table 6. Quantum chemical parameters for neutral and protonated AMP obtained
usingB3LYP/6-31G (d,p) in water phase

Inhibitor Enomo Eiumo AE (gap) I} X n 1) £
(eV) (eV) (eV) (Debye) (eV) (eV) (eV) eV
AMP  -6.28 -0.50 5.78 743 339 289 198 05

AMP*  -6.26 -1.37 4.89 1405 3.81 244 297 0.34

Dipole moment (p) values were also determined for AMP and AMP-H*; Both values are
higher than that of water (WH20O = 1.84 Debye), which suggests that the inhibitor molecules
have replaced the water molecules on the metal surface. Moreover, it is generally accepted that
high (u) values indicate of efficient inhibitor [96]. Based on the calculated DFT descriptors, it
seems that both forms of AMP are likely to donate electrons to the brass surface providing
efficient adsorption through donor-acceptor bonds.

The molecular electrostatic potential (MEP) shown in Figure 8, allows us to distinguish the
location of electron density at different sites in the molecule.

These maps display various colors, with red indicating the negative potential area of the
MEP, which is associated with reactive electrophilic sites. On the other hand, blue represents
the positive area, which is the potential center for nucleophilic attacks [97].

In the case of neutral AMP, the red colored region is mainly focused on the N2, O2, and
O4 hetero-atoms, while the blue region is located on the oxygen atom (03). But for AMP-H",
the positive charge is clearly concentrated on the protonated sulfur atom (blue colored region)
and as for the negative charge, it is localized on the oxygen (O1) and also on the benzene ring
(red colored region).

As MEP surfaces have the inconvenient to supply information only on surface areas with
high electron density and that with low electron density, the Fukui indices were then calculated.
Indeed, the latter describe the atomic electron density changes resulting from the adding or
removing of charges; they are more precise markers of which parts of the molecule are
electrophilic or nucleophilic attacks. The computed Fukui indices, for both neutral and
protonated AMP, are listed in Table 7.
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In an attempt to find out which sites are most amenable to nucleophilic and electrophilic
attacks, the Fukui indices f,F andf;-, shown in Table 7, were calculated for both the neutral
and protonated forms. They can also account for charge transfer by indicating the reactive
centers of the molecule. Indeed, atoms with high f,* are more prone to nucleophilic attack,
whereas high f,; are more apt to be attacked by electron-deficient species [92,98,99].

Table 7. Calculated values of condensed Fukui indices for AMP and AMP™ by using B3L'YP/6-
31G (d,p) in water phase

AMP AMP*

Atom f+ f- Atom f+ f-
C1 0.016  0.033 C1 0.016 0.038
C2 0.009 0.074 C2 0.008 0.078
C3 0 0.049 C3 0.002 0.052
C4 0.022 0.076 C4 0.023 0.077
C5 0.014 0.023 C5 0.015 0.026
C6 0.008 0.094 C6 0.008 0.102
C7 0.017  0.009 C7 0.011 0.012
C8 0.019 0.039 C8 0.035 0.040
C9 0.010 0.010 C9 0.010 0.010

Ci10  0.029 0.010 C10 0.024 0.011
Ci1  0.105 0.028 Cl1 0.020 0.045
Ci12 0.017 1.002 Ci12 0.027 0.006
C13  0.004 0.003 C13 0.026 0.001
Ci14  0.098 0.004 C14 0.044 0.009
C15 0.007 0.006 C15 0.005 0.006
Cle 0.027 0.004 C16 0.029 0.005

N1 0.011 0.010 N1 0.003 0.006
N2 0.010 0.103 N2 0.010 0.101
N3 0.057  0.003 N3 0.061 0.003
o1 0.015 0.054 O1 0.003 0.054
02 0.122  0.024 02 0.116 0.017
O3 0.050 0.003 O3 0.046 0.003
04 0.103  0.009 04 0.074 0.012
S1 0.087 0.029 S1 0.177 0.009

By analyzing the data in Table 7, it appears that the nucleophilic attack involves the most
reactive sites, represented by the 02, O4 and C11 atoms for the neutral AMP and the O2 and
S1 atoms for the protonated form. All these atoms are suitable to accept electrons from the
brass surface. However, the C12 and N2 atoms for the neutral form and the C6 and N2 atoms
for the protonated AMP, have the highest f;; values. This may indicate that electrons are being
transferred to the empty orbitals of the metal surface in order to form coordinate bonds.

The results of the DFT study and of the local reactivity of the molecule allowed to
determine all the reactive centers of the two forms of AMP, they corroborate those obtained by
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the thermodynamic study. Indeed, the latter showed that AMP was able to adsorb, on the metal
surface, by electrostatic and chemical bonds, which explains the high corrosion inhibition
efficiency of brass by the expired drug in the acid solution.

3.7. Adsorption mechanism

On the basis of all the results gathered during this study, an adsorption mechanism can be
suggested for brass/ HNO3z + AMP system (Figure 9), to clarify the nature of inhibitor-brass
interactions. The expired drug AMP has shown good ability to protect brass against corrosion
in a nitric solution. The inhibitive effect of this drug is believed to be due to direct and/or
indirect interactions between the drug molecules and the brass surface. The following factors
are known to influence the adsorption process: the molecular structure, the molecular charge
distribution, the charge of the metal surface, as well as the molecular protonation [16,72].
Given that in acidic solution, the two forms of AMP (neutral and protonated) are in equilibrium,
two adsorption routes must be distinguished.

Dy (€} .l,'
[Zn-AMP]**

% \.
2 [Cu-AMP] "
0’7, Cu
Release ) /
’.'.l." /

@ -
® ® TR P
+ -+ +2+ -+ 4+ +
Brass surface
® Ccu Zn* ‘4 NOy

— — —p Electrostaticinteraction ~———p Chemical bond

Figure 9. Simplified schema of the adsorption mechanism with the different interactions
between AMP drug and brass surface

Indeed, after immersing the brass electrode in a nitric acid solution containing AMP, the &-
electrons of the aromatic ring and the non-bonding pairs of the nitrogen, oxygen, and sulfur
heteroatoms of the AMP molecules can interact with the empty d-orbitals of the copper and
zinc atoms, based on electron transfer, this is a donor-acceptor type bond [71]. On the other
hand, the protonated form (AMP-H") cannot directly adsorb onto the positively charged brass
surface at the corrosion potential [16,64], thus the adsorption of nitrate ions (NO*) on the brass
surface charges this one negatively, thus supporting the adsorption of (AMP-H") by
electrostatic attraction. Moreover, the interaction between neutral AMP and Cu?' ions,
emerging from the metal surface, leads to the formation of the [Cu-AMP] ?* complex and to its
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adsorption on the brass surface by coordinate bonds [78]. The adsorption of other complexes
such as [Cu(NO*)AMP*]ags must be considered [61]. It is noteworthy that zinc can form
complexes with a structure that is similar to that of copper [79,80]. These findings emphasize
the conjoint contribution of AMP molecules, AMP-H* molecules and different complexes to
the corrosion inhibition mode and thereby to the protection of brass alloy against attack by the
nitric acid solution.

4. CONCLUSION

A short This work deals with a novel study of expired Ampicillin (AMP) as a corrosion
inhibitor for brass in nitric acid electrolyte at various concentrations.

The gravimetric tests showed that the corrosion rate (CR) increased as the concentration of
the nitric acid blank solution increased, in the presence of AMP; it decreased, resulting in an
inhibition efficiency of over 91% at the optimal concentration of 10 mM, regardless of the acid
concentration. Furthermore, it was observed that the inhibition efficiency increased as the acid
concentration increased, reaching a value of 95.36% in the 2 M HNOg solution. Based on the
polarization curves, it was determined that AMP acts as a mixed inhibitor and does not change
the mechanism of nitrate reduction in a 0.5 M HNO3 solution. In the EIS study, the resistance
of the charge transfer value increased as the concentration of AMP was raised, which suggests
that the brass dissolved weakly in the presence of the drug. The large negative values of AG2
confirmed the spontaneous and combined adsorption mode, in which physical and chemical
interactions are involved in the global adsorption process of AMP on the brass surface. Such
adsorption was confirmed by SEM coupled with EDX and FT-IR analysis. Quantum chemical
calculations were used to identify the atomic sites likely to be involved in the interactions
between the inhibitor and the surface of brass. Indeed, all the active centers of the AMP were
determined by means of DFT and Fukui indices, which define the electrophilic and
nucleophilic sites in the molecule. It can be concluded that the theoretical results are reasonably
consistent with the results obtained from both electrochemical and thermodynamic studies.
These studies have shown that AMP is an effective corrosion inhibitor for brass in a 0.5 M
HNOgz solution.
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