
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

3:
37

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Reusing expired
aChemistry Department, Faculty of Science

E-mail: ahmed.sayed3@science.aun.edu.eg
bChemistry Department, College of Scienc

University (IMSIU), Riyadh 11623, Saudi Ar
cChemistry Department, Faculty of Science, K

Arabia
dDepartment of Chemistry, Faculty of Scienc

Madinah, Saudi Arabia. E-mail: emad.youss
eSchool of Materials Science and Engineeri

266100, China
fEgyptian Petroleum Research Institute (EPR
gHigh Institute of Engineering and Technolo

Cite this: RSC Adv., 2025, 15, 39123

Received 28th August 2025
Accepted 30th September 2025

DOI: 10.1039/d5ra06456b

rsc.li/rsc-advances

© 2025 The Author(s). Published by
streptomycin and neomycin drugs
as potential corrosion inhibitors for high brass
alloys in NaCl solution: quantum, chemical, surface
and electrochemical investigations

Ahmed Fawzy,*a Arafat Toghan, b Areej Al Bahir,c Emad M. Masoud,*d

Magdi E. A. Zaki,b Minghua Huang, e Ahmed A. Farag f and H. S. Gadow g

Although drugs are essential for humans, they are perilous for the ecosystem when disposed of improperly.

There are challenges in reusing them for other useful purposes, most notably as corrosion inhibitors;

corrosion inhibition is an important industrial and economic aspect of protecting metals and the

environment. Copper alloys are widely used in outdoor applications, especially in casting decorative

items, but they have shortcomings in corrosion resistance. Herein, the ability of two expired drugs,

streptomycin (I) and neomycin (II), to resist the corrosion of a high Cu–Zn alloy in a 3.5% NaCl

environment was studied in detail via electrochemical, gravimetric and microscopic techniques as well as

theoretical calculations. The electrochemical results showed that there was an increase in the corrosion

rate of the examined alloy with increasing [NaCl]. The addition of 500 mg L−1 of the tested drugs

strongly inhibited alloy corrosion, and the inhibition efficiencies (% IEs) reached 87.4% and 91.6% with

drugs I and II, respectively. The obtained gravimetric outcomes indicated that the values of % IEs were

augmented with increasing drug dosages, while they decreased as [NaCl] and solution temperature

increased. The higher % IEs were attributed to the strong adsorption of the drugs on the brass surface.

This adsorption was suggested to be physical and obeyed the Langmuir adsorption isotherm.

Polarization assessments indicated that these drugs were mixed-type inhibitors with an anodic priority.

All thermodynamic/kinetic parameters were determined through full adsorption assays, and the possible

inhibition mechanism was proposed. Computational methods provided further support and clarification

of the inhibition mechanism of these drugs. All results of the applied techniques were in excellent

conformity with each other and with the employed computational methods.
1. Introduction

The natural phenomenon of deterioration of metals and alloys,
termed corrosion, is regarded as a serious challenge in all
countries because of both economic and environmental
concerns.1,2 The prevention or control of this phenomenon
requires the usage of effectual methods. The addition of
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corrosion inhibitors denotes an applicable strategy to protect
the surfaces of metals from the aggressiveness of the
surrounding medium.3 These corrosion inhibitors function via
their potent adsorption on the metallic surfaces, forming
protective layers. The principal characteristic of these inhibitors
is the existence of certain functional groups that contain N, S, P
and O atoms or p-electrons, which facilitate their adsorption on
the metallic surfaces.4,5

Copper alloys are extensively utilized for various signicant
industrial purposes.6 Brasses are important and noteworthy
copper-based alloys, especially with zinc in different propor-
tions and copper in the highest proportion, to achieve different
physical and chemical properties.7 They are known for their
technological properties and nd various applications in the
elds of mechanical engineering, medical and arts. However,
there are certain factors that make brass alloys corrode in
aggressive media, especially in chloride environments.8–25 The
supreme forms of brass corrosion are dezincication,17–26 stress-
corrosion cracking,17,18 and pitting corrosion.19–21 In chloride
RSC Adv., 2025, 15, 39123–39147 | 39123
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media, dezincication occurs in the early stages of corrosion, in
which zinc is anodically dissolved, leading to the appearance of
vacancies on the alloy surface.22,23 Also, in chloride media,
multiple layers containing oxides of zinc and copper (ZnO,
Cu2O, and CuO) are constructed on the alloy surface, which
passivate the alloy surface and inhibit its corrosion.15,16,20,21 At
relatively lower concentrations of Cl− ions, a CuCl layer is
formed, which slightly protects the alloy surface from corrosion
attacks.24,25 At critical [Cl−], the rate of corrosion increases
markedly because of the formation of soluble CuCl2

− complexes
and the discontinuity of the passivation layer.19 In the presence
of Cl− ions, dezincication and localized attacks on the alloy
surface occur simultaneously.7–9 It was reported20,21 that brass
alloys are much more disposed to pitting than copper, as the
formed ZnO layer is less resistant to corrosion.

Due to their extensive utilization in diverse elds, the
corrosion of brass alloys and their protection have attracted
great consideration, and a lot of investigations have been made
in this regard. Therefore, an immense number of organic
compounds have been previously examined as inhibitors for
brass alloy corrosion, especially in Cl− media,26–45 acidic
media,46–52 alkaline media53,54 and other environments.55–58

Benzotriazole derivatives are the most examined organic
inhibitors for the corrosion of brass alloys in Cl−media.26–34 The
higher efficiencies of benzotriazole derivatives are due to the
formation of chemisorption compounds or multicomponent
structures on the surfaces of brass alloys that, in addition to the
oxides of copper and zinc, comprise polymer systems with Cu+

and Zn2+ ions.30–32 This leads to the construction of protective
layers on the alloy surface and prevents further dissolution and
subsequent dezincication and pitting attacks. Various organic
compounds have been investigated for this purpose, such as
aminotriazole35 and thiadiazole derivatives36 and quinoline
derivatives based on D-glucose,47 4-uorophenyl-2,5-di-
thiohydrazodicarbonamide,38 1,3-bis-diethylamino-propan-2-
ol39 and cysteine.50 Early investigations were dedicated to the
study of variamine blue B,41 2-mercaptobenzothiazole and
Tween-80,42 and self-assembled silane43 as corrosion inhibitors
for brasses in chloride media.

Recently, many studies59–67 have been devoted to investi-
gating green or ecofriendly corrosion inhibitors that do not
Fig. 1 Chemical structures of the tested drugs.

39124 | RSC Adv., 2025, 15, 39123–39147
have any effect on the ecosystem because most of the employed
inhibitors are toxic and have highly harmful effects on the
environment. Some pharmaceutical drugs contain, in their
chemical structures, various electronegative functional groups,
heteroatoms, p systems and/or heterocycles that give these
drugs good adsorption capabilities on the metallic surfaces,
leading to a shielding layer construction that protects the metal
surfaces.68–71 In addition, such drugs have good aqueous solu-
bilities and abilities to form complexes with the metal ions
released in the solution through the corrosion process.70–74

Thus, these pharmaceuticals are considered as promising,
sustainable, effectual, and safe68–74 anticorrosive agents, instead
of other highly toxic and hazardous inhibitors like arsenic,
chromate, molybdate, and phosphate compounds.75–77 Accord-
ingly, expired pharmaceuticals are safely used as corrosion
inhibitors to achieve economic and environmental benets. To
date, several drugs have been investigated and found to be
effective in inhibiting the corrosion of many metals and alloys
in different media.68–74 Streptomycin and neomycin are two
drugs from the aminoglycoside antibiotics family that are
utilized to treat several bacterial infections.78 Fig. 1 illustrates
the structures of the two drugs, which contain various nitrogen
and oxygen heteroatoms and heterocyclic rings that permit
these compounds to intensely adsorb on the metal surfaces.
Hence, these drugs, which are expired, can be used as efficient,
ecofriendly, water-soluble, available and free-of-cost inhibitors
for the prevention or reduction of metallic corrosion.

The current research aimed to examine the inhibitory char-
acteristics of expired streptomycin and neomycin drugs in the
corrosion of high brass alloys in 3.5% NaCl at xed tempera-
tures. This work was performed using various experimental and
computational techniques. The experimental techniques were
electrochemical measurements (open circuit potentials, OCP,
and potentiodynamic polarization, PDP) and the gravimetric or
weight loss (WL) method. Also, the surface morphologies of the
alloy surfaces in the absence and presence of the expired drugs
were photographed by scanning electron microscopy (SEM).
The employed computational methods were density functional
theory (DFT) calculations, molecular dynamics (MD) simula-
tions, Mulliken atomic charges, Fukui indices and molecular
electrostatic potential (MESP) analysis.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental section
2.1 Materials

The examined alloy was the high brass alloy, Cu–35Zn (Central
Metallurgical Research and Development Institute, Cairo,
Egypt) with the chemical composition (wt%) of 35 Cu, 34.8 Zn,
0.15 Pb and 0.05 Sn. The sheets of the alloy were handled before
each experiment by polishing using different SiC emery papers
(200–1200), washing with bi-distilled water, degreasing with
acetone, and lastly drying. Corrosion experiments were per-
formed in a 3.5% NaCl (99.99%) blank solution without and
with adding the expired drugs within the range from 100 to
500mg L−1. Solutions of the expired drugs, streptomycin sulfate
(I) (Fluka, C21H39N7O12$H2SO4, 679.70 g mol−1, EXP 08-2024)
and neomycin sulfate (II) (Fluka, C23H46N6O13$H2SO4, 712.72 g
mol−1, EXP 06-2024) were prepared using bi-distilled water.
Each experiment was performed about three times to attain
consistent results and to check the reproducibility.
2.2 Methods

The techniques used in this investigation were experimental
and computational. The experimental techniques were electro-
chemical measurements (OCP and PDP) and weight loss (WL)
and surface analyses (SEM). The computational methods were
DFT calculations, MD simulations, Mulliken atomic charges,
Fukui indices and MESP analysis.

2.2.1 Experimental techniques
2.2.1.1 Electrochemical measurements. These measurements

were carried out utilizing a temperature-controlled PGSTAT30
potentiostat–galvanostat in a three-electrode cell including
a working electrode composed of the investigated brass alloy (Cu–
35Zn) with an exposed surface area of 1.0 cm2 (set in an epoxy
resin), a saturated calomel electrode (SCE) as a reference elec-
trode, and a Pt plate as a supplementary electrode. Aer treating
the working electrode, it was immersed in the investigated solu-
tion at the OCP (or EOC) for approximately 30 min or for a time till
a xed potential state was reached. PDP runs were scanned from
−300 mV to +300 mV versus Ecorr at a scan rate of 1.0 mV s−1.

2.2.1.2 Weight loss (WL) measurements. In the WL measure-
ments, the sheets of the brass alloy (∼16.7 cm2 area) were used.
These sheets were treated as reported earlier79,80 and submerged
in 100 mL of the investigated solution for the time periods of 4
to 20 h in the temperature range from 288 K to 318 K. Then, the
sheets were cleaned, dried, and weighed. The average losses in
the weights of brass sheets (in mg cm−2) were computed aer
each experiment.

2.2.1.3 Surface analysis. In the SEM study, a JEOL SEM at 5.0
kV was utilized. The surfaces of brass sheets were observed by
SEM aer immersion in the examined solution for about 24 h at
298 K.

2.2.2 Theoretical studies
2.2.2.1 DFT calculations. Using a DNP 4.4 basis set and

a B3LYP functional, density functional theory (DFT) calcula-
tions were carried out using the Dmol3 module of the BIOVIA
Materials Studio 2017 program. The goal of these computations
was to reduce the chemical molecules' energies in a water
© 2025 The Author(s). Published by the Royal Society of Chemistry
environment. Additionally, in order to assess and compute
a number of properties, including EHOMO, ELUMO, energy gap
(DE), electronegativity (c), hardness (h), global soness (s),
number of electrons transferred (N), energy of back-donation (E
back-donation), and dipole moment (m), the DFT calculations
used the following equations:81

I, (ionization potential) = −EHOMO (1)

A, (electron affinity) = −ELUMO (2)

Pi = −c (3)

Pi = (ELUMO + EHOMO)/2 (4)

h = DE/2 = (ELUMO − EHOMO)/2 (5)

s = 1/h (6)

u, (electrophilicty index) = Pi
2/2h (7)

3, (nucleopℎilicity index) = 1/u (8)

The work function of iron is represented in the equations by the
symbol 4, while the inhibitor's electronegativity is shown by the
symbol cinh. The chemical hardness of the inhibitor and iron (0
eV) are denoted by hFe and hinh, respectively.

2.2.2.2 MD simulation. Furthermore, MD simulations were
performed using the adsorption nder module in BIOVIA
Materials Studio 2017 soware to ascertain the optimal
congurations of the two compounds' molecules to adsorb onto
the Cu (111) surface.82 The COMPASS force eld was used to
achieve the best possible results for the adsorbate molecules.
Then, in a simulation box (37.24 Å × 37.24 Å × 59.81 Å), we
discovered the adsorption of inhibitor molecules, chloride ions,
hydronium ions, and water molecules onto the Cu (111)
surface.83 The Cu (111) surface was chosen for the adsorption
simulation because previous research has shown it to be the
most stable and prevalent facet, making up over 65% of the
copper crystals' total surface area.84

2.2.2.3 Mulliken atomic charges and Fukui indices. The
localization of donor and acceptor sites of the molecule's active
centers can be elucidated through the application of Mulliken
atomic charges and Fukui indices.

2.2.2.4 MESP. To accurately identify the pertinent chemical
reactions, the molecular electrostatic potential (MESP) map was
utilized. The electrostatic potential was visualized through a color
gradient at various locations on the electron density surface.
3. Results and discussion
3.1 Electrochemical measurements

3.1.1 OCP measurements. The effect of the corrosive
medium (NaCl) concentration on the value of EOC of the
examined brass alloy was investigated at 298 K, as shown in
Fig. 2. It can be noticed that the OCP values became more
positive and then almost stabilized within 20–30 min, indi-
cating the formation of a stable passive layer on the electrode
RSC Adv., 2025, 15, 39123–39147 | 39125
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Fig. 2 Variation in the EOC with time (a) and with NaCl concentration (b) during the corrosion of copper in sodium chloride solutions at 298 K.
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surface,85 i.e. a state of thermodynamic equilibrium (Fig. 2a). In
contrast, as the NaCl concentration increased, the OCP shied
drastically to more negative values, indicating the acceleration
of the cathodic reaction, i.e. weakening or dissolution of the
passive lm as a result of an increased corrosion rate.86 Fig. 2b
illustrates a linear relationship between EOC and log[NaCl],
agreeing with eqn (9):86

EOC = a – b log[NaCl] (9)

where a and b are constants related to the composition of the
brass alloy, which are found to be −348 and −114, respectively.

3.1.2 PDP measurements
3.1.2.1 Effect of [NaCl]. Fig. 3 illustrates the PDP curves (in

the form of Tafel plots) for the corrosion of the examined brass
alloy at diverse [NaCl] (1.5%, 2.5%, 3.5% and 4.5%) at 298 K.
Fig. 3 PDP plots for the corrosion of brass at diverse [NaCl] at 298 K.

39126 | RSC Adv., 2025, 15, 39123–39147
The values of corrosion parameters such as the corrosion
potential, Ecorr, cathodic and anodic Tafel slopes, ba and bc,
respectively, and corrosion current density, icorr, were evaluated
by the extrapolation of both branches of the Tafel curves and are
inserted in Table 1. Due to the inverse proportionality between
Rp and icorr, the calculation of the values of Rp (listed in Table 1)
is a valuable method to evaluate the corrosion resistance of
a metal/solution system. The gure and the data listed in Table
1 illuminate that increasing the concentration of the corrosive
solution (NaCl) shis both anodic and cathodic branches of the
Tafel curves to higher icorr, signifying an increase in the corro-
sion rate of the alloy. Also, in agreement with the OCP
measurements, there is a negative shi in the value of Ecorr with
rising NaCl concentration. The obtained values of both ba and
bc are found to decrease with rising [NaCl]. The icorr value of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Corrosion parameters for the corrosion of brass at diverse [NaCl] at 298 K

CNaCl (%) Ecorr (mV(SCE)) ba (mV dec−1) −bc (mV dec−1) icorr (mA cm−2) Rp (ohm cm2)

1.5 −184 173 228 13.77 3105
2.5 −202 169 323 22.08 2185
3.5 −221 166 153 33.45 1035
4.5 −241 142 183 48.16 722

Fig. 4 PDP plots for the corrosion of brass in 3.5% NaCl (blank) and in the presence of streptomycin (I) and neomycin (II) at 298 K.
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alloy is found to increase while that of Rp reduces with rising
[NaCl], indicating an increase in the corrosion rate with
increasing [NaCl], and this trend can be ascribed to the
contribution of the adsorbed Cl− ions on the alloy surface,
resulting in the prevention or destruction of the passive lm on
the alloy surface.

3.1.2.2 Effect of the inhibitor concentrations. PDP measure-
ments were performed for the corrosion of the examined brass
alloy in a 3.5% NaCl solution (blank) in the absence and pres-
ence of diverse doses (100–500 mg L−1) of streptomycin (I) and
neomycin (II) at 298 K, and the Tafel curves are shown in Fig. 4,
and the related corrosion parameters are computed and are
inserted in Table 2. In addition, the inhibition efficiencies (%
Table 2 Corrosion parameters of brass in 3.5% NaCl (blank) and in the p

3.5% NaCl+
Inh. conc.
(mg L−1)

Ecorr
(mV(SCE))

ba
(mV dec−1.)

Blank 0 −221 166
Streptomycin (I) 100 −202 112

200 −197 102
300 −193 107
400 −189 136
500 −177 127

Neomycin (II) 100 −210 152
200 −214 163
300 −208 149
400 −199 151
500 −184 139

© 2025 The Author(s). Published by the Royal Society of Chemistry
IEs) and the degree of surface coverage (q) of the drugs are
calculated via eqn (10) (ref. 87) and are listed in Table 2.

%; IE ¼ q� 100 ¼
�
1� icorrðinhÞ

icorr

�
� 100 (10)

where icorr and icorr(inh) refer to the icorr values in the absence
and presence of the drug inhibitors, respectively.

The experimental results denoted that the addition of the
expired drugs to the NaCl solution moved the Tafel curves to
lower icorr values, indicating a reduction in the rate of corro-
sion of the examined brass alloy and hence the inhibition of
its corrosion. Also, the examined drugs were found to slightly
shi the value of Ecorr of brass in the blank solution towards
resence of streptomycin (I) and neomycin (II) at 298 K

−bc
(mV dec.−1)

icorr
(mA cm−2)

Rp
(ohm cm2) % IE q

153 33.45 1035 — —
227 15.21 2144 54.5 0.545
161 10.51 2583 68.6 0.686
172 7.17 4001 78.6 0.786
158 5.52 5756 83.5 0.835
175 4.08 7842 87.8 0.878
170 14.25 2448 57.4 0.574
166 9.94 3597 70.3 0.703
161 7.14 4712 78.7 0.787
174 4.49 7828 86.6 0.866
179 2.88 11 812 91.4 0.914

RSC Adv., 2025, 15, 39123–39147 | 39127
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the positive (anodic) direction, indicating that the tested
drugs displayed mixed-type inhibition characteristics with an
anodic priority.88 The calculated values of ba were found to
decrease while those of bc increased in the presence of the
examined drugs, demonstrating that the kinetics of the
anodic reaction were retarded by the added drugs, while those
of the oxygen reduction reaction (cathodic reaction) were
accelerated. The value of icorr of the alloy in the blank solution
reduced while the Rp value increased with increasing drug
dosage, signifying the inhibition of the alloy corrosion. At
500 mg L−1 of the tested drugs, the % IEs of drugs I and II
were found to be 87.4% and 91.6%, respectively. Thus, the
expired drugs acted as efficient inhibitors for the corrosion of
the examined brass alloy in a 3.5% NaCl solution.
3.2 Weight loss (WL) measurements

3.2.1 Effect of the inhibitor concentrations. WL tests were
done for brass sheets in a 3.5% NaCl medium (blank) and with
Fig. 5 WL vs. time plots for the corrosion of brass in 3.5% NaCl with div

Table 3 Values of the CR of brass in 3.5% NaCl (blank) and % IE and q v

3.5% NaCl+
Inh. conc.
(mg L−1)

Temperature (K)

288 298

CR % IE q CR

Blank 0 16.13 — — 18.20
Streptomycin (I) 100 5.94 63.2 0.632 7.79

200 4.03 75.0 0.750 5.22
300 2.82 82.5 0.825 4.04
400 2.03 87.4 0.874 2.71
500 1.58 90.2 0.902 2.38

Neomycin (II) 100 4.87 69.8 0.698 6.79
200 3.32 79.4 0.794 4.15
300 1.92 88.1 0.881 3.09
400 1.55 90.4 0.904 2.29
500 1.13 93.0 0.93 1.87

39128 | RSC Adv., 2025, 15, 39123–39147
diverse doses (100–500 mg L−1) of streptomycin (I) and
neomycin (II). The plots of WL vs. immersion time at 298 K are
illustrated in Fig. 5. The values of the corrosion rates (CR) of the
alloy were calculated (in mpy) using eqn (11):89

CR ¼ KW

Atd
(11)

where K is a constant (3445.15), W is the WL of the alloy (g), A is
the brass sheet's area (cm2), t is the rinsing time (h), and d is the
brass alloy's density90 (8.52 g cm−3).

The values of both % IEs and q of the expired drugs were
calculated by eqn (12):91

%IE ¼ q� 100 ¼
�
1� CRinh

CR

�
� 100 (12)

where CR and CRinh are the CRs in the absence and presence of
the expired drugs, respectively. The corrosion parameters (CR,
% IEs and q) are presented in Table 3. The parameters included
in Table 3 indicated that as the drug doses increased, the CR of
erse doses of streptomycin (I) and neomycin (II) at 298 K.

alues of streptomycin (I) and neomycin (II) at diverse temperatures

308 318

% IE q CR % IE q CR % IE q

— — 21.89 — — 26.01 — —
57.2 0.572 11.08 49.4 0.494 14.96 42.5 0.425
71.3 0.713 8.82 59.7 0.597 11.68 55.1 0.551
77.8 0.778 6.26 71.4 0.714 9.62 63.0 0.630
85.1 0.851 5.43 75.2 0.752 7.91 69.6 0.696
86.9 0.869 4.62 78.9 0.789 7.49 73.2 0.712
62.7 0.627 10.09 53.9 0.539 14.64 43.7 0.437
77.2 0.772 6.83 68.8 0.688 11.91 54.2 0.542
83.0 0.830 5.45 75.1 0.751 8.74 66.4 0.664
87.4 0.874 4.84 77.9 0.779 7.26 72.1 0.721
89.7 0.897 4.07 81.4 0.814 6.55 74.8 0.748

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06456b


Fig. 6 Variation in the % IEs of streptomycin (I) and neomycin (II) at
500 mg L−1 with [NaCl] in the corrosion of brass in NaCl solutions at
298 K.
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the alloy reduced, and the % IEs of the tested drugs enhanced.
In accordance with PDP measurements, the % IE values of
streptomycin (I) were set to be lower than those of neomycin (II),
indicating the reality of the investigational outcomes collected
from the two employed techniques.

3.2.2 Effect of NaCl concentration on the % IE values. The
effect of the concentration of NaCl on the % IEs of streptomycin
(I) and neomycin (II) at 500 mg L−1 is illustrated in Fig. 6. The
gure illustrates that the % IE values decreased with increasing
[NaCl], indicating that the expired drugs were more efficient at
lower NaCl concentrations.

3.2.3 Effect of the immersion time. To investigate the
effect of the immersion time on the values of % IEs of strep-
tomycin (I) and neomycin (II) in the corrosion of brass alloy in
3.5% NaCl, brass sheets were immersed in such a solution with
500 mg L−1 of the tested drugs for 4–20 hours at 298 K. The
obtained results (illustrated in Fig. 7) showed that the values of
Fig. 7 Variation in the % IEs of streptomycin (I) and neomycin (II) at
500mg L−1 with immersion time in the corrosion of brass in 3.5% NaCl
at 298 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
% IEs improved signicantly in the initial stage up to 8 h and
subsequently diminished with further lapse of time (8–20 h).
The increase in the % IE values in the early stage of immersion
may be attributed to the adsorption of drug molecules on the
alloy surface and the subsequent improvement in % IEs. Aer
∼8 h, some adsorbed drug molecules are expected to desorb
from the alloy surface, resulting in a decrease in the effective
area covered by such molecules, causing a reduction in the %
IE values.92

3.2.4 Effect of temperature. The results of the effect of
temperature (listed in Table 3) indicated that the CR of brass in
3.5% NaCl was found to increase, while the % IEs of the expired
drugs decreased with increasing temperature, as shown in Fig. 8
and 9, respectively. This performance proposed that the
adsorption type of the tested drugs on the brass surface was
physical.93,94

3.2.5 Adsorption isotherm evaluations. The obtained
outcomes from both PDP and WL techniques indicated that the
examined expired drugs exerted their inhibition effect via their
adsorption on the brass alloy's surfaces. Consequently, a study
of the various adsorption isotherms is necessary to recognize
the nature of the drug molecules' adsorption on the alloy
surface. In this context, tests were performed to t the obtained
data with diverse adsorption isotherms, such as Temkin,
Langmuir, Freundlich, Frumkin, and Flory–Huggins. The
outcomes collected at diverse temperatures signied that the
nest t obeyed the Langmuir isotherm (Eq. (13)),95 with almost
unit slopes gained, as presented in Fig. 10.

Cinh

q
¼ 1

Kads

þ Cinh (13)

The values of the adsorption constant, Kads, were evaluated
from Fig. 10 and are listed in Table 4. The greater Kads values
obtained implied the strong and spontaneous adsorption of the
drug molecules. Such adsorption is suggested to be physical,
where rising solution temperature results in a reduction in the
value of Kads.

3.2.6 Thermodynamic parameters. The standard free
energy of adsorption (DG°ads) was calculated using the
equation:96

DG˚ads = −RT ln(55.5 Kads) (14)

The computed DG°ads values are listed in Table 4 and were
found to be in the range from −30.47 kJ mol−1 to
−31.92 kJ mol−1, signifying that the adsorption nature was
a mixed-type (physicochemical adsorption).97,98 This adsorption
was spontaneous because of the obtained negative values of DG
°ads.99 Also, the DG°ads values for streptomycin were somewhat
lower than those for neomycin, indicating that streptomycin
was less adsorbed on the brass alloy surface than neomycin,
conrming the obtained % IE values for both drugs.

The values of the standard heat of adsorption (DH°ads) were
computed using eqn (15):100

ln Kads ¼ �DH�
ads

RT
þ constant (15)
RSC Adv., 2025, 15, 39123–39147 | 39129
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Fig. 8 Variation in the CR of brass in 3.5% NaCl with diverse doses of streptomycin (I) and neomycin (II) with temperature.

Fig. 9 Variation in the % IEs of diverse doses of streptomycin (I) and neomycin (II) with temperature in the corrosion of brass in 3.5% NaCl.

Fig. 10 Langmuir adsorption isotherms for streptomycin (I) and neomycin (II) adsorbed on the surface of brass in 3.5% NaCl at diverse
temperatures.

39130 | RSC Adv., 2025, 15, 39123–39147 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Thermodynamic parameters and Kads values for the corrosion of brass in 3.5% NaCl with streptomycin (I) and neomycin (II) at diverse
temperatures

3.5% NaCl+ Temp. (K) 10−3 Kads L mol−1 DG°ads kJ mol−1 DH°ads kJ mol−1 DS°ads J mol−1 K−1

Streptomycin (I) 288 6.06 −30.47 −17.09 71.75
298 4.99 −31.05 71.26
308 3.77 −31.37 70.01
318 3.15 −31.92 69.52

Neomycin (II) 288 8.16 −31.19 −19.11 81.44
298 6.67 −31.77 80.67
308 5.19 −32.19 79.42
318 3.85 −32.45 77.73

Fig. 11 van't Hoff plots for streptomycin (I) and neomycin (II) adsorbed
on the surface of brass in 3.5% NaCl.
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Fig. 11 shows the linear plots of ln Kads vs. 1/T. The computed
values of DHo

ads (Table 4) were negative, proposing that the
adsorption of drug molecules was exothermic with a physical
type.101–104
Fig. 12 Arrhenius plots for the corrosion of brass in 3.5% NaCl with stre

© 2025 The Author(s). Published by the Royal Society of Chemistry
The standard entropy of adsorption (DS°ads) was calculated
using eqn (16):

DG˚ads = DH˚ads − TDS˚ads (16)

The computed values of DSoads are listed in Table 4, and they
signied an increase in the disorder of the adsorption of drug
molecules due to the desorption of some H2O particles from the
brass surface, which are substituted by the drug molecules.103,104

3.2.7 Kinetic parameters. The activation energy (Ea*) was
determined using eqn (17):102

ln CR ¼ ln A� E*
a

RT
(17)

The results indicated that the graphs of ln CR versus 1/T were
linear, as illustrated in Fig. 12, from which Ea* values were
evaluated and are inserted in Table 5. The values in the presence
of the tested drugs were greater than those obtained in the
inhibitor-free medium (blank), signifying the strong physical
adsorption of the drugs on the brass surface. Also, the obtained
Ea* values were smaller than the 80 kJ mol−1 required for
ptomycin (I) and neomycin (II).

RSC Adv., 2025, 15, 39123–39147 | 39131
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Table 5 Activation parameters in the corrosion of brass in 3.5% NaCl with streptomycin (I) and neomycin (II)

3.5% NaCl+ Inh. conc. (mg L−1) Ea* kJ mol−1 DH* kJ mol−1 DS* J mol−1 K−1

Blank 0 12.28 9.78 64.44
Streptomycin (I) 100 23.82 21.31 32.85

200 28.27 25.81 20.37
300 31.26 28.80 12.89
400 36.25 33.84 −1.24
500 40.57 38.13 −13.72

Neomycin (II) 100 28.10 25.59 19.54
200 30.68 28.06 32.43
300 37.25 36.44 −10.39
400 40.93 38.50 −15.38
500 46.06 43.54 −30.35
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chemisorption, revealing that the nature of adsorption was
physical.104

The values of both activation enthalpy (DH*) and activation
entropy (DS*) were computed using eqn (18):105

ln

�
CR

T

�
¼

�
ln

R

Nh
þ DS*

R

�
� DH*

R
� 1

T
(18)

The ln(CR/T) vs. 1/T graphs were linear, as shown in Fig. 13.
Table 5 lists the DH* and DS* values, which were computed
from the graphs. The DH* values were discovered to be positive,
proving that the corrosion process was endothermic, whereas
there was a decrease in the DS* values, signifying a reduction in
the randomness as a result of activated complex establish-
ment.106 Fig. 14 shows the harmonizing of the trend of Ea* and
DH* values for both tested drugs.

3.2.8 Corrosion kinetics of the brass alloy. The kinetics of
brass corrosion in the tested medium and its inhibition by
streptomycin (I) and neomycin (II) at different concentrations
were investigated at 298 K. The outcomes displayed that the
kinetics of brass corrosion and its inhibition were rst-order, as
represented by the equation:
Fig. 13 Transition state plots for the corrosion of brass in 3.5% NaCl wit

39132 | RSC Adv., 2025, 15, 39123–39147
−lnWL = k1t − lnA (19)

where k1 is a rst-order rate constant. The linear graphs of –ln
WL vs. immersion time (t) are illustrated in Fig. 15, indicating
that the kinetics of brass corrosion followed a negative rst-
order. The k1 values (Table 6) were computed from Fig. 16.
Also, the values of the half-life time, t1/2, of corrosion were
computed using k1 values using eqn (20):107

t1=2 ¼ 0:693

k1
(20)

Furthermore, the order of corrosion inhibition, n, was
determined (Table 7) using eqn (21):108

log CR = log k + n logCinh. (21)

The graphs of log CR vs. log Cinh for streptomycin (I) and
neomycin (II) were linear (Fig. 16), and the obtained values of n
indicated that the corrosion inhibition of brass followed
h streptomycin (I) and neomycin (II).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Variance of Ea* and DH* with the concentrations of streptomycin (I) and neomycin (II) in the corrosion of brass in 3.5% NaCl.

Fig. 15 First-order plots for the corrosion of brass in 3.5% NaCl with streptomycin (I) and neomycin (II) at 298 K.

Table 6 Values of k1 and t1/2 in the corrosion of brass in 3.5% NaCl with
streptomycin (I) and neomycin (II) at 298 K

Inh. conc.
(mg L−1)

Streptomycin (I) Neomycin (II)

k1, h
−1 t1/2, h k1, h

−1 t1/2, h

Blank 0.089 7.791 0.089 7.791
100 0.068 10.19 0.071 9.76
200 0.069 10.04 0.066 10.50
300 0.065 10.66 0.061 11.36
400 0.074 9.36 0.066 10.50
500 0.076 9.12 0.056 12.36
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a negative fractional rst-order with Cinh, indicating the good %
IEs of the tested drugs.109

Finally, according to the comparison of the values of % IEs of
the examined drugs, streptomycin (I) and neomycin (II), at 298
K collected via the employed techniques (PDP andWL), a decent
© 2025 The Author(s). Published by the Royal Society of Chemistry
conformity was accomplished, signifying the validity of the used
tools, as presented in Fig. 17.

3.2.9 Surface examination. The SEM photographs of the
surfaces of the brass alloy before and aer 24 h rinsing with
3.5% NaCl with 500 mg L−1 of the tested drugs, streptomycin
and neomycin, are presented in Fig. 18A–D, respectively.
Fig. 18A presents the surface of rened brass, whereas Fig. 18B
presents the brass surface aer rinsing with 3.5% NaCl, which
shows the damage in the surface and the presence of various
pits. Fig. 18C and D show the disappearance of the previously
visible damage characteristics from the brass surfaces and the
formation of protective layers on them, proving the potent
adsorption of the drugs on brass surfaces and establishing
excellent inhibitive properties. Hence, the SEM study was in
decent conformity with the outcomes obtained from the
different employed tools.
RSC Adv., 2025, 15, 39123–39147 | 39133
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Fig. 16 Plots of log CR vs. logCinh for the corrosion inhibition of brass in 3.5% NaCl by streptomycin (I) and neomycin (II) at diverse temperatures.

Table 7 Values of the order, n, of corrosion inhibition of brass by
streptomycin (I) and neomycin (II) at diverse temperatures

Temp. (K) Streptomycin (I) Neomycin (II)

288 −0.821 −0.912
298 −0.751 −0.797
308 −0.556 −0.551
318 −0.445 −0.522
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3.3 Theoretical studies

3.3.1 DFT calculations. The compounds' inhibitory func-
tion can be linked to heteroatoms that adhere to the brass
surface. The contributions of the two examined drugs to the
suppression of brass corrosion were demonstrated in the
current investigation using quantum chemical parameters.
Fig. 17 Comparison of the used techniques (PDP and WL) for the % IE v
3.5% NaCl at 298 K.

39134 | RSC Adv., 2025, 15, 39123–39147
Fig. 19 depicts the two scenarios in which the inhibitors'
orbitals (LUMO and HOMO) have the optimal geometric struc-
tures (neutral and protonated). A compound's larger EHOMO

value indicates its ability to transfer electrons to the unlled d-
orbital of the metal surface, whereas a compound's lower ELUMO

value indicates its ability to take electrons.110 The EHOMO and
ELUMO data listed in Table 8 demonstrate that the drugs under
examination are capable of giving or receiving electrons. The
energy vacuum (DE), whose magnitude determines whether
inhibitor atoms are reactive aer adsorption on the brass
surface, is another important component. There is an inverse
relationship between the value of DE and the reaction that takes
place during adsorption. Compounds with low energy gap
values make good corrosion inhibitors because an electron may
be expelled from their outer shell orbital with a very low ioni-
zation energy.111 Because the inhibitors have a smaller energy
gap (DE) in their neutral form than in their protonated state,
alues of streptomycin (I) and neomycin (II) for the corrosion of brass in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 SEM images (mag. 2000×) of the surfaces of brass (A) before and after 24 hours of immersion in (B) 3.5% NaCl and (C) and (D) 3.5% NaCl
with 500 mg L−1 streptomycin and neomycin, respectively.
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there could be a greater response between the two drugs and the
neutral form of the brass surface.112 The absolute hardness (h)
and soness (s) values may be used to determine the compo-
sition, stability, and reactivity of molecules. The easiest electron
transfer occurs exclusively in the area of inhibitor molecules,
with the highest data becoming an adsorbate.113 In the process
of corrosion, the inhibitor molecules become Lewis bases, while
brass becomes a Lewis acid. In fact, organic inhibitor molecules
are considered Lewis bases because they play the role of
donating lone pairs of electrons to the unoccupied d-orbitals of
the metal, i.e. they chemically bond to the alloy surface, forming
a protective layer and thus preventing corrosion attack. When it
comes to moderately acidic bulk metals, so-base inhibitors are
the most efficient way to prevent NaCl corrosion. The structure
is shied andmade more logical using the dipole moment.114,115

When comparing results, the possibility that stronger interac-
tions between the inhibitor molecules and the brass surface
resulted in a higher % IE and better adsorption is taken into
account. The electrostatic interaction between an excited brass
surface and an organic dipole causes the organic dipole to be
physically adsorbed onto the alloy surface. Thus, the drug
molecules with greater dipole moment values are preferred.
When dipole moments were measured, it was found that
protons signicantly changed the shape of the dipole torque,116
© 2025 The Author(s). Published by the Royal Society of Chemistry
indicating that the examined drugs are as securely bonded to
the brass surface as a proton can be. Nevertheless, there is no
proof in the literature that the inhibitory efficacy is related.117

The ability of the electronic inhibitor on the brass surface is said
to increase the inhibition efficiency if DN is less than 3.6.118 It's
worth noting that the higher the electronegativity (c) of an
inhibitor, the greater its tendency to attract electrons to the
metal surface. This is a quantitative chemical criterion for
predicting the inhibitor's effectiveness in adsorption and
corrosion prevention. As electronegativity cinh rises, so does the
propensity to be adsorbed on a copper surface and prevent
corrosion. Table 9 shows the drugs' inhibitory effects in relation
to the previous study.119 Neomycin molecules have a stronger
inhibitory effect by increasing the region in which those mole-
cules may interact with the brass surface. We discovered that
the proton form of the two examined drugs had higher
numerical values than the neutral form, in terms of the nucle-
ophilicity index (3). As a result, both drugs are highly nucleo-
philic in their protonated states. This illustrates how the proton
shape might help electrons adhere to the brass surface. The
electro-accepting power (u+ = (I + 3A)2/16(I − A)) and electro-
donating power (u− = (3I + A)2/16(I − A)) have recently been
used to assess the capacity of inhibitors to deliver or receive
electrical charge, respectively.120 Important indicators of
RSC Adv., 2025, 15, 39123–39147 | 39135
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Fig. 19 HOMO and LUMO orbital shapes and molecular structure optimization of streptomycin (I) and neomycin (II) in their neutral and
protonated forms in the corrosion of brass in 3.5% NaCl.
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electron donation and charge transfer from brass to the inhib-
itor molecules are the positive values of hardness (h) and,
consequently, the negative values of the back-donation energy
(E back-donation = −h/4).

3.3.2 MD simulation. The adsorption process and the
attraction between the inhibitor species and the brass alloy
surface were investigated using Monte Carlo simulations. The
ideal adsorption congurations of drug molecules on the brass
surface in a 3.5% NaCl solution are depicted in the adsorption
location module in Fig. 20. This suggests maximum surface
coverage and improved adsorption.121 The adsorption energies,
which are crucial, were calculated and are inserted in Table 9. It
was found that neomycin molecules have a more negative
adsorption energy value (−5288.68 kcal mol−1) than strepto-
mycin molecules (−4368.299 kcal mol−1). Also, in the proton-
ated case, neomycin has a higher value of adsorption energy
than streptomycin. The values for the neutral and protonated
39136 | RSC Adv., 2025, 15, 39123–39147
cases of the two examined drugs are high. These values indicate
that their adsorption on the brass surface is high, and such
adsorption is a mixed-type (physical and chemical adsorp-
tion).122 The protonation of the inhibitor molecules enhances
their anti-corrosion performance by increasing their ability to
adsorb onto the metal surface and prevent corrosion. In
a neutral environment, e.g. a 3.5% NaCl solution, the proton-
ation of the inhibitor is likely to occur either by:

(i) In an aqueous 3.5% NaCl solution, Zn–Cu dissolves to
form metal ions (e.g., Zn / Zn2+ + 2e−) and thus releases
electrons (anodic reaction). At the same time, water is reduced
(2H2O + 2e− / H2(g) + 2OH−), and the number of OH− ions
increases at the cathode, creating a local alkaline environment
(cathodic reaction). The metal ions produced at the anode can
then react with electrolyte ionic species (OH− and Cl− ions) to
formmetal hydroxides and chlorides, consuming OH− ions and
thus possibly slightly reducing the pH of the bulk solution near
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Quantum parameters of streptomycin (I) and neomycin (II) in their neutral and protonated forms in the corrosion of brass in 3.5% NaCl

Inhibitor Parameters Dissolved, neutral Protonated

Streptomycin (I) −EHOMO (eV) −5.019 −5.096
−ELUMO (eV) −2.038 −2.004
DE (eV) 2.71 3.092
h (eV) 1.355 1.546
s (eV)−1 0.738 0.646
Pi (eV) −3.529 −3.55
Χ (eV) 3.529 3.55
Dipole moment (debye) 14.5 27.9541
Molecular area (A2) 508.849 501.469
u (electropℎilicty index) (eV) 4.596 4.076
u+ (electro-accepting power) (eV) 6.127 6.044
u− (electro-donating) (eV) 2.599 2.494
3 (nucleopℎilicity index) (eV)−1 0.217 0.245
DE back-donation (eV) −0.339 −0.386
DNmax (e) 1.28 1.12

Neomycin (II) −EHOMO (eV) 5.195 5.327
−ELUMO (eV) 0.847 0.409
DE (eV) 4.348 4.918
h (eV) 2.174 2.459
s (eV)−1 0.459 0.406
Pi (eV) −3.021 −2.868
c (eV) 3.021 2.868
Dipole moment (debye) 16.8956 28.35
Molecular area (A2) 541.98 540.866801
u (electrophilicty index) (eV) 2.098 1.672
u+ (electro-accepting power) (eV) 3.88 3.41
u− (electro-donating) (eV) 0.860 0.546
3 (nucleopℎilicity index) (eV)−1 0.477 0.597
DE back-donation (eV) −0.543 −0.615
DNmax (e) 0.915 0.840

Table 9 Theoretical parameters of streptomycin (I) and neomycin (II) molecules calculated using MD simulations in the corrosion of brass in
3.5% NaCl

Inh Factors Neutral Protonated Vacuum

Streptomycin (I) Total energy (kcal mol−1) −5351.44 −7595.47 −301.29
Adsorption energy (kcal mol−1) −4137.40 −41677.98 −161.56
Rigid adsorption energy (kcal mol−1) −4368.30 −5371.40 −127.69
Deformation energy (kcal mol−1) 230.90 −363.66 −33.87
dEad/dNi (kcal mol−1) −83.69 −710.84 −161.56
dEad/dNi (kcal mol−1) water −13.21 −29.11 —

Neomycin (II) Total energy (kcal mol−1) −7611.90 −7610.61 −156.03
Adsorption energy (kcal mol−1) −5288.70 −5176.79 −195.26
Rigid adsorption energy (kcal mol−1) −5541.29 −5443.75 −146.10
Deformation energy (kcal mol−1) 252.61 266.96 −49.15
dEad/dNi (kcal mol−1) −234.41 −231.78 −195.26
dEad/dNi (kcal mol−1) water −13.45 −13.51 —
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the anode, creating a pH gradient. Under these conditions,
inhibitor molecules may be protonated through heteroatoms
(e.g. N) in their structure.

(ii) As shown in Fig. 1, streptomycin and neomycin contain
multiple functional groups like –NH2 (basic) and OH (acidic)
groups. In a neutral solution, these inhibitors can exist as
Zwitterions,13 i.e. these basic amino groups can be protonated
(becoming positively charged –NH3+). In Zwitterions, the posi-
tive charges of the amino groups can be balanced by negative
charges from deprotonated hydroxyl groups, producing an
© 2025 The Author(s). Published by the Royal Society of Chemistry
electrically neutral molecule with both positive and negative
charges.

Because the rst suggestion requires a lower pH (acidic
environment), which is not the case for the corrosion of Zn–Cu
in an aqueous NaCl solution, the second possibility is more
likely to occur for the protonation of inhibitor molecules in
a neutral solution. The protonation of the inhibitor alters the
molecule's electron distribution, signicantly increasing the
dipole moment, enhancing the van der Waals forces, modifying
adsorption strength and creating effective positively charged
RSC Adv., 2025, 15, 39123–39147 | 39137
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Fig. 20 Adsorption locator module's recommendation for the best formation for the adsorption of streptomycin (I) and neomycin (II) on copper
(1 1 1).
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molecules. The positively charged inhibitor molecules will then
strongly interact electrostatically with the negatively charged
brass surface pre-covered with chloride ions.5,6 This increased
attractive force causes the inhibitor molecules to adsorb and
cover the metal surface more effectively, thus preventing
corrosion more efficiently. As long as the adsorbed inhibitor
molecules and additional adsorbate molecules are not
included, the dEads/dNi values may be used to calculate the
energy of the brass/adsorbate conguration.123 When one of the
individual adsorbate particles is separated or removed from its
corresponding adsorbent substrate, the energy gained or ob-
tained is measured in kcal mol−1 and is mathematically
expressed as the differential change in the energy with respect
to the change in the number of adsorbate particles or dEads/dNi.
39138 | RSC Adv., 2025, 15, 39123–39147
The data listed in Table 9 indicate that the dEads/dNi value of
neomycin molecules is larger (−234.41 kcal mol−1) than that of
streptomycin molecules (−83.69 kcal mol−1). This suggests that
neomycin is more capable of adsorption than streptomycin.
Furthermore, water has a dEads/dNi value of −13.45. This low
value, compared to neomycin molecules, implies that neomycin
exhibits better adsorption than ions of water. The notion that
neomycin molecules create a robust adsorbed protective layer
on the surface of brass, offering corrosion resistance in the
studied corrosive environment, is supported by both theoretical
and experimental data. When there is an aqueous solution
present, the inhibitor molecules adsorb more strongly on the
brass surfaces because the related adsorption energies are
higher than those seen in a vacuum. To determine how much
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Mulliken charges of the neutral and protonated streptomycin
(I) and neomycin (II) in the corrosion of brass in 3.5% NaCl.

Fig. 22 Graphical depiction of streptomycin (I) and neomycin (II) Fukui
indices for their more reactive atoms in their neutral and protonated
systems in the corrosion of brass in 3.5% NaCl.
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energy CCIBA will adsorb onto the brass surface or copper (111)
contact, the following formulas were used:124,125

Ebinding = −Einteract (22)

Einteract = Etot − (Esub + Einh) (23)

Here, Esub represents the energy of water and substrate mole-
cules, while Etot represents the structure's total energy.

3.3.3 Fukui indices and Mulliken charges. The two exam-
ined drugs' donor–acceptor active sites are the ones that are
most likely to come into contact with the brass alloy surface. A
similar pattern of behavior is shown in Fig. 21 and Tables S1–S4
in the SI, where the total negative charge (TNC) increases when
the two drugs are protonated.126 The electrostatic attraction
between protonated drugs and chloride ions deposited on the
brass surface indicates an increase in the structural interaction
of protonated particles. Heteroatoms and other organic mate-
rials can protonate in the NaCl solution to create positively
charged particles. The Cl− ions, which are extensively dispersed
throughout the alloy surface, interact with these substances. As
extra suggestions (Fukui's index (FI)), Fig. 22 and Tables S1–S4
(in the SI le) show the two examined drugs withmore data on f+

and f− in both neutral and protonated scenarios. According to
the ndings, every molecule has unique atoms for both nucle-
ophilic and electrophilic systems. The molecule with the
greatest f+, which contains the LUMO, is more reactive to donor
reagents and is more likely to be attacked by nucleophiles.
Electrophilic attack results from the target reactivities of
molecules' atoms towards an acceptor substance due to its
greatest values of f− associated with HOMO. Additionally, the
two drugs have a twofold effect because altered atoms in the
same drug have different f+ and f− values.

3.3.4 MESP. MESP is used to identify the chemical
processes that are happening. At various points on the electron
density surface, the electrostatic potential is coloured. The
region that is indicated in red as electrically active and
© 2025 The Author(s). Published by the Royal Society of Chemistry
electrophilic mostly has a negative electrostatic potential. Most
heteroatoms and double conjugate bonds may be seen in
regions with a high electron density. Negative zones that
encourage electrophilic attack are shown by oxygen and
RSC Adv., 2025, 15, 39123–39147 | 39139
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Fig. 23 Electrostatic potentials of streptomycin (I) and neomycin (II) in the corrosion of brass in 3.5% NaCl.
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nitrogen. Blue hydrogen atoms are more vulnerable to nucleo-
phile attack, as seen in Fig. 23.

3.3.5 Inhibition mechanism. The cathodic reaction of the
brass alloy in NaCl solutions has been reported in the litera-
ture127,128 and is represented by the following equations:

2H2O + 2e− = H2 + 2OH− (24)

O2 + 2H2O + 4e− = 4OH− (25)

The anodic reactions of brass are the dissolution of its
constituents (Cu and Zn).27

In the initial stages of the reaction, Zn oxidizes to form ZnO
according to the following reactions:27

Zn = Zn2+ + 2e− (26)

Zn2+ + H2O = ZnO + 2H + (27)

Or

Zn + H2O / ZnO + 2H+ + 2e− (28)

Also, Cu oxidizes to form Cu2O, as follows:27,129

Cu = Cu+ + e− (29)

2Cu+ + H2O / Cu2O + 2H+ (30)

Or

2Cu + H2O / Cu2O + 2H+ + 2e− (31)

Thus, the brass alloy in NaCl, in the absence of the inhibitors,
undergoes oxidation reactions to form the oxides ZnO and Cu2O
as oxidation products, which cover the alloy surface.
39140 | RSC Adv., 2025, 15, 39123–39147
In the presence of Cl− ions, the CuCl is formed on the alloy
surface by the reaction:31

Cu+ + Cl− / CuCl (32)

The formed CuCl layer has poor adhesion, and it slightly
protects the alloy surface. Such a layer disproportionates to
CuCl2:130

2CuCl / Cu + CuCl2 (33)

Or forms CuCl2
− complexes131,132 via the reaction:

CuCl + Cl− / CuCl2
− (34)

which oxidize, resulting in the dissolution of Cu,

CuCl2
− = Cu2+ + 2Cl− + e− (35)

The better inhibitory effects of the examined drugs, which
contain N and O atoms, lead to the creation of a coordination
bond amongst the metal and lone pairs of electrons on N and O
atoms, leading to the adsorption of the inhibitor molecules on
the alloy surface. At lower concentrations of the drugs, they
react with CuCl to form the adsorbed layer of the compound
[Cu–Inh.]ads, according to the following reaction:132

CuClads + Inh. = [Cu–Inh.]ads + Cl− + H+ (36)

Though, in the presence of higher concentrations, they tend
to adsorb directly on the alloy surface via the reaction:133

Cu + Inh. = [Cu–Inh.]ads + e− (37)

Due to such reactions, a shielding layer of [Cu–Inh.]ads is
developed on the brass surface, which prevents both further
corrosion reactions and adsorption of Cl− ions on the alloy
© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface, resulting in a reduction in the CR and an inhibition of
its corrosion. In addition, the adsorption of drugs on the brass
surface may be because of the replacement of Cl− ions or H2O
molecules adsorbed on the brass surface by the drug
molecules,134

Inh.(sol) + nH2O(ads) 4 Inh.(ads) + nH2O(sol) (38)

resulting in the establishment of a potent shielding layer that
protects the alloy surface.134
4. Conclusions

1. Herein, the performances of two expired drugs, streptomycin
and neomycin, as inhibitors for the corrosion of a high Cu–Zn
alloy in a 3.5% NaCl solution were investigated using various
electrochemical, gravimetric and microscopic techniques as
well as theoretical calculations.

2. The examined expired drugs were discovered to be effi-
cient inhibitors of the corrosion of brass in an NaCl medium.

3. There was an increase in the corrosion rate of brass with
rising [NaCl].

4. The % IE values improved with rising drug doses, while
they decreased with rising [NaCl] and solution temperature.

5. The % IEs were proposed to be due to the strong adsorp-
tion of the drugs on the brass surface, and this adsorption was
suggested to be physical and obeyed the Langmuir adsorption
isotherm.

6. The drugs were discovered to work as mixed-type inhibi-
tors with an anodic priority.

7. Both thermodynamic and kinetic quantities were evalu-
ated and discussed.

8. The kinetics and mechanisms of brass corrosion in an
NaCl medium and its inhibition by the investigated drugs were
studied.

9. The applied computational methods provided more
insights into the inhibition mechanism of the tested drugs.

10. All outcomes of various applied techniques were in
excellent conformity with each other and with the employed
computational methods.
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