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1. Introduction

Reusing the expired Ceftazidime drug as an
inhibiting agent for zinc metal corrosion in HCl
medium-

Medhat M. Kamel, © *2 Safaa N. Abdou,? Zainab M. Anwar,? Magdy A. Sherif®
and Nasser Y. Mostafa @2

Drug disposal costs and drug-related environmental pollution could be reduced by reusing expired drugs. A
well-known cephalosporin antibiotic that was listed as an essential medication by the World Health
Organization is Ceftazidime. In this study, the corrosion mitigation properties of the expired Ceftazidime
(CDZ) drug for zinc corrosion in 1 mol per L HCl solution were examined by weight loss (WL), frequency
modulation (EFM), potentiodynamic polarization (PDP), and impedance spectroscopy (EIS) techniques.
Theoretical calculations were carried out by Density Functional Tight Binding (DFTB) and Monte Carlo
(MC) simulations. Furthermore, scanning electron microscopy (SEM) and energy dispersion X-rays (EDX)
were used for examining the appearance and structure of the corroded zinc surface, respectively. For
a CDZ concentration of 300 ppm, EFM techniques have shown an inhibitive efficiency (IE) of 70.3% at
298 K. The IE increased as the drug concentration increased from 50 to 300 ppm, whereas it reduced as
the temperature increased. The inhibition effect ceased to improve at concentrations greater than
300 ppm. A mixed form of adsorption (physisorption and chemisorption) was suggested for inhibition.
The adsorption process followed the Temkin model. The spontaneous character and exothermicity of
the adsorption process were demonstrated by the AG;ds and K,gs magnitudes. The PDP study
demonstrated that CDZ was a mixed-type inhibitor as it retards both the cathodic and anodic reactions.
According to EFM results, increasing the concentration of CDZ from 50 to 300 ppm reduces the
corrosion current density from 1635 to 78.7 pA cm~2 SEM and EDX examinations revealed the
adsorption of CDZ drug at the zinc surface. The DFTB and MC simulations revealed that the CDZ drug
bonds to the zinc surface via the heteroatoms' lone pair of electrons and the pyridinium ring's c-
electrons. The adsorption energy of the drug on the Zn surface was found to be —77.41 kJ mol ™.

prevent corrosion. Galvanized steel is used in the construction,
automotive, and other industries. Because of its exceptional

Metal corrosion is an internationally significant problem
affecting both industrial and natural environments. It has
a negative impact on the quality of the environment, industrial
equipment, and infrastructure asset durability. Therefore, it is
essential to design and implement corrosion protection tech-
niques to minimize economic damage to materials, machinery,
and buildings."*

Zinc is a valuable metal, having different uses in various
fields. It is used to make a wide variety of alloys, coatings, and
chemicals. Another typical use for it is to galvanize steel to
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casting characteristics, Zn alloys are employed in die casting
applications.>” Both acidic and basic solutions can cause zinc
to corrode. Within the pH range of 6.0 to 12.5 solutions,
corrosion is relatively slow. Beyond this range, it is more prev-
alent.*” Zinc metal corrodes in harmful conditions, resulting in
white rust.® Zinc is susceptible to corrosion when subjected to
industrial procedures, including scale removal and acidic
solution cleaning. This makes zinc material inappropriate for
use in industrial applications.®™* It has been established that
using inhibitors is one of the best ways to prevent corrosion in
metals.”"* These are chemicals that, by prohibiting the disso-
lution of metal, inhibit the corrosion of metallic substances.*
The primary factor determining an inhibitor's efficacy is its
capacity to absorb on a metal surface, resulting in substituting
a water molecule at a corroding surface.*

Corrosion damage of zinc is commonly prevented through
cathodic protection, utilizing galvanic or impressed current
methods, often combined with paint or organic coatings. While

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymer coatings offer a simple application, they provide less
durable protection against environmental corrosion compared
to cathodic protection techniques. Studies by Yasakau et al.'’
have shown that Layered Double Hydroxide (LDH) conversion
coatings significantly enhance zinc's corrosion resistance.
Specifically, LDH coatings incorporating vanadate resulted in
a twenty-fold increase in impedance and a reduction in local
ionic currents compared to uncoated zinc. This improved
protection is attributed to the controlled release of vanadate
anions from the LDH structure. The new study by Ouyang et al.*®
was explored on-site fabrication of biomimetic Slippery Liquid-
Infused Porous Surfaces (SLIPS) coatings for zinc corrosion
protection. A simple displacement reaction creates a dendritic
zinc structure, which is then made superhydrophobic and
infused with lubricant. This SLIPS coating significantly reduces
corrosion current and enhances icing resistance, offering
a practical, facile approach for field application.

To inhibit the deterioration of metals and alloys, several
kinds of potent organic inhibitors are employed. These organic
compounds have molecules with heteroatoms of N, O, and S, or
structures with m-electrons. By covering the metal surfaces with
a protective layer, these organic compounds inhibit the ioni-
zation of metals by blocking the diffusion of chemical species
involved in the process.'?® Nevertheless, most of these organic
inhibitors are pricey, hazardous, and harmful to the environ-
ment. This has encouraged researchers worldwide to investigate
the potential of pharmaceuticals as corrosion inhibitors. Many
studies have shown that using drugs as corrosion inhibitors is
safe and has no effect on the surrounding environment. These
findings have encouraged the application of medicines as
corrosion inhibitors, which has led to the replacement of old,
harmful corrosion inhibitors.**

When compared to industry-standard organic inhibitors, most
drugs are more costly. Therefore, using a fresh drug as an anti-
corrosion agent is not cost-effective. Thus, using the properties
of expired medications to suppress corrosion is reasonable.
Pharmaceuticals retain at least 90% of their original efficacy even
after they have expired; nonetheless, their usage has been limited
for therapeutic purposes due to liability issues and professional
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restrictions.* Utilizing expired medications could solve two more
important problems, such as lowering drug-related environ-
mental pollution and drug disposal expenses.>***

Most of the inhibitors used to inhibit zinc corrosion were
harmful, and an inhibitor's solubility in corrosive media is an
important factor. To protect zinc from corroding, non-toxic
pharmaceutical drugs are being used. Several drugs, including
Guaifenesin,* Seroquel,*® Clotrimazole,”” Ketosulfone,*® Floc-
tafenine,” Hemorheologic,** Furosemide,* Telmisartan,*
Paromomycin, Streptomycin, Spectinomycin,* Atenolol,** N-
arylpyrroles,* Anisidines,*® Gabapentin,*” Erythromycin,*® and
Hexamine,® were used to prohibit zinc corrosion. The drugs,
including Guaifenesin, Seroquel, Clotrimazole, and others,
were tested in corrosive media such as HCI at varying concen-
trations and temperatures, as well as H,SO,. The inhibition
efficiency, measured as a percentage, varied significantly
depending on the drug, its concentration, and the specific
corrosive environment. Clotrimazole exhibited the highest
inhibition efficiency, reaching 90% at a concentration of
500 ppm in 0.1 mol per L HCI at 298 K, indicating its strong
protective capabilities. In contrast, Ketosulfone displayed
a significantly lower efficiency of 30% at 20 ppm in the same
corrosive medium and temperature, highlighting its weaker
inhibitory effect. Guaifenesin and expired Hemorheologic ach-
ieved 81% and 84% inhibition at 300 ppm in 2 mol per L HCI at
298 K and 0.1 mol per L HCI at 303 K, respectively, demon-
strating comparable performance under different conditions.
Seroquel reached 84% at 1000 ppm in 1 mol per L HCl at 333 K,
while expired Gabapentin achieved 85% at 400 ppm in 0.1 mol
per L HCI at 298 K. Floctafenine showed a 72% efficiency at
25 ppm in 0.1 mol per L HCI at 333 K. The efficiency of the other
drugs ranged from 57% to 77% at varying concentrations and
corrosive conditions, showing that concentration, temperature,
and the composition of the corrosive medium play significant
roles in the effectiveness of the drugs as corrosion inhibitors.

Because pharmaceutical compounds contain heteroatoms
such as oxygen, sulfur, and nitrogen, they provide promising
potential for inhibiting corrosion. Their large molecular sizes
and great water solubility make this particularly intriguing.*

Table 1 The chemical structure, IUPAC name, molecular mass, and molecular formula of the expired Ceftazidime (CDZ) drug

Drug Structural formula Characteristics
0 (6R,7R,Z)-7-(2-(2-Aminothiazol-4-yl)-2-(2-carboxypropan-2-yloxyimino)acetamido)-8-oxo-3-
(pyridinium-1-ylmethyl)-5-thia-1-aza-bicyclo[4.2.0]oct-2-ene-2-carboxylate
OH Molecular formula: C,,H,,NgO-S,
Molecular mass: 546.58 g mol "
Ceftazidime
(CDhz)

N/O
S\/HH
: s
R N
0 4
HN N AL N
d
o o
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A third-generation cephalosporin antibiotic, Ceftazidime
(CDZ) drug, is free of poisonous metallic components.**** The
CDZ drug is one of the most significant drugs that are crucial to
treating various infections, including joint and vibrio infec-
tions, in the healthcare system. It contains many binding
centers, such as atoms of N, S, and O. The inhibitive impact of
the CDZ drug is usually attributed to the way it interacts with
the metal surface via the adsorption process.*> Table 1 shows
the CDZ drug's structural formula, IUPAC identification,
molecular mass, and molecular structure. Additionally, our
earlier study on the effective inhibition of corrosion of copper
metal using expired Ceftazidime** led us to employ Ceftazidime
to suppress the corrosion of zinc, another essential industrial
metal. Additionally, most of the characteristics needed to be
employed as a corrosion inhibitor are present in CDZ, such as
electron-rich heteroatoms (N, S, and O), electron-rich efficient
groups (C=N, OH, NH, NH,, C=0, COO ", m-electrons of
aromatic ring), good structure to cover the metal surface, and
dissolved in water. Therefore, expired CDZ was used as an
inhibitor in the current investigation to study zinc corrosion
mitigation in a 1 mol per L HCl medium. The experiments were
carried out using WL, PDP, EIS, and EFM methodologies. The
composition and morphology of the zinc metal surface were
investigated using EDX and SEM analyses. The drug's type of
adsorption on zinc metal was evaluated using several adsorp-
tion isotherms. Additionally, the thermodynamic characteris-
tics pertaining to the adsorption process were established. The
mechanism of inhibition was investigated. The interaction
between the CDZ molecules and the zinc surface was described
by DFTB, MC, and computational studies.

2. Materials and methods
2.1 Zn strips

The corrosion rate was determined using high-purity 99.2%
zinc metal strips (Cd 0.52%, Sn 0.07%, Pd 0.18%, Fe 0.035%,
and Zn remaining). After the metal strips were abraded using
400, 800, 1500, and 2000 grade silicon carbide emery papers,
they were cleaned with distilled water, degreased in acetone,
and thoroughly dried.*® Zinc strips measuring 2 x 2 x 0.1 cm®
were used for WL experiments in a 1 mol per L HCI solution.
Electrochemical investigations were conducted using zinc strips
with a 1 cm?® exposure area. AR-grade HCI (32%) and double-
distilled water were used to prepare the 1 mol per L HCI solu-
tion (blank). This concentration was chosen for its balance
between inducing significant corrosion and maintaining
a reasonable level of safety during experimentation.

2.2 Inhibitor

A stock solution containing 1000 mg L™ (ppm) was prepared by
dissolving 1 gram of expired CDZ medication (expired 1 year
ago) in 1 Liter of bi-distilled water. The stock solution was then
diluted with bi-distilled water to achieve concentrations ranging
from 50 to 300 ppm. Different concentrations of CDZ were
added to 1 mol per L HCI to create the corrosive medium. To
determine if the Ceftazidime molecule degraded after
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expiration, FTIR spectroscopy was performed. The resulting
spectra of both fresh and expired samples showed nearly
identical patterns, indicating that the functional groups and
overall chemical structure were preserved (Fig. S1, ESIt). No
notable structural alterations or degradation products were
observed.

2.3 WL measurements

According to ASTM-G1,* WL measurements were established.
To conduct WL tests, cleaned zinc strips were immersed in 100
cm?® blank solution having various CDZ concentrations for 6
hours. The studies were conducted between 298 and 318 K. The
rusted Zn metal strips were removed after 6 hours, cleaned with
distilled water, allowed to dry in acetone, and then weighed.
Three sets of measurements were made, and the average value
was recorded + standard deviation.

2.4 Electrochemical studies

ASTM-G102 was followed for conducting the electrochemical
tests.> The Gamry Instrument PCI4300 Potentiostat/
Galvanostat ZRA was utilized to evaluate the potentiodynamic
polarization (PDP), the impedance spectroscopy (EIS), and the
frequency modulation (EFM) at 298 K. Experiments were con-
ducted using a three-electrode system that included a working
electrode (Zn strip with 1 cm? of exposure), an auxiliary elec-
trode (Pt), and a reference electrode (saturated calomel). The
zinc electrode was submerged in the corrosive medium for 30
minutes before each electrochemical measurement to allow the
open circuit potential to achieve equilibrium. Polarization
curves were obtained within the potential window of —0.3 to
+0.2 V regarding the open circuit potential value (OCP) with
a scan rate of 1 mv s~ .

EIS studies were accomplished utilizing AC signals in the
frequency range of 100 kHz to 0.5 Hz, with an amplitude of
10 mV s~ '. The ZSimp Win 3.21 program was used to fit all
impedance values to the relevant equivalent circuits. Nyquist
and Bode's plot provided the impedance parameters. The
reproducibility of the EIS measurements was confirmed by
performing triplicate experiments under identical conditions.
The consistency of the obtained spectra and fitted parameters
demonstrates the reliability of the data. The EFM investigation
employed two frequencies, 2 and 5 Hz. Every second, the
waveform renews itself at the shortest frequency of 100 mHz.
The spectrum includes current actions caused by inter-
modification and harmonic current peaks. To compute the
corrosion current, Tafel slopes (8. and §,), and causality factors
(CF-2 and CF-3), the bigger peaks were used.

2.5 SEM studies

A scanning electron microscope (model: JOEL JSM-6510LV) was
utilized to examine the surface morphologies of the zinc spec-
imens. To conduct the studies, zinc specimens were submerged
in a blank solution for 6 hours in the absence and presence of
300 ppm of the CDZ inhibitor. The metal samples were
removed, washed with bi-distilled water, dried, and subjected to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SEM analysis. The accelerating beam used had a potential of 35
kv.

2.6 EDX analysis

The EDX device (model: EDX-FEI-QUANTA FEG 250) was used to
investigate the chemical analysis of the zinc surface.

2.7 Modeling and computations

Chemical simulations were used to describe the adsorption
mechanism. The inhibitory efficiency of the corrosion inhibitor
was connected to the quantum chemical characteristics. In the
quantum computing package, DFTB +1.3 is utilized. Slater-
Koster file libraries provided the empirical parameters required
for the DFTB integral evaluation computation. For the current
system, Auorg parameters were employed.*** Energy of the
lowest unoccupied molecular orbital (Epumo), energy of the
highest occupied molecular orbital (Exomo), adsorption energy
(Eaqs), and energy gap (AE) were among the thermodynamic and
electronic characteristics that were computed to evaluate the
effectiveness of the CDZ drug for inhibiting corrosion.

The preferred adsorption arrangements of the CDZ molecule
on the adsorption centers of zinc's periodic structure were
examined via MC simulation. Utilizing a simulated annealing
algorithm, MC checks of possible substrate-adsorbate arrange-
ments were conducted to find possible adsorption sites.** A
periodic slab model box of a super unit cell with a 25 A vacuum
layer was used for MC to avoid interference between periodic
unit cells. A single inhibitor molecule and a 20 A vacuum layer
in the Z-direction cover a zinc (002) supercell surface with 8
atomic layers. The mechanism of interactions between the drug
and the zinc surface and the behavior of the CDZ molecule
during adsorption were clarified by the compass field of force.

3. Results and discussion
3.1 WL tests

The WL studies were carried out with and without different
concentrations of CDZ ranging from 50 to 300 ppm in a blank
acid solution. Fig. 1 illustrates how the inhibition efficiency
(IEy,) changes with the CDZ concentration at various tempera-
tures. Zinc weight loss and corrosion rate (CR) decrease, and
inhibition efficiency increases when CDZ is added to a 1 mol
per L HCI solution. The results revealed that zinc corroded
rapidly when exposed to a 1 mol per L HCI solution, while the
rate of breakdown was slowed down when CDZ expired drug
was present. Furthermore, an increase in inhibitory efficacy
with concentration indicates a strong interaction between the
drug and the zinc surface.*® The results also revealed that CDZ
drug might effectively block the Zn surface in a 1 mol per L HCI
solution. Additionally, as demonstrated by Fig. 1, the efficiency
of inhibition drops as the temperature gets higher, suggesting
that some of the drug that was previously adsorbed may desorb
at higher temperatures. This indicates that the CDZ molecules
were physically coated on the zinc surface, and physisorption is
the term for the adsorption process.*
The corrosion rate (CR) was computed by eqn (1).>°

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

View Article Online

RSC Advances

75
1 = 50 ppm
70 e 100 ppm
1 A 150 ppm
65 f ) $ v 200 ppm
60 ] 3 ) ¢ 250 ppm
| v R 300 ppm
_ 55+ A 9 . > 400 ppm
S 1 % ¢ 500 ppm
= 50+ i o ~ A
i 1 ® E 2 g
45 A —v__ -
40 . ° 4 X
35 u ®
30 [] :
25 T T T T
295 300 305 310 315 320
T(K)

Fig. 1 Effect of temperature on IE,, at different concentrations of
expired Ceftazidime drug for zinc corrosion in 1 mol per L HCL

AW

CR:AXI

(1)

where AW is the WL of the Zn strips in mg, A is the area of the Zn
strip in cm?, and ¢ is the submersion period in minutes. The
inhibition efficacy (IE,), and the surface coverage (f) were
determined by eqn (2).**

IE, — (1 - W*‘) % 100 = 6 x 100 ()

where W, and Wiy, stand for the WL of zinc strips free of and
with the drug, respectively.

0 is the surface coverage of zinc. Table 2 presents data for the
corrosion inhibition of zinc in a blank solution by CDZ. The WL
measurements were conducted 240 minutes at varying
temperatures and CDZ concentrations. The data suggests that
CDZ is an effective inhibitor for zinc corrosion in an acidic
environment. The inhibition efficacy is influenced by both the
quantity of CDZ and the temperature of the solution. The
addition of CDZ to the solution significantly inhibits zinc
corrosion. The WL and CR decrease with increasing CDZ
concentration. The CR decreases to 10.62 x 107> mg
em > min~' at 298 K when the medication exists with
a concentration of 300 ppm. This indicates the drug's capability
to develop a shielding film on the zinc surface. As temperature
increases, the corrosion rate of zinc generally increases in both
the absence and presence of CDZ. This is expected behavior as
higher temperatures provide more energy for the corrosion
process. As the inhibition efficiency did not improve beyond
300 ppm (Fig. 1), the electrochemical experiments were per-
formed exclusively within the 50-300 ppm concentration range.
The surface coverage and IE,, increase with increasing CDZ
concentration. At 298 K, with 300 ppm of CDZ present, the IE,,
reaches 64.1%. This suggests that the drug molecules are
effectively adsorbing onto the zinc surface, blocking corrosive
sites.
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Table 2 Data of WL measurements at 240 min for zinc in a 1 mol per L HCl, in the absence and presence of different concentrations of the

expired Ceftazidime drug at different temperatures

Temp. Dose of drug Weight loss CR x 10°° Surface coverage 1E,,

x) (ppm) (mg cm™?) (mg em™ min™") (9) (%)

298 0.00 7.11 25.45 — —
50 4.35 18.12 0.388 38.8 £ 0.1
100 3.75 15.62 0.472 47.2 £ 0.3
150 3.22 13.41 0.547 54.7 + 0.2
200 2.98 12.48 0.580 58.0 = 0.3
250 2.82 11.75 0.603 60.3 £ 0.2
300 2.55 10.62 0.641 64.1 £ 0.1

303 0.00 8.22 34.25 — —
50 5.32 21.16 0.352 35.2 £ 0.2
100 4.82 20.08 0.413 41.3 + 0.1
150 4.56 19.37 0.445 44.5 £ 0.3
200 3.98 16.58 0.515 51.5 + 0.2
250 3.58 14.16 0.564 56.4 + 0.3
300 3.11 12.95 0.621 62.1 £ 0.1

308 0.00 9.70 38.29 — —
50 6.82 29.60 0.301 30.1 £ 0.2
100 6.56 27.33 0.359 35.9 £ 0.3
150 6.21 25.87 0.413 41.3 £ 0.1
200 5.38 22.41 0.445 44.5 + 0.2
250 5.11 21.23 0.473 47.3 £ 0.4
300 4.98 20.75 0.486 48.6 + 0.3

318 0.00 10.65 49.79 — —
50 7.60 36.41 0.286 282 4+ 028.6 +0.2
100 7.24 35.08 0.320 30.2 £ 0.3
150 6.38 33.41 0.409 40.9 £+ 0.1
200 6.14 32.55 0.423 42.3 £ 0.3
250 5.98 36.81 0.438 43.8 £ 0.2
300 5.78 29.50 0.467 46.7 £ 0.4

A comparison of Ceftazidime's corrosion inhibition with
varying expiration dates revealed that two, and three-year
expired samples performed poorly (Fig. S2 and S3, Tables S1
and S2 in ESI{). This led us to prioritize the one-year expired
drug, which demonstrated the most effective inhibition.

Acid dissolves metal by an electrochemical reaction. Zinc
dissolves at the anode, producing corresponding ions.**

Zn — Zn** + 2e”

(3)

In an aerated solution of acidic chloride, the reaction occurring
in the cathodic area is:

H" +e  — Huy (4)
Hags + Hags = Ha (5)

or
4H" + O, + 4~ — 2H,0 (6)

Therefore, the overall corrosion reaction in an aerated
solution will be:

27Zn + 4H" + O, — 2H,0 + 2Zn** 7)

8510 | RSC Adv, 2025, 15, 8506-8522

3.2 Adsorption behavior and thermodynamic parameters

The adsorption phenomenon, in which inhibitor molecules
prefer to adsorb on the corroding surface layer, has been
proposed as the origin of corrosion inhibition. In this work, the
extent of surface coverage occupied by CDZ molecules (6) was

0.9
298.15 K
0.8 303.15K
308.15 K
313.15K
0.7 4 318.15 K
0.6
D 0.5+ I
I
0.4
1
0.3
0.2
01 T L] L] T
1.6 1.8 2 2.2 24 2.6
Log C.M

Fig. 2 Temkin adsorption curves for zinc in 1 mol per L HCl with
different concentrations of CDZ at different temperatures (298-318 K).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Adsorption parameters for zinc at various concentrations of
the expired Ceftazidime drug at different temperatures in 1 mol per L
HCl solutions

Temperature (K) log Kaas Kags —AG, 4, (k] mol™)
298 3.60 3981.07 30.49
303 3.00 1000.00 27.07
308 2.88 758.58 26.38
313 2.41 257.04 23.70
318 2.25 127.83 21.97
0.2 4
— 0 N
w N
?
=3
>
£
ui
-0.2 4
s pem
100 ppm
—=— 150 ppm
200 ppm
| === 250 ppm
—=— 300 ppm
-0.4 T T T T T
1E-7 1E-6 1E-5 1E-4 0.001 0.01 0.1
logi,Acm™

Fig. 3 Potentiodynamic polarization curves of zinc in 1 mol per L HCl
without and with different concentrations of the Ceftazidime drug at
298 K.

computed by applying the traditional WL method to investigate
the most appropriate adsorption mode. The Temkin model with
high fitting (R* ranging between 0.990 and 0.997) was proposed
(Fig. 2) to shed further light on the inhibitory effect of CDZ on
the Zn surface. Eqn (8) was used to assess the Temkin model's
applicability.*

2.303 2.303
ﬁcoverage = (T) 10g Kads + <T) lOg c (8)

For this equation, C represents the CDZ drug concentration,
a is a molecular interaction parameter, K,qs is the equilibrium
constant, and 4 is the fraction of surface covering (6 = IE,,/100).
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A straight line having a slope of (2.303/a) with an intercept of
[(2.303/a) log K,gs] is established by plotting logC against 6
(Fig. 2). Table 3 displays the values of K,q4s. High values of K,qs
indicate a strong and stable adsorbed film.> Rising tempera-
tures cause the value of K,qs to drop. The physical nature of
adsorption causes CDZ molecules to desorb from zinc surfaces
more quickly at higher temperatures.

Eqn (9) was employed to obtain the standard free energy of
adsorption, AG,,, which was linked to K,qs as previously

established.>***
(M:db)
RT
I(ads = CeXp (9)

where T is the Kelvin temperature and R is the gas constant.
The calculated AG,4, of the CDZ medication at various
temperatures (298-318 K) are shown in Table 3. The negative
sign of AG, 4 refers to the adsorption process of the CDZ drug
on the Zn surface being stable and spontaneous.*® Moreover,
some studies have discriminated against the chemisorption
and physisorption processes using AG,,, values.””*® The
magnitudes of AG,,, below 20 k] mol " were linked to phys-
isorption, or the interaction of electrostatic charges, whereas
values above 40 k] mol ' were related to chemisorption, or the
transfer of electrons between the drug molecules and the Zn
surface. The CDZ medication has AG,,, values ranging
between —21.97 and —30.49 k] mol~! in the current investi-
gation. Hence, rather than being a simple case of phys-
isorption or chemisorption, the adsorption of the CDZ
medication on the Zn surface is a complex combination of
chemical and physical adsorption.®®

ads?

3.3 PDP study

The PDP curves of the zinc electrode in a blank solution were
displayed in Fig. 3 at a voltage scan rate of 1 mV s~ ' and 298 K,
without and with different CDZ drug concentrations. Electro-
chemical parameters, including corrosion current density (cor),
corrosion potential (E.o), and the cathodic and anodic Tafel
slopes (6. and §,), were determined (Table 4) by applying the
Tafel extrapolation method to the polarization curves shown in
Fig. 3. The Tafel extrapolation method is a fundamental elec-
trochemical technique used to determine corrosion parameters
by analyzing a Tafel plot. This plot, which graphs the logarithm
of current density against electrode potential, reveals distinct
linear regions corresponding to anodic and cathodic reactions.

Table4 Potentiodynamic polarization parameters of zinc in 1 mol per L HCl without and with different concentrations of the Ceftazidime drug at

298 K

[CcDZ] (ppm) —Ecorr (MV vs. SCE) Ba (mV dec™ ) —B. (mV dec ™) fcorr (LA cm ™ ?) 0 IE, (%)
Blank 117 119 199 235 — —

50 113 112 146 150 0.362 36.2 £ 0.2
100 111 107 127 123 0.476 47.6 + 0.1
150 108 102 116 105 0.553 55.3 £ 0.1
200 106 99 112 93 0.604 60.4 + 0.2
250 104 91 105 84 0.642 64.2 + 0.4
300 100 78 87 73 0.689 68.9 + 0.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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By extrapolating these linear regions, their intersection point
provides the corrosion potential (E..) and corrosion current
(fcorr)- Ecorr Signifies the potential where anodic and cathodic
reaction rates equalize, while ., directly correlates with the
corrosion rate.” Furthermore, the slopes of these linear regions,
known as Tafel slopes (8. and (), offer insights into the kinetics
of the electrochemical reactions. Essentially, Tafel extrapolation
harnesses the linear behavior of electrochemical polarization

3500

View Article Online

Paper

curves to quantify corrosion rates and understand the under-
lying reaction mechanisms. The following equation was used to
determine the percentage inhibition efficiency (IE).*

o

IE, = Mx 100

- (10)
lcorr

i,y and icoy stand for the corrosion current density in the

absence and presence of the CDZ drug, respectively. Significant
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Fig.4 Nyquist (A) and Bode (B) plots of zinc in 1 mol per L HCl without and with different concentrations of the expired Ceftazidime drug at 298

K, and (C) the equivalent circuit used to fit the EIS data.
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corrosion developed when the blank solution came into direct
contact with zinc metal. Zinc dissolves more quickly in corrosive
solutions when aggressive ions like CI~ and H;0" are present.
The insertion of CDZ into the corrosive solution causes notable
drops in current densities, which slowed the zinc's rate of
corrosion. The anodic and cathodic sections of the measured
polarization curves (Fig. 3) progressively shift toward lower
current density as the concentration of CDZ increases, indi-
cating a decline in the overall corrosion rate.** Anodic and
cathodic branches' shapes were altered, demonstrating that the
existence of CDZ controlled both anodic and cathodic
processes. The cathodic polarization curves depict the evolution
of hydrogen, but the dissolution of zinc is represented by anodic
polarization curves.

In relation to the blank solution, the inhibitor acts as
a mixed-type inhibitor if the E.,,, is smaller than 85 mV and as
a cathodic or anodic type if it is bigger than 85 mV. According to
Table 4, there is a 17 mV difference between E..,, in the drug-
containing solution (300 ppm) and the blank solution in this
study, suggesting that the CDZ medication is a mixed inhib-
itor.”” Tafel plots in Fig. 3 illustrate a positive shift in the
corrosion potential (E.o) relative to the drug-free blank solu-
tion. The polarization curves and collected data demonstrate
that the drug influences both the anodic and cathodic half-
reactions. Notably, both the anodic and cathodic current
densities significantly drop in comparison to the blank solu-
tion, confirming that the CDZ drug functions as a mixed
inhibitor.®* Data shown in Table 4 demonstrates a substantial
reduction in current density with the insertion of the CDZ
medication. When the drug's concentration reaches 300 ppm,
the efficiency of inhibition rises to 68.9%. As the quantity of
CDZ drug in the blank solution increases, the 8, and 8. show
a decrease in value. The possible reason for these effects could
be the adsorption of CDZ molecules onto the zinc surface.®

3.4 EIS study

The Nyquist diagrams of zinc in blank solution free of and with
varying CDZ medication doses were shown in Fig. 4A. For both
the blank and CDZ drug solutions, the Nyquist diagrams display
only one semicircle of depressed capacitance. Electrodes that
show frequency dispersion because of surface defects and other
inhomogeneities of the metal were characterized by depressed
semicircles, which correlate to Nyquist diagrams.®* The Zn
corrosion reaction was thought to be controlled by a single
charge transfer process, as indicated by the singular capacitive
loop.** In accordance with the polarization study, this shape
remained unchanged with the presence of CDZ at various
dosages, indicating that the process of corrosion is under acti-
vation control and does not alter.®® It is worth observing that the
centers of the depressed semicircles were laid under the X-axis.
The frequency dispersion can cause this phenomenon. The
influence of the inhomogeneous Zn surface and the interfacial
impedance on frequency dispersion could be the reason for this
behavior.®® Usually, the presence of inhibitor adsorption and
coarseness/roughness is the cause.®”*® Furthermore, compared
to a free HCI solution, the existence of CDZ medication

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increased the diameter of the capacitive loops, indicating that
the drug inhibits zinc metal from corroding by covering the zinc
metal's surface with a barrier coating.*

Because of the inhomogeneities of the metal surface, the Bode
plot shown in Fig. 4B generally produces a depressed semicircle
for the metal-solution interface. Zinc corrosion in acidic condi-
tions increases the metal's surface roughness, which lowers the
phase angle.”® The phase angle increased as drug concentration
increased, as shown by the Bode's plot. The data also supports
the inhibitor's progressive adsorption on the zinc surface. This
blocks the sites that are active and lowers the extent of corro-
sion.”® The Bode graphs (Fig. 4B) demonstrate that the imped-
ance module |Z| shifts towards larger values in comparison to the
blank when CDZ is present. This displacement was caused by the
adsorption of the CDZ drug on the zinc surface.*® Consequently,
the assessed CDZ slowed down the kinetics of the zinc corrosion
in HCl medium.” Fig. 4B shows that for the Bode plots at the
mid-frequency range, log Z and log fhave a direct proportionality.
Also, the phase angle value is near —60°, and the slope
approaches —1. This verifies the inadequate capacitive perfor-
mance at intermediate frequencies.*® Perfect capacitive perfor-
mance was attained at moderate frequencies when the slope is
—1 and the angle of phase is —90°. Compared to uninhibited
solutions, inhibited solutions have larger slope and phase angle
magnitudes. This makes clear how efficiently the drug under
investigation inhibits zinc degradation.””

Adapting the results of EIS studies with the described circuit
in Fig. 4C allows one to examine the impedance spectra. Table 5
shows the impedance parameters, which include the double
layer capacitance (Cqy), inhibition efficiency (IEgs), and charge
transfer resistance (R.;). When CDZ concentration increases, R,
and IEg values increase, indicating that a shielding film has
developed on the metal/solution interface.®®”® The Cg, was
inversely proportional to R . based on the following equation.

Ca = % max Ret (11)
where fi,.x represents the frequency at which the imaginary part of
the impedance is at its highest value. In the presence of CDZ
medication, the Cq values decreased (Table 5). This results from
an increase in the thickness of the double layer surrounding the
shielding film and/or a decrease in the local dielectric constant
caused by the deposited CDZ molecules permuting the H,O
molecules at the Zn surface.®® The effective adsorption mechanism
may be the cause of the decreased Cg4, values with increasing CDZ
medication additions. This finding implies that the drug

Table 5 EIS data of zinc in 1 mol per L HCl without and with different
concentrations of the Ceftazidime drug at 298 K

[CDZ] (ppm) Ry (Qcm?)  Cq x10°°(Fem™2) 6 IEgss (%)
Blank 110.6 348 — —

50 179.2 100.2 0.383 383 +0.2
100 211.3 83.6 0.477 47.7 £ 0.1
150 255.2 65.8 0.567 56.7 + 0.1
200 288.5 56.2 0.617 61.7+0.3
250 311.8 48.5 0.645 64.5+ 0.1
300 352.0 42.1 0.686 68.6 + 0.4
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molecules may initially cover the active centers on the zinc surface
by adsorption.” Using the following equation,” the inhibition
efficiency values (Table 4) can be calculated from the R values.

o
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where R, and R, stand for Zn's electric charge transfer resis-
tance in blank solution with and free of CDZ, respectively. As
the concentration of CDZ increases, the values of IEg;g increase,
reaching an efficiency of 68.6% at 300 ppm and 298 K. The

Ry — R
IEgs = ———< x 100 (12) findings suggest that a more protective coating was formed on
« the zinc surface with the addition of CDZ. These findings
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Fig. 5 EFM spectra for the corrosion of zinc in the blank solution without and with different concentrations of Ceftazidime drug at 298 K.
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Table 6 Electrochemical kinetic parameters obtained by the EFM technique for zinc metal in 1 mol per L HCl in the absence and presence of

different concentrations of the expired Ceftazidime drug at 298 K

[CDZ] (ppm) feorr X107% (A cm™?) Ba x 107 (V dec™) —Be x 107 (V dec™) CF-2 CF-3 IEgpm (%)
Blank 265 91 323 1.92 2.93 —

50 163.5 73.2 188.8 1.82 2.87 38.3 + 0.1
100 135.1 71.4 129.2 1.89 3.12 49.0 + 0.2
150 110.2 55.1 110.5 1.95 3.10 58.4 + 0.3
200 99.8 52.2 87.5 1.87 3.09 62.3 + 0.1
250 85.2 45.9 59.2 2.10 2.89 67.8 & 0.2
300 78.7 41.2 57.4 2.03 2.85 70.3 + 0.3

validate the consistency between the outcomes from EIS and
alternative methods.

3.5 EFM study

Several advantages of the EFM technique, including direct,
nondestructive, quick corrosion rate measurement and data
validation, make it a perfect choice for online corrosion moni-
toring applications.® The EFM approach is a small signal AC

technique that resamples the EIS. On the other hand, two
distinct sine waves are applied simultaneously in this tech-
nique. Since there can be no direct relationship (non-linear)
between I and V, the examined system responds to the excita-
tion potential non-linearly.** As seen in Fig. 5, the input
frequencies as well as their frequency components were
considered in the current response. The frequency constituents
are the sum of the two input frequencies, as well as their

20
TinsSS

Fig. 6 SEM micrographs of polished zinc (A), zinc after 8 himmersion ina 1 mol per L Cl without (B), and with (C) 300 ppm of expired Ceftazidime

drug at 298 K.
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multiples and differences. The EFM diagrams of the zinc metal,
under study, in a blank solution having varying dosages of the
CDZ medication at 298 K are shown in Fig. 5. Because of the

cpsjev
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excitation frequencies, there are two prominent peaks at 0.2 and
0.5 Hz. The larger peaks were used to compute the slopes of
Tafel, the causality factors (CF2 and CF3), and the corrosion
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Fig. 7 EDX spectra of polished zinc (A), zinc after 8 h immersion in a 1 mol per L HCl without (B), and with (C) 300 ppm of expired Ceftazidime

drug at 298 K.
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current (icorr). The kinetic features of the corrosion process,
such as inhibition efficiency (IEggm), icorr, Tafel parameters, and
causality factors, are shown in Table 6. The insertion of the
expired CDZ drug into the blank solution resulted in a reduc-
tion in the i o of zinc metal. Increasing the concentration of
CDZ from 50 to 300 ppm reduces the corrosion current density
from 163.5 to 78.7 pA cm ™, This is likely due to the adsorption
of the drug molecules onto the zinc surface. The CDZ acts as
a barrier and inhibits the corrosion process.*

The efficiency of the inhibition (IEggy) increases with Cef-
tazidime concentration. According to Table 6, the causality
factors closely resemble the ones that were predicted. This
might ensure that the different parameters and corrosion
current densities are accurate, according to EFM theory.*® With
the EFM data as a basis, eqn (13) computes IEggym-

°

i — g
1Egrm = M % 100
lcorr

(13)
where 7., and i4q.,g stand for the corrosion current densities
without and with CDZ drug, respectively.

3.6 SEM and EDX examinations

Using the SEM technique, it was possible to determine whether
the zinc surface had a protective film from the expired CDZ.
Moreover, EDX analyses were conducted to ascertain whether
the medication is adsorbed on the zinc surface or not. Fig. 6
displays SEM photographs of the cleaned zinc surface and the
zinc surface after submerging in a blank solution free of and
with 300 ppm of the medication CDZ. The polished zinc surface
is smooth and compact without any defects (Fig. 6A). The SEM
micrographs for the zinc surface after 8 hours submersion in
a blank solution free of and with 300 ppm of CDZ medication
are displayed in Fig. 6B and C, respectively. The SEM image
(Fig. 6B) of the corroded zinc sample in 1 mol per L HCl solution
reveals a badly damaged zinc surface covered by corrosion
products. Smaller pits evenly spread laterally and internally may
have led to the extended corrosion region. On the other hand,
zinc metal corrosion is significantly suppressed when the CDZ
medication is present (Fig. 6C). Consequently, the presence of
the CDZ medication on the zinc surface lowers the rate at which
it dissolves in the HCl medium.

To confirm that the CDZ medication molecules are present
on the zinc surface, EDX analysis is used. Fig. 7 shows the
corresponding EDX spectra. Zinc peaks were the only ones
found for the polished zinc sample (Fig. 7A). Because ZnCl,
forms at the zinc surface in the presence of the blank solution,
there were peaks for both zinc and chloride elements (Fig. 7B).>?
As seen in Fig. 7C, there were peaks for C, S, N, and O elements
in the EDX spectrum for zinc coupons subjected to the CDZ
drug. This result demonstrates that the medication was adsor-
bed onto the zinc surface, significantly impeding the zinc's
ability to dissolve in the HCI solution.*

3.7 Computations involving quantum chemistry

3.7.1 DFTB simulations. Significant details concerning the
electronic and thermodynamic characteristics of corrosion-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FMO diagram of Ceftazidime (a) LUMO and (b) HOMO.

inhibitory compounds can be obtained by Density Functional
Tight-Binding (DFTB) simulations. The DFTB method was used
to assess the frontier molecular orbitals (FMOs) of CDZ (Fig. 8),
which comprise the highest occupied (HOMO) and lowest unoc-
cupied (LUMO) molecular orbitals. The pyridinium-1-ylmethyl
group that lies at the 3-position of the antibiotic's cephem ring
contains the HOMOs of CDZ. On the other hand, LUMOs are
positioned at the two oxygens of the carboxylic group.
According to the results, the HOMO and LUMO energies
were —5.833 and —3.381, respectively. With a computed energy

Table7 The calculated quantum chemical parameters, obtained from
DFTB data

Parameter (au) Value
Energy of highest occupied molecular orbital (Eyomo) —5.833
Energy of lowest unoccupied molecular orbital (Er o) —3.381
Energy gap (AE) 2.452
Chemical hardness (7) 1.226
Chemical softness (o) 0.816
Chemical potential (u) —4.607
Electronegativity (x) 4.607
Electron affinity (4) 3.381
Ionization potential (1) 5.833
Electrophilicity index (w) 8.656
Maximum charge transfer index (ANpax) 3.758
Nucleophilicity (&) 0.116

RSC Adv, 2025, 15, 8506-8522 | 8517
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gap (AE) of 2.452, CDZ exhibited good stability and the ability to
successfully reduce corrosion (Table 7). The metal's surface
binding capability can be increased by decreasing the inhibi-
tor's AE value, which will increase the reactivity between the
metal and the inhibitor molecule. This increase in binding
capacity may lead to an improvement in the inhibition effi-
ciency of the compound because less energy is required to
liberate the electron from the HOMO orbital.”

Electrostatic potential (ESP) maps assist in offering a better
understanding of the electron-rich and -electron-deficient
regions of molecules.” The red areas (negative portions) of
the map indicate places that support an electrophilic attack,
whereas the blue regions (positive portions) of the map indicate
sites that support a nucleophilic attack (Fig. 9). A light blue area
refers to a slightly electron-deficient location; the yellow area
indicates a slightly electron-rich position, and the green area
indicates a neutral location. The ESP map of the CDZ
compound showed that the pyridinium-1-ylmethyl group acts as
a nucleophile (red to orange areas); on the other hand, the
carboxylic group functions as an electrophile (blue area). The
hydrophobic carbon chain repelled serious pitting chloride ions
away from the zinc surface, facilitating the adhesion of adsor-
bed molecules.”

DFTB data can be used to compute a few descriptors that
evaluate the CDZ drug's inhibitory performance. The energies of
the highest occupied (Exomo) and the lowest unoccupied
(Erumo) molecular orbitals can be used to calculate them. The
energy gap (AE), ionization potential (I), electron affinity (A),
chemical potential (u), electronegativity (x), hardness (), soft-
ness (o), electrophilicity index (w), nucleophilicity (¢), and
a proportion of electron transfer (ANy,,,) are reported in Table
7, which is based on the literature.” According to the following
relations, the parameters are computed.””

AE = Erumo — Enomo (14)
I = 7EHOMO (15)
A - 7ELUMO (16)
p=-x (17)

-

Fig. 9 Electrostatic potential map of Ceftazidime molecule.
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The chemical reactivity of molecules is indicated by their
ionization potentials. Compared to high ionization potentials
that indicate the high stability of the molecules, smaller values
represent more activity for the molecules.” Due to its small
ionization potential (5.833), CDZ has good inhibitory efficiency,
as seen in Table 7. An important consideration when assessing
the CDZ drug's responsiveness is its electronegativity (x) value.
The value of 4.607 refers to the degree to which it can hold
electrons.” A substantial interaction between CDZ and the zinc
metal was confirmed by a low value of softness and a big value
of hardness.®® The reactivity of the CDZ molecule is demon-
strated by its electrophilicity (w) value of 8.656. ¢ is nucleophi-
licity, which is the reciprocal of electrophilicity. With an
estimated ANp,.x value of 3.758, CDZ is capable of releasing
electrons and supports the development of a shielding layer on
the zinc surface.®* The computation studies show that the
present drug has efficient adsorption centers that can readily
adsorb on the zinc surface and create a protective layer.

3.7.2 Monte Carlo simulation studies. While electronic
parameters are effective in describing the drug's mechanism of
action, they are insufficient to figure out the trend of the drug's
inhibitive performance.** Therefore, it is crucial to carry out
detailed modeling of the drug's direct interactions with the Zn
surface. Adsorption is thought to be the main way by which
corrosion is inhibited. The nature of interactions between the
investigated drug and the Zn (002) crystal surface in 1 mol per L
HCI was thus established by simulating the adsorption of the
CDZ compound on the Zn surface. Because it possesses the
most stable surface, the Zn (002) surface is utilized for the MC
simulation study.

Using an MC simulation, Fig. 10 displays the drug's most
stable low-energy adsorption configuration on Zn (002).
Through the process of adsorption, the drug forms a protective
film on the zinc surface. The film protects the zinc surface and
keeps the corrosive solution away from it. Table 8 shows the
values of the adsorption, the deformation, and the rigid
adsorption energies for the adsorption of the CDZ drug on the
Zn (002) surface. The adsorption energy of —77.41 kJ mol "
indicates a significant interaction between the CDZ molecule
and the zinc surface. This suggests that the drug is likely to bind
effectively to the metal> The deformation energy of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 The side view of the adsorption of the Ceftazidime drug on the
zinc surface.

1.88 k] mol™" suggests that the CDZ molecule undergoes
a slight conformational change upon adsorption. This is ex-
pected as the molecule needs to adjust its shape to optimize its
interaction with the surface. The rigid adsorption energy of
—79.29 k] mol " provides an estimate of the adsorption energy
without considering the conformational changes of the mole-
cule. Comparing this value to the adsorption energy suggests
that the deformation energy has a minor impact on the overall
adsorption strength.

Eqn (24) is used to compute the adsorption energy, or E,gs.

E.4s = Ezncinh — (Einn — Ez1) (24)

where E, is the zinc surface's total energy, and Ej,j, is the
inhibitor's total energy. The surface energy of zinc (002) is
zero.® Given the strong adsorption energy (—77.41 kJ mol )
and the relatively small deformation energy (1.88 k] mol™"); it is
likely that the CDZ molecule adopts a relatively flat configura-
tion on the zinc surface. This would maximize the contact area
between the molecule and the metal, leading to stronger
interactions. This enables the transfer of the lone pair of elec-
trons of the heteroatoms and m-electrons from the pyridinium
ring of the drug to the zinc metal.** The side view orientation
could be influenced by specific interactions between functional
groups on the CDZ molecule and the zinc surface. For example,
the carboxylate group (-COO-) in CDZ might interact favorably
with the zinc atoms due to electrostatic interactions. The CDZ
molecule has two sulfur atoms. Sulfur atoms have relatively
lower electronegativities, enabling relatively stronger coordi-
nate bonding with surface metallic atoms. Many investigators
reported the high inhibition efficiency of sulfur compounds.*
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Heteroatoms' inhibitory effect followed their inverse electro-
negativity order, which is S > N > O. Higher inhibition efficiency
and more charge transfer are associated with lower electro-
negativity. Because these heteroatoms are protonated and exist
in their cationic forms in acidic solutions,* they were adsorbed
by means of the electrostatic force of attraction during the
initial stages of the interaction.

3.8 Mechanism of inhibition

The dissolution and dissociation of Zn metal in the anodic
region and the reduction of O, gas in the cathodic region are
both impacted by the introduction of the CDZ medication to the
acidic medium, as indicated by the values of E.or, 84, and 8. in
Table 4. The values of the Tafel cathodic and anodic constants
decrease when the dosage of the CDZ drug in the acidic blank
solution increases. Since the expired medication slows down
both the cathodic and anodic reactions, it is confirmed to
function as a mixed inhibitor.>* Such impacts might result from
CDZ molecules adhering to the zinc surface.®

Table 3 shows that the computed values of AG,,, are —21.97
to —30.49 k] mol !, which indicates that the drug under study
binds to zinc metal by chemisorption and physisorption.>*>*
The drug's interaction with the zinc surface could be due to the
existence of COO™, N, O, S, and m-electrons in its structure. At
the cathode, O, and H' ions in the solution combine to make
H,0, while at the anode, Zn metal is ionized to Zn>* (en (3)).
While the absence of vacant d-orbitals in zinc might seem to
limit its ability to chemisorb, other mechanisms like s-p
hybridization,® electrostatic interactions,*” and charge trans-
fer®® can still lead to strong adsorption. Furthermore, the CDZ
molecule retro-donates electrons from the zinc metal via the
carboxylic group's two oxygens (LUMO orbital).** In addition,
a protective coating is established on the Zn surface via phys-
isorption between the protonated CDZ molecules and the CI™
ions in the corrosive environment.* The film inhibits further
zinc oxidation and decreases the metal's surface area in contact
with the corrosive solution.”* Fig. 11 shows the suggested
mechanism of inhibition.

3.9 A comparison of the previously mentioned drugs with
the expired Ceftazidime drug

In Table 9, the performance of the expired Ceftazidime drug
under examination towards zinc protection is compared with
other corrosion-inhibiting drugs published in the literature.
According to this comparison, the expired CDZ is a good
inhibitor and can be used to protect zinc metal in a 1 mol per L
HCI medium.

Table 8 The adsorption, the deformation, and the rigid adsorption energies for the adsorption of the Ceftazidime drug on the Zn (002) surface

Total energy
(kJ mol™")

Adsorption energy
(kJ mol ™)

Deformation energy
(k] mol™)

Rigid adsorption
energy (k] mol ™)

680.25 —77.41

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Proposed mechanism of the Ceftazidime drug as a corrosion inhibitor for zinc metal.
Table 9 The comparison between other drugs and the tested expired Ceftazidime
The drug The corrosive medium Inhibition efficiency Reference
Pentoxifylline 0.1 M HCl at 298 K 84.3% at 300 ppm 89
Expired cefazolin 0.5 M HCI at 298 K 87.3% at 300 ppm 24
Expired glycyrrhizin 0.5 M H,SO, at 298 K 93.6% at 500 ppm 90
Expired gatifloxacin 3.5% NaCl at 298 K 87.0% at 500 ppm 91
Expired levofloxacin 3.5% NaCl at 298 K 89.0% at 500 ppm 91
Expired amiodarone 1.0 M HCl at 298 K 88.8% at 0.001 M 92
Expired hemorheologic 0.1 M HCl at 303 K 84% at 300 ppm 30
Telmisartan 0.1 M HClI at 298 K 77.0% at 20 ppm 32
Expired gabapentin 0.1 M HCI at 298 K 85.0% at 400 ppm 37
Hexamine 0.15 M HCl at 301 K 62.0% at 0.01M 6
Expired Ceftazidime 1.0 M HCI at 298 K 70.3% at 300 ppm This work

4. Conclusions

In this study, Ceftazidime, an expired drug, was successfully
reused to reduce zinc metal corrosion in a 1 mol per L hydro-
chloric acid solution. FTIR spectroscopy showed no significant
change in chemical structure between fresh and expired drugs.
The performance of the CDZ drug was examined using PDP,
EFM, WL, and EIS methods. The WL method, the EFM, PDP,
and EIS techniques showed good agreement. In a 1 mol per L
HCI medium, CDZ inhibited zinc corrosion well. The inhibition
performance improved with increasing CDZ drug concentra-
tion, reaching 70.3% efficacy at 300 ppm, while it was reduced at
higher temperatures. Concentrations above 300 ppm failed to
enhance the inhibition effect. The inhibition is caused by
expired drug adsorption on the zinc surface. The adsorption
behavior was consistent with the Temkin model. AG,,, have
negative values below 40 k] mol~". The thermodynamic data
indicated that the drug was absorbed both physically and
chemically, establishing a protective film on the zinc surface.
Ceftazidime is classified as a mixed-type inhibitor. The
adsorption of CDZ medication on the zinc surface reduced the
corrosion rate, as demonstrated by SEM and EDX analyses. The
DFTB and MC simulation findings showed that the expired
medication attached to the zinc surface by the heteroatoms'
lone pair of electrons. In addition to the pyridinium ring's -
electrons. The drug's adsorption energy with the zinc surface

8520 | RSC Adv, 2025, 15, 8506-8522

was —77.41 k] mol™*. Zinc metal in HCl medium can be pro-
tected by using an expired Ceftazidime drug, which is an
effective inhibitor.
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