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ABSTRACT: The anticorrosion potency of two expired antifungal drugs, namely, bifonazole
(BIF) and terconazole (TER), for X65 carbon steel (X65CS) in a 1.0 M HCl solution was
estimated using practical and computational measurements. The results of all methods applied
showed that the percentage of anticorrosive efficacy (% AE) increased for expired BIF and TER
and reduced at elevated temperatures. The % AE values of expired BIF and TER (375 mg L−1)
reached 92.08 and 94.19%, respectively, using polarization methods. The anticorrosion activities
of the two expired drugs were interpreted based on their adsorption on the X65CS surface. The
adsorption occurred according to the Langmuir isotherm model. The polarization results
indicated that the expired drugs BIF and TER were mixed inhibitors. The impedance results
showed a single capacitive loop, confirming that the charge transfer process controlled the
corrosion of X65CS. Expired BIF and TER served as good pitting inhibitors by shifting the
pitting potential to positive values. The thermodynamic functions of activation and adsorption
were defined and explained. Density functional theory and Monte Carlo simulations were used
to investigate the BIF and TER inhibitors. The theoretical parameters were consistent with the
experimental results. The anticorrosion efficiencies determined using the various methods were in complete agreement.

1. INTRODUCTION
Carbon steel is used in a variety of industries, including
construction, roads, bridges, and petroleum. However, steel
corrosion is a major problem associated with these sectors. Some
strong acids are utilized to clean and remove adhered objects
from these alloys. Although the acids clean steel efficiently, one
disadvantage is the corrosion that occurs, causing great
economic losses in most countries worldwide. Therefore,
scientists have employed corrosion inhibitors to solve the
corrosion problem.1,2

Corrosion inhibitors minimize the corrosion rate of steel in
aqueous solution and prevent carbon steel from dissolving in
acidic medium. Most inhibitors are organic molecules with
several active centers that accelerate the adsorption process.3−10

The primary mechanism for the inhibitory action of the organic
molecules on the steel surface is physical or chemical adsorption.
The formation of an adsorbent film isolates the steel surface
from the aggressive medium.11−15 The inhibition strength of the
organic inhibitors depend on several factors such as the
electrode surface employed, the nature of aggressive solutions,
the chemical composition of the additives, the physicochemical
properties of the molecule with respect to the functional group,
the expected steric and electronic effect of the density of donor
atoms, and the possible interaction between the inhibitors with
the d orbital of the iron atoms.16−19

The inhibition strength depends on the amount of adsorbed
layers formed, the chemical composition of the steel used, the
type and concentration of the corrosive medium, the temper-
ature, and several other factors.20,21

Although these organic molecules are very effective inhibitors
with reasonable inhibitory efficacy, they are not economically
feasible because the cost of preparing them is very expensive and
environmentally harmful.22 Therefore, the goal of this study was
to use expired drugs that have no use as corrosion inhibitors for
carbon steel instead of discarding and culling them, which causes
innumerable economic and environmental damage. Hence, the
benefit is doubled. In prior studies,23−30 expired drugs were
utilized to inhibit the dissolution of steel in acidic media. They
provided high inhibition efficiency depending on the chemical
structure of the drug. The inhibition potency of expired drugs
depends on their chemical structure and the presence of some
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energetic centers that facilitate the adsorption of these drugs on
the metal surface.
In this study, we used expired antifungal drugs, namely

bifonazole (BIF) and terconazole (TER), to inhibit corrosion of
X65 carbon steel (X65CS) in 1 M HCl rather than discarding
them, which causes innumerable environmental problems.
Thus, the benefit is double. The inhibitory strength of these
drugs was determined using mass loss (ML), galvanostatic
polarization (GAP), potentiodynamic anodic polarization
(PDAP), and electrochemical impedance spectroscopy (EIS)
methods. Density functional theory (DFT) and Monte
Carlo(MC) simulation are particularly effective techniques for
computational studies to predict and model the adsorption of
expired drugs on steel surfaces.31−33 Therefore, the present work
aimed to study the effect of the structural parameters of expired
BIF and TER on their AE by the most active sites of corrosion
inhibitors using the electronic functions obtained from DFT
calculations. Quantum chemical parameters were applied to
correlate the experimental data with the theoretical parameters
to determine the inhibition mechanism of these drugs.

2. EXPERIMENTAL METHODS
2.1. Measurements. The chemical composition of the X65

carbon steel (X65CS) applied in this work was: (weight %) C:
0.11, Mn: 1.18, Cr: 0.17, Mo: 0.15, Ni: 0.42, Nb: 0.023, V: 0.06,
Ti < 0.01, and the remainder was Fe.
For the ML measurements, an X65CS sample with

dimensions of 3 cm × 2.1 cm × 0.18 cm was furbished using
different grades of sandpapers ranging from 200 to 1500, washed
twice with distilled water and acetone, and then dried. The ML
methods were implemented according to previous studies.34

Electrochemical methods such as GAP, PDAP, and EIS were
performed using an X65CS rod with an exposed bottom surface
area of 0.38 cm2. A three-compartment cell was used with
X65CS serving as the working electrode, a saturated calomel
electrode serving as the reference electrode, and Pt serving as the
counter electrode. The treatment of the X65CS electrode was
performed according to the ML method. For the GAP and
PDAP methods, a PS remote potentiostat was used with PS6
software to determine the corrosion functions at scan rates of 2
and 0.2 mV s−1, respectively. The EIS method was performed at
a frequency range of 10 to 100 mHz and a signal amplitude
perturbation of 5 mV utilizing a computer-controlled potentio-
stat (Auto Lab 30, Metrohm). All of these methods were
adjusted at 24 °C ± 1 °C utilizing a thermostat.

2.2. Determination of the Percentage of Anticorrosion
Efficacy (% AE). The percentages of anticorrosion efficacy (%
AE) of the two expired drugs (BIF and TER) were calculated
from the ML and GAP methods by applying eq 1:

= Y
Z

%AE 1 100
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ (1)

For theML andGAPmeasurements, Y and Z are themass loss
or corrosion current density in the presence of expired BIF and
TER and in the HCl solution alone, respectively. Conversely, for
the impedance measurements, Y and Z are the charge transfer
resistances in the HCl solution alone and in the presence of
expired BIF andTER, respectively. The surface coverage (θ) was
determined from eq 2:

= %AE/100 (2)

2.3. Inhibitors. Two expired antifungal drugs, namely, BIF
and TER, were applied as corrosion inhibitors. The drugs were
manufactured by EIPICO Pharmaceutical Company, Egypt.
Their structures are listed in Table 1.
2.4. Computational Approach. The computational study

was conducted for the TER and BIF inhibitors using DFT. The
optimized geometries were obtained through the B3LYP and 6-
31 g(d,p) level of theory in the aqueous phase. The conductor-
like polarizable continuum model was employed for the solvent
effect.35 The calculations were implemented in the Gaussian 09
code.36 Some parameters, such as the energies of the highest
occupied molecular orbital (EHOMO) and lowest unoccupied
molecular orbital (ELUMO), energy gap (ΔE), global softness (σ),
hardness (η), and the fraction of electrons transferred (ΔN),
were calculated as follows.

=
E E

2
LUMO HOMO

(3)

= 1
(4)

=
+

N
2( )

inh

Fe inh (5)

where ϕ (the work function of iron) = 4.82 eV37 and ηFe = 0.
The Fukui index indicates the potential site on the inhibitor

molecules where electrophilic or nucleophilic attacks can occur.
The following formulas are used to calculate the Fukui index for

Table 1. Names and Chemical Structures of Expired Antifungal Drugs Used
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both nucleophilic ( f+) and electrophilic ( f−) attacks using the
Mulliken population analysis.

= ++f q N q N( 1) ( ) (6)

=f q N q N( ) ( 1) (7)

where q(N + 1), q(N) and q(N − 1) are the charges of the atoms
present in the system with N + 1, N, and N − 1 electrons,
respectively.
2.5. Monte Carlo Simulation. The MC simulation was

implemented to explore the interaction of the TER and BIF
molecules using the adsorption locator module in the Material
Studio 2017 code on the Fe (110) surface.38 The computations
were conducted using a simulation box of 32.27 Å × 32.27 Å ×
33.10 Å. To calculate the lowest adsorption energy (Eads) for the
inhibitors on the Fe (1 1 0) surface, the COMPASS force field

and an atom-based simulation technique were used. The Eads
arising from the interaction of the TER and BIF inhibitors with
the Fe (110) substrate was evaluated by eq 8

=E E E Eads total Fe(110) inh (8)

where Etotal, EFe(110), and Einh are the overall energy of the expired
drug and the Fe (110) surface, the energy of Fe (110), and the
energy of the drug molecule, respectively.

3. RESULTS AND DISCUSSION
3.1. GAP Methods. Figure 1A,B depicts the OCP versus

time curves for X65CS corrosion in 1 MHCl in the absence and
presence of various concentrations of expired BIF and TER. A
steady-state potential was attained soon after it was recorded.
This illustrates that the surface oxide layer was completely
dissolved when the metal specimen was submerged in the

Figure 1. (A, B) Relationship between the OCP vs time curves for X65CS corrosion in 1 MHCl with and without different concentrations of the (A)
BIF drug and (B) TER drug. (1) 0.0 mg L−1, (2) 75 mg L−1, (3) 150 mg L−1, (4) 225 mg L−1, (5) 300 mg L−1

, and (6) 375 mg L−1.
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electrolyte for 2500 s. The OCP for the two expired BIF and
TER concentrations moves toward the positive direction. This
suggests that the expired BIF and TER function by getting
adsorbed at the steel/solution interface.39

Figure 2A,B presents the GAP curves for X65CS 1M HCl
solution including the diverse concentricity of expired drugs BIF
and TER, respectively.
The corrosion functions were derived from Figure 1 such as

the current density (Icorr), corrosion potential (Ecorr), anodic and
cathodic Tafel slopes (βa and βc), and anticorrosion efficacy (%
AE) and are listed in Table 2. Clearly, from Table 2, increasing
the concentration of expired drugs indicates the following:
(i) The acquired anodic and cathodic exhibit Tafel behavior.

The augmentation of the BIF and TER drugs increased
both cathodic and anodic overvoltages and essentially
caused parallel shifts to the more negative and positive
values, respectively, for free curves. Thus, these expired
drugs affect the cathodic and anodic operations. This
means that these examined drugs reduce the H2 evolution
reaction and the anodic dissolution reaction of X65CS.
These outcomes indicate these expired drugs as mixed-
type inhibitors.

(ii) Values of βa and βc have been altered, but the values of βa
more than βc demonstrate that the expired BIE and TER
serving as mixed inhibitors are mostly anodic (βa > βc).

(iii) Values of Ecorr moving a little bit to a more negative
direction. The shift in Ecorr in the case of an expired BIF is
equal to 18 mV and 23mV in the case of expired Ter. This
confirms that these two expired drugs were categorized as
mixed inhibitors.40,41

(iv) The values of Icorr reduced and increased the % AE
demonstrating the inhibitory activity of the two drugs. In
all concentrations used, the % AE of the TER drug is more
than that of the BIF drug. Its value at 375 mg L−1reached
94.19% in TER, while it reached 92.08% in the BIF drug.

Figure 2. (A, B) GAP curves for the corrosion of X65CS in 1 M HCl
alone and with diverse concentrations of the (A) BIF drug and (B) TER
drug. (1) 0.0 mg L−1, (2) 75 mg L−1, (3) 150 mg L−1, (4) 225 mg L−1,
(5) 300 mg L−1, and (6) 375 mg L−1.

Table 2. Electrochemical Parameters Obtained fromGAP of X65CS in 1MHCl Including Certain Doses of Expired BIF and TER
at 26 °C

medium inh. conc. (mg L−1) −βc (mV dec−1) βa (mV dec−1) −Ecorr (mV) (SCE) Icorr (mA cm−2) Rp × 102 (Ω cm2) % AE

blank 0 726 834 528 12.75 1.75
BIF 75 626 765 523 4.22 3.12 66.90

150 588 734 520 3.36 3.30 73.65
225 562 703 518 2.48 3.46 80.55
300 535 685 513 1.36 3.58 89.33
375 505 652 510 1.01 3.64 92.08

TER 75 637 745 520 3.55 3.31 72.16
150 590 712 516 2.79 3.43 78.12
225 564 684 512 2.12 83.37
300 523 652 510 1.05 91.76
375 495 628 505 0.74 3.72 94.19

Figure 3. Electrochemical equivalent circuit applied to fit the EIS
parameters.
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(v) The values of RP increases from 175 to 364 ohm for BIF
and 372 ohm for TER, respectively.

3.2. EIS Measurements. The corrosion behavior of X65CS
was investigated using EIS measurements at 26 °C in 1 M HCl
alone and with certain concentrations of expired BIF and TER.
Two major diagram formats, namely, the Nyquist and Bode
formats, are often used to display EIS data. In a Nyquist diagram,
the real component of the impedance is plotted versus the
imaginary component at various frequencies. The solution
resistance (Rs) and charge transfer resistance (Rct) values are
determined from the intersection of the semicircle with the real
component axis.

The capacitance of the double layer (Cdl) was calculated from
the angular frequency (ω = 2πf) at the maximum imaginary
component and Rct values, utilizing the following equation

= =C
R R

1 1
2 fdl

max ct max ct (9)

where f is the frequency of the electrochemical circuit applied in
the EIS analysis (Figure 3).
The Nyquist diagrams of X65CS in the 1MHCl solution with

different concentrations of expired BIF and TER are displayed in
Figure 4A,B. Because of the rough and inhomogeneous X65CS
surface, the impedance plot does not show idealistic semicircles
due to the frequency dispersion.42,43 The radii of the semicircles
increased as the concentrations of expired BIF and TER

Figure 4. (A, B) Nyquist plots of X65CS in 1.0 M HCl in 1 MHCl alone and with diverse concentrations of the (A) BIF drug and (B) TER drug. (1)
0.0 mg L−1, (2) 75 mg L−1, (3) 150 mg L−1, (4) 225 mg L−1, (5) 300 mg L−1, and (6) 375 mg L−1.
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increased, demonstrating the protective features of the X65CS
and the charge transfer operation that fundamentally controls
the dissolution of X65CS.44,45

The EIS functions, namely,Rs,Cdl, Rct, and %AE, are shown in
Table 3. The Cdl values decreased as the concentration of
expired BIF and TER increased because the water molecules on
the surface were progressively replaced by the expired-drug
molecules. These drug molecules formed a layer on the X65CS
surface, which minimized the local dielectric constant of the
X65CS/solution interface. Owing to the creation of an adhesive
layer at the X65CS/solution interface, the Rct values increased
and thus the % AE values increased.
The Bode and phase angle diagrams showing the effect of

various BIF and TER concentrations on the corrosion of X65CS
in 1 M HCl are presented in Figure 5A,B. In the impedance
diagrams, the magnitude increased at lower frequencies because
of the enhanced protection with the increased BIF and TER
concentrations, which was attributed to the adsorption of BIF
and TER on the X65CS surface.46 The phase angle diagram
showed that increasing the expired-drug concentrations resulted
in superior inhibitory performance because of greater adsorption
on the X65CS surface. Moreover, the phase angle at the
relaxation frequency decreased with decreasing expired-drug
concentrations, indicating the reduced capacitive response at
lower drug concentrations. In the same concentrations, the %
AE of TER was higher than that of BIF.
3.3. PDAP Measurement. Expired BIF and TER were

tested as pitting corrosion inhibitors utilizing the PDAP
measurements. The PDAP of X65CS in 1 M HCl + 0.5 M
NaCl containing different concentrations of expired BIF and
TER at a sweep rate of 0.1mV s−1 are shown in Figure 6A,B. This
figure shows that, as the potential increased, the current
remained constant, indicating the stability of the passive film on
the X65CS. At a specific potential, the Cl− ions were able to
penetrate the passive film and the current increased quickly. This
potential is known as the pitting potential (Epitting).

20,47 Epitting
moved to positive values with higher concentrations of expired
BIF and TER, indicating the increased resistance of X65CS to
pitting attacks using expired BIF and TER as pitting inhibitors.
The plots between Epitting and the logarithm of the

concentrations of expired BIF and TER are presented in Figure
7. Straight lines were obtained, and with higher concentrations
of expired BIF and TER, the Epitting values showed a positive
trend according to the following relationship23,48

= +E Clogpitting ex drugs (10)

where ∂ and ∝ are constants that depend on the type of the
working electrode and inhibitors used (the units of ∂ is mV and
the unit of α is mV/(mg L)). These results demonstrate that the
expired BIF and TER served as inhibitors of X65CS pitting
corrosion. In the case of expired TER, the positive shift in Epitting
was greater than that obtained for BIF, demonstrating that
expired TER had a greater ability to inhibit pitting corrosion
than expired BIF.
3.4. ML Methods. 3.4.1. Effect of Expired-Drug Concen-

trations. The effect of some concentrations of expired BIF and
TER (75, 150, 225, 300, and 375 mg L−1) on the corrosion of
X65CS in 1 M HCl was evaluated utilizing ML measurements.
The corrosion rate (Kcorr) depends on the X65CS surface area
(S) and the inundation time (t) according to the following
relation49,50

=
·

K
S t
ML

corr (11)

Table 3. EIS Parameters for X65CS in Free 1 MHCl Solution
andContainingCertainDoses of Expired BIF andTERDrugs

medium
inh. conc.
(mg L−1)

Rs
(Ω cm2)

Cdl
(μF cm−2)

Rct
(Ω cm2) % AE

blank 0.00 1.66 102.05 25
BIF 75 1.84 89.12 71 64.78

150 1.88 78.43 88 71.59
225 1.96 69.81 115 78.26
300 2.09 60.83 205 87.80
375 2.21 54.37 310 91.93

TER 75 1.98 81.54 86 70.93
150 2.08 74.52 107 76.63
225 2.18 66.35 130 80.76
300 2.22 59.22 285 91.22
375 2.28 51.84 425 94.12

Figure 5. (A, B) Bode plot of X65CS in 1 M HCl devoid of and
containing diverse concentrations of the (A) BIF drug and (B) TER
drug. (1) 0.0 mg L−1, (2) 75 mg L−1, (3) 150 mg L−1, (4) 225 mg L−1,
(5) 300 mg L−1

, and (6) 375 mg L−1.
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where ML = Ma − Mb. Ma and Mb are the ML before and after
immersion in the tested electrolyte, respectively (the unit ofKcorr
is mg cm−1 min−1).
TheML,Kcorr, % AE, and θ values of the expired BIF and TER

at 299 K are shown in Tables 4A and 4B, respectively. As the
concentrations of expired BIF and TER increased, the ML
decreased and the values of % AE and θ increased, confirming
the anticorrosive strength of these drugs. The%AE values of BIF
and TER at 300 mg L−1 were 90.15 and 91.88, respectively. The
% AE results were consistent with those obtained in the GAP
and EIS measurements.

3.4.2. Effect of Elevated Temperatures. The effect of
elevated temperatures from 299 to 329 K on the corrosion of
X65CS in 1.0 M HCl solution was examined using the ML
method with different concentrations of expired BIF and TER
(Tables 4A and 4B). With the increase in the temperature, the
ML and Kcorr increased, and thus the θ and % AE values
decreased. The decrease in the % AE values was a result of the

adsorbed expired drugs being removed from the X65CS surface
at high temperatures. These results indicate that the adsorption
of expired BIF and TER on the X65CS surface is physical.

3.4.3. Computation of Thermodynamic Activation Co-
efficients. The activation energy (Ea*), enthalpy of activation
(ΔH*), and entropy of activation (ΔS*) for the dissolution of
X65CS in 1 M HCl and in the presence of different
concentrations of expired BIF and TER were determined from
the Arrhenius-type equation and transition-state relations as
follows51,52

=K Ae E RT
corr

( / )a (12)

= * *K
RT
Nh

e eS R H RT
corr

( / ) ( / )
(13)

whereA is the frequency factor,N is Avogadro’s number, and h is
the Planck’s constant.

Figure 6. (A, B) PDAP curves of carbon steel in X65CS in 1MHCl solution + 0.5 MNaCl and also when containing certain concentrations of expired
(A) BIF and (B) TER at a scan rate of 1 mV s−1. (1) 0.00, (2) 75, (3) 150, (4) 225, (5) 300, and (6) 375 mg L−1.
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Ea* values were determined from the slopes of the diagram
between log Kcorr and 1/T for the dissolution of X65CS in 1 M
HCl solution alone, and the existence of diverse concentrations
of expired BIF and TER is displayed in Figure 8A,B. Straight
lines with a slope equal to −Ea/2.303R. Ea* values are shown in
Table 5. Evidently, the Ea* values augment with the
augmentation of the concentrations of expired BIF and TER.
This elucidate the vigor absorption of the two expired drugs on
the X65CS surface and demonstrates the energy barrier induced
by the adsorption of expired BIF and TER on the steel surface.
Figure 9A,B presents the graph between log Kcorr/T and 1/T

for the dissolution of X65CS in 1 M HCl solution alone and the
existence of certain concentrations of expired BIF and TER.

Straight lines are acquired. The values ΔH* and ΔS* were
determined from the slopes and the intercepts of the straight
lines and are registered in Table 5. Clearly, the values of ΔH*
rises with rising concentrations of expired BIF and TER,
indicating that the addition of the expired drugs to a free 1 M
HCl solution raising the energy barrier for the corrosion reaction
relies on the nature, structure, and concentration of the
investigated expired drugs. Also, the positive label of ΔH*
demonstrates that the dissolution of X65CS in 1MHCl solution
is endothermic in nature. TheΔS* values in HCl solution and in
the occurrence of expired BIF and TER are large and negative,
demonstrating that the activated complex represents binding
instead of disengagement.53 The sequence of the anticorrosion
efficacy of expired BIF andTER as obtained from the augmented
Ea* and ΔH* values and reduced ΔS* values are in this
sequence: TER > BIF.
3.5. Surface Morphology. Figure 10A,B displays the SEM

micrographs of the X65CS surface in 1 M HCl solution before
immersion in 1MHCl and after immersion for an interval of 5 h
in the 1 M HCl free of any inhibitors, respectively. The
micrograph in Figure 11A exhibits a smooth surface free from
any corrosion damage due to the absence of Cl− ions. The
micrographs in Figure 11B depict the appearance of the X65CS
after immersion in 1MHCl for an interval extending to 5 h at 25
°C. A corroded surface appears with corrosion products
contaminating it as a result of the corrosive nature of Cl− ions.
The micrographs in Figure 10C,D depict the state of the

X65CS surface when 500 ppm BIF and TER is added,
respectively. Less destructive surfaces with very fine pits
contaminated by corrosion products are observed due to the
inhibition influence of the used inhibitors. The surface appears
to be less affected in the micrograph in Figure 11D,

Figure 7. Relationship between the pitting potential and logarithm
concentrations of expired drug: (A) BIF and (B) TER.

Table 4A. Influence of Elevating the Temperature on the Corrosion Parameters Acquired fromWRMeasurements for Corrosion
X65CS in 1 M HCl Devoid of and Containing Diverse Concentrations of the Expired BIF Drug

temp (K) concn of BIF (mg L−1) ML (mg) Kcorr × 10−4 h−1·mg cm−2 θ AE(WR) %

299 0.00 0.345 11.733
75 0.131 4.455 0.620 62.03
150 0.106 3.605 0.693 69.27
225 0.082 2.788 0.762 76.24
300 0.051 1.734 0.852 85.22
375 0.034 1.156 0.901 90.15

309 0.00 0.438 14.89
75 0.176 5.985 0.598 59.80
150 0.195 5.548 0.627 62.74
225 0.118 4.013 0.730 73.05
300 0.085 2.891 0.806 80.58
375 0.065 1.963 0.868 86.82

319 0.00 0.547 18.620
75 0.246 8.366 0.551 55.07
150 0.235 7.992 0.571 57.08
225 0.175 5.952 0.680 68.03
300 0.136 4.625 0.752 75.16
375 0.111 3.334 0.821 82.09

329 0.00 0.638 21.698
75 0.313 10.654 0.509 50.89
150 0.293 9.973 0.540 54.04
225 0.226 7.693 0.645 64.54
300 0.197 6.706 0.691 69.09
375 0.147 4.765 0.780 78.04
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demonstrating that TER is a more effective inhibitor than BIF
against the corrosion of X65CS in 1 M HCl solutions.
3.6. Adsorption Performance and Corrosion Preven-

tion Mechanism. The expired BIF and TER reduced X65CS
corrosion in a 1 M HCl solution mainly by their adsorption on
the X65CS surface. Adsorption can be considered an exchange
process in which an amount (z) of H2O molecules adsorbed on
the X65CS surface (zH2O(s)) is replaced with expired drugs
(Ex.D) from the aqueous solution according to eq 14:

+ +z zEx. D H O Ex. D H O(aq) 2 (s) (s) 2 (aq) (14)

The adsorption strengths of expired BIF and TER depend on
the chemical structure and the presence of active centers
facilitating the adsorption of the drugs on the steel surface.
Additionally, the chemical constituents of the steel applied in
this study, the concentration of aggressive acids, and the
temperature affect the adsorption strength. Furthermore, the
adsorption provides information on the interactions of the
adsorbent species with one another and with the X65CS surface.
Several adsorption isotherms have been compared to the data
obtained from the ML method to select the best isotherm. We
found that the best isotherm matching the present data follows
the Langmuir isotherm according to eq 15

+ =C
K

1 C
ex drug

ads

ex drug

(15)

where Cex‑drug is the concentration of the expired drug and Kads is
the equilibrium constant of adsorption.
Figure 11A,B presents the Langmuir plots (Cex‑drug/θ and

Cex‑drug) of the adsorption of the two expired drugs (BIF and
TER) on the X65CS surface in a 1 M HCl solution at various
temperatures (299, 309, 319, and 329 K). The straight lines with
unit slopes acquired from these diagrams indicate that the
Langmuir isotherm is a suitable model. This demonstrates that

there was no reaction between adsorbed particles on the X65CS
surface.
The Kads values of the expired drugs (BIF and TER) were

determined from the intercept of the relationship in Figure 11.
TheKads values of expired BIF determined from Figure 11Awere
11.12 × 10−3, 9.52 × 10−3, 8.36 × 10−3, and 7.14 × 10−3 mol L−1

at temperatures of 26, 36, 46, and 56 °C, respectively. The Kads
values of expired TER determined from Figure 11B were 16.6 ×
10−3, 12.5 × 10−3, 10.2 × 10−3, and 9.09 × 10−3 mol L−1 at
temperatures of 26, 36, 46, and 56 °C, respectively. The highKads
values demonstrate that the expired BIF and TER were easily
and strongly adsorbed onto the X65CS surface.
The Kads values are related to the standard free energy of

adsorption (ΔGo
ads) by the following equation:

54,55

= °K G RT
1

55.5
e( / )ads ads (16)

The calculated ΔG°ads values in the presence of expired BIF
were −34.24, −32.55, −30.99, and −29.02 kJ mol−1 at
temperatures of 26, 36, 46, and 56 °C, respectively. The
ΔG°ads values in the presence of expired TER were −35.03.
−33.12, −32.67, and−30.59 kJ mol−1 at temperatures of 26, 36,
46, and 56 °C, respectively. The ΔG°ads values were negative,
confirming that the adsorption of expired BIF and TER onto the
X65CS surface was spontaneous and highly efficient.
Previous studies56,57 indicate that ΔG°ads values up to −20 kJ

mol−1 are consistent with electrostatic interactions of the
charged drug and the charged steel (indicating physical
absorption), whereas values that are more negative than −40
kJ mol−1 are consistent with charge sharing or transfer from the
expired-drug molecules to the steel surface to construct a
coordinated bond (indicating chemical adsorption). TheΔG°ads
values of the two expired drugs ranged from 33 to 38 kJ mol−1,
confirming that the adsorption of BIF and TER on the X65CS in

Table 4B. Influence of Elevating the Temperature on the Corrosion Parameters Acquired fromWRMeasurements for Corrosion
X65CS in 1.0 M HCl Devoid of and Containing Diverse Concentrations of the Expired TER Drug

temp (K) concn of TER (mg L−1) WR (mg) Kcorr × 10−4 h−1·mg cm−2 θ AE(WR) %

299 0.00 0.345 11.733
75 0.103 3.503 0.701 70.14
150 0.083 2.823 0.759 75.94
225 0.067 2.279 0.806 80.58
300 0.038 1.292 0.889 88.98
375 0.028 0.952 0.919 91.88

309 0.00 0.438 14.890
75 0.145 4.931 0.669 66.88
150 0.123 4.183 0.719 71.91
225 0.105 3.571 0.760 76.02
300 0.072 2.451 0.835 83.54
375 0.056 1.906 0.872 87.19

319 0.00 0.547 18.620
75 0.207 7.040 0.623 62.19
150 0.181 6.156 0.669 66.94
225 0.153 5.203 0.721 72.06
300 0.109 3.707 0.801 80.09
375 0.087 2.959 0.857 85.73

329 0.00 0.638 21.698
75 0.268 9.115 0.580 57.99
150 0.242 8.230 0.621 62.07
225 0.204 6.938 0.680 68.02
300 0.147 4.999 0.770 76.96
375 0.121 4.115 0.810 81.04
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1 M HCl involved a mixture of physical and chemical
adsorption.58,59

The enthalpy of adsorption (ΔHads) was determined using the
following equation60

=
°

+K
H

RT
Clog

2.303ads
ads

(17)

where C is constant. The correlations between log Kads and 1/T
for the adsorption of expired BIF and TER on X65CS in 1.0 M
HCl solution are depicted in Figure 12 as straight lines. From the
slope of the straight lines, the ΔHads values were determined as
−11.49 and −17.23 kJ mol−1 for expired BIF and TER,
respectively. These values demonstrate that the adsorption of
expired BIF and TER onto the X65CS surface in 1.0 MHCl was
an exothermic process.
The entropy of adsorption (ΔSads) was calculated using the

following equation:

Figure 8. (A, B) Relationship between log Kcorr and 1/T for the dissolution of X65CS in 1 M HCl solution alone and in the presence of some
concentrations of expired (A) BIF and (B) TER. (1) 0.0 mg L−1, (2) 75 mg L−1, (3) 150 mg L−1, (4) 225 mg L−1, (5) 300 mg L−1, and (6) 375 mg L−1.

Table 5. ActivationThermodynamics Functions for X65CS in
the Blank 1.0 M HCl Solution and in the Presence of Certain
Concentrations of BIF and TER

concn of inh. (mg L−1)
Ea

(kJ mol−1)
ΔH*

(kJ mol−1)
−ΔS*

(J mol−1 K−1)

1.0 M HCl 19.14 17.23 294.22
1.0 M HCl + 75 mg L−1 BIF 27.75 22.98 312.78
1.0 M HCl + 150 mg L−1 BIF 29.66 26.81 336.12
1.0 M HCl + 225 mg L−1 BIF 32.58 28.73 353.54
1.0 M HCl + 300 mg L−1 BIF 35.41 32.55 375.66
1.0 M HCl + 375 mg L−1 BIF 36.37 34.47 398.26
1.0 M HCl + 75 mg L−1 TER 28.71 27.76 316.75
1.0 M HCl + 150 mg L−1 TER 31.01 30.64 350.90
1.0 M HCl + 225 mg L−1 TER 32.08 31.59 374.22
1.0 M HCl + 300 mg L−1 TER 36.36 33.51 396.78
1.0 M HCl + 375 mg L−1 TER 38.28 37.34 424.13
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=T S H Gads ads ads (18)

The calculated ΔSads values for expired BIF were −0.086,
−0.081,−0.073, and −0.065 kJ mol−1 at temperatures of 26, 36,
46, and 56 °C, respectively. The ΔSads values for expired TER
were −0.069, −0.064, −0.057, and −0.052 KJ mol−1 at
temperatures of 26, 36, 46, and 56 °C, respectively. The
negative ΔSads values indicate that the disorder caused by the
transition of the reactant to the adsorbent surface was

minimized. This confirms the strong adsorption of expired
BIF and TER on the X65CS surface. The thermodynamic
adsorption parameters correspond to a high % AE at lower
temperatures.
All the corrosion functions acquired from the different

techniques elucidate the inhibitory effect of expired BIF and
TER. The % AE rises with rising concentrations of the expired
drugs. Also, the anticorrosion could be explained by the blocking
adsorption of the expired drugs on the X65CS owing to the fact

Figure 9. (A, B) Relationship between log Kcorr/T and 1/T for the dissolution of X65CS in 1 M HCl solution alone and the existence of some
concentrations of expired (A) BIF and (B) TER (1) 0.0 mg L−1, (2) 75 mg L−1, (3) 150 mg L−1, (4) 225 mg L−1, (5) 300 mg L−1, and (6) 375 mg L−1.

Figure 10. SEMmicrographs of the X65CS surface (A) before immersion in 1 MHCl, (B) after immersion for an interval of 5 h in 1 MHCl solution,
and (C) mixed with 375 ppm BIF and (D) 375 ppm TER at 25 °C.
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that the values anodic and cathodic Tafel slopes are nearly
constant. The % AE of expired TER is more than that obtained
in expired BIF. These data can be interpreted because the molar
mass of BIF (310.40 g mol−1) is less than the molar mass of TER
(532.47 g mol−1). The height molar mass of TIR leads to a
significant coverage of the adhesive layer on the surface of
X65CS compared to that obtained in the case of the BIF layer. It

insulates the surface of the steel from the aggressive HCl
solution and reduces the corrosion rate. Also, the existence of
some active centers such as heterocyclic nitrogen atoms and
oxygen in TER molecules compared with those obtained in BIF
leads to more bonds sticking to the surface, and thus the % AE
increases. Also, The TER molecule can form a more stable six-
membered ring complex with Fe+2 on the CS surface than those
obtained in BIF, leading to more bonds sticking to the surface
and thus the % AE increases. Figure 13 shows the suggested
schematic adsorption of the investigated inhibitors. The results
of PDAP measurements demonstrate that the expired BIF and
TER inhibits the pitting attack of X65CS in 1 M HCl solution
containing Cl− ions by moving the Epitt to a more noble
direction. The anti-corrosive strength of theses expired drug
originates from the competing adsorption between the Cl− ions
and the expired drugs on the X65CS surface until the expired
drugs overcome the Cl− ions, and thus the pitting attack of Cl−
ions is reduced.
3.7. DFT Study. The optimized geometries in the aqueous

phase of the expired BIF and TER inhibitors are shown in Figure
14. The energy of theHOMOorbital (EHOMO), as listed in Table
6, which increases as the donation process becomes more
accessible, serves as a gauge of the anti-corrosive molecule’s
capacity to donate an electron to the steel surface. On the other
hand, the energy of the LUMO orbital (ELUMO), which gets low
as the accepting process becomes easier, measures the ability of
the inhibitor molecule to accept an electron from the steel
surface. According to Table 6, the EHOMO value of the TER

Figure 11. Langmuir isotherm plots for the X65CS in 1 M HCl including certain concentrations of expired (A) BIF and (B) TER at different
temperatures. (1) 299 K, (2) 309 K, (3) 319 K, and (4) 329 K.

Figure 12. Relationship between log Kads and 1000/T for the
dissolution of X65CS in 1 M HCl solution in the presence of BIF
and TER drugs at certain temperatures. (A) BIF and (B) TER.

Figure 13. Schematic representation of the suggested adsorption of (a) BIF and (b) TER.
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inhibitor becomes higher than that of the BIF inhibitor, and it
would be expected that the ability to donate electrons becomes
easier and the ELUMO value of the TER inhibitor becomes lower
than that of the BIF inhibitor. The obtained theoretical results
coincide with experimental work where the TER inhibitor is a
more reactive molecule toward an anti-corrosive behavior.
The energy gap (ΔE) is another substantial parameter, which

was examined for the BIF and TER inhibitors. A correlation
between the compound chemical reactivity to the X65CS

surface was found for the energy gap between HOMO and
LUMO. The lower energy gap values will result in better
inhibitory efficacy. Soft-base inhibitors are the most effective for
metals. As listed in Table 6, the TER inhibitor has a smaller value
of an energy gap than the BIF inhibitor, which demonstrated
that the TER molecule is better than the BIF molecule as a
corrosion inhibitor.
Global reactivity descriptors such as softness and hardness are

fundamental chemical terms that have been theoretically

Figure 14. Optimized structures of (A) bifonazole and (B) terconazole inhibitors.

Table 6. Quantum Descriptors for Bifonazole and Terconazole Inhibitors

HOMO (eV) LUMO (eV) ΔE (eV) η (eV) σ (eV−1) ΔN (e)

bifonazole −6.11545 −0.96133 5.154118 2.577059 0.388039 0.25
terconazole −5.16827 −0.95344 4.214829 2.107415 0.474515 0.42
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supported by density functional theory. These are crucial
characteristics to gauge the reactivity and stability of molecules.
The chemical hardness refers to the resistance to deformation or
polarization of the electron cloud of the atoms, ions, or
molecules under slight perturbation of a chemical reaction. A
soft molecule has a small energy gap compared to a hard
molecule that has a large energy gap.61 In general, anti-corrosive
behavior with the highest global softness value and the lowest
global hardness value is anticipated to have maximum inhibitory
efficiency. Adsorption could take place at the region of the
molecule where softness has the largest value. In the current
investigation, as seen in Table 6, the TERmolecule has a smaller
hardness and higher softness, so the TER inhibitor is more
effective toward anticorrosion than the BIF inhibitor.
To show which portions of the molecule are qualitatively

capable of donating or accepting electrons, it is crucial to observe
the unique distributions of HOMOs and LUMOs. As seen in
Figure 15, the HOMOs for the BIF inhibitor is mainly
distributed on the biphenyl and imidazole ring, and for the
TER molecule, it is localized on the methoxyphenyl and
piperazine ring. The LUMOs were localized on the biphenyl for
BIF, and for TER, they are localized on the dichlorophenyl
moiety.
Electrostatic potential maps (ESPs) are seen in Figure 15. It

should be highlighted that a higher electron density in the red
color zone is connected to the nucleophilic region.62 Due to the
reduction of electrons, the blue area is the electrophilic site.63 A
nucleophilic site is located on the nitrogen and oxygen atoms for
the TER inhibitor and on the nitrogen atom for BIF inhibitors.
The electrophilic sites are on the whole molecules of both

inhibitors. As a result, the adsorption of both expired drugs on
the steel surface would be more reactive to nucleophilic attacks,
resulting in the formation of an adsorbed film in the corrosion
inhibition mechanism.
The literature claims that larger values of the electrons

transferred (ΔN) support the high adsorption on the carbon
steel surface, which provides the highest protection to steel. It is
possible to quantify the electron transfer from the molecule to
the metal surface if the fraction of electrons is more than zero.63

The larger and positive results reported for TER (0.42e) and BIF
(0.25e) inhibitors in this study, as listed in Table 6, are evidence
of the major impact of both inhibitors for the transfer of
electrons from the anti-corrosive to the steel surface.
Analysis of the condensed forms of the Fukui index was used

to determine and identify local reactive sites in the compounds
under study. As a result, the nucleophilic and electrophilic
properties of the terconazole and bifonazole inhibitors were
measured in order to predict the most active centers of the
inhibitor molecules. The estimated Fukui indices for this notion
in the aqueous phase are presented in Figure 16. The favored
sites for the nucleophilic attack are the nitrogen atom of the
imidazole ring for the bifonazole inhibitor and the carbon atom
of dioxolan ring for the terconazole molecule. The favored sites
for the electrophilic attack are the carbon that is bonded with
nitrogen of the imidazole ring for the bifonazole and the carbon
atom of the piperazine ring for the terconazole molecule.
3.8. MC Simulation. MC modeling was used for the

interactions between the examined terconazole and bifonazole
inhibitors and metallic surfaces (Fe(110)). Figure 17 depicts the
top and side views of the stable adsorption formation of the

Figure 15. Frontier orbitals and ESP maps of (A) bifonazole and (B) terconazole molecules.
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terconazole and bifonazole inhibitors on the surface of Fe(110).
The adsorption energies for terconazole and bifonazole inhibitor
molecules on the Fe(110) surface are determined. The
examined terconazole and bifonazole were positioned parallel
to the metallic surface (Fe(110)), which increased their
reactivity, as seen in Figure 17.
The evaluated Eads values for terconazole and bifonazole are

−154.22 and −94.43 kcal/mol, respectively (Table 7). The
higher adsorption energy of the terconazole inhibitor demon-

strates that it is a more effective inhibitor than the bifonazole
molecule.

4. CONCLUSIONS
Expired BIF and TER act as effective anticorrosion aid for
general and pitting corrosion X65CS in 1 M HCl solution. The
% AE increases with increasing the expired drug concentration
and minimizing the temperature. The values of % AE reached
92.08 and 94.19% at 375 mg L−1 in the case of expired BIF and

Figure 16. Fukui indices of the (A) bifonazole and (B) terconazole molecules.
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TER, respectively, using polarization methods. The anti-
corrosion process was explicated by the spontaneous adsorption
of the expired BIF and TER on the X65CS surface to form an
adsorbed film that isolates the steel surface from aggressive HCl
solutions. The adsorption is subjected to the Langmuir
isotherm. The outcomes obtained from all measurements
indicate that the % AE of TER is higher than that of BIF,
owing to the chemical structure and higher molar mass of TER.
TER and BIF were studied using DFT and MC. The quantum
parameters reveal that the TER inhibitor is more reactive than
the BIF inhibitor. The adsorption of the two inhibitors on the
Fe(110) is parallel to the surface.
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Figure 17. Top and side views of adsorbed (A) bifonazole and (B) terconazole on the Fe(110) surface.

Table 7. Adsorption Energies of the Bifonazole and
Terconazole on the Fe(110) Surface

system adsorption energy (kcal mol−1)

bifonazole + Fe(110) −94.43
terconazole + Fe (110) −154.22
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