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Abstract

In this study, the inhibition efficiency (IE) of symmetrical bis(imino)pyridines (BIPs) used in
corrosion protection for zinc and iron was investigated in 0.5 M NaCl (pH 3 and pH 7) and
an acidic (1 M HCl) medium using linear polarization resistance (LPR) and electrochemical
impedance spectroscopy (EIS). Three derivatives, BIP-9, BIP-14 and BIP-16, exhibited the
most relevant inhibition performance and acted as mixed-type corrosion inhibitors. In a
neutral medium, BIP-16 exhibited the highest IE calculated from EIS, reaching 74.8% on
iron and 61.2% on zinc. In 1 M HCl, the highest IE inhibition efficiency was obtained for
BIP-9 on iron (93.7%), while BIP-16 and BIP-14 reached 78.8% and 75.1%, respectively. The
IE increased with concentration up to an optimum value, while time- and temperature-
dependent studies indicated partial loss of protection for individual inhibitor systems and
improved long-term protection for the Ce(III) acetate + BIP-16 system, particularly on
iron. The highest IE was observed at 25 ◦C, likely due to inhibitor desorption at higher
temperatures. Ce(III) acetate also showed the highest IE for iron in 0.5 M NaCl at pH 3.
Adsorption of inhibitors followed the Langmuir model, and calculated parameters indi-
cated spontaneous adsorption with dominant physisorption. DFT calculations supported a
medium-dependent inhibition mechanism. Environmental hazard assessment identified
BIP-16 as the least hazardous compound with promising eco-friendly potential.

Keywords: corrosion inhibitor; imino derivative of pyridine; electrochemical measurements;
LPR; EIS; DFT computational analysis

1. Introduction
The corrosion of metals and alloys remains a major industrial challenge due to its

detrimental effects on economic performance and human safety. Although widely used in
many industrial applications, metals such as steel [1] and zinc [2] remain highly vulnerable
to corrosion.

Cold-rolled steel and zinc are among the most widely used engineering materials due
to their favorable mechanical properties, low cost, and broad industrial applicability [1,2].
Cold-rolled steel is extensively employed in construction, transportation, chemical pro-
cessing and manufacturing industries, while zinc and zinc-coated materials are commonly
used for galvanic protection and corrosion-resistant applications [2,3]. However, both
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materials remain susceptible to degradation in chloride-containing and acidic environ-
ments, where aggressive ions can destabilize protective surface films and accelerate metal
dissolution [2,3].

Acidic media such as hydrochloric acid and chloride-containing media such as NaCl
represent two of the most common corrosive environments encountered in practical appli-
cations. Hydrochloric acid is one of the most commonly used acidic media for evaluating
corrosion inhibitors because it is widely employed in industrial processes such as acid
pickling, descaling, and the cleaning of steel surfaces, where effective corrosion protection
is essential [4–6]. In the NaCl environment, corrosion occurs due to the penetration of chlo-
ride ions, which disrupt the passive oxide layer and lead to localized corrosion and pitting,
especially in conditions similar to the marine environment [7–9]. On the other hand, in
the HCl environment, the action of hydrogen ions dominates, which accelerates oxidation
reactions and intensifies the degradation of the metal surface, which is characteristic of the
processes of acid cleaning and industrial metal processing [7,10].

Therefore, investigating the inhibition behavior of newly synthesized pyridine-based
compounds regarding both steel and zinc corrosion in chloride and acidic media represents
an important research topic. Among the available corrosion protection strategies, the use
of inhibitors is considered one of the most practical and efficient approaches. Corrosion
inhibitors can markedly reduce the deterioration of metal surfaces and help maintain
stability even in highly aggressive acidic media. Numerous organic compounds have been
identified as effective corrosion inhibitors, and their action is generally associated with the
formation of a protective film on the metal surface [11,12]. In particular, N-heterocyclic
compounds, including pyridine and its derivatives, have attracted significant attention in
recent years because of their pronounced inhibition performance [11,13]. Their efficiency
has been reported to increase with increasing inhibitor concentration and decreasing
acid concentration. Schiff bases (imines) also represent an important class of corrosion
inhibitors [2,14]. Owing to their planar structure, the lone electron pair on the nitrogen
atom, and the presence of π-bonds, these compounds can be readily adsorbed on metal
surfaces through coordinate interactions. Schiff bases have proven especially effective
in acidic media and can be synthesized from relatively inexpensive and commercially
available starting materials such as aldehydes and amines [15,16]. In addition, the inhibition
performance of organic compounds is strongly influenced by molecular structure and by
the electronic nature of substituents, including electron-donating or electron-accepting
effects, as well as steric factors [3,17–20].

Recent studies on corrosion inhibitors have increasingly focused on the experimental
investigation of synergistic effects between different inhibitor systems [21,22]. Synergistic
behavior has been reported for combinations of organic and inorganic compounds, for
mixtures of organic molecules, and for systems containing surfactants [21]. However,
synergistic interactions between organic compounds remain particularly complex and
strongly dependent on molecular structure [22].

Cerium salts are recognized as efficient and environmentally acceptable corrosion in-
hibitors with high inhibition performance [23–26]. Although cerium(III) acetate (Ce(AcO)3)
has been less extensively investigated than some other cerium salts, promising results have
been reported, particularly for AA2024-T3 and AA7075-T6 alloys [23,24]. Previous studies
have shown that the inhibition efficiency of cerium salts decreases in the following order:
Ce(III) acetate > Ce(III) chloride > Ce(III) nitrate. For pure aluminum in the presence of
3 mM Ce(III) salts, inhibition efficiencies of 78.5%, 82.6%, and 84.0% have been reported
for nitrates, chlorides, and acetates, respectively, whereas the corresponding values for
AA7075-T6 are 92.1%, 99.1%, and 99.6% [24].
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Quantum chemical approaches, especially density functional theory (DFT), have
become valuable tools for the design of new corrosion inhibitors and for elucidating
their mechanisms of action [11,12,27,28]. The interaction between inhibitor molecules
and metal surfaces, including coordination to vacant d-orbitals and interactions with
electron-rich surfaces, can be described using reactivity descriptors derived from electron
density calculations, such as frontier molecular orbitals, electron transfer number, and
Fukui functions [11,12,28].

One of the fundamental principles of green chemistry is the avoidance of toxic and
hazardous substances in the production and application of chemical products. To classify a
product as non-hazardous, the content of hazardous substances in the final formulation
must be minimized. This requirement is also essential for obtaining the EU Ecolabel for
paints and varnishes. According to Regulation (EC) No 1272/2008 (CLP Regulation), and
Directive 67/548/EEC, the final product must not be classified as hazardous to the environ-
ment. Therefore, the development of environmentally friendly corrosion inhibitors requires
careful evaluation of physicochemical and ecotoxicological properties in accordance with
these regulatory criteria.

The present study was designed to evaluate the corrosion inhibition performance of
newly synthesized bis(imino)pyridines (BIPs) on steel and zinc in 0.5 M NaCl solution
at pH 3 and pH 7, as well as in 1 M HCl. To the best of our knowledge, neither these
compounds nor their synergistic effects with Ce(AcO)3 have been previously examined as
corrosion inhibitors in the studied media. Their inhibition behavior was investigated using
electrochemical and theoretical approaches. Special emphasis was placed on optimizing
the inhibitor concentration, examining the effects of immersion time and temperature, and
exploring the synergistic effect with Ce(AcO)3. The inhibition mechanism was further ana-
lyzed by theoretical modeling, and the ecotoxicological profile of the studied compounds
was also evaluated.

2. Materials and Methods
2.1. Materials

Details on the materials used in this study are given in Supplementary Materials.
Cold-rolled DC03 steel (material number 1.0347, EN 10130, Metal-centar doo, Belgrade,
Serbia), and commercial pure zinc (CP Zn, Metal-centar doo, Belgrade, Serbia) specimens
were used as working electrodes. The chemical compositions of the metallic substrates
were determined using complementary analytical techniques, including X-ray fluorescence
spectroscopy (XRF) and wet-chemical analysis. XRF measurements were performed at
several positions on the surface of each specimen, and the average concentrations of the
detectable elements are reported. Since carbon could not be reliably quantified by XRF
under the applied conditions, its content in the DC03 steel was determined separately by
wet-chemical analysis. The chemical compositions of the DC03 steel and zinc substrates are
presented in Table 1.

Table 1. Elemental composition of Zn and cold-rolled DC03 steel specimens. Values are given as
mean ± SD, wt%.

Element Zn Plate/wt.% Cold-Rolled Steel Plate/wt.%

Zn 98.49 ± 0.35 —
Fe 0.0505 ± 0.0007 99.502 ± 0.014
Mn — 0.432 ± 0.006
Si 0.735 ± 0.205 —
Al 0.475 ± 0.078 —
S 0.195 ± 0.052 —
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Table 1. Cont.

Element Zn Plate/wt.% Cold-Rolled Steel Plate/wt.%

Cu 0.009 1 0.049 ± 0.010
Cr 0.0275 ± 0.0021 0.017 1

Ni 0.0145 ± 0.0007 0.012 1

Pb 0.010 1 <0.012
Mo 0.015 1 <0.003
C 2 - 0.086 ± 0.009

1 Elements detected in only one or some measurements. 2 Determined by wet-chemical method.

2.2. Synthesis of Inhibitors and Complex

The synthesis of sixteen symmetrical bis(imino)pyridines (BIPs) (1–16) inhibitors by
the condensation of 2,6-diaminopyridine with different phenyl-substituted aromatic alde-
hydes and their detailed structural characterization and purity are confirmed and described
in our previous work [29] (Supplementary Materials, Section S2.2.1, Figures S1 and S2). For
examination of the interaction of a compound with the Fe metal surface, the synthesis of the
inhibitor–Fe complex and immersion of Fe metal surface in 0.5 M NaCl solution containing
inhibitors were performed. The synthesis of the inhibitor–Fe complex was performed by
complexation of bis(imino)pyridines (BIPs) and FeCl3. Detailed information is presented
in Supplementary Materials, Section S2.2.2.

2.3. Characterization of Inhibitors and Surface Examination of Complex

Characterization of synthesized inhibitors and surface complexes is described in
Section 2.3.

2.4. Electrochemical Measurements

Linear polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS)
measurements were conducted using a GAMRY Reference 1010E potentiostat/galvanostat/
ZRA (Gamry Instruments, Warminster, PA, USA) in a standard three-electrode configura-
tion, with the Fe or Zn specimen as a working electrode, a platinum mesh as a counter-
electrode, and a saturated calomel electrode (SCE) as a reference.

LPR measurements were performed by polarizing the electrode within ±10 mV of the
corrosion potential (Ecorr) at a scan rate of 0.166 mV s−1. The narrow polarization range
was selected to ensure operation within the linear polarization region, allowing reliable
determination of the polarization resistance (Rp) according to the Stern–Geary approach.
The Rp values were determined from the slope of the potential–current curve within the
linear polarization region around Ecorr. According to the Stern–Geary relationship, Rp is
inversely related to the corrosion current density (jcorr), from which the corrosion rate was
estimated according to the ASTM G102 guidelines [30,31].

EIS measurements were performed in the potentiostatic mode at the open-circuit
potential (Ecorr) over the frequency range from 100 kHz to 0.1 Hz using a 10 mV sinu-
soidal perturbation. The impedance spectra were analyzed using Gamry Echem Analyst
software(7.8.5.8567). The polarization resistance (Rp) values reported in this study were ob-
tained by fitting the experimental impedance spectra using a one-time-constant equivalent
electrical circuit consisting of Re-(Rp||CPE). The fitted Rp corresponds to the polariza-
tion resistance of the metal–electrolyte interface and was used for the calculation of the
inhibition efficiency.

Electrochemical measurements were performed in 0.5 M NaCl and 1 M HCl solutions,
in the absence and presence of different concentrations of BIP inhibitors. The 1 M HCl solu-
tion was selected as a widely accepted aggressive test medium for laboratory evaluation
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of corrosion inhibitors for carbon steel under acidic conditions and is commonly used for
comparative inhibitor screening rather than for simulating long-term service conditions.
The concentration of 0.5 M NaCl corresponds to 29.22 g L−1, or approximately 2.8–2.9 wt%
NaCl, and is therefore close to the commonly used 3 wt% NaCl solution. A molar con-
centration was used to ensure accurate and reproducible preparation of the electrolyte.
For NaCl solutions, the pH was adjusted to 3 or 7 using 0.1 M HCl or 0.1 M NaOH, and
monitored with a HANNA Instruments HI 2210 pH meter. Inhibition efficiency (IE) was
calculated using Equation (1):

IE =
Rpinh − Rp0

Rpinh
(1)

where Rp,inh and Rp,0 represent the polarization resistance in the presence or absence of the
inhibitor, respectively.

All electrochemical measurements were carried out in duplicate using freshly prepared
metal surfaces and freshly prepared electrolyte solutions for each experiment to ensure
reproducibility. The reported electrochemical parameters represent the average values
obtained from repeated measurements. No significant differences were observed between
repeated measurements.

2.5. Weight Loss Methods

Weight loss measurements were performed to additionally evaluate the corrosion
inhibition performance of BIP-9, BIP-14 and BIP-16 on cold-rolled steel and zinc sub-
strates in 0.5 M NaCl solutions at pH 3 and pH 7, as well as on cold-rolled steel in
a 1 M HCl solution [23,32]. Cold-rolled steel specimens with dimensions of approx-
imately 3 cm × 5 cm × 0.1 cm and zinc specimens with dimensions of approximately
1.8 cm × 1.8 cm × 0.5 cm were used. Prior to immersion, the specimens were mechan-
ically ground using silicon carbide abrasive papers of progressively finer grades, rinsed
with distilled water, degreased with acetone, dried in air and accurately weighed using
an analytical balance. The prepared specimens were immersed in 100 mL of test solution
in the absence and presence of inhibitors at selected concentrations. For cold-rolled steel
in the 1 M HCl solution, the immersion time was 4 h, while for cold-rolled steel and zinc
in the 0.5 M NaCl solutions at pH 3 and pH 7, the immersion period was 7 days at room
temperature. After immersion, the specimens were removed from the solution, rinsed
with distilled water, dried and reweighed. The experiments were carried out in duplicate,
and the results are reported as mean ± SD. The inhibition efficiency (IE%) was calculated
according to Equation (2):

IE =
W0 − Winh

W0
× 100 (2)

where w0 and wi represent the weight loss values in the absence and presence of inhibitor,
respectively.

The corrosion rate (CR) was calculated according to Equation (3):

CR =
∆m
A ·t (3)

where CR is the corrosion rate (g cm−2 h−1), ∆m is the weight loss (g), A is the exposed
surface area of the specimen (cm2), and t is the immersion time (h).
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2.6. Quantum Chemical Calculations

Geometry optimizations of all BIP inhibitors were performed using density functional
theory (DFT) with the ωB97X-D functional and the 6-311++g(d,p) basis set. The initial
conformation of each compound was selected according to the procedure described in our
previous study [29]. Solvent effects were included by applying the SMD implicit solvation
model of water [4].

All optimized geometries were verified as true minima by vibrational frequency
analysis, which confirmed the absence of imaginary vibrational frequencies. All DFT
calculations were carried out using Gaussian 16, Revision B.01 [33]. All Equations (S1)–(S10)
used for the calculated parameters are given in the Supplementary Materials.

2.7. Eco-Toxicological Hazard Assessment of Inhibitors Using QSAR Models for Prediction of
Their Physicochemical and Eco-Toxicological Properties

Physicochemical and eco-toxicological properties were predicted using the consensus
method and nearest neighbor model [34]. In the consensus method, the predicted toxicity is
simply the average of the predicted toxicities from the other QSAR methodologies (taking
into account the applicability domain of each method). If only a single QSAR methodology
can make a prediction, the predicted value is deemed unreliable and not used. This method
typically provides the highest prediction accuracy since errant predictions are dampened
by the predictions from the other methods. In addition, this method provides the highest
prediction coverage because several methods with slightly different applicability domains
are used to make a prediction. In the nearest neighbor approach, the predicted toxicity is
simply the average of the toxicities of the three most similar chemicals (structural analogs)
in the training set. In order to make a prediction, each of the structural analogs must
exceed a certain minimum cosine similarity coefficient (SCmin). SCmin was set at 0.5 so
that the prediction coverage was similar to the other QSAR models. The nearest neighbor
method provides a quick external estimate of toxicity (the test chemical is never present in
the selected set of analogs). The disadvantage of the nearest neighbor method is that the
structural differences between the test chemical and its structural analogs are not accounted.

3. Results and Discussion
3.1. Electrochemical Investigation
3.1.1. Linear Polarization Resistance (LPR) Electrochemical Tests

It has previously been shown that heterocyclic imine–pyridine-based Schiff bases
and their complexes exhibit high inhibition efficiency and act as very effective organic
corrosion inhibitors [2,16,35,36]. Therefore, the LPR technique was applied as a screening
method to evaluate the inhibitory efficiency (IE) of the synthesized bis(imino)pyridines
(BIPs) (Figure 1) on iron and zinc in 0.5 M NaCl solution at pH 3 and pH 7, and then on
iron in 1 M HCl.

 

Figure 1. The structure of the investigated BIP inhibitors [26].
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The results showed that, among the tested compounds, only BIP-9, BIP-14, and BIP-
16 exhibited moderate-to-high inhibition efficiency toward iron and zinc, whereas the
remaining compounds showed inhibition efficiencies below 30% (Tables S1 and S2). The
most active inhibitors contain 2-quinoline, p-dimethylamino, and o-pyridyl substituents,
respectively (Figure 1). Thus, their inhibitory performance can be related to the presence of
electron-rich nitrogen atoms in the imine groups, which are able to donate electron density
to vacant metal d-orbitals and thereby promote the formation of coordination bonds at the
metal surface. This adsorption mechanism has been widely reported and experimentally
confirmed in the literature [14,16,37–39].

In order to test these compounds, the LPR test conditions were optimized to determine
the maximum IEs of the selected BIP-9, BIP-14, and BIP-16 at various concentrations.
Concentration-dependent LPR measurements were performed on iron and zinc in 0.5 M
NaCl solution (Table S1), and on iron in 1 M HCl solution (Table S2). For the sake of
clarity, Tables S1 and S2 present the concentration ranges together with the correspond-
ing inhibition efficiencies (IEs) obtained for the three selected compounds. Among the
three compounds (Table S1), BIP-9 showed inhibition predominantly on iron at pH 7,
whereas BIP-14 and BIP-16 exhibited inhibitory effects on iron at pH 3 and zinc at pH 7.
These findings indicate that the inhibition efficiency is governed by both the electrochemical
measurement conditions and the molecular structure of the BIPs. This behavior is likely
associated with variations in adsorption affinity, which depends not only on the availability
of electron-donating centers but also on the ability of the inhibitor molecules to adopt a
favorable orientation at the metal surface, thereby facilitating interaction with the vacant
d-orbitals of the metal. The stability of the protective inhibitor film under different pH con-
ditions also contributes to the observed behavior. In addition to influencing the protonation
state of the inhibitor molecules, solution pH and inhibitor concentration may also affect
molecular arrangement at the metal–electrolyte interface, thereby influencing the extent
of π–d interactions with the metal surface. These effects may contribute to differences in
inhibition efficiency observed under different experimental conditions.

From Table S1 it can be seen that compound BIP-9 exhibited an inhibition efficiency of
70.7% on iron at pH 7 at a concentration of 5.9 × 10−6 mol dm−3. BIP-14 and BIP-16 showed
somewhat higher inhibition rates on iron, achieving 69.6% (23.4 × 10−6 mol dm−3) and
72.4% (20.8 × 10−5 mol dm−3) at pH 3, respectively. Analogously, IEs for these compounds
on zinc at pH 7 are of 52.5% (17.8 × 10−6 mol dm−3) and 62.6% (20.8 × 10−5 mol dm−3),
respectively. Overall, the obtained results demonstrate that the investigated compounds can
achieve significant corrosion inhibition even at relatively low concentrations, underscoring
their potential applicability in aqueous media. By contrast, compounds with inhibition
efficiencies below 30% appear to contain structural fragments with electronic and/or steric
characteristics that may hinder effective adsorption and coordination at the metal surface.

The corrosion parameters obtained on iron in 1 M HCl solution (Table S2) show
higher efficiency compared to LPR test results obtained in 0.5 M NaCl solution (Table S1).
The highest IEs obtained were 76.7%, 93.8%, and 77.8% for BIP-9, BIP-14, and BIP-16,
respectively (Table S2). Compared with the NaCl solution, particularly at pH 7, similar
inhibition efficiencies were observed for BIP-9 and BIP-16, although BIP-16 achieved
these values at significantly lower concentrations. The improved inhibition in acidic
medium suggests stronger adsorption and film formation under acidic conditions. This
behavior is likely associated with the interaction of BIP molecules with dissolved metal
ions, together with the lone electron pairs of nitrogen atoms interacting with the metal
surface. As a result, both anodic and cathodic reaction rates are reduced, pointing to a
mixed-type inhibition mechanism. Such behavior is in agreement with previous studies
on Schiff base-type compounds, including bis(imino)pyridines, where adsorption through
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heteroatoms was identified as the main factor responsible for corrosion inhibition in acidic
media [32,35,40–42].

Additionally, the shifts in corrosion potential (Ecorr) values lower than ±85 mV relative
to the blank solution (Tables S1 and S2), indicate that BIP-9, BIP-14, and BIP-16 can be
classified as mixed-type inhibitors, which is characteristic of efficient organic corrosion
inhibitors [43].

3.1.2. Electrochemical Impedance Spectroscopy (EIS) Tests

Further, the inhibition efficiencies (IEs) of BIP-9, BIP-14, and BIP-16, determined
by the EIS method at different concentrations, in the absence and presence of inhibitors,
are presented for 0.5 M NaCl in Table S3, and for 1 M HCl in Table S4. A representative
example of the concentration-dependent Nyquist response in 0.5 M NaCl is shown in
Figure 2 for BIP-14 on zinc (pH 7) and iron (pH 3), while concentration-dependent EIS
corrosion parameters for BIP-9, BIP-14, and BIP-16 in 0.5 M NaCl are summarized in
Table S3. The obtained EIS results follow the same general trend as the LPR measurements,
showing an increase in inhibition efficiency with concentration up to an optimum value
corresponding to the maximum inhibition efficiency, i.e., the highest Rp followed by a
decrease at higher concentrations. The EIS results confirming the consistency of both
electrochemical techniques. Therefore, BIP-16 exhibited the highest inhibition efficiency,
reaching 74.8% on iron and 61.2% on zinc, whereas BIP-9 and BIP-14 showed lower
overall efficiencies. The higher performance of BIP-16 may be attributed to the presence
of pyridyl and imino nitrogen atoms, which provide additional electron-donating centers
and promote stronger interaction with the metal surface [44]. In addition, the conjugated
aromatic π-system may facilitate adsorption and contribute to the formation of a protective
surface layer.

 

 

(a)  (b) 

Figure 2. Nyquist diagram in 0.5 M NaCl solution without and with inhibitor BIP-14 on (a) zinc
(pH 7) and (b) iron (pH 3).

The inhibition efficiencies obtained in the present study are comparable with those
reported for Schiff-base corrosion inhibitors in acidic and chloride-containing media, where
adsorption through imine and pyridine nitrogen atoms was identified as the principal inhi-
bition mechanism [3,27,44]. Similar structure–activity relationships have been reported for
nitrogen-containing heterocyclic inhibitors, indicating that electron-donating substituents
and extended π-conjugation enhance adsorption and improve corrosion protection [3,27].
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However, direct comparison with inhibition efficiencies reported in the literature should be
made with caution, since differences in electrolyte composition, pH, inhibitor concentration,
immersion time, and substrate material may significantly influence the measured inhibition
efficiency [27,44].

The obtained corrosion parameters and representative Nyquist plots for the inves-
tigated compounds in 0.5 M NaCl solution (Figure 2 and Table S3) show an increase in
corrosion resistance with increasing inhibitor concentration up to an optimum value, which
can be explained by the formation of an inhibitor layer on the metal surface, where interac-
tions with the surface occur through the lone electron pairs of nitrogen atoms [44–47]. At
concentrations higher than 23.4 × 10−6 and 20.8 × 10−5 mol dm−3 for BIP-14 and BIP-16,
respectively (Figure 2 and Table S3), a decrease in corrosion resistance could be associated
with partial destabilization and possible detachment of the inhibitor layer from the surface.

The corresponding Bode modulus and phase-angle plots are presented in Figure S3. In
both investigated systems, the impedance response is characterized by a broad phase-angle
maximum, indicating that one dominant relaxation process governs the electrochemical
response over the investigated frequency range. For zinc at pH 7, the addition of BIP-14
generally increased the impedance modulus at low frequencies compared with the blank
solution, confirming an improvement in corrosion resistance. The broadening of the phase-
angle response and its extension over a wider frequency range indicates modification of the
metal–electrolyte interface due to inhibitor adsorption. For iron at pH 3, the Bode curves
show considerable overlap, although the inhibitor-containing systems exhibit higher low-
frequency impedance than the blank solution. The absence of clearly separated phase-angle
maxima indicates that the individual interfacial processes could not be reliably resolved as
separate time constants. This observation supports the use of a simplified one-time-constant
equivalent circuit for comparative analysis of the concentration-dependent spectra.

The impedance spectra presented in Figure 2 were analyzed using the equivalent
electrical circuit (EEC) shown in Figure 3. The selected circuit consists of a single time
constant (1TC), where the electrolyte resistance (Re) is connected in series with a paral-
lel combination of the polarization resistance (Rp) and a constant phase element (CPE).
Although more than one interfacial process may contribute to the impedance response,
these processes could not be reliably resolved under the present experimental conditions.
Therefore, a simplified one-time-constant equivalent circuit was employed to provide a
consistent comparison of the investigated inhibitor systems.

Figure 3. Equivalent electrical circuit (EEC) used to fit the experimental EIS spectra.

The electrolyte resistance represents the ohmic resistance of the electrolyte, whereas
the polarization resistance corresponds to the overall resistance of the metal–electrolyte
interface against the corrosion process. The CPE was used instead of an ideal capacitor to
account for non-ideal capacitive behavior arising from surface roughness, heterogeneity,
adsorption phenomena and non-uniform current distribution.
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The CPE is characterized by two fitting parameters, the admittance coefficient (Y0) and
the exponent (n). The parameter Y0 describes the magnitude of the non-ideal capacitive
response, while n characterizes the deviation from ideal capacitive behavior. For an ideal
capacitor, n = 1, whereas lower values indicate increasing surface heterogeneity. Since the
CPE parameter Y0 does not represent a true capacitance, the effective capacitance Ceff was
calculated according to Equation (4):

Ceff = Y0
1/n · Rp

(1−n)/n (4)

where Y0 is the CPE admitted coefficient, n is the CPE exponent and Rp is the
polarization resistance.

The calculated Ceff values provide a more physically meaningful representation of
the capacitive response of the metal–electrolyte interface than the Y0 parameter alone.
The fitted electrochemical parameters obtained using the equivalent electrical circuit are
summarized in Table 2.

Table 2. Polarization resistance and CPE parameters obtained from the concentration-dependent EIS
measurements of BIP-14 on zinc at pH 7 and on iron at pH 3 in 0.5 M NaCl.

Inhibitor
c

(×106 M) Ecorr (V) Rp (Ω cm2)
CPE

Ceff (µF cm−2)
Yo/10−6 (s Ω−1 cm−2) n

0.5 M NaCl
Zn pH7 0 −0.65 751 195.3 0.80 120.9

BIP-14
Zn pH7

6.2 −0.69 1340 182.4 0.80 128.2

12.1 −0.70 1373 56.7 0.78 27.6

15.1 −0.71 1390 183.9 0.79 128.0

17.8 −0.72 1550 188.7 0.78 133.4

26.1 −0.71 1632 169.1 0.77 115.1

28.8 −0.70 1376 167.8 0.77 108.3

0.5 M NaCl
Fe pH3 0 −0.65 1262 354.4 0.81 293.4

BIP-14
Fe pH3

3.0 −0.69 1833 457.2 0.80 437.4

6.2 −0.71 3462 626.9 0.80 760.9

9.2 −0.71 3265 653.3 0.81 780.3

12.1 −0.71 2595 626.9 0.81 702.7

17.8 −0.71 2401 667.9 0.82 740.9

20.7 −0.71 3044 710.2 0.81 851.0

23.4 −0.71 2713 704.8 0.82 812.6

The values of Rp increased in the presence of BIP-14, confirming the inhibition effect
observed in the Nyquist and Bode diagrams. The corresponding values of the CPE expo-
nent n remained close to unity (0.77–0.82), indicating predominantly capacitive behavior
with only slight deviations from an ideal capacitor due to surface heterogeneity. The Y0

and calculated Ceff values varied with inhibitor concentration, reflecting changes in the
interfacial properties associated with inhibitor adsorption on the metal surface.

The tested compounds BIP-9, BIP-14, and BIP-16 were further investigated on iron in
1 M HCl solution. The Nyquist plots for all three compounds are presented in Figure 4.
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Figure 4. Concentration-dependent Nyquist plots for iron in 1 M HCl solution for (a) BIP-9, (b) BIP-14
and (c) BIP-16.

All Nyquist plots exhibit a single capacitive loop, indicating that the corrosion of iron
in 1 M HCl (Figure 4), both in the absence and presence of inhibitors, is mainly controlled
by the charge transfer process and double-layer capacitance. Moreover, the impedance
spectra maintain a similar shape over the entire concentration range, suggesting that the
corrosion mechanism is not significantly altered by the addition of inhibitors [28,48,49].
The deviation of the semicircles from an ideal shape can be attributed to surface roughness
and inhomogeneities of the metal surface [5,48]. Compared to the blank solution, the
diameter of the semicircles increases in the presence of inhibitors, particularly in the case of
BIP-9, which is consistent with the pronounced increase in Rp values (Table S4) indicating
formation of a protective adsorbed layer on the iron surface [50]. However, it should also
be considered that interactions between the inhibitor molecules and ionic species in the
electrolyte may contribute to the impedance response by modifying ion transport near the
metal–electrolyte interface.

Moreover, the concentration-dependent EIS corrosion parameters, summarized in
Table S4, confirm that the polarization resistance increased with inhibitor concentration
for all three investigated compounds, indicating improved corrosion resistance in the pres-
ence of BIP inhibitors. BIP-9 exhibited the highest inhibition efficiency, reaching 93.7% at
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27.6 × 10−6 mol dm−3, while BIP-16 reached 78.8% at 37.2 × 10−6 mol dm−3. BIP-14 also
showed significant inhibition, with the highest efficiency of 75.1% at 23.4 × 10−6 mol dm−3,
followed by a slight decrease at 28.8 × 10−6 mol dm−3, which may indicate partial destabi-
lization of the adsorbed inhibitor layer at higher concentrations. Overall, the EIS results in
1 M HCl confirm the high inhibitory activity of the investigated bis(imino)pyridines in an
acidic medium [24,45–48].

The corresponding Bode modulus and phase-angle plots are shown in Figure S4. For
all three inhibitors, the impedance modulus at low frequencies increased progressively
with inhibitor concentration, in agreement with the increase in Rp values obtained from the
Nyquist diagrams. The phase-angle maxima became more negative and the phase-angle
response extended over a broader frequency range in the presence of the inhibitors, indicat-
ing a more pronounced capacitive response of the iron–electrolyte interface. These changes
are consistent with adsorption of the BIP molecules and the formation of a protective
interfacial layer that reduces the active surface area available for the corrosion reaction.
Despite the changes in impedance magnitude, the Bode plots retained a single broad phase-
angle maximum, suggesting that the dominant corrosion mechanism remained charge
transfer-controlled and that no clearly distinguishable additional time constant appeared
after inhibitor addition. The most pronounced increase in low-frequency impedance was
observed for BIP-9, in agreement with its highest Rp and inhibition efficiency in 1 M HCl.

The impedance spectra shown in Figure 3 were fitted using the same equivalent electri-
cal circuit presented in Figure 3, and the corresponding fitting parameters are summarized
in Table 3.

Table 3. Polarization resistance and CPE parameters obtained from the concentration-dependent EIS
measurements of BIP-9, BIP-14, and BIP-16 on iron in 1 M HCl.

Inhibitor
c

(×106 M) Ekor (V) Rp (Ω cm2)
CPE Cef

(µF cm−2)Yo/10−6 (s Ω−1 cm−2) n

1 M HCl 0 −0.48 156.9 119.0 0.84 55.8

BIP-9
Fe

2.8 −0.48 252.8 88.57 0.87 50.2

5.9 −0.48 351.2 78.23 0.87 45.7

11.6 −0.47 601.4 64.43 0.88 41.4

16.8 −0.48 1059 56.57 0.88 38.5

22.2 −0.48 2028 50.47 0.89 38.1

27.6 −0.47 2484 49.55 0.89 38.2

1 M HCl 0 −0.47 516.7 78.40 0.85 44.5

BIP-14
Fe

3.0 −0.47 1201 57.99 0.88 40.3

6.2 −0.47 1492 52.64 0.88 37.2

12.1 −0.48 1637 48.48 0.89 35.4

17.8 −0.48 1764 51.99 0.89 38.7

23.4 −0.48 2078 44.35 0.90 34.0

27.6 −0.48 2017 46.05 0.90 35.4

1 M HCl 0 −0.47 249.9 104.6 0.84 52.2

BIP-16
Fe

3.8 −0.47 424 77.43 0.86 44.4

7.7 −0.47 644 65.97 0.88 42.9

15.3 −0.47 927.7 62.68 0.88 42.5

22.6 −0.47 1047 63.02 0.88 43.5

37.2 −0.47 1185 59.54 0.88 41.5
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The fitting results presented in Table 3 are consistent with the Bode and Nyquist
responses. Increasing inhibitor concentration resulted in progressively higher Rp values,
accompanied by a general decrease in both Y0 and Ceff. These changes indicate modification
of the electrical double layer due to inhibitor adsorption and a reduction in the effective
interfacial capacitance. The CPE exponent n remained relatively close to unity, ranging from
0.84 to 0.90, which indicates predominantly capacitive behavior with moderate deviation
from an ideal capacitor due to surface heterogeneity.

Each concentration-dependent series was recorded using a separate iron specimen,
and the corresponding blank spectrum was measured on the same specimen before in-
hibitor addition. Consequently, small differences among the blank spectra reflect normal
specimen-to-specimen and surface-to-surface variability rather than differences in the
nominal electrolyte composition.

Additionally, the inhibitory effect of cerium(III) acetate (Ce(OAc)3) was investigated
in order to evaluate possible synergistic effects with the selected BIPs, since cerium salts
have previously been recognized as effective and environmentally acceptable corrosion
inhibitors [23,24]. The inhibitory efficiency of Ce(OAc)3 was evaluated in 0.5 M NaCl solu-
tion at pH 3 and pH 7, and the obtained results are given in Table S5. The results show the
highest inhibition efficiency on iron at pH 3, reaching 74.3% at the optimum concentration.
Also, Ce(OAc)3 showed a significant inhibitory effect on zinc at pH 7, with a maximum
inhibition efficiency of 60.4%. In the case of zinc, the protective effect may be related
to the formation of a thin film of cerium hydroxide/oxide on the surface, which blocks
cathodic sites and retards corrosion. A further increase in Ce(OAc)3 concentration may
lead to partial desorption and re-adsorption of the protective layer, which is characteristic
of mainly physically adsorbed inhibitor films. Based on the Ecorr values, Ce(OAc)3 can also
be classified as a mixed-type inhibitor.

3.2. Influence of Time

Time-dependent measurements were performed in 0.5 M NaCl solution on iron and
zinc, and in 1 M HCl solution on iron. Based on the inhibitor effectiveness and the chemical
relevance of the medium for each metal, the stability of inhibitor adsorption films was
evaluated for the synergistic system BIPs and Ce(OAc)3 as a function of time. The results
obtained in 0.5 M NaCl solution for iron and zinc using the EIS method are presented in
Figure 5 and Table S6, while results for BIP-9, BIP-14, BIP-16 in 1 M HCl on iron are given
in Table S7 and Figure S6. The results in Table S6 show that the time-dependent behavior
strongly depends on both the inhibitor structure and the metal substrate. On iron in 0.5 M
NaCl at pH 3, the BIP-16 showed the highest initial protection, with an inhibition efficiency
of 73.2% after 1 h, followed by a gradual decrease with immersion time to 50.2% after
72 h (Table S6). In contrast, the synergistic Ce(OAc)3 + BIP-16 system on iron exhibited a
progressive increase in protection with time, reaching 78.9% after 72 h, which indicates
gradual stabilization and buildup of the protective layer. The Ce(OAc)3 on iron showed a
continuous decrease in inhibition efficiency from 59.3% to 7.8% over the same period. On
zinc in 0.5 M NaCl solution at pH 7, both Ce(OAc)3 and BIP-16 exhibited a decrease in
inhibition efficiency with immersion time, whereas the Ce(OAc)3 + BIP-16 system showed
the opposite trend and increased from 49.2% to 61.8%, indicating improved long-term
protection in the combined system (Table S6).

Cerium compounds are often classified as relatively slow corrosion inhibitors because
the formation of a continuous protective layer may require a certain period of time [23,51].
The more pronounced decrease observed for the individual systems on iron compared with
zinc suggests lower long-term stability of the adsorbed layer on iron, whereas the combined
Ce(OAc)3 + BIP-16 system provides improved time-dependent protection, especially on
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iron. This behavior may be attributed to progressive reinforcement of the protective film in
the synergistic system and to partial desorption in the individual systems [52].

 

 

(a)  (b) 

Figure 5. Nyquist plots for the time dependence of dissolution of (a) iron at pH 3 and (b) zinc
at pH 7, in 0.5 M NaCl solution in the presence of BIP-16 at the optimum concentration
(20.8 × 10−5 mol dm−3).

The enhanced long-term performance of the Ce(OAc)3 + BIP-16 system suggests a
synergistic interaction between the organic inhibitor and Ce(III) ions. BIP-16 is expected
to adsorb on the metal surface through its imine and pyridyl nitrogen atoms together
with its conjugated π-electron system, while Ce(III) ions may facilitate the formation of
protective cerium-containing surface species. The combined action is expected to promote
the development of a more stable and compact interfacial layer than that formed by the
individual components, resulting in improved long-term corrosion protection. Similar
synergistic effects between rare-earth salts and organic corrosion inhibitors have been
reported previously [26,53].

Compared to NaCl solution, higher inhibition efficiency was generally observed in 1 M
HCl (Figure S6 and Table S7) indicating stronger interaction between the inhibitor molecules
and the Fe metal surface under acidic conditions. BIP-9 exhibited a high inhibition efficiency
81.1% after 24 h, although a lower value was observed at the initial stage, suggesting gradual
stabilization of the adsorbed layer. BIP-14 with an inhibition efficiency of 77.9% showed
the most stable inhibition behavior over time (24 h), maintaining relatively consistent Rp

values throughout the immersion period, indicating the formation of a stable protective
film. BIP-16 also demonstrated good inhibition efficiency of about 74%; however, a more
pronounced decrease with immersion time was observed, suggesting lower stability of the
adsorbed layer under strongly acidic conditions. The values of Rp in the blank solution
remained significantly lower, confirming the aggressive nature of the acidic medium.

3.3. Weight Loss

Weight loss measurements were performed in order to additionally verify the inhibi-
tion performance obtained by electrochemical methods. The obtained gravimetric results
showed good agreement with the EIS and LPR measurements.

The calculated inhibition efficiencies confirmed that the investigated bis(imino)pyridine
derivatives effectively reduced the corrosion rate of cold-rolled steel and zinc substrates in
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both acidic and chloride-containing media. In general, the weight loss values decreased and
the inhibition efficiencies increased in the presence of inhibitors, indicating adsorption of
inhibitor molecules on the metal surface and formation of a protective layer that suppressed
metal dissolution.

For cold-rolled steel in 1 M HCl solution, BIP-9 exhibited the highest inhibition
performance, while BIP-14 and BIP-16 also showed significant corrosion protection. The
obtained inhibition trend (Table 4) was in good agreement with the electrochemical results
presented earlier.

Table 4. Weight loss parameters for cold-rolled steel in 1 M HCl solution after 4 h of immersion in the
absence and presence of the investigated inhibitor.

Compound c × 10−6

(mol dm−3) ∆m (mg) CR × 10−3

(g cm−2 h−1) IE (%)

Blank / 115 ± 25 0.91 ± 0.20 /

BIP-9 27.6 22 ± 5 0.17 ± 0.04 80.9

BIP-14 28.8 42 ± 11 0.33 ± 0.09 63.5

BIP-16 37.2 34 ± 13 0.27 ± 0.10 70.4

In 0.5 M NaCl solution at pH 3, prolonged immersion measurements additionally
confirmed the stability of the protective inhibitor layer during extended exposure periods,
particularly in the presence of BIP-16 (Table 5).

Table 5. Weight loss parameters for cold-rolled steel in 0.5 M NaCl solution at pH 3 after 7 days
of immersion.

Compound c × 10−6

(mol dm−3) ∆m (mg) CR × 10−5

(g cm−2 h−1) IE (%)

Blank / 38 ± 9 0.72 ± 0.17 /

BIP-9 27.6 19 ± 5 0.36 ± 0.09 50.0

BIP-14 23.4 13 ± 4 0.25 ± 0.08 65.8

BIP-16 208.1 10 ± 3 0.19 ± 0.06 73.7

For zinc in 0.5 M NaCl solution at pH 7, the investigated inhibitors also reduced the
corrosion rate, although lower inhibition efficiencies were obtained compared to acidic
media, which is consistent with the electrochemical measurements (Table 6).

Table 6. Weight loss parameters for zinc in 0.5 M NaCl solution at pH 7 after 7 days of immersion.

Compound c × 10−6

(mol dm−3) ∆m (mg) CR × 10−5

(g cm−2 h−1) IE (%)

Blank / 18 ± 5 1.06 ± 0.30 /

BIP-9 27.6 11 ± 3 0.65 ± 0.18 38.9

BIP-14 23.4 8 ± 2 0.47 ± 0.12 55.6

BIP-16 208.1 6 ± 2 0.35 ± 0.12 66.7

The improved inhibition performance of the investigated compounds can be attributed
to adsorption through nitrogen donor atoms and conjugated π-electron systems, leading to
increased surface coverage and reduced charge transfer between the metal surface and the
corrosive medium.
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3.4. Effect of Temperature and Activation Parameters of Corrosion Processes

Temperature-dependent EIS measurements were performed in 0.5 M NaCl solution at
pH 3 and pH 7 (Table S8 and Figure 6), as well as in 1 M HCl solution (Table S9) on iron
substrates in the temperature range of 25–45 ◦C (298–318 K) at the optimum concentrations
of inhibitors.

 

 

(a)  (b) 

Figure 6. Nyquist plot for temperature dependence of (a) BIP-16 on iron metal surface, (b) synergetic
mixture of Ce(OAc)3 + BIP-16 on iron.

In 0.5 M NaCl solution, the highest inhibition efficiency of BIP-16 was obtained at
25 ◦C for iron at pH 3 and zinc at pH 7 (Table S8). For iron, the inhibition efficiency
was 74.8% at 2 ◦C and this gradually decreased with increasing temperature to 50.5% at
5 ◦C, which can be attributed to partial desorption of inhibitor molecules from the metal
surface. For zinc, BIP-16 exhibited an inhibition efficiency of 61.2% at 25 ◦C, followed by a
gradual decrease to 33.2 ◦C at 45 ◦C, indicating lower protection at elevated temperatures.
The synergistic Ce(OAc)3 + BIP-16 system on iron at pH 3 showed a maximum inhibition
efficiency of 46 ◦C% at 25 ◦C, which also decreased with increasing temperature. In contrast,
the synergistic effect on zinc at pH 7 was generally weaker and more variable than that
observed for BIP-16 alone, indicating that the addition of Ce(OAc)3 did not provide a
pronounced improvement in corrosion protection under these conditions. These results
support the assumption that the inhibitor layer becomes less stable at elevated temperatures
due to partial desorption [6,32,54].

The inhibition efficiencies of BIP-9, BIP-14 and BIP-16 on iron in 1 M HCl (Figure 7 and
Table S9) solution show significant inhibitory activity. BIP-9 shows the highest efficiency
(79.8% at 25 ◦C), indicating stronger adsorption and probably chemical interaction with the
iron surface. In contrast, BIP-14 and BIP-16 show lower efficiencies, which may be due to
differences in molecular structure and electronic properties.

The effect of temperature on the corrosion process was evaluated using the Arrhenius
equation (Equations (S11) and (S12)) and transition state analyses, and the corresponding
activation parameters activation (Equations (S13) and (S14)) in 0.5 M NaCl and 1 M HCl
are presented in Tables 7 and 8, respectively [12,55].
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Figure 7. Nyquist plot for temperature dependence of iron dissolution in 1 M HCl: (a) without the
inhibitors (1 M HCl aquation solution), and with the optimum concentration of inhibitors in 1 M HCl:
(b) BIP-9, (c) BIP-14 and (d) BIP-16.

Table 7. Activation corrosion parameters: activation energy (Ea), enthalpy, (∆Ha), and entropy
(∆Sa) for the iron or zinc dissolution in 0.5 M NaCl without and with Ce(OAc)3, BIP-16 and the
Ce(OAc)3 + BIP-16 system at optimum concentrations at pH 3 and pH 7.

Compound/Substrate Ea (kJ mol−1) ∆Ha (kJ mol−1) ∆Sa (J mol−1 K−1) R

Blank (iron pH 3) 4.25 1.69 −268.69 0.894

Ce(OAc)3 14.51 11.95 −245.37 0.969

BIP-16 31.01 28.45 −190.09 0.963

Ce(OAc)3 + BIP-16 17.30 14.74 −229.52 0.937

Blank (zinc pH 7) 59.19 56.63 −82.18 0.982

Ce(OAc)3 76.84 74.28 −30.95 0.980

BIP-16 80.18 77.62 −20.07 0.969

Ce(OAc)3 + BIP-16 47.56 45.00 −123.65 0.864
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Table 8. Activation parameters Ea, ∆Ha and ∆Sa for the iron dissolution in 1 M HCl solution
without and with BIP-9, BIP-14 and BIP-16 at optimum concentrations (CBIP-9 = 27.6 × 10−6,
CBIP-14 = 28.8 × 10−6, and CBIP-16 = 37.2 × 10−6 mol dm−3).

Compound/Medium Ea (kJ mol−1) ∆Ha (kJ mol−1) ∆Sa (J mol−1K−1) R

Blank 14.09 11.58 −378.57 0.746

BIP-9 30.93 28.42 −243.30 0.976

BIP-14 20.33 16.83 −378.82 0.921

BIP-16 26.44 23.93 −246.99 0.996

The obtained results in Table 7 show that the activation parameters in 0.5 M NaCl
depend on both the inhibitor composition and the metal substrate. On iron at pH 3, the
obtained activation energy (Ea) (Table 7 and Figures S7 and S8) increased from 4.25 kJ mol−1

for the blank solution to 14.51, 31.01 and 17.30 kJ mol−1 in the presence of Ce(OAc)3, BIP-16
and the Ce(OAc)3 + BIP-16 system, respectively, indicating that the inhibitors increase the
energy barrier for the corrosion reaction. The highest Ea value was obtained for BIP-16
alone, while the synergistic system showed an intermediate behavior. On zinc at pH 7,
higher Ea values were obtained for Ce(OAc)3 (76.84 kJ mol−1) and BIP-16 (80.18 kJ mol−1)
than for the blank solution (59.19 kJ mol−1), whereas the Ce(OAc)3 + BIP-16 system
exhibited a lower Ea value (47.56 kJ mol−1), indicating the different temperature response
of the mixed protective layer. This effect can be attributed to the adsorption of BIP-16
through lone-pair electron donation from nitrogen atoms and π-electron interactions of the
aromatic rings, together with the precipitation of cerium hydroxide species that reinforce
the protective film. The positive ∆Ha values indicate an endothermic dissolution process,
while the negative ∆Sa values suggest a decrease in disorder during the formation of the
activated complex (Table 7). The ∆H values increase in the presence of the inhibitors, further
confirming that the formation of the inhibitor film hinders the corrosion reaction [12]. This
behavior suggests that the activated state represents an association step involving the
adsorption of inhibitor molecules at the metal–solution interface [12]. In 1 M HCl solution,
the activation energy increased from 14.09 kJ mol−1 for the blank solution to 30.93, 20.33
and 26.44 kJ mol−1 in the presence of BIP-9, BIP-14 and BIP-16, respectively (Table 8 and
Figures S9 and S10).

The largest increase was observed for BIP-9, indicating the strongest increase in the
energy barrier for iron dissolution in acidic medium. The positive ∆Ha values confirm the
endothermic nature of the dissolution process, whereas the negative ∆Sa values indicate
the formation of a more ordered activated complex. These results are consistent with
adsorption of the inhibitors on the iron surface and with the electrochemical data showing
effective corrosion protection in 1 M HCl.

In general, for both media the higher Ea and ∆Ha values in the presence of inhibitors
are consistent with the formation of a protective adsorbed layer and with a predominantly
physisorption-controlled inhibition mechanism [12,32].

3.5. Adsorption Isotherm

The interaction of inhibitors with the metal surface was evaluated using Langmuir
adsorption isotherm model (Equations (S15) and (S16)) [12,32,53]. The obtained results
from the slopes of the Langmuir plots (Figures S11 and S12) are shown in Table 9. The
values for Kads and adsorption thermodynamic parameters for BIP-9, BIP-14 and BIP-16 in
0.5 M NaCl and 1 M HCl solutions calculated from the slopes of the Langmuir plots are
shown in Figures S11 and S12 and Equations (S1)–(S19) [12,32,53,56]. The corresponding
Kads and ∆Gads values obtained at 25 ◦C for iron in both media are summarized in Table 9.
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Table 9. Kads and ∆Gads adsorption parameters for iron dissolution in 0.5 M NaCl and 1 M HCl with
different concentrations of inhibitors.

Compound
0.5 M NaCl 1 M HCl

Kads × 105

(dm3 mol−1)
∆Gads,

(KJ mol−1) R Kads × 105

(dm3 mol−1)
∆Gads,

(KJ mol−1) R

BIP-9 1.20 −38.92 0.697 1.9137 −40.10 0.999

BIP-14 1.15 −38.81 0.436 6.1216 −42.99 0.999

BIP-16 0.63 −37.35 0.996 2.4831 −40.75 0.999

According to Table 9, the investigated BIPs exhibit negative ∆Gads values in both
media, confirming spontaneous adsorption and the formation of a stable adsorbed layer
on the iron surface [32,57]. In 0.5 M NaCl solution, the adsorption constants follow the
order BIP-9 ≈ BIP-14 > BIP-16, whereas in 1 M HCl the order is BIP-14 > BIP-16 > BIP-9.
The higher values of the adsorption constant (Kads) (Table 9) in 1 M HCl than in 0.5 M
NaCl indicate the stronger interaction of the inhibitor with the metal surface and a more
stable formation of the adsorbed protective layer in an acid environment. BIP-14 shows
the highest Kads values in 1 M HCl, which indicates the highest affinity towards the metal
surface. In a 0.5 M NaCl environment, the exhibited Kads value is approximately the
same value as that of BIP-9, suggesting that the differences in their adsorption affinities
become less pronounced in the salt environment (NaCl). This behavior can be related to
the structure of BIP derivatives. The BIP-14 compound has a strong electron-donating
group attached in the p-position of benzene rings. This implies that the adsorption is
strongly influenced by the position and nature of substituents. In 0.5 M NaCl medium,
this may lead to steric constraints and less favorable molecular packing on the metal
surface, due to possible adsorption between Cl− ions and inhibitors on the active sites
of the Fe surface. These results indicate that the inhibition efficiency depends on the
structure of the adsorbed molecule, compactness, molecular orientation, and stability of
the protective layer, surface coverage quality, as well as possible competitive adsorption
with water and chloride ions [58]. Additionally, high correlation coefficient (R) values
of about 0.999 (Table 9 and Figure S12) for all three inhibitors in acid medium and BIP-
16 (0.996) (Table 9 and Figure S11) in NaCl indicate the assumed monolayer adsorption;
i.e., they ideally adhere to the Langmuir model. The opposite is true for BIP-9 and BIP-
14. The value of R obtained, below 0.99, implies that the adsorption does not ideally
follow the Langmuir model. On that note, the contribution of the electronic structure of
substituents of molecules, the formation of surface complexes/structures, the presence
chloride ions/adsorption chloride ions on the metal surface in 0.5 M NaCl can be the
primary factors influencing the R value [58]. This can result in a less compact protective
film despite a good Kads value and favorable adsorption.

The most negative ∆Gads value was obtained for BIP-14 in 1 M HCl (−42.99 kJ mol−1),
indicating the strongest adsorption in acidic medium. Values of ∆Gads around −20 kJ mol−1

are associated with electrostatic interactions between both charged organic molecules and
the metal surface, whereas values near or above −40 kJ mol−1 suggest charge sharing
or charge transfer between inhibitor molecules and the metal surface [32,54,59]. Since
the obtained ∆Gads values in 1 M HCl are in the range from −40.10 to −42.99 kJ mol−1,
the adsorption process is spontaneous and may involve strong specific interactions at the
metal–solution interface.

Further, the calculated values and adsorption parameters for BIP-16 and the combined
BIP-16/Ce(OAc)3 system on iron and zinc in 0.5 M NaCl at the optimum concentration
(Figure S11 and Table S10) and ∆Hads and ∆Sads for BIP-9, BIP-14 and BIP-16 on iron
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in 1 M HCl (Figure S12 and Table S11) indicate an endothermic and spontaneous ad-
sorption process. The high ∆Hads value for the synergistic system may indicate a partial
contribution from chemisorption, although the overall inhibition mechanism remains
predominantly governed by physisorption with possible contributions from stronger spe-
cific interactions [60]. For physisorption, adsorption enthalpy values are generally lower
than 40 kJ mol−1, whereas chemisorption is usually characterized by values exceeding
100 kJ mol−1 [32,54,61]. Positive entropy change (∆Sads) in 1 M HCl indicates the high ran-
domness and spontaneity of the adsorption process, while negative values in 0.5 M NaCl
suggest an increase in the order of the system at the metal–solution phase boundary. These
results are in correlation with obtained values for constants and correlation coefficients. In
acid medium due to the possible protonation of molecules, favorized electrostatic interac-
tions with the negatively charged surface covered with adsorbed chloride ions facilitate the
formation of a stable protective layer. On the other hand, in a neutral chloride environment,
possible cooperative adsorption of chloride ions on metal surface can influence on the
adsorption of inhibitors and slow adsorption.

The obtained results indicate that the adsorption behavior of the investigated com-
pounds is predominantly governed by physical adsorption. Consequently, all three com-
pounds can be classified as mixed-type inhibitors in terms of their electrochemical behavior,
affecting both anodic and cathodic reactions.

3.6. DFT Study of Inhibition Mechanism on Metal Surface

DFT calculations were performed to elucidate the electronic factors governing the
adsorption and inhibitory behavior of three bis(imino) pyridines: BIP-9, BIP-14 and BIP-
16. All three molecules adopt nearly planar structure (Figure 8a), which is favorable for
surface adsorption due to improved overlap between the π-electron system and the metal
d-orbitals [62].

Figure 8. (a) Optimized geometries, (b) HOMO-LUMO orbitals, and (c) Fukui functions of the
three most active BIPs inhibitors BIP-9, BIP-14, and BIP-16.

In this study, neutral-form DFT calculations were used to provide a unified, compara-
ble set of intrinsic electronic descriptors across all investigated conditions (NaCl at pH 3
and pH 7, and 1 M HCl) and both metal substrates (Fe and Zn), and to support experimen-
tal trends rather than to model full interfacial speciation and electrolyte effects explicitly.
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The HOMO and LUMO distributions (Figure 8b) reveal that the HOMO is predominantly
localized on the central pyridine core and the imine (C=N) groups, while LUMO is largely
localized over the azomethine linkages. Regions with high HOMO densities are responsible
for electron donation to the metal surface. On the other hand, high LUMO regions become
relevant in a highly acidic media where inhibitors are protonated and the dominant mecha-
nism is back-donation. This distribution implies that multiple donor/acceptor centers are
available, allowing the BIP molecules to adsorb via both σ-donation and π-interaction. This
is consistent with the experimentally observed mixed-type inhibition mechanism.

Figure 8c reveals that Egap values are over 7 eV for all three inhibitors. This sug-
gests that BIPs are chemically less reactive than some recently reported green corrosion
inhibitors [63]. Such large Egap values are characteristic of electronically stable, weakly
polarizable molecules, which interact with the metal surface predominantly through ph-
ysisorption rather than strong donor–acceptor chemisorption. This is consistent with the
experimentally obtained activation parameters and adsorption free energies, which indicate
a predominantly physical adsorption mechanism.

Table 10 summarizes the calculated global descriptors (electronegativity, χ, hardness, η,
and number or transferred electrons, ∆N) for BIP-9, BIP-14 and BIP-16. Positive ∆N values
indicate transfer of electrons from the inhibitor to the metal surface while back-donation is
more likely when ∆N < 0 [64,65].

Table 10. Calculated χ, η, and ∆N values for BIP-9, BIP-14 and BIP-16.

Compound χ (eV) η (eV) ∆N

BIP-9 4.479 3.645 0.346

BIP-14 3.379 3.611 0.501

BIP-16 3.843 4.332 0.364

The calculated ∆N values for all three inhibitors are positive (0.346–0.501), indicating
electron donation from the molecule to the Fe surface. These values lie well below the
critical threshold of 3.6 proposed by Lukovits [58], implying that increasing ∆N improves
inhibition efficiency. The results also suggest adsorption of the inhibitor and formation of a
protective layer on the metal surface. BIP-14 shows the highest ∆N, which would suggest
strong inhibition. In NaCl, performance of BIP-14 is good and in line with this trend.
However, its experimental performance is moderate because ∆N alone cannot predict
behavior in acidic environments where these inhibitors are in protonated form. In HCl,
protonation disrupts electron donation pathway and electronegativity and LUMO energy
become more relevant [36,57].

BIP-9 has the highest electronegativity (χ = 4.48 eV) and the lowest LUMO level
(−0.834 eV), making it the most effective electron acceptor. This enables strong electrostatic
attraction and donor–acceptor interactions with positively charged Fe surface species
(Fe2+/Fe3+ complexes). This explains why BIP-9 exhibits the highest inhibition efficiency
in 1 M HCl, despite being less effective than BIP-16 in NaCl medium.

Fukui functions (Figure 8c; Table S12) indicate that f + are located on azomethine
nitrogen and pyridine nitrogen atoms as electron donor centers. Conjugated aromatic
carbons are the most likely centers for electrophilic attack, as indicated by the highest f−

values. The average of these two Fukui functions yields f 0, which reveals the most probable
reactive site for the adsorption of corrosion inhibitor on the metal surface [66]. In case of
studied BIPs, azomethine groups are the most reactive moieties for the interaction with Fe
and Zn.
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The negative values of condensed dual descriptor (∆f ) on pyridine nitrogen atom
(Table S12) confirms that this is the preferred adsorption site for electrophilic species. Also,
positive (∆f ) on azomethine carbons support their ability to participate in the back-donation
of electrons from metal surface to inhibitor.

The combined DFT and experimental results confirm that in neutral media BIPs remain
neutral and the dominant mechanism is adsorption followed by electron donation. BIP-16
with the strongest electron donor character and most accessible N sites has the highest
inhibition efficiency. In 1 M HCl, protonation suppresses electron donation and BIP-9 with
the highest electronegativity and lowest LUMO shows superior performance. Both global
and local descriptors indicate mixed-type inhibition, which agrees with EIS/LPR values
showing small shifts in Ecorr (<85 mV).

3.7. Surface Analysis
3.7.1. Analysis of Morphology by Optical Microscopy

The surface appearance of the Fe specimens after immersion in 0.5 M NaCl solution
in the presence of the investigated inhibitors was evaluated by optical microscopy. Repre-
sentative images recorded after 1 h, 1 day, 3 days and 7 days of immersion are presented
in Figure S13. The obtained optical microscopy results revealed significant differences in
the surface morphology and corrosion behavior depending on the inhibitor structure and
immersion time. In the presence of BIP-16, the steel surface remained relatively homoge-
neous during the initial immersion period, while only limited traces of corrosion products
and localized surface degradation were observed after prolonged exposure. This behavior
suggests the formation of a protective adsorbed layer which partially suppresses the corro-
sion process in chloride medium. For the specimens immersed in the solution containing
BIP-14, more pronounced surface heterogeneity and visible corrosion products appeared
after longer immersion periods, especially after 7 days. The presence of darker regions
and non-uniform surface features indicates the reduced stability of the protective layer and
lower resistance to chloride-induced corrosion during prolonged exposure. Among the
investigated compounds, BIP-9 showed the most uniform surface appearance throughout
the entire immersion period. Even after 7 days of immersion, only minor surface changes
were observed, while extensive corrosion products and severe localized attack were not
visible. The smoother and more homogeneous surface morphology indicates the formation
of a more stable protective film on the steel surface, resulting in improved corrosion resis-
tance in 0.5 M NaCl solution. The optical microscopy observations are in good agreement
with the electrochemical measurements and immersion test results, confirming that the in-
vestigated bis(imino)pyridine derivatives inhibit the corrosion process through adsorption
and formation of a protective surface layer on the Fe surface.

3.7.2. FTIR Analysis of Iron Surface with Adsorbed Inhibitors and Inhibitor–Fe Complexes

Essential considerations of the adsorption mechanism of corrosion inhibitors on the
iron surface include the molecular structure and properties of the inhibitors, metal surface
properties, and nature of the corrosive medium. FTIR analysis of the material collected
from the iron surface after immersion in inhibitor-containing solutions was used as a
complementary surface/interfacial characterization approach to support the proposed
adsorption mechanism.

The experimental and theoretical results indicate that inhibitors act through different
adsorption mechanisms depending on the electrolyte, charges, electrostatic interactions,
π-delocalization, proton donating/accepting ability of inhibitors and their interactions with
the metal surface at operational pH. In order to confirm the postulate that synthesized com-
pounds interact with the unoccupied d-orbitals of metals through physical adsorption and
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better understand the inhibition mechanism, a comparative FTIR analysis was performed
(Figures 9 and S14). FTIR spectra were obtained from:

- Collection of the precipitate from metal surface obtained by immersion in 0.5 M NaCl
solution of synthesized inhibitors;

- The corresponding complex synthesized by reaction of the inhibitors and FeCl3.

 

Figure 9. FTIR spectra of BIP-16, BIP-16–Fe complex, BIP-16–Fe cell.

After adsorption, it can be seen in Figures 9 and S14 that there are small differences
in the spectra of both synthesized complexes and collected precipitate, suggesting that
BIPs molecules coordinate with Fe through a mixed-type inhibition mechanism, which is
in accordance with experimental and DFT results. The shift to a higher wavenumber and
the decrease in the peaks indicates possible coordination between a lone pair of electrons
in the N atom and/or π electrons from molecule inhibitors and 3d-orbitals of the Fe
atom. [44,59,67–70]. These shifts in the C=N stretching band after adsorption align with the
theoretical predictions that the interaction of BIP inhibitors with the Fe surface involves
both azomethine and pyridinic nitrogen atoms.

Finally, a combination of electrochemical, adsorption, DFT and FTIR results gives the
proposed adsorption and corrosion-inhibition mechanism of BIP-16 on the Fe surface in
0.5 M NaCl (Figure 10).

The nearly planar conjugated structure of BIP-16 may favor a quasi-parallel orientation
at the metal–electrolyte interface, thereby increasing the molecular contact area and surface
coverage. The adsorption process is considered to be predominantly physical, in agreement
with the obtained thermodynamic parameters, while specific interfacial interactions may
additionally contribute to stabilization of the adsorbed layer. These interactions may
involve the lone electron pairs of the azomethine and pyridine nitrogen atoms and available
surface Fe d-states, together with interactions between the delocalized π-electron system of
BIP-16 and the metal surface.

In addition to molecular adsorption, Fe ions generated at local anodic sites may
interact with BIP-16 in the interfacial region, resulting in the formation and subsequent
precipitation or surface deposition of poorly soluble BIP-16–Fe-containing species. The
similarity between the FTIR spectrum of the material collected from the Fe surface and that
of the independently synthesized BIP-16–Fe complex supports the possible contribution
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of such surface-associated species. Their deposition may fill defects within the initially
adsorbed inhibitor layer and contribute to the formation of a more compact and stable
protective film.

 

Figure 10. A plausible corrosion-inhibition mechanism of BIP-16 on the Fe surface in 0.5 M NaCl.

The combined adsorbed and deposited layer limits the approach of water and chloride
ions to electrochemically active surface sites. Consequently, the effective area available
for anodic Fe dissolution and cathodic reduction reactions is reduced, which is consistent
with the experimentally observed increase in polarization resistance and the mixed-type
inhibition behavior. The quasi-parallel molecular orientation and the interfacial adsorption–
precipitation processes shown in Figure 10 represent a mechanistically plausible model
based on the molecular planarity, electronic structure and FTIR results and should not be
interpreted as a directly determined molecular-scale surface geometry.

3.8. Physicochemical and Eco-Toxicological Property Prediction

To estimate physicochemical and eco- toxicological properties of BIPs we used the
consensus QSAR model for aqueous solubility (25 ◦C) and eco-toxicological properties
at different trophic levels (such as 96 h fathead minnow LC50 and 48 h D. magna LC50)
except for the bioaccumulation factor (BAF) where the nearest neighbor QSAR method was
used in the absence of clusters of experimental data for similar compounds in other QSAR
models [34]. The obtained results for the three most active inhibitors are given in Table 11.

The compounds have low estimated values of the LC50 (range 0.001–0.01 mg L−1)
except the last one (BIP-16) (LC50 = 0.41 mg L−1) based on the EU Regulation Classification,
Labelling and Packaging of Chemicals (CLP) criteria [71] for environmental hazard classi-
fication of chemicals; all substances listed in Table 11 are classified as acute (short-term)
aquatic hazards—Category 1 [34].
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Table 11. Results of the QSAR estimation of physicochemical and eco-toxicological properties of BIPs.

Parameters of Physicochemical and Eco-Toxicological Properties
Compound

BIP-9 BIP-14 BIP-16

Water Solubility estimated (mg L−1) 0.095 6.330 14.920

96 h fathead minnow LC50 estimated (mg L−1) 0.140 0.038 0.410

48 h D. magna LC50 estimated (mg L−1) 0.058 0.200 1.000

Bioaccumulation factor estimated 13.38 5.32 27.50

M factor 10 10 1

Classification of substance - 1 - 1 - 1

Classification of mixture with 5% w/w of substance - 1 - 1 - 2

1 Acute (short-term) aquatic hazard—Category 1. 2 Not classified as an aquatic hazard.

Also, the estimated values of the bioaccumulation factor for all substances listed in
Table 11 show that these substances are not bioaccumulative (4 ≤ BAF ≤ 85) according to
the EU Regulation on Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) [72], and CLP Regulations criteria (less than BAF < 500). Based on estimated
data showing a low bioaccumulation potential, the lack of data on chronical aquatic
environmental toxicity, as well as the lack of data on biodegradability, taking into account
that all substances cannot be degraded by hydrolysis (no expectation of any new hydrolytic
metabolites in aquatic environments), it is not possible for them to be classified as chronic
(long-term) aquatic hazards.

Based on the environmental hazard assessment, the substance BIP-16 has the highest
value of aquatic acute toxicity (the lowest environmental aquatic toxicity). Also, the same
substance has the highest experimental value for corrosion inhibition. Taking into account
that intended use of this substance is as an anticorrosive agent in paints and varnishes
(range of concentration 2–10% w/w), in that range of concentration, substance BIP-16
does not contribute sufficiently that the final product be classified as an acute (short-term)
aquatic hazard—Category 1 [34]. Due to the above, especially the low environmental
aquatic toxicity and high anticorrosive properties, substance BIP-16 can be recommended
as an eco-friendly product made according to the principles green chemistry.

4. Conclusions
In this study, the corrosion inhibition performance of bis(imino)pyridines (BIPs)

was systematically investigated using electrochemical, thermodynamic, theoretical and
eco-toxicological approaches. Among the tested compounds, BIP-9, BIP-14 and BIP-16
exhibited the highest inhibition efficiencies, confirming that bis(imino)pyridine derivatives
can act as effective mixed-type corrosion inhibitors for iron and zinc in neutral and acidic
media. The electrochemical results showed that inhibition efficiency depends strongly on
inhibitor structure, concentration, medium and exposure conditions. In 0.5 M NaCl solution,
BIP-16 exhibited the highest inhibition efficiency, reaching 74.8% on iron and 61.2% on
zinc, while in 1 M HCl the highest inhibition efficiency was obtained for BIP-9 on iron
(93.7%). The calculated % inhibition efficiencies obtained by the gravimetric weight loss
method showed good agreement with the electrochemical measurements. The adsorption
parameters confirmed spontaneous adsorption of all investigated BIP derivatives in both
media, while in 1 M HCl the strongest adsorption was obtained for BIP-14 according to
the calculated Kads and ∆Gads values. The Ce(OAc)3 + BIP-16 system provided the highest
long-term protection among the investigated systems, particularly on iron, indicating
gradual stabilization of the protective layer.
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The observed decrease in inhibition efficiency with increasing temperature suggests
partial desorption of inhibitor molecules from the metal surface, while obtained kinetic
and thermodynamic parameters indicate that the inhibition mechanism is predominantly
governed by physical adsorption, with possible minor contributions from stronger specific
interactions in some systems. This adsorption behavior leads to the formation of a protective
barrier that effectively suppresses the corrosion process. The possible inhibition mechanism
on the metal surface was further supported by DFT calculations and FTIR spectral analysis.

The analysis of DFT parameters, including HOMO-LUMO molecular orbitals and
Fukui functions, suggests that the central pyridine ring and azomethine nitrogen atoms
plays an important role in the interaction of inhibitor molecules with the metal surface.
The observed shifts in FTIR absorption bands after adsorption confirm the formation of an
inhibitor film on the metal surface. Among the investigated compounds, BIP-16 demon-
strated the most favorable balance between inhibition efficiency and environmental impact
and was classified as Acute Aquatic Hazard Category 1, making it the most promising
candidate for environmentally acceptable corrosion protection systems.

The novelty of the present study lies in the integration of a systematic experimental
and theoretical framework encompassing the synthesis and structural characterization
of bis(imino)pyridine derivatives, evaluation of their corrosion-inhibition performance,
analysis of adsorption behavior, DFT calculations, and ecotoxicological assessment. Rather
than considering inhibition efficiency as an isolated parameter, this combined approach
enables correlations to be established among molecular structure, electronic properties,
adsorption characteristics, corrosion-protection performance, and environmental profile.
The resulting structure–property–performance relationships provide a rational basis for
identifying the structural features responsible for effective metal surface protection and
for guiding the future design of new corrosion inhibitors with improved efficiency and
reduced environmental impact.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cmd7030048/s1, Table S1: Results of concentration-dependent
corrosion parameters, obtained by the LPR method, for BIP-9, BIP-14 and BIP-16 on iron or zinc in 0.5 M
NaCl solution at pH 3 and pH 7; Table S2: Concentration-dependent corrosion parameters, obtained by
the LPR method, for BIP-9, BIP-14 and BIP-16 on iron in 1 M HCl; Table S3: Concentration-dependent
corrosion parameters, obtained by the EIS method, for iron or zinc in 0.5 M NaCl at pH 3 and pH
7; Table S4: Concentration-dependent corrosion parameters, obtained by the EIS method, for BIP-9,
BIP-14 and BIP-16 or iron in 1 M HCl; Table S5: Concentration-dependent corrosion parameters, ob-
tained by the EIS method, for iron or zinc in 0.5 M NaCl in the presence of Ce(OAc)3 at pH 3 and
pH 7; Table S6: Time-dependent corrosion parameters for Ce(OAc)3), BIP-16 and Ce(OAc)3 + BIP-16
synergetic system, obtained using EIS method, on iron or zinc in 0.5 M NaCl (CCe(OAc)3 = 33.7 × 10−6

and CBIP-16 = 20.8 × 10−5 mol dm−3); Table S7: Time-dependent corrosion parameters for BIP-9, BIP-14
and BIP-16, obtained using EIS method, on iron in 1 M HCl (CBIP-9 = 27.6 × 10−6, CBIP-14 = 28.8 × 10−6,
and CBIP-16 = 37.2 × 10−6 mol dm−3); Table S8: Corrosion parameters, obtained by the EIS method, for
iron or zinc in 0.5 M NaCl with Ce(OAc)3, BIP-16, and the Ce(OAc)3 + BIP-16 system at selected
temperatures (CCe(OAc)3 = 33.7 × 10−6 and CBIP-16 = 20.8 × 10−5 mol dm−3); Table S9: Corrosion
parameters, obtained by the EIS method, for iron in 1 M HCl with and without BIPs at se-
lected temperatures (CBIP-9 = 27.6 × 10−6, CBIP-14 = 28.8 × 10−6, and CBIP-16 = 37.2 × 10−6 mol dm−3);
Table S11: Thermodynamic adsorption parameters Kads, ∆Gads, ∆Hads and ∆Sads for iron in 1 M HCl
solution in the presence of inhibitors; Table S12: Selected highest values of the condensed Fukui func-
tions (f + and f−) and condensed dual descriptor (∆f ) for BIPs; Figure S1: General procedure for the
synthesis of BIPs (1–16) [29]; Figure S2: ESR spectra of compounds BIP-8 and BIP-14 [29]; Figure S3:
Bode plots obtained in 0.5 M NaCl in the absence and presence of different concentrations of BIP-14:
(a) impedance modulus and (b) phase angle for zinc at pH 7; and (c) impedance modulus and (d)
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phase angle for iron at pH 3; Figure S4: Bode plots for iron in 1 M HCl in the absence and presence
of different concentrations of the investigated inhibitors: (a) impedance modulus and (b) phase angle
for BIP-9; (c) impedance modulus and (d) phase angle for BIP-14; and (e) impedance modulus and
(f) phase angle for BIP-16; Figure S5: Nyquist diagram for iron in 0.5 M NaCl without and in the
presence of the inhibitor Ce(OAc)3, concentration dependence: (a) zinc (pH 7) and (b) iron (pH 3);
Figure S6: Nyquist plot for time dependence for iron in 1 M HCl for (a) BIP-9 (27.6 × 10−6 mol dm−3),
(b) BIP-14 (28.8 × 10−6 mol dm−3) and (c) BIP-16 (37.2 × 10−6 mol dm−3); Figure S7: Arrhenius plots
of ln(1/Rp) vs. 1000/T for iron and zinc in 0.5 M NaCl with and without: (a) BIP-16 on iron, (b) BIP-16
on zinc, (c) BIP-16 + Ce(OAc)3 on iron, and (d) BIP-16 + Ce(OAc)3 on zinc (CCe(OAc)3 = 33.7 × 10−6 and
CBIP-16 = 20.8 × 10−5 mol dm−3); Figure S8: Transition-state plots of ln(1/(RpT)) vs. 1000/T for iron and
zinc in 0.5 M NaCl solution with and without inhibitors at optimum concentrations: (a) iron (pH 3) in the
absence and presence of Ce(OAc)3, BIP-16 and the Ce(OAc)3 + BIP-16 system, and (b) zinc (pH 7) in the
absence and presence of Ce(OAc)3, BIP-16 and the Ce(OAc)3 + BIP-16 system (CCe(OAc)3 = 33.7 × 10−6

and CBIP-16 = 20.8 × 10−5 mol dm−3); Figure S9: Arrhenius plots of ln (1/Rp) vs. 1000/T for iron
in 1 M HCl with and without BIP-9 (27.6 × 10−6 mol dm−3), BIP-14 (28.8 × 10−6 mol dm−3) and
BIP-16 (37.2 × 10−6 mol dm−3); Figure S10: Transition-state plots of ln(1/(RpT)) vs. 1000/T for iron
in 1 M HCl with and without BIP-9 (27.6 × 10−6 mol dm−3), BIP-14 (28.8 × 10−6 mol dm−3) and
BIP-16 (37.2 × 10−6 mol dm−3) inhibitors; Figure S11: Langmuir adsorption isotherm for adsorption
for iron in 0.5 M NaCl in the presence of (a) BIP-9, (b) BIP-14 and (c) BIP-16; Figure S12: Langmuir’s
isotherm for adsorption for iron in 1 M HCl solution in the presence of (a) BIP-9, (b) BIP-14 and
(c) BIP-16; Table S10: Thermodynamic adsorption parameters Kads, ∆Hads and ∆Sads for iron or
zinc dissolution in 0.5 M NaCl with BIP-16 and BIP-16 with Ce(OAc)3 (CCe(OAc)3 = 33.7 × 10−6 and
CBIP-16 = 20.8 × 10−5 mol dm−3); Figure S13: Optical microscopy images of Fe specimens after im-
mersion in 0.5 M NaCl solution in the presence of BIP-9, BIP-14 and BIP-16 during different immersion
periods Figure S14: FTIR spectra: (a) BIP-9, BIP-9–Fe complex, BIP-9–Fe cell, (b) BIP-14, BIP-14–Fe
complex, BIP-14–Fe cell.
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Abbreviations
The following abbreviations are used in this manuscript:

IE Inhibition efficiency
BIPs bis(imino)pyridines
Ce(AcO)3 Cerium(III) acetate
LPR Linear polarization resistance
EIS Electrochemical impedance spectroscopy
Rp Polarization resistance
SCE Saturated calomel electrode
DFT Density functional theory
SMD Solvation model based on density
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∆N Number of transferred electrons
χ Absolute electronegativities
∆f Fukui functions
ρ Electron densities
QSAR Quantitative structure–activity relationship
SCmin Certain minimum cosine similarity coefficient
Ea Activation energy
∆H Enthalpy
∆S Entropy
Kads Langmuir adsorption constant obtained
∆G Gibbs free energy
FTIR Fourier transform infrared spectra
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24. Rodič, P.; Milošev, I. Corrosion Inhibition of Pure Aluminium and Alloys AA2024-T3 and AA7075-T6 by Cerium(III) and
Cerium(IV) Salts. J. Electrochem. Soc. 2016, 163, C85–C93. [CrossRef]

25. Fu, C.; Liu, Y.; Yu, M.; Liu, J.; Li, S. Effect of Cerium Acetate Doping on Corrosion Behavior of Sol-Gel Coatings on 2A12
Aluminum Alloy. Int. J. Electrochem. Sci. 2015, 10, 2014–2025. [CrossRef]

26. Wang, X.; Liu, Y.; Li, Z.; Li, Z.; Ren, A.; Wang, S.; Wu, B. A Schiff Base-Ce3+ Complex as a High-Efficiency Corrosion Inhibitor for
2024 Aluminum Alloy in High-Temperature Concentrated HCl. Surf. Interface Anal. 2025, 57, 763–774. [CrossRef]

27. Alaoui Mrani, S.; Ech-chihbi, E.; Arrousse, N.; Rais, Z.; El Hajjaji, F.; El Abiad, C.; Radi, S.; Mabrouki, J.; Taleb, M.; Jodeh, S.
DFT and Electrochemical Investigations on the Corrosion Inhibition of Mild Steel by Novel Schiff’s Base Derivatives in 1 M HCl
Solution. Arab. J. Sci. Eng. 2021, 46, 5691–5707. [CrossRef]

28. Obot, I.B.; Macdonald, D.D.; Gasem, Z.M. Density Functional Theory (DFT) as a Powerful Tool for Designing New Organic
Corrosion Inhibitors. Part 1: An Overview. Corros. Sci. 2015, 99, 1–30. [CrossRef]
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