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ABSTRACT

The ability of 1, 3-bis (pyridin-2-ylmethylene) urea to inhibit copper corrosion in 1.0 M HNOs and 0.5 M H2SO. was
studied using weight measurements and electrochemical measurements. The inhibition efficiency is notable as the Schiff
base shows nearly 95% inhibition at 1.0 mM. The electrochemical studies showed increased charge transfer resistance
and decreased corrosion current density due to the formation of a protective adsorbed film on the copper surface.
Polarization measurements showed a mixed type inhibition but predominantly cathodic. The adsorption data describes
the Langmuir isotherm, and thermodynamic parameters reveal that the adsorption process is spontaneous and physico—
chemical in nature. The effectiveness of the inhibitor is mainly associated with the nitrogen donor atoms and the
conjugated m-electron system which promotes a stable surface coverage.
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Introduction

Copper corrosion in acidic media is an electrochemical
process that can greatly hamper the performance and
durability of metals [1]. Copper generally tends to undergo
pitting during use, although they usually do not penetrate
quite through the copper. Corrosion in sulfuric acid involves
anodic dissolution, and formation of sulfate complexes with
copper ions. Nitric acid can play a role in either passivation
or localized pitting, depending on the concentration, due to
the dual acid-oxidant character [4]. Ensuring effective
control of copper corrosion in such environments is
paramount to maintaining the integrity of electrical systems,
plumbing components, and processing equipment.

Organic corrosion inhibitors have a large area of application
as they are effective at relatively low concentrations and can
generate protective surface films. One of them Schiff Base
Compounds containing azomethine (—C=N-) functional
group has gained considerable attention as a new corrosion
inhibitor [6]. The inhibition performance of these
compounds is mainly related to the presence of heteroatoms
(N, O, S) and m-electron systems which can adsorb on metal
surfaces [7]. This adsorption slows corrosion by blocking
the active sites on the metal surface and reducing metal
dissolution and cathodic reactions [8]. Moreover, Schiff
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bases can produce complexes with Cu* and Cu?* ions further
stabilizing the protective layer too [9]. The strength of
adsorption and efficiency of inhibitors are considerably
affected by structural factors such as planarity, aromatic
character, and electronic effects of substituents [10].

In general, Schiff bases are synthesized via condensation
reactions between primary amines and aldehydes or ketones
[11]. The molecular structure can be changed to improve
properties such as solubility and surface interaction with
copper [12]. The effectiveness of these inhibitors is often
evaluated by weight-loss measurements, Potentiodynamic
polarization and electrochemical impedance spectroscopy
(EIS). Often it is not possible to distinguish between
physical or chemical adsorption mechanisms just by the
thermodynamic parameters like AG°ads and AH®ads [13].
Numerous Schiff base inhibitors demonstrate mixed-type
inhibition, reducing both anodic and cathodic corrosion
processes [14].

In sulfuric acid media (H2S0O4), adsorption could be poorly
affected due to competition between inhibitor molecules
and sulfate ions for active sites on the surface. However,
suitably designed Schiff bases can effectively bypass this
limitation [15]. In nitric acid, oxidizing nature of the
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medium can modify the stability of inhibitor or facilitate
passive film formation.

Thus, oxidative resistance is an important parameter for
inhibitor design [16]. Maximum efficiency of inhibition is
generally obtained at optimum concentration, at which the
surface cover is almost complete [17].

Quantum chemical methods are used more and more to
relate molecular electronic properties, particularly those
developed through density functional theory (DFT), with
inhibition behavior [18]. Frontier molecular orbital
energies, charge distribution, HOMO-LUMO energy gap,
and dipole moment help in understanding adsorption
tendency and inhibition performance [19]. Adsorption
behavior is usually interpreted using isotherm models such
as Langmuir, Temkin and Frumkin. For practical use, it’s an
essential condition that the 1ideal inhibitor is
environmentally friendly and cost-effective. Recent reports
show that some Schiff base compounds inhibit the corrosion
of metals to over 80-90% in acidic media [21]. Analyzing
the performance of inhibitors requires the application of
electrochemical and surface characterization techniques for
mechanistic understanding [22].

The stability of inhibitor film under electrochemical
conditions in the acidic medium is especially important for
copper protection [23]. Spectroscopic methods like UV-Vis,
FTIR and XPS can be used to verify metal-inhibitor
complex formation. Temperature dependent studies also
help to discriminate the chemisorption from exothermic
physisorption [24]. Impedance measurements often
correlate inhibition with an increase in charge-transfer
resistance and a change in double-layer capacitance,
whereas polarization investigations suggest mixed-type
inhibition.

In the presence of highly oxidizing nitric acid solutions, the
inhibitor efficacy may decline unless its molecular structure
is stabilized by appropriate substituents [25]. Including
chelating groups on the one hand and a thiazole, pyridine or
imidazole moiety rich in heteroatom on the other can
improve adsorption, increase complex formation and
improve film stability [26,27]. Recent trends also highlight
the adoption of environmentally friendly synthesis
strategies and biodegradable precursors to minimize
environmental damage. In certain systems, the presence of
halide ions or metal cations can enhance the inhibition
efficiency synergy.

To evaluate something reliably, the experiments must
necessarily be done under consistent and standardized
conditions such as proper specimen preparation, controlled
aeration and correct temperature. We can compare the
efficacy of the Schiff base to that of established inhibitors
such as benzotriazole. Long-term exposure studies are

necessary to establish the longevity and self-healing
capacity of protective films. Surface analysis indicates that
copper surfaces in the presence of inhibitors are smoother
and less corroded than uninhibited copper surfaces.

In general, Schiff base compounds can be used to rationally
and effectively control copper corrosion in H2SO4 and
HNO3 media. The tunability of the molecular structure
along with electrochemical testing, surface characterization
and computation of the introduced systems provides a valid
framework for their evaluation in terms of efficacy. As a
result, it seems likely that future work will focus on
improving nitric acid oxidative stability, green synthesis,
and validating in industry performance. This method has a
significant potential for safe, economical, and sustainable
corrosion protection for copper in acidic environments.

Experiments

2.1 Materials

For weight-loss experiments, copper specimens of
dimensions 2.5 cm x 1 cm x 0.1 cm were employed, with
the following composition (wt.%): 0.002 Ni, 0.020 Al,
0.001 Mn, 0.116 Si, with the balance being Cu. Prior to
testing, the specimens were mechanically polished using
emery papers of successive grades (1/0, 2/0, 3/0, 4/0, and
5/0), degreased with acetone, and dried thoroughly.

For polarization and electrochemical impedance studies, a
Teflon-coated cylindrical copper electrode with an exposed
surface area of 0.2826 cm? and the same composition as
described above was used. Before each measurement, the
electrode surface was cleaned with acetone, dried under
nitrogen, and polished to a mirror finish using emery papers
of progressively finer grades (1/0 to 5/0). Surface
cleanliness was confirmed when the electrode exhibited
complete and uniform wettability with water.

All experiments were conducted at room temperature,
maintained at 301 + 1 K. Test solutions were prepared using
double-distilled water, while all chemicals used for
preparing stock acid solutions were of analytical reagent
grade and obtained from Sigma Aldrich and E. Merck
(India).

2.2 Synthesis of Schiff base

A minimum quantity of ethanol was used to dissolve 2-
formylpyridine and urea in a 2:1 molar ratio. The two
solutions were combined and stirred continuously at room
temperature for 6 hours to facilitate the reaction. The
resulting precipitate was filtered and dried under ambient
conditions. The synthesized Schiff base, 1,3-bis((pyridin-2-
ylmethylene)thiourea), was washed with ethanol to remove
impurities and dried thoroughly. The synthesis scheme and
molecular structure of the prepared Schiff base are
illustrated in Figure 1.

1.5 -bis(Pyridin-2-rhnethylene) urea

Figure.1 Synthesis of 1,3-bis(pyridin-2-ylmethylene)urea
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The reaction of an aldehyde and thiourea forms a Schiff base is confirmed by the presence of vibrations representing C =N
at 1656 cm-1. Observation of bands at 1522 cm-1 and 1593 cm-1 is related to the presence of the vibrations of C=C and C=N

at the aromatic rings.

¢ 8
4 o
||||

8

]
a
IIII|IIII|IIII|IIII

2.3 Weightloss measurements
Weight-loss measurements were carried out in accordance
with the standard procedures recommended by the
American Society for Testing and Materials (ASTM).
Copper specimens were fully immersed for 2 hours in 100
mL of acidic solutions, both in the absence and in the
presence of the inhibitor, at room temperature (301 = 1 K).
The inhibition efficiency was calculated from the average
weight loss of two specimens using the following equation.

w-w’
IE=(*=%) X 100

®

W and W' are the weight losses in uninhibited and inhibited
solutions respectively.

2.4 Electrochemical Impedance Measurement
Electrochemical studies were performed using a
conventional three-electrode system, where a saturated
calomel electrode (SCE) served as the reference electrode,
a platinum foil acted as the auxiliary (counter) electrode,
and a Teflon-coated copper rod was used as the working
electrode. After immersion of the specimen in the corrosive
medium, a stabilization period of 45 minutes was allowed
to ensure a stable open circuit potential (Eocp vs. SCE)
before impedance measurements were initiated.
Electrochemical impedance spectroscopy (EIS)
measurements were carried out at open circuit potential
using a computer-controlled potentiostat (Zahner Zennium
XC high-grade electrochemical instrument). Data analysis
was performed using ZMAN impedance analysis software.
A sinusoidal excitation signal with an amplitude of 10 mV
(peak-to-peak) was applied, and the AC frequency was
varied from 10 mHz to 100 kHz. The inhibition efficiency
(IE%) was then determined using the following equation

[30].
IE% = ~<2X100 (i)

ct

Where Rct and R{, are the values of charge transfer
resistances in the inhibited and uninhibited solutions
respectively.

2.5 Potentiodynamic Polarization measurement

Potentiodynamic polarization measurements were carried
out using the same electrochemical cell configuration at a
scan rate of 1.6 mV s™'. The potential was swept from values
more negative than the open circuit potential (OCP) to
values more positive than OCP through the corrosion
potential region. The inhibition efficiency was then
evaluated using the corresponding relationship [30-33].
B9 = lcorrieorr % 10 (i)

Icorr
where the corrosion current densities of the samples with
and without inhibitor are represented by the following
variables i.orr and igopr.

2.6 Potential of Zero Charge

Electrochemical impedance spectra were obtained at
various applied DC potentials using an AC signal frequency
of 20 kHz. To determine the potential of zero charge (PZC),
the double-layer capacitance values were plotted as a
function of the applied DC potentials.

3.RESULTS AND DISCUSSION

3.1 Weightloss measurement

Table 1 shows the corrosion rate and inhibition efficiency
of copper in 1.0 M HNOs and 0.5 M H>SOs solutions at
different concentrations of the inhibitor under study. The
results obtained show that at increasing inhibitor
concentration, the corrosion rate distinctly decreases while
inhibition efficiency increases to a considerable extent in
both cases. The inhibitor strongly protects the copper
surface as can be seen from this trend.

Table.1 Corrosion inhibition efficiency of 1,3-bis(pyridin-2-ylmethylene)urea on corrosion of copper in higher
concentration of 1.0 M HNO3 and 0.5 M acid of H2S0O4.

Medium Inhibitor Concentration (mM)

Corrosion rate (mmpy)

Inhibitor efficiency (1E%)
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1.0 M HNO3 Blank 48.02 -
0.02 29.10 39.4
0.05 18.00 62.5
0.1 11.91 75.2
0.5 7.54 84.3
1 2.59 93.1

0.5M H,S04 Blank 23.14 -
0.02 9.42 59.3
0.05 8.34 63.7
0.1 5.53 76.1
0.5 2.68 88.4
1 1.09 94.3

The corrosion rate of copper without inhibitor in 1.0 M
HNO; medium was 48.02 mmpy. With the addition of the
inhibitor, corrosion rate decreased continuously from 29.10
mmpy at 0.02 mM concentration to 2.59 mmpy at | mM
concentration. Inhibition efficiency rose to 94.8%
simultaneously. The corrosion rate decreased significantly,
which shows that the inhibitor molecules reduce metal
corrosion in nitric acid medium. The inhibition efficiency
determined at a concentration of 1.0 mM indicates the
formation of a protective layer on the metal surface that is
highly compact and adherent.

The uninhibited corrosion rate, in 0.5 M H2SOs solution,
was recorded as 23.14 mmpy. The corrosion rate dropped
substantially with the addition of inhibitor to 9.42, 8.34,
5.53,2.68 and 1.09 mmpy at concentrations 0.02, 0.05, 0.1,
0.5 and 1 mM respectively. The efficiency of inhibition
increased with an increase in inhibitor concentration from
59.3 to 95.3. The greater inhibition efficiency exhibited in
sulfuric acid medium relative to the nitric acid medium
indicates stronger adsorption and more coverage of the
surface with the inhibitor in H2SOa.

When the inhibitor concentration increases, the inhibition
efficiency also increases. This is because at a certain
concentration the inhibitor molecules start adsorbing on to
the copper surface. With increasing inhibitor concentration,
more and more active sites on the surface of metal gets
occupied with inhibitor molecules, thereby improving

surface coverage and formation of stable protective film
[34]. The presence of the adsorbed layer acts as a barrier
between the metal and the aggressive acidic medium. It
reduces anodic metal dissolution as well as cathodic
hydrogen evolution reactions [35].

The presence of heteroatoms and m-electrons in the
molecular structure of the inhibitor may be affecting its
performance by facilitating the transfer of electrons from
the inhibitor to the vacant d-orbitals of copper atoms [36].
This type of interaction enhances adsorption and bolsters
the stability of the protective film. Good efficiencies were
observed at higher concentrations, which indicates a strong
relationship between the inhibitor and copper surface.
Further, the inhibitor works properly in acidic media.

The experimental results indicate that the studied inhibitor
is an effective corrosion inhibitor of copper in nitric and
sulphuric acid solutions. Maximum inhibition efficiencies
of 94.8% were obtained in 1.0 M HNO; and 95.3% in 0.5
M H>SOj4 at 1.0 mM inhibitor concentration.

3.2 Electrochemical Impedance Spectroscopy

The Nyquist impedance spectra of the copper in 1.0 M
HNOs and 0.5 M H2SOs solutions at 290 K are shown in
Figures 3a and 3b, respectively, in absence and presence of
different concentrations of inhibitor. The data obtained from
the fitting of

the experimental data to the equivalent circuits are presented in Table 2. The Nyquist plots exhibit depressed semi-circular
capacitive loops. Thus, the corrosion process is mainly controlled by charge transfer at the metal/electrolyte interface [30].
The presence of nodules in the semicircle depicts that the copper surface may not behave as an ideal capacitor. This suggests
that the non-ideal behavior could be a result of the surface heterogeneity and roughness, adsorption of ionic

species, and non-uniform distribution of the active sites on the copper surface [30].
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Figure.3a Electrochemical Impedance Spectra of copper corrosion in 1.0 M HNO3
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Figure.3b Electrochemical Impedance Spectra of copper corrosion in 0.5 M H2SO4 in the presence and absence of
Schiff base at various concentrations.

With increase in inhibitor concentration in both acid media,
the diameter of the capacitive semicircle was increased. The
above behavior illustrates that the inhibitor effectively
inhibits the corrosion reaction owing to the formation of an
adsorbed film over the metal [37]. The increase in the
diameter of the semicircle is correlated to higher charge
transfer resistance (Rct), showing a slower rate of electron
transfer from the metal to the corrosive media. The charge
transfer resistance in 1.0 M HNOs solution was remarkably
increased from 91.1 Q cm? for blank solution to 1822 Q cm?
at 1.0 mM inhibitor concentration.

In 0.5 M H2SO4 medium, like the previous case, Rct values
also increased from 102.7 Q cm? for the uninhibited solution
to 2054 Q cm? at 1.0 mM inhibitor concentration with
inhibition efficiency of 95 %. The notable rise in Rct
readings corroborates that the inhibitor molecules are
strongly adsorbed onto copper metal surface and effectively
control the corrosion process.

In both the acid media, the Rs values displayed minor
variations with the concentration of the inhibitors. This

1.500 kohm 2.000 kohm 2.500 kohm

implies that

the inhibitor mainly modifies the interfacial electrochemical
reactions and not the bulk properties of the electrolyte
solution [38]. The Warburg impedance value (W) is
proportional to the concentration of the inhibitor, indicating
the increasing significance of diffusion-controlled
processes following adsorption of inhibitor film. The
inhibitor layer slows down mass transfer of corrosion-
causing ions and dissolved oxygen to the metal surface,
thereby diminishing the corrosion rate of the metal [39].

The constant phase element (CPE) was used in place of an
ideal capacitor for better fitting of the impedance data due
to the presence of depressed semicircles in the experimental
Nyquist plots. According to the study, the values of “n”
close to the unity of the acid solution indicate that the
electrode/electrolyte interface behaves mainly as a
capacitive system [30]. The slight deviation of n from unity
is attributed to in homogeneities and surface irregularities
of metals due to the adsorption phenomenon and roughness
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[30].

The values of the admittance parameter (Yo) and double
layer capacitance (Cdl) were found to decline continuously
upon increasing the inhibitor concentration in both acidic
media ownward trend of Cdl value was observed by
increasing the concentration of inhibitor in the acidic
solution. In 1.0 M HNO:s solution, the Cdl value decreased
from 157 pF cm™ for blank solution to 52 puF cm™ at 1.0
mM inhibitor concentration. Similarly, in 0.5 M H2SOs
medium the Cdl values decreased from 224 pF cm™ to 61
WF cm 2. The decrease in Cdl values is due to the adsorption
of the inhibitor molecules at the metal/solution interface in
place of water molecules [30]. This lowers the local
dielectric constant. Also, the thicker electrical double layer
caused by adsorption will cause a decrease in capacitance.
Lower Yo values provide further evidence of the formation
of a dense protective layer on copper surface. As there is
more adsorption of an inhibitor molecule on the surface,
blocking of active corrosion sites occurs [40]. Thus,
impediments to charge transfer and enhanced corrosion
protection are more pronounced. The electrochemical
behavior found proves that the inhibitor acts through
adsorption and provides effective protection against
corrosion in nitric acid and sulphuric acid media.

The EIS obtained results show that the inhibitor possesses
very good protective behavior for copper in acids. An
increase in charge transfer resistance and decrease in double
layer capacitance indicate the formation of a stable and
adherent inhibitor film on the metal surface. The maximum
inhibition efficiency of nearly 95% obtained at 1.0 mM in
both acid media indicates highly effective corrosion
inhibition behavior.

3.3 Potentiodynamic Polarization Studies

The potentiodynamic polarization curves of copper in 1.0 M
HNOs and 0.5 M H2SOs solutions at 290 K in the absence
and presence of different concentrations of the inhibitor are
presented in Figures 4a and 4b, respectively. The
electrochemical parameters generated from the polarization
measurements that is corrosion potential (Ecorr), corrosion
current densities (Icorr), anodic Tafel slope (Ba), cathodic
Tafel slope (Bc), inhibition efficiency (IE%) are
summarized in Table 3. From the polarization curves it can
be seen that addition of inhibitor significantly changes both
anodic and cathodic branches which suggests that the
inhibitor efficiently suppresses the -electrochemical
corrosion reactions taking place on the copper.
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Figure.4a Tafel plots of copper corrosion in 1 M HNOs in presence and absence of Schiff base in various
concentrations.
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Figure.4b Tafel plots of copper corrosion in 0.5 M H2SO4in presence and absence of Schiff base in various
concentrations.

Corrosion current density reduced significantly in 1.0 M HNOs medium from a value of 388.4 LA cm™ for the blank solution
to 23.3 pA cm™ at 1.0 mM inhibitor concentration. In accord with the increase in concentration from 0.02 mM to 1.0 mM,
inhibition efficiency increased from 34%. In a similar vein, we find that in 0.5 M H.SO4 solution, the corrosion current density
falls from 69.42 A cm™ in the uninhibited case to 2.777 pA cm2 at 1.0 mM inhibitor concentration. Thus, the efficiency of
inhibition here increased progressively to 96%. The inhibitor significantly slows down the rate of corrosion in both acidic
environments, as evidenced by the significantly reduced corrosion current density.

Table.3 Potentiodynamic polarization parameters from corrosion of copper in 1.0 M HNO3, and 0.5 M H2SO4 acid
solutions in the absence and presence of Schiff base at various concentrations.

Medium Concentration (mM) | Ecorr (mV) | Icorr (pA cm-2) | fec (mV) Ba (mV) IE%
Blank 63.12 388.4 48.15 130.1 -
0.02 56.5 256.3 112.5 92.14 34
0.05 60.2 163.1 211.2 88.65 58
0.1 36.5 54.38 199.4 63.32 86
0.5 54.4 42.72 188.3 75.21 89
1.0 M HNO3 1.0 5.02 23.3 190.7 65.31 94
Blank 15.3 69.42 104.4 57.2 -
0.02 20.4 29.85 147.5 60.24 57
0.05 25.41 24.99 152.5 66.22 64
0.1 28.38 14.58 186.4 87.35 79
0.5 40.22 6.942 177.3 92.19 90
0.5 M H,SO4 1.0 3.65 2.777 183.7 62.37 96

The results showed that corrosion potential (Ecorr) values
did not shift much after adding the inhibitor. The maximum
shift in Ecorr values in both acid solutions did not exceed
85 mV concerning the blank solution. Based on the
electrochemical criterion, an inhibitor can be said to be
anodic or cathodic only when the shift in Ecorr value is
more or less £85 mV compared to the uninhibited system
[30]. Given that these changes are less than this limit, the
examined inhibitor may be classified as a mixed-type
inhibitor. This shows that the inhibitor blocks the anodic
dissolution of metal as well as the cathodic reactions both
hydrogen evolution and oxygen reduction.

The anodic dissolution of the metal in acidic medium may

be represented by the reaction:
Cu - Cu?* + 2e”
while the cathodic reaction involving dissolved oxygen can
be expressed as:
0, + 4H* + 4e~ - 2H,0

The mechanism of anodic dissolution of the metal may be
depicted by the reaction in aqueous acidic medium. The
inhibitor molecules adsorb on the active sites of the metal
surface and slow down the rate of both electrochemical
reactions. The reduction in current densities in both anodic
and cathodic directions affirm the formation of a protective
adsorbed layer that
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hinders the transport of electrons and hampers the influx of
aggressive ions towards the metal surface. The change in
Tafel slope values, both anode and cathode, was observed
on increasing the concentration of inhibitor indicating that
the electrode kinetics were modified after adsorption of
inhibitor molecules [41].

The relatively greater variations in cathodic Tafel slopes, as
compared to anodic slopes, suggest that the inhibitor
influences the cathodic reaction mechanism to a greater
extent. This means that the inhibitor essentially restricts the
cathodic reduction reaction while still inhibiting the anodic
dissolution reaction appreciably. With an increase in
inhibitor concentration, a gradual decrease of corrosion
current density is observed. This indicates enhanced surface
coverage of the inhibitor. As more inhibitor molecules
adhere to the metal surface, a tight and stable protective film
develops on the surface [42]. This layer, which gets
adsorbed, helps in shielding the metal from the harmful
effect of acids. Further, it also prevents corrosion
occurrence by reducing the active area present for acidity
action.

The passive region is also absent in the polarization curves
conducted using the acidic media. The absence of a well-
defined passive plateau on the anodic branches suggests that
the metal surface does not develop a stable oxide under the
experimental conditions [43]. In strongly acidic solutions,
the metal dissolves as a soluble ionic species rather than
forming an oxide layer. As a result, the adsorption of
inhibitor molecules is more critical than passivation for
corrosion protection. To sum up, the results of
Potentiodynamic polarization reveal that the tested inhibitor
shows outstanding corrosion inhibition performance for

copper in nitric acid and sulfuric acid. The corrosion current
density is significantly decreased in the presence of
inhibitor in addition to this, the inhibition efficiency values
are higher and there is a slight shift in the corrosion potential
that confirms the inhibitor is acting by adsorption and that
it is a very good example of a mixed-type inhibitor. The
maximum inhibition efficiencies of 94% and 96% in 1.0 M
HNOs; and 0.5 M H.SO. respectively at 1.0 mM
concentration show that the inhibitor is very effective in
protection and surface coverage.

3.4 Adsorption Isotherm
Figures 5a and 5b represent the adsorption isotherm plots of
the investigated Schiff base inhibitor on the copper surface
in 1.0 M HNO; and 0.5 M H.SOs solutions at room
temperature. The adsorption behavior of the inhibitor
molecules on the metal surface plays a significant role in the
corrosion inhibition mechanism. The adsorption process
can be described as a substitution reaction in which water
molecules previously adsorbed on the metal surface are
replaced by inhibitor molecules from the solution. This
process results in the formation of a protective adsorbed
film that isolates the metal from the aggressive acidic
environment and suppresses corrosion reactions.
The adsorption process may be represented as [30]:
Org(sol) + XHZO(ads) - Org(ads) + XHZO
where x is the the inhibitor molecules from the solution
phase replace adsorbed water molecules present on the
copper surface. The extent of adsorption was evaluated
using the surface coverage values (0), which were
calculated from the charge transfer resistance values
obtained from impedance measurements.
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Figure.5a Isotherm of adsorption of 1, 3-bis (pyridin 2-ylmethylene)urea on copper in 1.0 M acid solution
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Figure.Sb Isotherm of adsorption of 1, 3-bis (pyridin 2-ylmethylene) urea on copper in 0.5 M H2SO4 acid solution

The surface coverage was determined using the relation:
,ct B Rct
Ret
where R .and Rgrepresent the charge transfer resistance
values in the absence and presence of inhibitor,
respectively. An increase in surface coverage with
increasing inhibitor concentration indicates progressive
occupation of active corrosion sites by inhibitor molecules.
The adsorption characteristics of the inhibitor were
analyzed using various adsorption isotherms, and the
experimental data showed excellent agreement with the
Langmuir adsorption isotherm model. The Langmuir
isotherm assumes monolayer adsorption of inhibitor
molecules on a homogeneous metal surface without
interaction between adsorbed species. The Langmuir
equation is expressed as:
Cinn
5 = linnt Koge
where Cj,pnis the inhibitor concentration, 0is the surface
coverage, and K,g4sis the adsorption equilibrium constant.
The linear nature of the plots of C;,},/0versus C;,,obtained
for both acid media confirms that the adsorption process
obeys the Langmuir adsorption model. The correlation
coefficient values greater than 0.9 further support the
suitability of the Langmuir isotherm for describing the
adsorption behavior of the Schiff base inhibitor.
The adsorption equilibrium constant obtained from the
Langmuir plots was used to evaluate the standard free
energy of adsorption (AG,q4s) using the following relation:
K _ - (_AGads)
ads = 555 P\ TRt
where Ris the universal gas constant, Tis the absolute
temperature, and 55.5 represents the molar concentration of
water in the solution. The calculated values of AG,4qswere
found to be —37.10 kJ mol™ for 1.0 M HNO:s solution and
—34.09 kJ mol* for 0.5 M H>SOs solution.
The negative values of AG,q4indicate that the adsorption of
the Schiff base molecules on the copper surface occurs
spontaneously in both acidic media. The relatively large
negative values also suggest strong interaction between the
inhibitor molecules and the metal surface. Generally, values
of AG,qsless negative than —20 kJ mol™ are associated with
physical adsorption involving electrostatic interactions,
whereas values more negative than —40 kJ mol™' correspond
to chemical adsorption through charge sharing or transfer
between inhibitor molecules and the metal surface. The
obtained values lying between —20 and —40 kJ mol™

0=

indicate that the adsorption mechanism involves both
physisorption and chemisorption processes [44].

The presence of heteroatoms such as nitrogen and sulfur in
the Schiff base structure enhances adsorption through lone
pair electron donation to the vacant d-orbitals of iron atoms
on the metal surface [45]. In addition, n-electrons present in
the molecular structure may contribute to stronger
adsorption interactions. Electrostatic attraction between
protonated inhibitor molecules and the charged metal
surface may also participate in the adsorption process in
acidic medium [46].

The stronger adsorption behavior observed in nitric acid
solution, as indicated by the slightly more negative
AG,qsvalue, suggests comparatively stronger interaction of
inhibitor molecules with the metal surface in HNOs
medium. The formation of a stable adsorbed film reduces
direct contact between the metal and corrosive ions, thereby
minimizing charge transfer and lowering the corrosion rate
[44].

Overall, the adsorption studies confirm that the Schiff base
inhibitor exhibits excellent affinity toward the copper
surface and protects the metal through spontaneous
adsorption following the Langmuir adsorption isotherm.
The combined physical and chemical adsorption
mechanism contributes significantly to the high inhibition
efficiencies observed in both nitric acid and sulfuric acid
solutions.

3.5 Potential of Zero Charge

The variation of differential capacitance with potential for
copper in 1.0 M HNOs and 0.5 M H2SOs4 solutions without
and with Schiff base inhibitor is illustrated in Figures 6a—
6d. The results of the capacitance measurements provided
important electrochemical parameters; among which we
have the values of the open circuit potential (Eocp),
potential of zero charge (PZC) and excess surface charge
(Eocp-Epzc); these results which appear in Table 4, show
that we are overcoming slight surface charge of the metal
and adsorption of the inhibitor in acidic media.

The electrical charge of the metal/solution interface plays a
significant role in the interaction of inhibitor molecules with
metal [30,44]. The surface charge of the metal, dipole
moment of the inhibitor molecules, and presence of ions like
nitrate and sulphate ions which get adsorbs specifically
influences the adsorption [47]. The charge characteristics of
a metal surface under corrosion can be evaluated using open
circuit potential values.
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Figure.6a Differentiated capacitance vs Applied potential for copper in 1.0 M HNO3 acid solution.
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Figure.6b Differentiated capacitance verses Applied potential of copper in 1.0M HNO3 acid solution in the presence
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Figure.6c Differentiated capacitance vs Applied potential for copper in 0.5M H2SO4.
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Figure.6d Differentiated capacitance vs Applied potential in copper solution in 0.5M H2SOs acid in the presence of
Schiff base.

The surface charge behavior was evaluated using the relation [30,44]:

E = Eocp - Epzc
where E, represents the rational corrosion potential, Eqcpis the open circuit potential, and Ep,is the potential of zero charge.
The sign and magnitude of E, provide information regarding whether the metal surface is positively or negatively charged in
the corrosive environment.

Table.4 Overcharge on the copper metal surface of 1.0M HNO3 and 0.5M H:SO4 acid solutions in the presence and
absence of Schiff base.

Medium Eocp (mV/SCE) | PZC (mV/SCE) Excess charge Eocp- EPZC (mV)
1.0M HNO;3 +44.50 +39.5 +4.5

1.0M HNOs3 + 0.5mM of Inhibitor +51.20 +41 +10.2

0.5M H,S04 +2.60 -22 +32.60

0.5M H,SO4+ 0.5mM of Inhibitor +32.60 +20 +12.60

The excess charge readings for 10 mM HCl and 10 mM Acetic acid were both positive which implies that the OCP of a
copper surface is positively charged. The initial adsorption of aggressive anions such as nitrate and sulphate ions on the metal
surface is believed to cause a positive surface charge. These anions that are specifically adsorbed create a conducive
environment for the adsorption of protonated inhibitor species to electrostatic attraction. As a result, the inhibitor molecules
are strongly attached to the pre-adsorbed anionic layer to form a stable protective layer over the metal.

The adsorption behavior of the inhibitor is supported by differential capacitance curves. When there is no inhibitor, the
capacitance values are found to be relatively higher due to direct interaction of the metal with the corrosive electrolyte [48].
Upon addition of the Schiff base inhibitor, the capacitance values decrease considerably. Therefore, it can be concluded that
inhibitor molecules displace water molecules and aggressive ions from the electrical double layer.

The lower than expected differential capacitance indicates the thickness of the electrical double layer is increased while the
local dielectric constant at the interface is decreased due to behaviour of organic molecules [49]. The alterations seen in the
capacitance—potential curves also reflect the change of the interfacial structure after inhibitor adsorption. The inhibitor affects
the orientation of charged species on the metal/solution interface and decreases the size of the active surface area available
for corrosion. This behavior indicates the formation of a compact adsorbed layer isolating the metal from acid.

The presence of heteroatoms like nitrogen and sulfur within the Schiff base molecule further enhances the adsorption process.
These atoms have lone pair electrons which can interact with the vacant d-orbitals of iron on the metal surface. In acidic
media, protonation of inhibitor molecules may also occur. This allows for an additional electrostatic interaction between the
inhibitor and the adsorbed sulphate or nitrate ions. The electrostatic attraction, along with coordinate bonding, causes strong
adsorption and exhibits high corrosion inhibition efficiency.

The findings of capacitance measurements and surface charge analysis show that the Schiff base inhibitor adsorbs effectively
on the surface of copper in HNO3 and H2SO4 media. The formation of a stable protective adsorbed film on the surface of
the metal which leads to the positive excess charge value, decrease in differential capacitance and shift in open circuit
potential significantly contributes to the lowered corrosion rate of copper in acidic solutions [50].

4. Conclusion

The present investigation demonstrated that 1,3-bis(pyridin-2-ylmethylene)urea acts as an efficient corrosion inhibitor for
copper in 1.0 M HNOs and 0.5 M H2SOs acidic media. As the inhibitor concentration increased, the inhibition efficiency
increased progressively which could be due to the progressive adsorption and surface coverage of the inhibitor molecules on
copper surface.

The results of weight-loss measurements showed a significant corrosion rate reduction in the presence of the Schiff base,
with inhibition efficiencies being approximately 95% at higher concentrations of the inhibitor. When the inhibitor was
introduced in the corrosive environment, there was a notable increase in charge transfer resistance which doubled while the
double layer capacitance dropped. This showed that the inhibitor had formed a protective and stable film that was firmly
attached to the surface of the metal/solution interface.

Analysis of potentiodynamic polarization indicated a significant reduction in the current density of corrosion with only a
minor variation in corrosion potential which shows the behaviour of the inhibitor is a mixed-type and affects both anodic and
cathodic reactions.

The inhibitor isotherm follows the Langmuir model indicating the monolayer adsorption of the inhibitor on copper surface.
The obtained negative values of free energy of adsorption confirm the spontaneity of adsorption and the inhibition mechanism
involves the physisorption and chemisorption process.

In support of adsorption processes characterized by practically 100% efficiency in acidic solution, potential of zero charge
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(PZC) curve studies showed a favorable electrostatic interaction between the protonated inhibitor molecules and copper
surface. The strong inhibition efficiency of the Schiff base is due to the presence of nitrogen donor atoms and a conjugated
n-electron system, which favor strong interaction with the copper surface, as well as the formation of a compact barrier film.
The findings, as a whole, demonstrate that 1,3-bis(pyridin-2-ylmethylene)urea exhibits significant corrosion inhibition
properties and can be seen as an effective organic inhibitor for copper protection in aggressive acidic medium.
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