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oximes against copper corrosion in 0.1 M HNO; was determined by polarization and
impedance spectroscopic studies (EIS). At all concentrations, Hp3ylm exhibited higher
inhibition efficiency than Hp2ylm. Attempt was made to illustrate the mechanism of corrosion
inhibition by these oximes with the help of adsorption isotherm, scanning electron microscopic
(SEM) and quantum chemical studies.

© 2019 by the authors; licensee Growing Science, Canada,

1. Introduction

Copper is a noble and widely using engineering metal in various fields like electrical, electronics
and automobile industries.! Due to the less corrosive behaviour, only powerful oxidizing agents can or
react with copper. For the fabrication of electronic components copper has to be dissolved in aggressive
solutions and to be electroplated. Some electronic components like printed circuit boards have to be
cleaned with corrosive solutions during fabrication. Nitric acid is the aggressive solution frequently
used for this purpose in various industries.? During this surface cleaning process it is customary to add
corrosion inhibiting agents to combat against corrosion. Scientists are ever in search of novel, efficient
and economic corrosion inhibiting species to minimize corrosion.>* It was proved by the earlier
researchers that organic molecules bearing hetero atoms like N, O, S etc and containing aromatic rings
act as good corrosion protecting molecules. Many of such molecules are unstable in acidic solutions
and possess less solubility.>!2

Main objectives of the present investigation are that to prepare new organic molecules having extra
stability and good solubility in nitric acid medium, to characterize these molecules using spectral

studies, and to determine their corrosion inhibition efficiency on copper surface.
* Corresponding author. Tel.: +9847177695
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2. Results and Discussion

2.1. EIS studies

Interaction of oximes Hp2ylm and Hp3ylm on the copper surface in 0.1 M nitric acid solution at
30°C was determined by impedance studies. By subtracting the solution resistance from the total
resistance, charge transfer resistance of copper specimen (Rc) was calculated from the impedance
plots.!>!* Using equation 1, double layer capacitance (Ca) was determined. In this equation fiax
represents the maximal frequency and R is the charge transfer resistance.

1 (1)

Cap = ———
a 27Tfmacht

Fig. 1(a) and Fig. 1(b) represent the Nyquist plots for Cu specimens in decimolar nitric acid solution
with different amounts of oximes Hp2ylm and Hp3ylm. Due to the roughness of the surface and mass
transfer resistance Nyquist plots was not perfect semi circles.'>!6

The simple equivalent circuit (Randles circuit) consisting of solution resistance (Rs) connected in
series with a parallel combination of Rt and Cq as represented in Fig. 2 fitted well on the Nyquist plots.

Impedance response of copper specimens was changed appreciably in the presence of oximes
Hp2ylm and Hp3ylm in nitric acid medium. As the concentration of oximes increased, the double layer
capacitance values decreased considerably. This can be attributed to the replacement of previously
adsorbed water molecules and ions by the organic molecules.!”!® The layer of adsorbed molecules
creates mass transfer resistance on the copper surface. On analyzing the impedance plots, it is evident
that the R¢: values increased with increase in concentration of added oximes to the aggressive medium.
Impedance data and percentage of corrosion inhibition efficiency of Hp2ylm and Hp3ylm are given in
Tablel.
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Fig. 1. Nyquist plots for copper in the absence and presence of a) Hp2ylm and b)
Hp3ylm in 0.1 M nitric acid
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Fig. 2. Equivalent circuit used for the analysis of Nyquist plots

On analysing Table 1, it is unambiguous that the corrosion protection capacity of Hp3ylm is very
much higher than that of Hp2ylm at all concentrations. At 1.0 mM concentration, Hp3ylm and Hp2ylm
displayed 90.1% and 26.9% inhibition efficiency on copper surface, respectively. Even though two
oximes are structural isomers, Hp3ylm showed enhanced interaction on Cu surface in HNO3. When we
examine the structural features of Hp3ylm and Hp2ylm, it is understandable that Hp2ylm molecules
have the strong tendency to form intra molecular hydrogen bond as depicted in Fig. 3(a). Since there
is no possibility of intra molecular hydrogen bonding in Hp3ylm, these molecules mainly associate
through inter molecular hydrogen bonds. Large number of Hp3ylm molecules can link together and
can make a passive layer on the copper surface. This makes the interaction of Hp3ylm on the copper
surface very high than Hp2ylm.
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Fig. 3. Interaction of a) Hp2ylm and b) Hp3ylm on copper in 0.1M HNO3

Table 1. EIS data of Cu in the absence and presence of Hp2ylm and Hp3ylm in 0.1 M HNO3

Oximes Parameter Blank 0.2mM 0.4mM 0.6mM 0.8mM 1.0mM
Ca( puF cm?) 745 3716 1545 2095 1439 535

Hp2ylm Ret (Qcm?) 135.90 55 114 121 155 186
Nes%o - -147.09 -19.21 -12.31 12.32 26.93
Ca( pF cm?) 745 2018 334 385 235 157

Hp3ylm Ra( Qcm?) 135.90 294 307 672 879 1379
Neis%o - 53.78 55.73 79.78 84.54 90.14

2.2. Adsorption Studies

Adsorption isotherms are used to investigate the nature of interaction of molecules on metal
surface.!”?! Out of the various models of isotherms tried the best one was chosen using correlation
coefficient (Table 2). For Hp3ylm, the most fitting isotherm on copper surface was Langmuir
adsorption isotherm (Eq. (2)). The graphical representation of the isotherm is given in Fig. 4. The
heterocyclic oximes Hp2ylm was having very weak interaction on surface the metal. At lower
concentrations, Hp2ylm showed negative corrosion inhibition efficiency, where corrosion rate is
accelerated. Thus, we can observe increased dissolution of copper metal when it is treated with 0.1M
HNOj; containing low concentrations of Hp2ylm. Thus, adsorption isotherm could not fit for the
interaction of Hp2ylm on copper surface.

Langmuir adsorption isotherm %2 ¢ (2)



In this equation C, 6 and Kags represent concentration of inhibiting species, fractional surface
coverage, and adsorption equilibrium constant, respectively.?!

Table 2. Adsorption isotherms and R? values for Hp3ylm on Cu in 0.1M HNO;

Adsorption isotherm Regression coefficient Hp3ylm
Langmuir 0.945
Freundlich 0.904
Frumkin 0.870
Temkin 0.625
El-Awady 0.868
Flory-Huggin 0.705
0.0012 -
0.001 -
0.0008 + . R2 = 0.944821
S 0.0006 -
0.0004 - ¢
0.0002 -
O T T 1
0 0.0005 0.001 0.0015
C

Fig. 4. Langmuir isotherm for Hp3ylm on Cu in 0.1 M HNO3

The following thermodynamic equation relates Kags and standard free energy of adsorption (AG®ads):
AG%q4s = -RT In(55.5 Kadas) 3

In this equation 55.5 is the molar concentration of water, R and T denote universal gas constant,
and temperature in Kelvin scale respectively.!” Generally, the values of AG%gs up to -20kJ/mol is an
indication of electrostatic interaction (physisorption) of inhibitor molecules and the metal, while those
around -40kJ/mol stands for chemisorption. The AG%qs values lie between -20 and -40kJ/mol, both
physisorption and chemisorption was involved during the interaction of molecules on the metal surface.
Hp3ylm showed values 3745 and -30.64 kJ/mol for Kaas and AG'qs respectively. These values indicate
the strong interaction of Hp3ylm molecules on metal surface in nitric acid medium. The magnitudes of
free energy of adsorptions indicate that Hp3ylm molecules adsorb on the metal surface through both
physical and chemical forces.

2.3. Potentiodynamic Studies

Due to the strong oxidizing power of nitric acid solution, copper will be converted to Cu** ions and
no protective oxide will remain on the metal surface. This fact is very much visible from the Pourbaix
diagram of copper-water system.???* The reaction between Cu and nitric acid is explained below:

Anodic dissolution of copper occurs as represented in equation 4. The surface metal atoms convert
into ions and diffuse into the bulk of solution.

Cu — Cu?" +2e 4)
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At cathode, the main reactions involving are the reduction of the nitrate ion into nitrous acid or nitric
oxide, as per equations 5 and 6. If the solution is aerated, there is a chance for the reduction of dissolved
oxygen on copper surface?* in accordance with Eq. 7.

NO; + 3 H" + 2e — HNO; + H,0 (5)
NO;3; +4 H" +3 e — NO + 2H,0 (6)
O+ 4H" + 4 e — 2H,0 (7)

Tafel plots of copper in 0.1 M nitric acid in the presence and absence of the Hp2ylm and Hp3ylm
were analyzed to obtain the data. Polarization parameters such as corrosion current density (Icorr),
corrosion potential (Ecorr), anodic Tafel slopes (ba), cathodic Tafel slopes (bc) and inhibition efficiency
Npo1% are represented in Table 3. It is clear from the table that as the concentration of the heterocyclic
oximes increases corrosion current density of copper specimens (Icorr) lowered appreciably. The
corrosion inhibition efficiency was increased with the concentration of oximes. Similar to the results
of EIS studies, Hp3ylm displayed enhanced inhibition efficiency than Hp2ylm at all concentrations.

On close examination of the Tafel plots of Hp2ylm, Fig. 5(a) and polarisation parameters, it may
be concluded that the corrosion potentials of copper at various concentrations of Hp2ylm changes to
cathodic and anodic directions and the inhibitive response of this oxime can be regarded as mixed type
i.e., Hp2ylm affects both sites of corrosion (anodic and cathodic) more or less uniformly. Also the
cathodic and anodic slopes of the Tafel curve changes in each scans, which can be taken as an additional
supporting evidence for the above argument.
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Fig. 5. Tafel plots for copper in the absence and presence of a) Hp2ylm and b) Hp3ylm in 0.1 M
nitric acid

On evaluating the polarization curves of copper in the presence and absence of Hp2ylm and Hp3ylm
(Fig. 5), one can see the change of cathodic and cathodic slopes as compared to that of blank, suggesting
that these molecules inhibit the cathodic and anodic process of corrosion appreciably, in other words
these oximes are having the behaviour of mixed type corrosion inhibitor. The corrosion inhibition
efficiencies of Hp3ylm on the copper metal surface were higher at all concentrations than that of
Hp2ylm. These results are in good agreement with the results of impedance analysis.
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Table 3. Tafel parameters of Cu in the presence and absence of oximes in 0.1 M HNOs

Oxime  Parameter Blank 0.2mM 0.4mM 0.6mM 0.8mM 1.0mM

-Ecor(mV/SCE) 240 339 100 158 274 271

Hp2ylm Lo (WA/cm?) 27 37.7 26.2 25.7 23.2 18.7
ba(mV/dec) 168 214 134 159 163 178
-b. (mV/dec) 309 283 370 340 321 372
Npol %o - -39.62 2.96 4.81 14.07 30.74
-Ecor(mV/SCE) 240 313 191 160 145 125
Leorr (LA/cm?) 27 18.4 14.8 8.2 4.8 2.6

Hp3ylm b, (mV/dec) 168 173 143 100 94 69
-b. (mV/dec) 309 399 299 198 196 182
Npol %o - 31.85 45.18 69.62 82.03 90.18

2.4. Surface Morphological Studies

For studying the surface modifications, scanning electron micrographs of the metal surfaces were
taken in the absence and presence of the oximes. A clear difference was noticed between the
micrographs of bare copper surface, metal treated with HNO3 and metal treated with HNO3 in the
presence of oximes. The textures of Fig. 6(a) and 6(b) are entirely different. The smoothness of the
bare metal surface was completely lost in the presence of the corrodent nitric acid Fig. 6(b). Surface
images of copper specimens in the presence of the heterocyclic oximes Fig. 6(c) and Fig. 6(d) are
entirely different from the morphology of metal in nitric acid. This is due the development of a thin
passivation layer of oximes on copper surface. On comparing Fig. 6(c) and Fig. 6(d), it may be
assumed that a visible thin protective layer of Hp3ylm is adhered on the copper surface which can be
regarded as reason for the elevated inhibition efficiency of Hp3ylm than Hp2ylm.
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Fig. 6. SEM images of a) bare metal, b) Cu in nitric acid (10 h), ¢) Cu with HNO3 and Hp3ylm

(1mM), d) Cu with HNO; and Hp2ylm (1mM)
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2.5. Quantum Chemical Calculations

Energy of frontier molecular orbitals can be correlated with the corrosion inhibition behaviour of
molecules. Interaction of organic molecules on the surface of a metal can be explained by HSAB
concept. According to this concept, electron rich molecular orbitals of organic molecules donate
electrons to the vacant orbitals of copper atoms on the surface. Greater the energy differences between
Enowmo and Erumo lesser will be the transference of electron and hence lesser will be the metal-molecule
interaction.”>*% Quantum chemical calculations were performed by DFT method using GAMESS
software. In DFT calculations Beck’s three parameter exchange functional and Lee—Yang—Parr
correlation functional (B3LYP) was used.?” Quantum chemical parameters of Hp2ylm and Hp3ylm like
Enomo, ELumo and AE and HSAB parameters like electronegativity () and chemical hardness (1) of
the molecules determined”® by equations 8 and 9 are provided in Table 4. The HOMO and LUMO of
the molecules are given in Fig. 7.

x =~ -1/2 (Enomo + ELumo ) (8)
n = 1/2 (Enomo - ELumo ) ©)

The Enomo value of Hp3ylm was appreciably higher than that of Hp2ylm. The energy separation
AE was considerably lower for Hp3ylm than Hp2ylm, which indicate that Hp3ylm has a better
corrosion inhibition capacity than Hp2ylm. This also suggests that the energy required to transfer
electrons from the HOMO of Hp3ylm to the vacant d-orbitals of copper atoms is lower than that of
Hp2ylm. It is possible to determine the approximate number of electrons transferred (AN) from donor
to acceptor molecules quantum chemically by equation 10. For this calculation, chemical hardness of
Cu metal is assumed as zero and the approximate electronegativity of bulk Cu is taken as 4.48¢V.?’

XCu—X‘inhib (10)

z(ncu"'ninhib)

It is evident from Table 4 that the number of electrons transferred from the HOMO to the vacant
orbital of copper atom is higher for Hp3ylm than Hp2ylm. This is a clear indication of the stronger
interaction of Hp3ylm on Cu surface than Hp2ylm.

AN

Table 4. Quantum chemical parameters of Hp2ylm and Hp3ylm on copper

Molecule Enowmo (eV) ELumo (eV) AE (eV) X n AN
Hp2ylm -4.563 0.879 5.442 1.842 2.721 0.9478
Hp3ylm -4.452 0.838 5.290 1.807 2.645 0.9816

Q .
‘O
® @

Hp2ylm (HOMO) Hp2ylm (LUMO)

@
Hp3ylm (HOMO) Hp3ylm (LUMO)

Fig. 7. HOMO and LUMO of Hp2ylm and Hp3ylm
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3. Conclusions

On comparing the inhibition efficiency of two heterocyclic derivatives on copper in 0.1 M HNOs3,
Hp3ylm exhibited very high corrosion inhibition efficiency on copper metal than Hp2ylm in 0.1 M
HNO;3 as per electrochemical studies. At 1 mM concentration, Hp2ylm and Hp3ylm displayed 26.93%
and 90.14% of corrosion inhibition efficiency respectively according to impedance studies. The
heterocyclic oxime Hp3ylm obeyed Langmuir adsorption isotherm on copper metal in nitric acid.
Adsorption studies revealed that both physisorption and chemisorption involved in the interaction of
Hp3ylm on the copper metal surface. Polarization studies revealed that both oximes act as a mixed type
corrosion inhibitor. The reason for difference in the corrosion protection capacity of molecules was
explained by quantum chemical investigations.

Acknowledgement
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4. Experimental
4.1. Synthesis and Characterisation

Chemicals used for the study such as pyridine-2-aldehyde, pyridine-3-aldehyde, hydroxyl amine
hydrochloride, sodium acetate and nitric acid were of analytical grade (Merck Millipore). Carbon,
hydrogen, and nitrogen content of the oximes were determined by microanalysis using Vario EL III
model CHN analyzer (Elementar make). Electronic spectrum was measured in DMSO medium using
a Shimadzu make spectrophotometer. F-IR spectra of the oximes were recorded using KBr disc
technique in the range 4000-400cm™! on a Shimadzu FT-IR Spectrometer. NMR spectra ('H: 300 and
13C: 75 MHz) of the compounds were taken in DMSO-dg on a Bruker AMX-400 NMR spectrometer.

Heterocyclic oximes Hp2ylm and Hp3ylm*® were prepared by the following method. To a 1:1 ratio
mixtures of hydroxylamine hydrochloride and sodium acetate in aqueous medium, alcoholic solution
of pyridine-2-carbaldehyde/pyridine-3-carbaldehyde was added with constant stirring, refluxed for 20
minutes and cooled. The separated oxime was filtered, washed with alcohol- water mixture (1:1) and
dried.

Hp2ylm CHN calcd. for CsHsN2O: C, 59.01; H, 4.91; N, 22.95; O, 13.12%. Found. C, 58.45; H,
4.54; N, 22.56 ; O, 12.72%; IR (KBr): vc=n 1593 cm. 'THNMR: 8on 9.65, Scu=~ 8.27. *Cnmr: Scu-n
136.82. Mass: M peak (base peak) m/z: 122. Mp = 135 °C; soluble in H,O, ethanol, acidic medium,
pale pink colour, n—n" and n—n" electronic transitions at 39062cm™ and 29411cm™.

Hp3ylm CHN calcd for CsH¢N2O: C, 59.01; H, 4.91; N, 22.95 ; O, 13.12%. Found. C, 58.29; H,
4.44; N, 22.47 ; O, 12.97%; IR (KBr): v c=n 1633 cm™'. 'HNMR: 8o 8.66, Scu=~ 8.17. *Cnmr: Scu=n
133.74. Mass:M" peak and base peak m/z: 122. Mp = 108 °C; white colour, soluble in H,O, ethanol,
acidic medium, t=—=n" and n—n" electronic transitions 38986cm™ and 29411cm™.

Molecular structures of the heterocyclic oximes Hp2ylm and Hp3ylm are given in Fig. 8 and Fig. 9.

O~ O

Fig. 8. Structure of Hp2ylm Fig. 9. Structure of Hp3ylm
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4.2. Electrochemical Measurements

Approximate composition of copper metal was determined by EDS method was 99.5 % Cu,
0.0033% Ni, 0.0079 % Mn, 0.0089 % Al, and 0.13% Si. Copper strips used for the investigation was
abraded by various grades of emery sheets (200, 1000, 1500, and 2000). The metal surface was
degreased with acetone, washed with water and dried. Using 0.1 M HNOs, solutions of Hp3ylm and
Hp2ylm were prepared in the range 0.2-1.0 mM.

Electrolytic cell used for the study consisted of three electrodes namely saturated calomel electrode
(reference), platinum electrode (inert, area 1 cm?) and copper strip (working electrode- area 1 cm?). To
attain open circuit potential, copper electrode was exposed to the aggressive solution for 1 h. For
eliminating the polarization effects, copper specimen and SCE was kept very close. Computer
controlled electrochemical workstation (Ivium compactstat-e model) was used to conduct
electrochemical analysis.

4.3. Impedance Spectroscopic Studies

EIS studies were carried out at OCP over 1 KHz-100 mHz frequency range with a potential
perturbation amplitude of 10 mV. After the experiment, Nyquist plots were analyzed using equivalent
circuit. From the charge resistance values of copper specimens, percentage of corrosion inhibition
efficiency was calculated using equation 11.3!-2

R. — R 11
%:%xmo, (D

ct

Ngrs

where R and R’ are the charge transfer resistances of copper electrode in the presence and absence
of oximes respectively.

4.4. Tafel Polarization Studies

Copper electrodes were scanned between -250 to +250 mV Vs corrosion potential (Ecor).
Throughout the experiment scanning rate of 1 mV/sec was used. By analysing the Tafel polarization
curves, corrosion current densities (Icorr) and anodic and cathodic slopes were obtained. Corrosion
protection efficiencies (npo1%) of oximes on copper in 0.1M HNOs was determined®*** using Eq. (12).

o = I(:orr - I’corr % 100 (12)

Npol
po Icorr

In the above equation, Icorr and I’corr represent the corrosion current densities of copper in the
absence and presence of oxime.

4.5. Quantum chemical studies

To correlate the electronic structure and corrosion protection efficacy of oximes quantum chemical
studies were performed using DFT method using GAMESS software.

4.6. Surface morphological investigations

To investigate the surface modifications on the copper metal specimens during the process of
corrosion and corrosion inhibition, scanning electron microscopic studies were conducted using Joel
JSM-6390 LV/JED-2300 model microscope.
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