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ARTICLE INFO ABSTRACT

Article history: [3-(4-Methoxyphenyl)isoxazole-5-yl]-methanol was synthesized and used as an

Received efficient inhibitor to protect copper in 1 M sulfuric acid solution. Corrosion studies
iece“’teg in revised form were performed by electrochemical techniques, including electrochemical
ccepte

impedance spectroscopy (EIS) and potentiodynamic polarization (PDP), and
quantum chemical calculations. The effect of temperature on the copper corrosion
and inhibitor performance was also investigated. The data obtained from the
analysis of the polarization curves disclosed that the corrosion current density
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Keywords: (Icorr) of the metal dissolution decreased in the presence of inhibitor. This may
Copper; indicate a reduction in the corrosion rate, resulting from the adsorption of inhibitor
Corrosion; molecules on the active sites of the copper surface. Such a result was confirmed by
glrganic inhibitor the measured Nyquist diagrams, where total resistance increased with the addition

of inhibitor to the medium. It was also found that the inhibitor adsorption on the

Potentiodynamic polarization copper surface obeyed from the Langmuir isotherm, and the adsorption process

occurred both physically and chemically.

1. Introduction

Due to its high mechanical, electrical, and thermal
features, copper is one of the most widely used metals in
human life and various industrial fields. However,
oxidation in the air causes a relatively dense oxide film,
whose main components are CuO and Cu(OH)z, on the
copper surface. As a result, the thermal and electrical
conductivities of copper may be adversely affected so that
the applications of the copper products will be
significantly limited. Accordingly, pickling as an
efficient pretreatment is commonly used to remove the
oxide film from the copper surface to reach a bright
surface. This operation increases the possibility of
corrosion for copper, making the use of metal corrosion
inhibitors in the pickling bath necessary. Effective
corrosion inhibitors are organic compounds because of
having conjugated double bonds, heteroatoms, and polar
functional groups, which can serve as active sites to
adsorb on the metal surface [1-4].

However, many of such corrosion inhibitors are
restricted in their applications because of serious
problems that they impose on the environment.

Accordingly, the environmental regulations proposed
applying compounds that are not harmful to the
environment to prevent the corrosion of industrial
metallic facilities.

In recent years, many efforts have been made to

explore low-toxic and non-toxic efficient corrosion
inhibitors [5-9]. Within this framework, drugs or drug-
like compounds have attracted much attention for use as
inhibitors [10-13].
Components containing the isoxazole ring are an
essential class of drugs, which could be an appropriate
candidate for inhibition purposes. The O and N atoms
existing on the isoxazole ring give the possibility of
strong adsorption on the metal surface. On this basis, the
present work aims to study the inhibiting effect of a
synthesized isoxazole compound named [3-(4-
methoxyphenyl)isoxazole-5-yl]-methanol on the copper
corrosion in sulfuric acid solution.

2. Experimental
2.1. Synthesis of [3-(4-methoxyphenyl)isoxazole-5-yl]-
methanol

In a 500 ml double-walled balloon, 11.75 mmaol (87
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ml) of 4-methoxybenzaldoxime, 175 mmol (10 ml) of
propargyl alcohol, and 50 ml of dichloromethane were
mixed with the help of a magnetic stirrer. Then, 120 ml
of 5.5% sodium hypochlorite was added dropwise, and
the reaction mixture was stirred at room temperature for
48 h.

After completion of this time, the balloon’s contents were
poured into a 250 ml separating funnel, and the organic
phase was separated from the aqueous phase. The
separated organic phase was dried by sodium sulfate, and
after filtration and extraction of the solvent, the pure
substance was obtained as a brown solid at the amount of
52.12 g (92% yield) and a melting point of 57 °C.

2.2. Electrochemical experiments

Copper specimens with a size of 1x1 cm were cut from
the sheet and abraded with a series of emery papers and
then washed with double-distilled water, degreased with
acetone, and dried in air. Electrochemical corrosion
experiments were performed in a standard three-electrode
cell consisting of a platinum wire, a mounted copper
coupon, and a calomel electrode as the counter, working,
and reference electrodes, respectively.

Electrochemical  impedance  spectroscopy  (EIS)
measurements were carried out wusing Autolab
PGSTAT30 Potentiostat-Galvanostat at open circuit
potential (OCP), stable during the EIS measurement, in a
frequency range of 100 kHz-10 mHz. Potentiodynamic
polarization was measured in a potential range of —250 to
250 mV versus the OCP at the scan rate of 2 mV s™*. The
immersion time before each measurement was about 30
min. The obtained experimental EIS and PDP data were
analyzed using the software Zview2 and Nova,
respectively.

3. Results and Discussion
3.1. Characterization spectra

The FT-IR spectrum of the synthesized inhibitor is
shown in Fig. S1 (Supporting Information).
According to this figure, the absorption band that
appeared in the range of 3220-3500 cm-1 was attributed
to the O-H stretching vibration. The band in the region
between 3010 and 3120 cm-1 was related to the stretching
vibrations of aromatic C-H bonds. The bands observed in
the range of 2940-2820 cm-1 were related to the
symmetric and asymmetric stretching vibrations of the
aliphatic C-H bonds.
The stretching vibrations of the rings were observed at
1600, 1570, 1470, and 1430 cm-1, and the stretching
vibration of C=N of the isoxazole ring was monitored at
1620 cm-1.
The N-O stretching vibration of the aromatic ring created
an absorption band in the range of 1600-840 cm-1. The
absorption band at 1170 cm-1 was also described by the
stretching vibration of the O-C bond. The absorption
bands of the aromatic rings were found in the range of
1600-1475 cm-1.

Furthermore, two strong bands were observed in the
region from 1040 to 1250 cm-1, belonging to the methoxy
group attached to the phenyl ring.

The 1H NMR spectrum of the prepared inhibitor is
depicted in Fig. S2. From this figure, it was concluded
that the singlet peak at 6.2 ppm corresponded to the
resonance of the alcoholic proton. The singlet observed
at 3.85 ppm was related to the protons of the methoxy
group, and the singlet appeared at 4.49 ppm was
attributed to two protons of the methylene group. The
singlet observed at 6.5 ppm corresponded to the proton of
the isoxazole ring. The doublet peak observed at 6.98
ppm was related to two protons of the phenyl ring in the
ortho position. A doublet was also observed at 7.7 ppm,
corresponding to two protons of the phenyl ring in the
meta position. Finally, the singlet peak that appeared at
7.2 ppm was related to the solvent proton.

The 13C NMR spectrum of the inhibitor is illustrated
in Fig. S3. According to the spectrum, the peaks observed
at 54.18 and 55.12 ppm belonged to the carbons of the
methoxy and methylene groups, respectively. The peak
found from 75.67 to 76.31 ppm was attributed to the
CDCI3 solvent, and the peak observed at 98.7 ppm was
related to the hydrogen-bonded carbon of the isoxazole
ring. The two overlapped peaks that appeared at 113 and
113.2 ppm corresponded to the two carbons of the phenyl
ring in the ortho position. The peak at 120 ppm was
related to the phenyl carbon by which the phenyl ring
connects to the isoxazole ring.

The two overlapped peaks observed at 127 and 127.3 ppm
were attributed to the two carbons of the phenyl ring in
the meta position. The peaks at 159.89 and 160.93 ppm
were related to the isoxazole carbons by which the
isoxazole ring connects to the phenyl ring and methylene
group, respectively. Finally, the peak at 171 ppm was
related to the phenyl carbon by which the phenyl ring
connects to the methylene group.

3.2. Potentiodynamic polarization

The potentiodynamic polarization plots obtained for
copper in 1 M sulfuric acid solution without and with
various concentrations of the inhibitor at temperatures
ranging from 25 to 70 oC are shown in Fig. 1. The
relevant kinetic parameters, including Tafel slopes (ba
and bc), polarization resistance (RP), and corrosion
current density (Icorr) estimated through extrapolation of
the linear segments of the curves, are given in Table 1.
The data included in this table indicated that at all the
studied temperatures, the Icorr values of copper in the
inhibited solutions were lower than those in the blank
solution. The smaller values of Icorr in the inhibitor-
containing solutions were evidence of a decrease in the
corrosive attack of the copper surface, resulting from the
adsorption of inhibitor molecules on the metal surface. It
was also found that the decreasing trend observed in Icorr
was dependent on the inhibitor concentration so that an
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increase in the amount of inhibitor led to a reduction in
the Icorr values.

Table 1. Potentiodynamic polarization parameters obtained for copper in 1 M sulfuric acid solution in the
absence and presence of various concentrations of inhibitor at temperatures ranging from 25 to 70°C
T C(ppm) -Ecorr(mV/SCE) Icorr(uA cm-2) Rp(Q) bc(V dec-1) ba(V dec-1) (%)

25 390.3 2.02 1591.3 0.05550 0.11376 78.78
25 50 392.7 1.79 1593.5 0.05142 0.10068 78.81
100 401.2 1.68 1954.9 0.06818 0.11152 82.73
300 403.2 1.49 1963.6 0.07040 0.12759 82.80
600 407.5 1.15 2569.2 0.06620 0.09669 86.85
Blank 387.1 18.25 337.6 0.06486 0.06265 -
25 326.5 3.13 1383.0 0.06081 0.12739 78.20
40 50 353.3 2.60 1744.8 0.04794 0.08599 82.72
100 381.4 2.45 1802.0 0.04982 0.09949 83.27
300 374.1 2.21 1961.0 0.04870 0.07840 84.63
600 376.1 2.09 2282.8 0.04074 0.08427 86.79
Blank 313.1 20.80 301.4 0.04834 0.08135 -
25 376.6 3.92 299.1 0.06263 0.06949 74.36
50 50 369.3 3.87 300.1 0.04197 0.06665 74.42
100 381.5 3.68 1043.2 0.04285 0.09945 75.45
300 383.9 3.32 1608.2 0.05671 0.11490 84.07
600 391.2 2.98 1878.3 0.06109 0.07586 86.36
Blank 368.3 23.10 256.1 0.02678 0.05351 -
25 364.4 4.97 179.1 0.07448 0.10236 76.42
70 50 376.6 4.89 228.3 0.06058 0.06209 42.01
100 391.2 4.76 473.7 0.04202 0.06068 72.04
300 393.7 4.35 479.2 0.06628 0.09080 72.37
600 396.3 3.92 502. 9 0.06172 0.08281 73.67
Blank 369.3 29.50 132.4 0.03769 0.08223 -

Table 2. EIS parameters obtained for copper in 1 M sulfuric acid solution in the absence and presence of various
concentrations of inhibitor at temperatures ranging from 25 to 70 °C.

C CPEf Rf CPE-dI Rct Rtotal W
T(°0 (ppm) YO0x10-6 (Q cm2) Y0x10-6 (Q cm2) (kQ cm2) (Qcm2 s1/2)
(Q-1cm-2Sn) n (Q-1cm-2Sn) n

25 Blank 352.28 0.45 1.75 0.82 0.88 250.20 251.95 321.50
25 0.96 0.84 146.30 476.65 0.50 979.50 1125.80 -
50 105.52 0.83 245.90 358.31 0.56 999.20 1245.10 -
100 153.18 0.82 252.20 348.87 0.54 1153.00 1405.20 -
300 147.74 0.79 7.37 200.69 0.57 2196.00 2203.37 -
600 0.20 0.90 27.92 251.23 0.60 2930.00 2957.92 -

Blank 456.35 0.45 1.37 0.57 0.89 220.50 221.87 256.30
25 104.76 0.82 159.00 468.85 0.52 681.30 840.30 -
20 50 179.92 0.78 277.80 3954.10 0.55 741.90 1019.70 -
100 161.11 0.76 634.10 8740.40 0.83 457.40 1091.50 -
300 270.45 0.70 1106.00 7802.70 0.98 235.40 1341.40 -
600 162.83 0.56 923.89 1364.70 0.98 995.9 1919.79 -

Blank 165.58 0.82 7.75 1525.90 0.48 211.80 219.55 97.44
25 0.97 0.86 4353 698.12 0.50 34350 387.03 -
50 50 0.87 0.83 51.13 491.27 051 608.70 659.83 -
100 0.94 0.84 4552 451.97 051 738.80 784.32 -
300 149.29 0.76 128.00 318.45 051 1213.00 1341.00 -
600 0.37 0.86 13.54 320.47 0.54 1483.00 1496.45 -

Blank 103.88 0.84 9.86 1227.20 0.46 201.80 211.66 1745
25 225.70 0.78 79.50 1441.00 051 315.50 395.00 -
20 50 235.73 0.76 66.49 1987.70 0.50 278.20 344.69 -
100 198.94 0.76 135.50 1113.40 0.50 470.90 606.40 -
300 0.62 0.87 7.76 665.42 0.51 672.50 680.26 -
600 106.62 0.77 102.80 300.56 0.51 1106.00 1208.80 --
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Table 3. Values of the coefficients A, B, C, and D in Eqg. (2)
obtained at all the studied temperatures.

T (C) A B C D
25 0.9496 0.6739 1.0090 0.9881
40 0.9410 0.6186 1.0106 0.9861
50 0.9761 0.8455 1.0043 0.9944
70 1.0145 1.0935 0.9974 1.0034
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Fig. 1. Tafel curves for copper in in 1 M sulfuric acid solution
in the absence and presence of various concentrations of
inhibitor at temperatures ranging from 25 to 70 oC.
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Fig. 2. Nyquist diagrams for copper in in 1 M sulfuric acid
solution in the absence and presence of various concentrations
of inhibitor at temperatures ranging from 25 to 70 oC.

116

(2) CPEp (®) CPEp
CPE g1
CPE,
Rg di Ry
Ry — Rr
Rt Rt

Fig. 3. Equivalent circuit models used to fit experimental EIS
data. The circuits (2) and (b) were applied for the solutions with
and without inhibitor, respectively.

For instance, the Icorr value of 18.25 pHA cm-2 in the
blank solution at 25 oC decreased to 2.02 and 1.15 pA
cm-2 in the presence of 25 and 600 ppm of the inhibitor,
respectively. Table 1 indicates that the presence of
inhibitor in the corrosive medium shifted the corrosion
potential to more negative values. Such behavior was
previously reported for copper in 0.5 M sulfuric acid
solution [3,4]. The displacement of Ecorr toward the
cathodic direction was less than 85 mV for all cases. This
observation is generally interpreted in the literature as a
mixed-type inhibiting effect of the inhibitor, meaning that
the proposed inhibitor mitigated the copper corrosion by
reducing the rates of both cathodic and anodic reactions.
The obtained Icorr values were used to estimate inhibition
efficiencies by the following equation [14,15]:

It:oorr -

5 corr ><100

corr

1)
77 =

where and denote the corrosion current densities in the
absence and presence of inhibitor, respectively.
According to Table 1, the inhibition efficiency increased
with increasing the inhibitor concentration and reached a
maximum value of 86.85% in the presence of 600 ppm of
the inhibitor at 25 oC. It was also observed that the
inhibition efficiency at the optimum concentration of 600
remained almost constant with increasing temperature
from 25 to 50 oC, but then experienced a relatively large
reduction at 70 oC. This behavior demonstrated that the
proposed inhibitor could be used effectively in a specific
temperature range without any diminishing in its
performance.

3.3. EIS results

EIS measurements were performed in the absence and
presence of various inhibitor concentrations in 1 M
H2S04 solution. Fig. 2 illustrates the Nyquist diagrams
of the inhibited and uninhibited copper samples
immersed in the aggressive solution at 25, 40, 50, and 70
°C. The Nyaquist plots of the blank solution depicted two
capacitive time constants at higher and medium
frequencies and a straight line at low frequency, which is
related to the Warburg impedance.
Warburg is attributed The equivalent circuit models
shown in Fig. 3 were applied to fit the experimental EIS
data. The parameters obtained from fitting are given in
Table 2. The solution resistance is Rs, the resistance of
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inhibitor film formed on the copper surface is Rf, the
charge transfer resistance is Rct, and the Warburg
impedance is W. CPEdI and CPEf are constant phase
elements corresponding to the film and double layer
capacitance, respectively. The impedance of CPE is
calculated by the equation: Z pp = (Yojw)"", where Yo,

j» @, and n are the admittance of CPE, imaginary root,
angular frequency, and CPE exponent, respectively.
Table 2 indicated that at a constant temperature,
increasing the inhibitor concentration from 25 to 600 ppm
resulted in an improvement in the Rct and Rtotal values.
On this basis, it could be concluded that the charge
transfer process was retarded by forming a film of
inhibitor on the copper surface. On the other hand,
increasing temperature form 25 to 70 oC disturbed the
film formation on the surface, leading to a reduction in
the corrosion resistance.

3.4. Quantum chemical calculations

Density functional theory (DFT) was used to make a
relationship between the molecular structure of the
inhibitor and its inhibition performance. DFT
calculations were performed using Gaussian03 at the
level of B3LYP/6-31G** to optimize the inhibitor
structure and obtain some quantum chemical parameters,
such as the energy of the highest occupied molecular
orbital (EHOMO), the energy of the lowest unoccupied
molecular orbital (ELUMO), and dipole moment (). The
calculated values of these parameters were obtained as
EHOMO = -0.23587 eV, ELUMO = -0.03646 ¢V, and n
1.3182. These parameters were connected to the
inhibition efficiency through the quantum structure-
activity relationship (QSAR). The following non-linear
QSAR was applied to make a correlation between the
experimental inhibition efficiencies and calculated
quantum chemical parameters [16]:

n (AEHOMO +BE o + Cu— D)Cinh ()

100 1+ (AEiiomo + BE ymo +Ct = D)Cyy

The obtained values of the coefficients A, B, C, and D at
each temperature are collected in Table 3. Using these
coefficients and Eg. (2), one can predict inhibition
efficiencies at any desired concentration of the inhibitor.

4. Conclusions

According to the results obtained in this work,
increasing the concentration of inhibitor from 25 to 600
ppm decreased the corrosion rate of copper. Such a
reduction in corrosion was more effective in temperatures
lower than 50 oC, where the inhibition efficiency
exhibited a large decrease as the temperature was raised
to 70 oC. It was also concluded that the studied inhibitor
affected both anodic and cathodic reactions with a small
shift of corrosion potential towards the cathodic
direction. This indicated that the proposed compound
acted as a mixed-type inhibitor, but predominately
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controlled the hydrogen evolution as the cathodic
reaction.
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