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Abstract: The effect of an antibacterial Septazole on the corrosion of copper was studied in 0.1 M HCI at different
concentrations using potentiodynamic polarization, electrochemical frequency modulation (EFM) and electrochemical
impedance spectroscopy (EIS) measurements. Potentiodynamic polarization indicated that Septazole acted as mixed- type
inhibitor. EIS measurements were also used to investigate the mechanism of corrosion inhibition. Results obtained from
EFM technique were in agreement with potentiodynamic and EIS techniques. The adsorption of Septazole on the surface of
copper followed the Langmuir adsorption isotherm at all concentrations and temperatures studied. The reactivity of
Septazole was analyzed through quantum chemical calculations based on PM3 semi-empirical method to explain the
efficiency of this inhibitor as corrosion inhibitors.
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I. INTRODUCTION

Copper is used in many types of industrial and electronics applications due to its easily available, economically suitable,
excellent electrical, thermal conductivity and a relatively noble metal, requiring strong oxidants for its corrosion or
dissolution. It is well-known that corrosion products have a negative effect on heat transfer on the copper based heat
exchanger, which can be reduced by periodic cleaning in hydrochloric acid pickling solutions. Corrosion inhibitors could
effectively remove some of the undesirable reactions connected with destructive effects of hydrochloric acid pickling
solutions on the copper surface and prevent its dissolution [1-3]. Several organic compounds containing sulfur, nitrogen and
oxygen hetero-atoms have been reported as corrosion inhibitors [4, 5]. The efficiency of an inhibitor is mainly dependent
on its ability to get adsorbed on the surface of metal which consists of a replacement of water molecule at a corroding
interface. The adsorption of this inhibitor is affected by the electronic structure of inhibiting molecules, steric factor,
aromaticity, and electron density at donor site, presence of functional group such as -N=N, -CHO, R—OH etc., molecular
weight and molecular area of the inhibitor molecule as reported [7-9]. A few researchers have been reported the use of
antibacterial drugs as corrosion inhibitors because of presence of oxygen, nitrogen and sulphur in their structures as active
centres, high solubility in water, high molecular size, non toxic “environmentally friendly” corrosion inhibitors, important
in biological reactions and drugs that can be easily produced and purified [10-17].

In present work the inhibitive behaviour of Septazole (4-amino-N-(5-methylisoxazol-3-yl) benzenesulfonamide) on copper
in 0.1 M HCI solution has been studied using electrochemical techniques. Quantum chemical calculations were employed
to explain the efficiency of this drug as corrosion inhibitor.
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II. EXPERMINTAL
A. MATERIALS AND SOLUTIONS

The working electrode was mechanically cut from cylindrical copper rod having composition (weight %): Ni 0.54; Fe
0.066; impurities 0.35 and Cu, balance. The surface of working electrode was abraded using different grades (320—1200
grade) of emery papers, degreased with acetone, washed with bidistilled water and dried with soft paper. The experimental
measurements were carried out in 0.1 M HCI solution in the absence and presence of various concentrations of Septazole
drug for all studies. Septazole drug was purchased from Alexandria Co. for Pharmaceuticals, Egypt. The chemical structure
of Septazole (4-amino-N-(5-methylisoxazol-3-yl) benzenesulfonamide) is given in Fig. 1. The concentrations of inhibitor
employed were varied from 100 to 900 ppm (mg L™"). For each experiment, a freshly prepared solution was used.
CH;

H,N

Fig. 1. Chemical molecular structure of Septazole
B. ELECTROCHEMICAL MEASURMENTS

Polarization experiments were carried out in a conventional three-electrode cell with a platinum counter electrode (1 cm?)
and a saturated calomel electrode (SCE) coupled to a fine Luggin capillary as the reference electrode. The working
electrode was in the form of a square cut from copper embedded in epoxy resin of polytetrafluoroethylene (PTFE) so that
the flat surface was the only surface in the electrode.

The electrochemical measurements were carried out using a Gamry instrument Potentiostat/Galvanostat/ZRA (PCI 300/4).
This includes a Gamry Framework system based on the ESA400, Gamry applications that include DC105 for dc corrosion
measurements, EIS300 for electrochemical impedance spectroscopy and EFM140 software for electrochemical frequency
modulation measurements along with a computer for collecting data. Electrochemical data were analyzed by Echem
Analyst 5.5 software. The working electrode was immersed in the test solution before starting the measurements, until a
steady state was reached (30 min). For potentiodynamic polarization measurements, the potential was scanned at a scan rate
of ImVs . Potential changed automatically from -700 mV up to +300.mVgcg. EIS measurements were performed at open-
circuit potential over a frequency range of 0.1Hz to 100 kHz. The sinusoidal potential perturbation was 5 mV in amplitude.
EFM carried out using two frequencies 2.0 and 5.0 Hz. The base frequency was 1.0 Hz. We use a perturbation signal with
amplitude of 10 mV for both perturbation frequencies of 2.0 and 5.0 Hz.

C. QUANTUM CHEMICAL STUDY

Quantum chemistry calculations were performed using the program package Materials studio 5.0 [18] with the
semiempirical self-consistent field molecular orbital (SCF-MO) method to calculate the physical properties of molecular
orbital of inhibitor. The geometry of inhibitor was optimized by the restricted Hartee—Fock (RHF) level using PM3
Parameterization.
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ITII. RESULTS AND DISSCUSSION
A. POTENTIODYNAMIC POLARIZATION

Potentiodynamic polarization curves for the corrosion of copper in 0.1M HCI in the absence and presence of different
concentrations of Septazole at 298 K are shown in Fig.2. The corrosion current density (I.), anodic (,) and cathodic (j3.)
Tafel slopes were calculated by extrapolation of linear parts of anodic and cathodic curves to the corresponding corrosion
potential (E,). The percentage inhibition efficiency (IEpp %) and the degree of surface coverage (0), were calculated from
equation (1) [19]:

IEpp%=9x100={M}xloo__-- ..... (1)

b

Where,
I,= The corrosion current density of uninhibited solution.
I;,;, = The corrosion current density of inhibited solution.

The electrochemical parameters, determined from Tafel polarization curves are summarized in Table 1. The data in Table 1
showed that the current density decreased in the presence of Septazole than in its absence. The % inhibition efficiency
increased with increasing Septazole concentration. This indicates that Septazole molecules are adsorbed on the metal
surface. The inhibition was more pronounced with increasing inhibitor concentration. Tafel lines are shifted to more
negative and more positive potentials with respect to the blank curve by increasing the concentration of the inhibitor (Fig.
2), also there is a small changes in E,,,; value. This behavior indicates that Septazole acts as mixed-type inhibitor [20].
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Figure 2. Potentiodynamic polarization curves for the corrosion of copper in 0.1M HCl in the absence and presence of
different concentrations of Septazole at 298 K
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Table 1: Electrochemical parameters obtained from potentiodynamic polarization measurements of copper in 0.1 M HCl in
the absence and presence of different concentrations of Septazole at 298 K

Conc., Eeorr Leon, Bes Pa 0 1Epp%
Ppm mV uA cm? mV dec™ mV dec™
94 284.10 670 351 -
100 154 87.50 650 258 0.692 69.2
300 180 717.55 708 258 0.727 72.7
500 195 66.19 639 234 0.767 76.7
700 215 54.29 568 231 0.809 80.9
900 212 43.18 501 233 0.848 84.8

B. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) MEASURMENTS

Nyquist plots of copper in 0.1 M HCI solution in the absence and presence of different concentrations of Septazole at 298 K
are shown in Fig. 3. The charge transfer resistance (R.) values were calculated from the difference in the Nyquist plots at
low and high frequencies. Therefore, the inhibition efficiency, (IEgs %) and the degree of surface coverage (0) of Septazole
can be calculated from the charge- transfer resistance according to Eq. (2) [21]:

Ry =R ”}XIOO - @

IEE,S%zexloo{

ct

Where,
R’ = The charge-transfer resistances for uninhibited solution.
R, = The charge-transfer resistances for inhibited solution.

The double layer capacitance values (Cg) at different Septazole concentrations, was calculated using equation (3) [22]:

1 1
Cp=—=or—ro e (3

oR 27

ct

max ~ct

Where,

fmax = The frequency at the maximum in the Nyquist plot.

R, = the values of charge transfer resistance.

Cq = double layer capacitance obtained from the Nyquist plots and the calculated inhibition efficiency values (IEg;s %) are
reported in Table 2.

It is apparent from this table that the value of R, increased with increasing concentration of Septazole. The increase in R,
values is attributed to the formation of an insulating protective film at the metal/solution interface. So that. The (IEgs %)
increased. On the contrary, the value of Cy decreased upon the addition of the inhibitor, suggesting, a decrease in the local
dielectric constant and/or an increase in the thickness of the electrical double layer, indicating the inhibitor molecules
function by the formation of the protective layer at the metal surface [23].
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Figure 3. Nyquist plots for corrosion of copper in 0.1 M HCI in the absence and presence of different concentrations of
Septazole at 298 K
Table 2: Electrochemical parameters obtained from electrochemical impedance spectroscopy (EIS) measurements of
copper in 0.1 M HCl in the absence and presence of different concentrations of Septazole at 298 K

Conc., Rep Ca 0 [Egis%
ppm Qcm’ uF cm?

--- 172.7 2640 - -
100 487.2 1980 0.645 64.5
300 654.8 1910 0.736 73.6
500 756.2 1590 0.772 77.2
700 877.6 1560 0.803 80.3
900 980.7 1542 0.824 82.4

C. ELECTROCHEMICAL FREQUENCY MODULATION (EFM) MEASURMENTS

EFM is a nondestructive and a rapid test technique. Also, The EFM technique is used to calculate the anodic and cathodic
Tafel slopes as well as corrosion current densities without prior knowledge of Tafel constants. Fig. 4a and b show
representative examples for EFM intermodulation spectra of copper in 0.1 M HCI in the absence and presence of 900 ppm
of inhibitor at 298 K. Similar results were obtained for the other concentrations. The peaks of spectrum are analyzed by the
EFM140 software to calculate the corrosion current and the Tafel constants. The inhibition efficiency (IEgry, %) and the
degree of surface coverage (o) can be calculated from equation (4) :

IE ;% = 0x100 = {%} K100 —ooememmeemeeeee “
b

The electrochemical parameters obtained from spectral analysis of EFM are summarized in Table 3. It is clear that from this
table, the values of /., decrease with increasing the concentration of inhibitor, this means (/Eggy, %) increased, suggesting
that Septazole inhibits the corrosion process by adsorption on the copper surface. The values of causality factors (CF-2, CF-
3) are very close to theoretical values (2) and (3) according to the EFM theory, suggesting that, the validity of Tafel slopes
and corrosion current densities [24, 25].
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Figure 4. Intermodulation spectra of copper in 0.1M HCI solution (a), and intermodulation spectra of copper
in 0.1M HCI solution in presence of 900 ppm Septazole (b) at 298 K
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Table 3: Electrochemical parameters obtained from electrochemical frequency modulation (EFM)
measurements of copper in 0.1 M HCI in the absence and presence of different concentrations of Septazole at

298 K:

Conc., Teorrs Bes Ba CF-2 CF-3 0 1Egpm %
ppm uA cm? mV dec™ mV dec’

--- 135.0 40 57 1.821 3312 .
100 46.98 38 65 1.976 3.187 0.652 65.2
300 34.96 36 59 2.001 3.244 0.741 74.1
500 31.32 41 67 1.942 3.130 0.768 76.8
700 25.11 45 81 2.062 3.308 0.814 81.4
900 21.19 43 78 2.051 3.124 0.843 84.3

D. ADSORPTION ISOTHERM AND THERMODYNAMIC PARAMERTS

Basic information on the interaction between the surface of copper and inhibitor can be determined from several adsorption
isotherms. The common used adsorption isotherms are the Temkin, Frumkin, Langmuir and Flory—Huggins isotherm. The
degree of surface coverage (8) for different concentrations of the inhibitor (Cj,,) has been evaluated. The data were tested
graphically to determine a suitable adsorption isotherm. A straight line with linear correlation coefficient (R?) is almost
equal to 1.0, was obtained on plotting C;,,/0 versus Cy,;, at all studied different temperatures as shown in Fig. 5, indicating
that adsorption of the inhibitor on the copper surface obeys the Langmuir adsorption isotherm. According to the Langmuir
adsorption isotherm, the surface coverage (0) is related to inhibitor concentration (C;,,) by equation (5) [26]:

Where,

K.4s = the adsorption equilibrium constant.

The slopes of straight lines (Fig.5) were found to be very close to unity. This means that, adsorbed molecule occupies only
one site and it does not interact with other adsorbed species [27]. The K,4s values can be calculated from the intercept lines
on the Cinhi/ 0 axis in Fig.3. K,y is related to the standard free energy of adsorption (AG®0) by equation (6) [26]:

Kads = ! exp (_ Ai;d& ) ___________ (6)

solvent

Where,

C,oivent = molar concentration of the solvent, which in the case of water is 55.5 mol L

R = the gas constant

T = the absolute temperature.

The calculated values of K,4, and AGOQ,dS are given in Table 4. As shown from Table 4, the large values of K,y obtained for
investigated drug, imply efficient adsorption and, therefore, better inhibition efficiency. The negative value of AG’,,
indicated spontaneous adsorption of the inhibitor on the surface of copper. Generally, the value of AG”, up to - 20 kJ mol’'
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suggests electrostatic interactions between the charged molecules of inhibitor and the charged metal surface (i.e.,
physisorption). On the contrary, the value of AG’q, above — 40 kJ mol ', involve charge sharing or transfer from the
inhibitor molecules to the metal surface to form a coordinate bond (i.e., chemisorptions). In our measurement, the
calculated value AG’, at 298 K for copper is - 36.4 kJ mol ™', which suggests that adsorption of the inhibitor on the copper
surface involves both physical and chemical process [28, 29]. But the inhibition efficiency decreased with increasing
temperature, indicating that the inhibitor adsorbed predominantly physically on the copper surface [30].
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Figure 5. Langmuir adsorption isotherm of Septazole on copper surface in 0.1 M HCI at different

temperatures
Table 4: Thermodynamic parameters for the adsorption of Septazole on copper in 0.1 M HCI at different
temperatures
Temp., Kugx 107, -AG s,
K M kJ mol’!
298 1.44 36.4
308 1.11 34.3
318 0.36 24.9
328 0.35 24.4

E. EFFECT OF TEMPERATURE AND KINETIC PARAMETARS

To evaluate the mechanism of inhibition and to determine the kinetic parameters of the corrosion process, potentiodynamic
polarization measurements were carried out at 298- 328 K. The effect of temperature on the corrosion inhibition efficiency
(IE %) of copper in the presence of different concentrations of the inhibitor is represented in Fig. 6. As shown from Fig. 6,
the inhibition efficiency (IE %) decreased with increase in temperature, and hence, protective film of inhibitor formed on
the surface of copper is less stable at higher temperatures, which may be due to the desorption of some adsorbed molecules
from the surface of the copper, due to which greater area of the metal is exposed to the acidic environment as reported [27].
The apparent activation energy (E,) of copper corrosion in 0.1 M HCI can be expressed using the Arrhenius equation (7)
[31]:
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E
l,., = AGXP(— R;) (7

Where,

1. = the current density.

E, = the apparent activation energy (kJ mol™).

A = the Arrhenius pre-exponential factor.

Fig.7 shows, the Arrhenius plot of log I, against 1/T for the corrosion of copper in 1 M HCI solution in the absence and
presence of various concentrations inhibitor. From Fig.7, the values of E, were calculated from the slope of each individual
line using the expression E, = (slope) x 2.303R, and then, are listed in Table 5. It is clear from Table 5, that the values of E,
for the inhibited solutions were higher than that for the uninhibited solution, suggesting a physical adsorption. The increase
in E, can be attributed to an appreciable decrease in the adsorption of the inhibitor on the copper surface with increase in
temperature. Similar behaviour was previously reported [32, 21]. The values of the enthalpy of activation (AH") and
entropy of activation (AS*) were calculated by equation (8) [31]:

I — E e A_S’* ex — £ e (8)
corr Nh m R p RT

Where,

h = Planck’s constant .

N =the Avogadro’s number.

A plot of log I..,/T vs. 1/T. (Fig. 8), gave straight lines with slope of (-AH/2.303R) and an intercept of, {log(R/Nh) +
AS/2.303R} from which the values of AH and AS™ were calculated and summarized in Table 5. The positive values of AH"
for corrosion of copper in the presence and absence of the inhibitor reflect the endothermic nature of the metal dissolution
process as reported [33]. The entropy of activation values are less negative for inhibited solutions than that for the
uninhibited solutions. This indicates that an increase in randomness occurred while moving from reactants to the activated
complex as reported [34, 35].

Figure 6. Effect of temperature on (IEpp %) of copper in 0.1 M HCI in the presence of various concentrations
of Septazole
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Figure 7. log Icorr vs. (1/T) curves for the corrosion of copper in 0.1 M HCI in the absence and presence of
different concentrations of Septazole at different temperatures
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Figure 8. log Icorr/T vs. 1/T in absence and presence of various concentrations of Septazole at different
temperatures
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Table 5: Kinetic parameters for copper corrosion in 0.1 M HCI in the absence and presence of various
concentrations of Septazole

Conc., E., AH -AS"

ppm KJ mol KJ mol! J mol'k’',
blank 9.40 5.17 194.9

100 37.9 6.58 185.68
300 38.3 7.53 183.45
500 39.1 9.54 178.23
700 40.2 10.51 176.12
900 40.8 11.95 173.40

F. QUANTUM CHEMICAL CALCULATIONS

Quantum-chemistry calculations have been performed in order to study the molecular structure and the reaction
mechanisms in order to interpret the experimental results as well as to solve chemical ambiguities and to correlate the
inhibition efficiency to the molecular properties of inhibitor. The optimized geometry of the inhibitor and distributions of
Mulliken charge, as well as the nature of their molecular orbitals, HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) are shown in Fig.9. According to the frontier molecular orbital theory, the formation
of a transition state is due to an interaction between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of reactants [36]. Quantum chemical parameters related to the molecular electronic
structure such as, Egomo, ELumo, energy gap (AE = E;pymo - Enomo) and the dipole moment (u) were calculated. It is found
that, a high Egomo values ( -9.19 eV) of the molecules leads to higher electron donating ability to appropriate acceptor
molecules with low energy empty molecular orbitals. A low E;ymo values (-0.94 eV) suggests that the molecule accepts
electrons easily from donor molecules. The difference AE = E;ymo - Enomo is the energy required to move an electron from
HOMO to LUMO. The smaller value of AE (8.25 eV) facilitates adsorption of the molecule and thus will cause higher
inhibition efficiency, because the energy to remove an electron from the last occupied orbital will be low [37]. Low value
(4.44 eV) of the dipole moment (u) will favour the accumulation of inhibitor molecules on the metallic surface. From the
values of Mulliken charge (Fig. 9) we can observe the presence of excess of negative charge on nitrogen, oxygen and sulfur
atoms which can be adsorbed on the copper surface using these active centers leading to the corrosion inhibition action.
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Figure 9. Optimized structure with Mulliken charge (a), Molecular orbital (HOMO) plot (b) and molecular orbital (LUMO)
plot (c) of Septazole using semi empirical PM3 method.
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G. MECHANISM OF CORROSION INHIBITION

The adsorption of investigated drug can be attributed to the presence of polar unit having atoms of nitrogen, sulphur and
oxygen and aromatic/heterocyclic rings. Therefore, the possible reaction centers are unshared electron pair of hetero-atoms
and n-electrons of aromatic ring [38]. The adsorption and inhibition effect of Septazole drug in 0.1 M HCI solution can be
explained as follows: In general, two modes of adsorption are considered on the metal surface in acid media. In the first
mode, the neutral molecules may be adsorbed on the surface of copper through the chemisorption mechanism, involving the
displacement of water molecules from the copper surface and the sharing electrons between the hetero- atoms and Cu. The
inhibitor molecules can also adsorb on the copper surface. In the second mode, since it is well known that the copper
surface bears positive charge in acid solution [38], so it is difficult for the protonated molecules to approach the positively
charged copper surface due to the electrostatic repulsion. Since chloride ions have a smaller degree of hydration, thus they
could bring excess negative charges in the vicinity of the interface and favor more adsorption of the positively charged
Septazole molecules, the protonated Septazole adsorb through electrostatic interactions between the positively charged
molecules and the negatively charged metal surface. Thus there is a synergism between adsorbed CI” ions and protonated
Septazole. Thus we can conclude that inhibition of copper corrosion in 2 M HCI is mainly due to electrostatic interaction.
The decrease in inhibition efficiency with rise in temperature supports electrostatic interaction.

IV. CONCULSIONS
From the overall experimental results the following conclusions can be deduced:
1. The investigated drug is good inhibitor and act as mixed type but mainly act as anodic inhibitors for copper corrosion in
1 M HCI solution.
2. The results obtained from all electrochemical measurements showed that the inhibiting action increases with the inhibitor
concentration and decreases with the increasing in temperature.
3. Double layer capacitances decrease with respect to blank solution when the plant extract is added. This fact confirms the
adsorption of plant extract molecules on the carbon steel surface.
4. The adsorption of inhibitor on copper surface in HCI solution follows Langmuir isotherm for septazole.
5. The values of inhibition efficiencies obtained from the different independent quantitative techniques used show the
validity of the results.
6. Quantum chemical parameters for septazole were calculated to provide further insight into the mechanism of inhibition
of the corrosion process.
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