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Abstract —With contrast to the traditional techniques of identifying new corrosion inhibitors in wet lab, a prior dry-lab process, followed by a wet-lab
process is suggested by using cheminformatics tools. Quantum chemical method is used to explore the relationship between the inhibitor molecular
properties and its inhibition efficiency. The density function theory (DFT) is also used to study the structural properties of two selected indole derivatives
in aqueous phase. It is found that when the indole derivatives adsorb on the copper surface, molecular structure influences their interaction mechanism.
The inhibition efficiencies of these compounds showed a certain relationship to highest occupied molecular orbital (HOMO) energy, Mulliken atomic
charges and Fukui indices. A wet lab study has been carried out using weight loss, potentiodynamic polarization, electrochemical impedance spectros-
copy (EIS) and Electrochemical frequency modulation (EFM) measurements to evaluate their inhibition performance in 2 M HNO3 solutions at 30° C.
Adsorption takes place by a direct chemisorption on the exposed copper surface, while it most probably occurs via hydrogen bonding on the oxidized
surface. Compound (1) was the most effective among the two tested inhibitors, while Compound (2) was less effective than Compound (1). Results ob-

tained from dry-lab process are in good agreement with those recorded from wet-lab experiments.

Keywords: Wet-lab Experiments, Indole Derivatives, Copper, HNO3, EFM, EIS.

1 INTRODUCTION

Copper (Cu) metallisation has been used in integrated cir-
cuits for high-speed logic devices instead of the conventional
aluminium (Al)-alloy metallisation because of its excellent
electrical and thermal conductivity [1-3]. However, it is well
known that Cu is very susceptible to corrosion in aqueous
media and the corrosion products cause a decrease in the elec-
trical conductivity of the devices [4,5]. Thus, much attention
has been focused on the behaviour of various inhibitors in
different media to find the conditions for preventing Cu corro-
sion. Many investigators [6-9] have studied to obtain optimum
corrosion protection for Cu in various aqueous solutions by
either finding new inhibitors or improving the inhibition effi-
ciency [10]. Most acid corrosion inhibitors are nitrogen (N),
sulfur, or oxygen containing organic compounds. Among
these compounds it is generally known that heterocylic com-
pounds, especially N-based ones, are effective inhibitors for
Cu corrosion in aqueous solutions [11]. Especially, imidazole
and its derivatives are of interest as corrosion inhibitors for Cu
metals and alloys [12-15].Imidazole is a planar, aromatic het-
erocyclic organic compound with two N atoms forming part
of a five membered ring [16]. One of the N atoms is of the pyr-
role type and the other is a pyridine-like one. Despite exten-
sive studies undertaken on imidazole, until now, it is still
questionable what mechanism is adequate for the explanation
of the inhibition of Cu corrosion by imidazole in acid solu-
tions.

The objective of this work is to identify two selected indole
derivatives in dry-lab process as possible corrosion inhibitors
for copper in 2M HNOs. Highest occupied molecular orbital
(Exomo), lowest unoccupied molecular orbital (Erumo), dipole
moment, charges on atoms and total energy was analyzed
through an evaluation of the Fukui indices. These parameters
have been calculated using DFT (density function theory)
methods. From the results obtained in the dry lab, we could
identify the studied molecules as possible corrosion inhibitors
for copper in 2M HNO3 in our laboratory, which investigated
experimentally by weight loss, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS) and Electro-
chemical frequency modulation (EFM) measurements. The
surface morphology of inhibited copper was analyzed by
scanning electron microscope technology with energy disper-
sive X-ray spectroscopy ((SEM-EDX).

2 Experimental Details
2.1 Composition of Material Samples
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TABLE 1

CHEMICAL COMPOSITION OF THE COPPER IN WEIGHT %

Element Sn Ag Fe Zn rb As Cu

Weight % 0.001 0.001 0.01 0.05 | 0.002 | 0.0002 The rest

2.2 Chemicals and Solutions
Nitric acid (BDH grade) and organic additives, The organic inhibi-
tors used in this study were some organic compounds [17], listed in

Table (2) S
ABLE

CHEMICAL STRUCTURE, NAMES, MOLECULAR WEIGHTS AND MoO-
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2.3 Methods Used for Corrosion Measurements

2.3.1 Weight Loss Tests

For weight loss measurements, square specimens of size 2cm
x 2cm x 0.2cm were used. The specimens were first polished to
a mirror finish using 400 and 800 grit emery paper, immersed
in methanol and finally washed with bidistilled water and
dried before being weighed and immersed into the test solu-
tion. The weight loss measurements were carried out in a
100ml capacity glass beaker placed in water thermostat. The
specimens were then immediately immersed in the test solu-
tion without or with desired concentration of the investigated
compounds. Triplicate specimens were exposed for each con-
dition and the mean weight losses were reported in order to
verify reproducibility of the experiments.

2.3.2 Potentiodynamic Polarization Measurements
Polarization experiments were carried out in a conventional
three-electrode cell with platinum gauze as the auxiliary electrode
(1 cm?) and a saturated calomel electrode (SCE) coupled to a fine
Luggin capillary as reference electrode. The working electrode was
in the form of a square cut from copper sheet of equal composition
embedded in epoxy resin of polytetrafluoroethylene so that the flat
surface area was 1 cm2. Prior to each measurement, the electrode
surface was pretreated in the same manner as the weight loss ex-
periments. Before measurements, the electrode was immersed in
solution at natural potential for 30 min. until a steady state was
reached. The potential was started from - 600 to + 400 mV vs. open
circuit potential (Eop). All experiments were carried out in freshly
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prepared solutions at 25°C and results were always repeated at
least three times to check the reproducibility.

2.3.3 Electrochemical Impedance Spectroscopy
Measurements
Impedance measurements were carried out using AC signals
of 5SmV peak to peak amplitude at the open circuit potential in the
frequency range of 100 kHz to 0.1Hz. All impedance data were
fitted to appropriate equivalent circuit using the Gamry Echem
Analyst software.

2.3.4 Electrochemical Frequency Modulation Technique

EFM experiments were performed with applying potential
perturbation signal with amplitude 10mV with two sine waves of 2
and 5 Hz. The choice for the frequencies of 2 and 5 Hz was based
on three arguments [18]. The larger peaks were used to calculate
the corrosion current density (icorr), the Tafel slopes (Bc and .) and
the causality factors CF-2 and CF-3 [19].

All electrochemical experiments were carried out using
Gamry instrument PCI300/4 Potentiostat/Galvanostat/Zra ana-
lyzer, DC105 corrosion software, EIS300 electrochemical imped-
ance spectroscopy software, EFM140 electrochemical frequency
modulation software and Echem Analyst 5.5 for results plotting,
graphing, data fitting and calculating,

2.3.5 SEM-EDX Measurement

The copper surface was prepared by keeping the specimens for 3
days in 2M HNO; in the presence and absence of optimum con-
centration of investigated organic derivatives, after abraded using
different emery papers up to 1200 grit size and then polished with
Al O3 (0.5m particles size), after this immersion time, the speci-
mens were washed gently with bidistilled water, carefully dried
and mounted into the spectrometer without any further treat-
ment.The corroded copper surfaces were examined using an X-ray
diffractometer Philips (pw-1390) with Cu-tube (Cu Ka, I = 1.54051
A °), a scanning electron microscope (SEM, JOEL, JSM-T20, Japan).

2.3.6 Theoretical Study

Accelrys (Material Studio Version 4.4) software for quantum chem-
ical calculations has been used.

3 Results and Discussion

3.1 Weight Loss Measurements

Fig. (1): represents the weight loss-time curves in the ab-
sence and presence of different concentrations of compound
(1). Similar curves were obtained for other inhibitors (not
shown). Table (3) collects the values inhibition efficiency ob-
tained from weight loss measurements in 2M HNO; at 30 + 0.1
°C. The results of this Table show that the presence of inhibi-
tors reduce the corrosion rate of copper in 2M HNO; and
hence, increase the inhibition efficiency. The inhibition
achieved by these compounds decreases in the following or-
der: Compound (1) > Compound (2).
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Fig. 1: Weight-Loss Time Curves for the Dissolution of Copper in
the Absence and Presence of Different Concentrations of Compound (1)
at30+0.1°C.

TABLE 3
VARIATION OF INHIBITION EFFICIENCY (%IE) OF DIFFERENT
COPOUNDS WITH THEIR MOLAR CONCENTRATIONS AT 30 +
0.1°C FROM WEIGHT Loss MEASUREMENTS AT 90 MIN IMMER-
SION IN 2M HNO3.

COMPOUND | CONC., M % IE
BLANK
3X106 21.2

5X106 26.8

(1) 7X10-6 41.8
9X106 47.8

12X10 53.0

15X10 68.0

3X106 11.2

5X106 25.3

7X10-6 34.5

)] 9X10-6 41.7
12X10 51.3

15X10+ 64.8

3.2 Adsorption Isotherm

It is widely acknowledge that adsorption isotherm pro-
vide useful insight onto the mechanism of corrosion inhibition

as well as the interaction among the adsorbed molecules them-
selves and their interaction with the electrode surface [20]. In
this study, Temkin adsorption isotherm was found to be suita-
ble for the experimental results. The isotherm is described by
the following equation:
0 = 2.303/a log K.as + 2.303/a log C @)
Where C is the inhibitor concentration, K.gs is the adsorp-
tion equilibrium constant. The plot of 8 versus log C was linear
relation (shown in Figure 2). And the adsorption equilibrium
constant Kags can be calculated from the intercept. Also AG®.4s
can be calculated from the following equation:
log Kaas=-1log55.5 - AG° 45 /
)

2.303RT

Where value of 55.5 is the concentration of water in solu-
tion in mole/liter [21], R is the universal gas constant and T is
the absolute temperature. It was appear that the value of AG®.4s
has a negative sign ensure the spontaneity of the adsorption
and stability of the adsorbed layer on the alloy surface [22]. Also
the values of AG®,4s around 40 k] mol! which was attributed to
electrostatic interactions between inhibitors species and the
charged metal surface (physisorption). The values of K.4s were
found to run parallel to the % IE [K (1) > K (2)].This result re-
flects the increasing capability, due to structural formation, on
the metal surface [23].

4 Compound(2).

R°=0.998
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Fig. 2: Curve Fitting of Corrosion Data for Copper in 2M HNO3 in Pres-
ence of Different Concentrations of Inhibitors Corresponding to Temkin
Adsorption Isotherm at 30 + 0.1 °C.
TABLE 4

INHIBITOR BINDING CONSTANT (K), FREE ENERGY OF BINDING
(AGps-), AND LATER INTERACTION PARAMETER (A) FOR INHIBITORS

AT30+0.1°C.
TEMKIN
INHIBITORS “AG s,
A K kJmol!
Compound (1) 10.2 1.45 11.2
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Compound (2) 6.1

1.18 9.4

3.3 Effect of Temperature

The effect of temperature on the inhibited acid-metal
reaction is highly complex, because many changes occur on the
metal surface, such as rapid etching and desorption of the inhib-
itor and the inhibitor itself, in some cases, may undergo decom-
position and/or rearrangement. Generally the corrosion rate
increases with the rise of temperature. It was found that the
inhibition efficiency decreases with increasing temperature and
increases with increasing the concentration of the inhibitor. The
activation energy (E".) of the corrosion process was calculated
using Arrhenius equation [24]:
CR.= exp
©)

(E. / RT)

Where C.R. corrosion rate, A is Arrhenius constant, R is
the gas constant and T is the absolute temperature. The values
of activation energies E', can be obtained from the slope of the
straight lines of plotting log C.R. vs. 1/T in the presence and
absence of investigated compounds at various temperatures
Figure (3) and are given in Table (5), it is noted that the values
of activation energy increase in the presence of inhibitors and
with increase of the concentration of the inhibitors. This is due
to the presence of a film of inhibitors on copper surface. The
activation energy for the corrosion of copper in 2 M HNO; was
found to be 33.1 k] mol* which is in good agreement with the
work carried out by Fouda et al [25] and others [26-27] An al-
ternative formulation of the Arrhenius equation is the transition
state equation 4 [28]:

C.R.=RT/Nhexp (AS*/R) exp (-A H*/ RT) 4)

Where h is Planck’s constant, N is Avogadro’s number, AS*
is the entropy of activation and AH* is the enthalpy of activa-
tion. Figure (4) shows a plot of log (C.R. / T) vs. (1/T). Straight
lines are obtained with a slope of (A H*/2.303 R) and an inter-
cept of (log R/Nh + AS*/2.303 R) from which the values of AH*
and AS* are calculated and also listed in Table (5). From inspec-
tion of Table (5) it is clear that the positive values of AH* reflect
that the process of adsorption of the inhibitors on the copper
surface is an endothermic process; it is attributable unequivocal-
ly to chemisorption [29]. Typically, the enthalpy of a chemisorp-
tion process approaches 100 k] mol-1 .More interesting behavior
was observed in Table (5) that positive AS* values is accompa-
nied with endothermic adsorption process. This is agrees with
what expected, when the adsorption is an endothermic process,
it must be accompanied by an increase in the entropy energy
change and vies versa [30].

It is seen that investigated derivatives have inhibiting prop-
erties at all the studied temperatures and the values of % IE de-
crease with temperature increase. This shows that the inhibitor
has experienced a significant decrease in its protective proper-
ties with increase in temperature. This decrease in the protective
properties of the inhibitor with increase in temperature may be
connected with two effects; a certain drawing of the adsorption-
desorption equilibrium towards desorption (meaning that the
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strength of adsorption process decreases at higher tempera-
tures) and roughening of the metal surface which results from
enhanced corrosion. These results suggest that physical adsorp-
tion may be the type of adsorption of the inhibitor on the copper

surface.
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Fig. 3: Arrhenius (Plots) for Corrosion of Copper in 2M HNO3 in the Ab-
sence and Presence of Different Concentrations of Compound (1)
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Fig. 4: Plots of (logk/T)vs.1/T for the Corrosion of Copper in 2M HNOj; in
the Absence and Presence of Different Concentrations of Compound (1)
TABLE 5

ACTIVATION PARAMETERS FOR THE DISSOLUTION OF COPPER IN
THE PRESENCE AND ABSENCE OF DIFFERENT CONCENTRATIONS OF
INHIBITORS IN 2M HNO;,

Compound Conc., Es AL -4 s
M k] mol! k] mol! ] mol! K
Blank | 0.0 331 335 1199
3al0 55.3 55.7 523
Sxl10- 61.2 6l.4 345
(1)
710 66.3 65.5 212
Ix10 69.0 69.4 169
12x10% 79.2 77.1 16.3
15x100 89.4 89.1 15.2
3x10+ 429 424 91.3
Sx10+ 56,3 57.0 473
(2)
Txlot 61.9 60.5 4.6
) e o Py "G O
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3.4 Potentiodynamic Polarization Measurements

Theoretically, copper can hardly be corroded in the de-
oxygenated acid solutions, as copper cannot displace hydro-
gen from acid solutions according to the theories of chemical
thermodynamics [31-33]. However, this situation will change
in nitric acid. Dissolved oxygen may be reduced on copper
surface and this will allow corrosion to occur. It is a good ap-
proximation to ignore the hydrogen evolution reaction and
only consider oxygen reduction in the nitric acid solutions at
potentials near the corrosion potentials [34].

Polarization measurements were carried out in order to
gain knowledge concerning the kinetics of the cathodic and
anodic reactions. Figure (5): shows the polarization behavior
of copper electrode in 2 M HNO;3 in the absence and presence
of various concentrations of compound (1). Figure (5) shows
that both the anodic and cathodic reactions are affected by the
addition of investigated organic derivatives and the inhibition
efficiency increases as the inhibitor concentration increases,
but the cathodic reaction is more inhibited, meaning that the
addition of organic derivatives reduces the anodic dissolution
of copper and also retards the cathodic reactions. Therefore,
investigated organic derivatives are considered as mixed type
inhibitors.

The values of electrochemical parameters such as corro-
sion current densities (icorr), corrosion potential (Ecorr), the ca-
thodic Tafel slope (Bc), anodic Tafel slope (B.) and inhibition
efficiency (% IE) were calculated from the curves of Figure (5)
and are listed in Table (6). The results in Table (6) revealed
that the corrosion current density decreases obviously after
the addition of inhibitors in 2 M HNO; and % IE increases
with increasing the inhibitor concentration. In the presence of
inhibitors Ecorr was enhanced with no definite trend, indicat-
ing that these compounds act as mixed-type inhibitors in 2M
HNO:s. The inhibition efficiency was calculated using equation
5:
Y%IE=[(iocorr=1corr)/ x100
©)

iocorr]

Where iocorr  and icorr are the uninhibited and inhibit-
ed corrosion current densities, respectively.

Also it is obvious from Table (6) that the slopes of the an-
odic (Ba) and cathodic (B.) Tafel lines remain almost un-
changed upon addition of organic derivatives, giving rise to a
nearly parallel set of anodic lines, and almost parallel cathodic
plots results too. Thus the adsorbed inhibitors act by simple
blocking of the active sites for both anodic and cathodic pro-
cesses. In other words, the adsorbed inhibitors decrease the
surface area for corrosion without affecting the corrosion
mechanism of copper in 2 M HNOj3 solution, and only causes
inactivation of a part of the surface with respect to the corro-
sive medium [35,36]. The inhibition efficiency of these com-
pounds follows the sequence: compound (1) > compound (2).
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This sequence may attribute to free electron pair in oxygen
atom, 11 electrons on aromatic nuclei and the substituent in the
molecular structure of the inhibitor, and again reflects, as con-
firmed from weight loss measurements, the increased ability
of compound (1) to inhibit nitric acid corrosion of copper as
compared to compound (2). This is clearly seen from the high-
est efficiency recorded for compound (1).
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Fig. 5: Potentiodynamic Polarization Curves for the Corrosion of Copper in
2M HNOg3 in the Absence and Presence of Various Concentrations of
Compound (1) at 30 £ 0.1 °C

TABLE 6
EFFECT OF CONCENTRATIONS OF THE INVESTIGATED COMPOUNDS
ON THE FREE CORROSION POTENTIAL (gcorg.), CORROSION CURRENT
DENSITY (Icorr.), TAFEL SLOPES (B,& B), DEGREE OF SURFACE
COVERAGE (©) AND INHIBITION EFFICIENCY (% IE) FOR COPPER IN
2M HNO3; AT 30+ 0.1 °C.

Compound Conc., M. f“‘"{'\L - ) _Ij‘ -Lh o % IE
A en? mV dec? mV dec?
0.0 I 784 1832 198 7

Xwe | e 85 171 bt 0735 | 735
X104 536 435 190 64 0.762 762
m X104 261 35 181 [ 0811 811
x10¢ | o 304 187 ) 083 | 834
12X10* I 276 19.3 185 69 0.89%4 | 894
15X10¢ 232 15.1 125 49 0.901 90.1
X104 743 736 73 2 0.598 59.8
X10+ 612 617 230 74 0.663 663
X | 53 519 218 91 0716 | 716

(2) | |
ax10+ 488 48.0 77 a1 077 737
12X10+ 398 M5 07 87 0.811 81.1
15X10* 299 279 186 67 0.547 847

3.5 Electrochemical Impedance Spectroscopy (EIS)

EIS is well-established and powerful technique in the study
of corrosion. Surface properties, electrode kinetics and mechanis-
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tic information can be obtained from impedance diagrams [37-
41]. Figure (6) shows the Nyquist (a) and Bode (b) plots obtained
at open-circuit potential both in the absence and presence of in-
creasing concentrations of investigated compounds at 30 £ 0.1 °C.
The increase in the size of the capacitive loop with the addition of
organic derivatives shows that a barrier gradually forms on the
copper surface. The increase in the capacitive loop size (Figure 6a)
enhances, at a fixed inhibitor concentration, following the order:
compound (1) > compound (2), confirming the highest inhibitive
influence of compound (1). Bode plots (Figure 6b), shows that the
total impedance increases with increasing inhibitor concentration
(log Z vs. log f). But (log f vs. phase), also Bode plot shows the
continuous increase in the phase angle shift, obviously correlating
with the increase of inhibitor adsorbed on copper surface. The
Nyquist plots do not yield perfect semicircles as expected from
the theory of EIS. The deviation from ideal semicircle was gener-
ally attributed to the frequency dispersion [42] as well as to the
inhomogenities of the surface. EIS spectra of the organic additives
were analyzed using the equivalent circuit, Figure (7), which rep-
resents a single charge transfer reaction and fits well with our
experimental results. The constant phase element, CPE, is intro-
duced in the circuit instead of a pure double layer capacitor to
give a more accurate fit [43].The double layer capacitance, Cq, for
a circuit including a

Ca=Y0 wn-1/sin [n (/2)] (6)
where YO0 is the magnitude of the CPE, & = 2nf ay, fmax is the fre-
quency at which the imaginary component of the impedance is
maximal and the factor n is an adjustable parameter that usually
lies between 0.50 and 1.0. After analyzing the shape of the
Nyquist plots, it is concluded that the curves approximated by a
single capacitive semicircles, showing that the corrosion process
was mainly charged-transfer controlled [45, 46]. The general
shape of the curves is very similar for all samples (in presence or
absence of inhibitors at different immersion times) indicating that
no change in the corrosion mechanism [47]. From the impedance
data (Table 7), we conclude that the value of Rct increases with
increasing the concentration of the inhibitors and this indicates an
increase in % IE, which in concord with the weight loss results
obtained.

In fact the presence of inhibitors enhances the value of R in
acidic solution. Values of double layer capacitance are also
brought down to the maximum extent in the presence of inhibitor
and the decrease in the values of CPE follows the order similar to
that obtained for ico in this study. The decrease in CPE/Cq re-
sults from a decrease in local dielectric constant and/or an in-
crease in the thickness of the double layer, suggesting that organ-
ic derivatives inhibit the iron corrosion by adsorption at met-
al/acid [48, 49]. The inhibition efficiency was calculated from the
charge transfer resistance data from equation 7 [50]:

0/0 IEEIS = [1 - (Roct/ Rct)] X 100 (7)
Where R and Ry are the charge-transfer resistance values with-
out and with inhibitor respectively.
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Fig. 6: The Nyquist (a) and Bode (b) Plots for Corrosion of Copper in
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Fig. 7: Equivalent Circuit Model Used to Fit Experimental EIS

IJSER © 2015
http://www.ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research, Volume 6, Issue 9, September-2015 515

ISSN 2229-5518

TABLE 7

ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED BY EIS
TECHNIQUE FOR COPPER IN 2M HNO3; WITHOUT AND WITH VARIOUS
CONCENTRATIONS OF TWO COMPOUNDS AT 30 °C.

Compound Cong, M Rex 107 Yy 16 n Rr Ca % IE
[
{1 em* Al rem? uF cm?
Blank 0.0 w10 L9 T8 077 prriy — e
. o 3580 Th68 5538 132 0.452 4.2
NI
- W45 EEik 5.4 5567 1250 0,455 470
X100+
i o 984.4 356 7819 5701 1 0477 5L6
ax10 w7 M0 7855 6815 7.0 0563 56.3
] 2103 824, TED. 530 1618 B
12X10% G748 2103 4.9 801 153.0 0.61 [}
o7 B 818 5 3 691 A
15X10% 760 1866 180 965h 1230 0.691 9.1
o 85 K 126, 183 8.3
Wi 00 300 8M.5 3 ) 00,183 1
; T 5617 7, 7 7
—_— W00.1 3363 89.8 561.7 1240 0470 46.7
(W] . Q0.2 Erip 850 6290 190 0.526 476
X1
. A0 353 7951 6775 1 0.5 56,0
ax10#
005 12 75 2 573 5773
12X10% %53 0.2 064 6975 D 0.57 57.
. a2 W73 90 1R 1920 01,666 .o
15X10%

3.6 Electrochemical Frequency Modulation Technique
(EFM)

EFM is a nondestructive corrosion measurement tech-
nique that can directly and quickly determine the corrosion
current values without prior knowledge of Tafel slopes, and
with only a small polarizing signal. These advantages of EFM
technique make it an ideal candidate for online corrosion mon-
itoring [51]. The great strength of the EFM is the causality fac-
tors which serve as an internal check on the validity of EFM
measurement. The causality factors CF-2 and CF-3 are calcu-
lated from the frequency spectrum of the current responses.

Figure (8) shows the EFM Intermodulation spectrums of
copper in nitric acid solution containing different concentra-
tions of compound (1). Similar curves were obtained for other
compounds (not shown). The harmonic and intermodulation
peaks are clearly visible and are much larger than the back-
ground noise. The two large peaks, with amplitude of about
200 pA, are the response to the 40 and 100 mHz (2 and 5 Hz)
excitation frequencies. It is important to note that between the
peaks there is nearly no current response (<100 nA). The ex-
perimental EFM data were treated using two different models:
complete diffusion control of the cathodic reaction and the
“activation” model. For the latter, a set of three non-linear
equations had been solved, assuming that the corrosion poten-
tial does not change due to the polarization of the working
electrode [52]. The larger peaks were used to calculate the cor-
rosion current density (icr), the Tafel slopes (B. and [.) and
the causality factors (CF-2 and CF-3).These electrochemical
parameters were listed in Table (8). The data presented in Ta-
ble (8) obviously show that, the addition of any one of tested
compounds at a given concentration to the acidic solution de-
creases the corrosion current density, indicating that these
compounds inhibit the corrosion of copper in 2 M HNO;
through adsorption. The causality factors obtained under dif-

ferent experimental conditions are approximately equal to the
theoretical values (2 and 3) indicating that the measured data
are verified and of good quality. The inhibition efficiencies %
IEgrm increase by increasing the inhibitor concentrations and
was calculated as from equation 8:
O/OIEEFM=[1'(icorr/i0c0rr)] X
®)

Where iocorr and icorr are corrosion current densities in the
absence and presence of inhibitor, respectively.

The inhibition sufficiency obtained from this method is in
the order: compound (1) > compound (2).
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Fig. 8: EFM Spectra for Copper in 2M HNOj in the Abscence and Pres-
ence of Different Concentrations of Compound (1)

TABLE 8

ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED BY EFM
TECHNIQUE FOR COPPER IN 2M HNO3; WITHOUT AND WITH VARIOUS
CONCENTRATIONS OF TWO COMPOUNDS AT 30°C.

Conc.,
Compound M. - b F CFR2 CF3 0 oIE
MA o mVdec' | mVdec!
Blank 0.0 50.20 9 53 1.90 307 R e
N1 2492 104 68 1.69 m | 0,503 50.3
5X104 3.9 9 58 103 kXK 0.523 523
(n X0+ nmw 118 78 173 281 0.566 56.6
X1+ 2148 76 53 1.584 368 0,579 579
12X104 17.97 104 56 L73 1| 06 64.2
15X104 13.H4 7 57 1.2 39 | 07% 736
3X10* 40.50 126 1 1.85 29 0.187 187
SX10# 2446 41 2 1.89 323 | 0,512 512
12) X1 24412 108 65 .76 313 | 0,521 521
ax10+ 2171 119 67 184 i} 0.567 56.7
12X10% 2047 129 74 1.79 241 0,592 592
15X10% 18.26 14 [ m 367 0,636 (36

3.7 SEM Investigation and EDX Analysis

The formation of a protective surface film of inhibitor at the
electrode surface was further confirmed by SEM observations
of the metal surface. Also, in order to see whether the organic
derivatives molecules are adsorbed on the copper surface or
not, both SEM and EDX experiments were carried out. Figure
(9) shows the Scanning Electron Microscopy (SEM) micro-
graph of fresh copper surface without any additions of acid or
the inhibitor. The morphological images for copper surface
exposed to 2 M HNOj; solution without and with the addition
of the optimum concentration of the organic derivatives are
shown in Figure (9). As can be seen, there was a marked im-
provement in the surface morphology of copper that was
treated with the inhibitor (the rate of corrosion is suppressed)
due to the formation of an adsorbed protective film of the in-
hibitor at the sample surface.
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Fig. 9: SEM Micrographs for Copper in Absence and Presence of 15x10°®
M of Organic Compounds

The corresponding Energy dispersive X-ray (EDX) profile
analysis is presented in Figure (10). The EDX survey spectra
were used to determine which elements of inhibitor were pre-
sent on the electrode surface before and after exposure to the
inhibitor solution. For the specimen without inhibitor treatment
[Figure 10] only copper was detected. This is confirmed by us-
ing XRD, the main corrosion products formed on exposed cop-
per to nitric acid were identified as the basic copper nitrate, ger-
hardtite (Cux(NO3)(OH)3) and to a smaller extent cuprite
(Cux0) [53, 54]. It is noticed the existence of the carbon, oxygen
and nitrogen peak in the EDX spectra in the case of the sample
exposed to the inhibitor, could be attributed to the adsorption of
organic moiety at the copper surface. The increase in amount of
carbon atom in the case of compound (1) (13.19 %) in compari-
son of compounds (2) (12.17%), indicated that the dissolution of
copper is very inhibited by compound (1) and thereby shows a
very high protective capacity, in contrast, the protective films
formed by the compound (2) is very thin, especially in the case
of compound (2). Also a strong enrichment with carbon is noted
in the case of compound (1) (Table 9). The spectra of Figure (10)
show that the oxygen signals are considerably suppressed rela-
tive to the samples prepared in 2M HNOj3 solution, and certain-
ly this suppression will increase with increasing investigated
concentrations and immersion time. The suppression of the ox-
ygen signals takes place because of the overlying inhibitor film.
Also it is important to notice the amount of copper peaks of
EDX spectra is increased in the presence of inhibitor in a com-
parison of EDX analysis obtained in the absence of inhibitor
may indicating that the investigated derivatives molecules pro-
tecting the copper surface against acid corrosion, in addition to
the surface of the metal may not covered completely by the in-
vestigated molecules due to the short immersion time. The
composition of the detected elements on the copper surface in-
dicates that the inhibitor molecules are strongly adsorbed on the
copper forming a Cu- investigated molecule bond, thus pre-
venting the surface against corrosion.
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Fig. 10: EDX Analysis for Copper in Absence and Presence of 15x10°M
for 3 Days Immersion.

SURFACE COMPOSITION (WT%) OF COPPER AFTER 3 DAYS OF IM-
MERSION IN 2M HNO3; WITHOUT AND WITH THE OPTIMUM CONCEN-

TABLE 9

TRATIONS OF THE STUDIED INHIBITORS.

(Mass %) Cu C (0] N

Pure 100 -~ - -

Blank 72.63 - 21.33 6.04
Compound (1) 68.77 | 13.19 14.83 3.21
Compound (2) 67.14 | 12.17 15.26 5.43

3.8 Quantum Chemical Calculations

Figure (11) represents the molecular orbital plots and Mul-
liken charges of investigated compounds. Theoretical calcula-
tions were performed for only the neutral forms, in order to
give further insight into the experimental results. Values of
quantum chemical indices such as energies of lowest unoccu-
pied molecular orbitals (LUMO) and energy of highest occu-
pied molecular orbitals (HOMO) (Enomo and Erumo), the for-
mation heat AH¢ and energy gap AE, are calculated by semi-
empirical AM1, MNDO and PM3 methods has been given in
It has been reported that the higher or less nega-
tive Enowmo is associated of inhibitor, the greater the trend of
offering electrons to unoccupied d orbital of the metal, and the
higher the corrosion inhibition efficiency, in addition, the low-
er Erumo, the easier the acceptance of electrons from metal
surface [54]. From Table (10), it is clear that AE obtained by the

Table (10).
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adsorption on the metal surface and thereafter presents the
maximum of inhibition efficiency. Also it can be seen that E
HoMmo increases from compound (1) to compound (2) facilitates
the adsorption and the inhibition by supporting the transport
process through the adsorbed layer. Reportedly, excellent cor-
rosion inhibitors are usually those organic compounds who
are not only offer electrons to unoccupied orbital of the metal,
but also accept free electrons from the metal [55,56]. It can be
seen that all calculated quantum chemical parameters validate
these experimental results.

Compound HOMO LUMO

(n

(2)

Fig. 11: Molecular Orbital Plots and Mulliken Charges of Organic Com-

pounds
TaBLE 10
THE CALCULATED QUANTUM CHEMICAL PROPERTIES FOR ORGANIC
COMPOUNDS.
Compound (1) Compound (2)
-E nomo (eV) 8.279 8.790
-ELumo (eV) 1.126 0.581
AE (eV) 7.153 8.209
 (eV) 3.577 4.105
o (eV-1) 0.280 0.244
-Pi (eV) 4.703 4.686
X V) 4.703 4.686
Dipole Moment 2.768 8.680
(Debye)
Area (A?) 282.137 280.471

two methods in case of compound (2) is lower than compound

(1), which enhance the assumption that compound (1) mole-
cule will absorb more strongly on copper surface than com-
pound (2), due to facilitating of electron transfer between mo-

3.9 Inhibition Mechanism

Inhibition of the corrosion of copper in 2M
HNO:; solution by investigated compounds is determined by

lecular orbital HOMO and LUMO which takes place during its
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weight loss, potentiodynamic polarization measurements,
electrochemical impedance spectroscopy (EIS), electrochemi-
cal frequency modulation method (EFM) and Scanning Elec-
tron Microscopy (SEM) studies, it was found that the inhibi-
tion efficiency depends on concentration, nature of metal, the
mode of adsorption of the inhibitors and surface conditions.

The observed corrosion data in presence of these inhibitors,
namely:

i. The decrease of corrosion rate and corrosion current

with increase in concentration of the inhibitor.

ii. The linear variation of weight loss with time.

iii. The shift in Tafel lines to higher potential regions.

iv. The decrease in corrosion inhibition with increasing
temperature indicates that desorption of the adsorbed
inhibitor molecules takes place and the inhibition effi-
ciency was shown to depend on the number of adsorp-
tion active centers in the molecule and their charge
density.

The corrosion inhibition is due to adsorption of the inhibi-
tors at the electrode/ solution interface, the extent of adsorp-
tion of an inhibitor depends on the nature of the metal, the
mode of adsorption of the inhibitor and the surface conditions.
Adsorption on copper surface is assumed to take place mainly
through the active centers attached to the inhibitor and would
depend on their charge density. Transfer of lone pairs of elec-
trons on the nitrogen atoms to the copper surface to form a
coordinate type of linkage is favored by the presence of a va-
cant orbital in copper atom of low energy. Polar character of
substituents in the changing part of the inhibitor molecule
seems to have a prominent effect on the electron charge densi-
ty of the molecule.

It was concluded that the mode of adsorption depends on
the affinity of the metal towards the m-electron clouds of the
ring system. Metals such as Cu, which have a greater affinity
towards aromatic moieties, were found to adsorb benzene
rings in a flat orientation. The order of decreasing the percent-
age inhibition efficiency of the investigated inhibitors in the
corrosive solution was as follow: compound (1) > compound
).

Compound (1) exhibits excellent inhibition power due to:
(i) the presence of p-OCH3 group which is an electron donat-
ing group with negative Hammett constant (o = -0.27), Also
this group will increase the electron charge density on the
molecule,(ii) its larger molecular size that may facilitate better
surface coverage, and (iii) its adsorption through four active
centers .

Compound (2) comes after compound (1) in inhibition effi-
ciency. This is due to presence of p- NO, which has positive
Hammett constant (o =+0.78). i.e. group which lower the elec-
tron density on the molecule and hence, lower inhibition effi-
ciency.

CONCLUSIONS

e All the investigated compounds are good corrosion inhibi-
tors for copper in 2M HNOj solution. The effectiveness of
these inhibitors depends on their structures. The variation
in inhibitive efficiency depends on the type and the nature
of the substituent present in the inhibitor molecule.

e EFM can be used as a rapid and nondestructive technique
for corrosion measurements without prior knowledge of
Tafel slopes.

o The results of EIS revealed that an increase in the charge
transfer resistance and a decrease in double layer capaci-
tances when the inhibitor is added and hence an increase
in %IE. This is attributed to increase of the thickness of the
electrical double layer

¢ Results obtained from potentiodynamic polarization indi-
cated that the investigated derivatives are mixed-type in-
hibitors and a synergistic effect on %IE of a combination
of the inhibitors and different anions were observed

e The adsorption of the inhibitors are adsorbed on copper
surface obeys the Temkin adsorption isotherm model

e SEM-EDX images and analyses obtained in the presence
of these compounds revealed the formation of thin film on
the surface of copper

e The results obtained from chemical and electrochemical
measurements were in good agreement. The order of %IE
of these investigated compounds is in the following order:
compound (1) > compound (2)

¢ The values of Enomo and Erumo decreases in an order runs
parallel to the increase in %IE obtained which support the
previous order
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