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Abstract Inhibition of copper corrosion by imidazole
(IM) and 1-n-undecyl-imidazole (UDIM) in 0.5 M HCI
was investigated by weight-loss measurements, potentio-
dynamic polarization curves and electrochemical
impedance spectroscopy (EIS). 1-n-undecyl-imidazole
showed the better inhibitive effect compared with IM.
Potentiodynamic polarization results revealed that both IM
and UDIM acted as anodic inhibitors, in particular UDIM
suppressed anodic current densities significantly. Molecu-
lar structure parameters of IM and UDIM were obtained by
using an MM2 forcefield program and AMI1 quantum
chemical calculation. It was found that UDIM has higher
levels of HOMO and LUMO energy and a larger electron
density in its imidazoly ring.

Keywords Copper - Acid corrosion - Weight loss -
EIS - Polarization
1 Introduction

Benzotriazole (BTA) and its derivatives are effective
inhibitors for copper and have been used in industry widely
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for several decades [1-3]. However, a very important
deficiency of these inhibitors is their toxicity and most of
them cannot be biodegraded. This leads to the emission of
industrial waste waters carrying a large amount of toxic
material to waterways. Thus, their replacement by new
environment-friendly inhibitors is desirable [4]. Stupnisek-
Lisac et al. reported a series of imidazole (IM) derivatives
as low-toxicity copper corrosion inhibitors [5]. Some
Schiff bases were declared by Ma et al. to act as envi-
ronmental-friendly copper inhibitors in aerated halide
solution [6]. Rocca investigated linear sodium heptanoate
as a non-toxic inhibitor for copper in 0.1 M Na,SO, [7]. It
was also shown that the substitution of alkyl-groups in the
benzene ring exhibited higher inhibiting efficiency than
that obtained for BTA [8]. Recently, development of
organic compounds both containing hydrophilic and
hydrophobic groups as corrosion inhibitors has gained
attention. Controversy exists, however, on the actual role of
the hydrophobic chains in relation to the improved inhi-
bition. Amin used sodium oleate (an anionic surfactant
inhibitor) to inhibit the acid corrosion of copper in 3%
NaCl solutions [9]. He suggested that physical adsorption
of the surfactant on the copper surface. The inhibitive
action of the hydrophobic chains was attributed to the
formation of a barrier layer on the copper surface, which
retarded the diffusion of oxygen molecules from solution to
copper substrate and increased the charge transfer resis-
tance of anodic dissolution of copper. On the other hand,
introducing substituents at different positions in azole
compounds will influence the effective electron density and
steric conformation of the molecule, from which is
expected a concomitant influence on corrosion inhibition
behavior [10-12]. It is still not clear which is more
important on the inhibition property of hydrophobic chains,
the physical barrier or its effect on the electron distribution
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and steric conformation of the molecule inhibitor or the
complex film.

Mechanistic information on corrosion and inhibition
processes is very important for proper selection of inhibi-
tors. A systematic approach is needed for characterization
of the interaction between the organic inhibitor molecule
and the metal or alloy. Such an approach should include
inhibition studies utilizing molecular modeling. Bartley
et al. employed molecular mechanics and molecular
dynamics to simulate adsorption of alkyl esters of 5-car-
boxybenzotriazole on copper [13]. The objective of the
present work was to investigate the action of the straight
chain alkyl-group in IM to inhibit corrosion of copper in
acidic chloride media. The abilities of IM and 1-n-undecyl-
imidazole (UDIM) to inhibit copper corrosion in 0.5 M
HCI solution were studied. Their inhibition efficiencies
(IEs) were determined by coupon tests. Corrosion inhibi-
tion was investigated by means of potentiodynamic
polarization curves and electrochemical impedance spec-
troscopy (EIS). The minimum energy conformation of
these compounds was also obtained by the MM2 forcefield
program. The relationship between molecular structure and
inhibition efficiency was elucidated by AMI1 (modified
neglect of diatomic overlap, parametric method number)
semi-empirical quantum chemical calculations. Molecular
structure of IM and UDIM is shown in Fig. 1.

2 Experimental
2.1 Materials and apparatus

The coupons used for weight-loss measurements were
circular copper discs (¢4.0 cm x 0.15 cm). The working
electrode (WE) for electrochemistry measurements was
prepared from a cylindrical copper rod (99.99%) sealed
with epoxy resin so that only the circular cross section
04 sz) of the rod was exposed. IM and UDIM were AR
grade and used as received. All other chemicals were AR
grade and solutions were prepared using deionized water.

Electrochemical polarization curves and EIS measure-
ments were performed in a three-electrode cell using a
PARC M283 potentiostat (EG&G), PARC Model 1025
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Fig. 1 Molecular structure of IM and UDIM
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frequency response analyzer, and M352 and M398 soft-
ware packages, respectively.

2.2 Weight-loss tests

Weight-loss measurements were carried out by suspending
the coupons in 1000 mL vessel placed in a thermostat water
bath (40 °C). The coupons were abraded with different
grades of emery paper (#1, #4 and #6) and then washed and
degreased with ethanol. They were then dried and rinsed
with deionized water. These coupons with freshly prepared
surfaces were then fully immersed in the quiescent 0.5 M
HCl test solutions containing different inhibitors for 4 days.
Studies were also done in solutions of different inhibitor
concentration. All solutions were exposed to air. After the
corrosion test, the corrosion products on the copper surface
were removed by hard-rubber and the coupons were rinsed
in deionized water and dried. The rinse removed loose
segments of the film of the corroded samples. The mean
corrosion rates (CRs) and IEs over the exposure period were
calculated from the following equations:

Wo — Wy

CR=——+ 1
AxT (1)
CR, — CR,

IE% = —=x 1 2

% R, x 100% (2)

where CR is in g m2 h™'; A is the specimen area (in m?);
W, is original weight of the specimen, and W/ is specimen
weight (in g) after the immersion period, T is the immer-
sion period (in h), and CR; and CR; are the corrosion rates
without and with inhibitor, respectively.

2.3 Electrochemical measurements

A three-electrode cell, employing a copper rod-working
electrode (WE), platinum foil counter electrode, and satu-
rated calomel electrode reference electrode (SCE) was used
for measurements. The cell was open to air and the mea-
surements were conducted at room temperature. All
potential values are reported in mV (SCE). The WE was
mechanically polished on emery paper (#1, #4 and #6),
rinsed with deionized water, degreased with acetone and
ethanol, and dried at room temperature. The degreased WE
was inserted into the solution. After the corrosion potential
(Ecorr) became stable, it was then polarized from —800 mV
to +900 mV at 1 mV s™'. The EIS experiments were per-
formed at open circuit potential over a frequency range
0.05 Hz to 100 kHz. The sinusoidal potential perturbation
was 5 mV in amplitude. During the measurements, the
solution was not stirred or deaerated.
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3 Results and discussion
3.1 Weight-loss measurements

Corrosion rates of copper coupons were calculated by
considering the total affected sample area and immersion
times. The average CRs, expressed in g m™ hfl, are shown
in Table 1.

As shown in Table 1, IM and UDIM inhibited the cor-
rosion of copper in 0.5 M HCI solutions. IM showed better
protection than UDIM below the 0.05 mM concentration
level, while UDIM had superior inhibition compared with
IM above this concentration. Concentration changes of IM
below 0.5 mM lead to smaller changes in inhibition. UDIM
showed increased inhibition with increasing concentration,
and the best inhibition effect was observed when UDIM
concentration reached above 0.1 mM. Increasing the con-
centration of UDIM increased IE up to a maximum value
(72.4%) at 1.5 mM level, above which there was no evi-
dent increase. It is reported that maximum inhibition
efficiency of surfactant is observed at concentrations
around its critical micellar concentration (CMC). These
results can be explained on the basis that, as the concen-
tration of surfactant molecules approaches the CMC,
micelles form in solution, and similar aggregate structures
such as bilayers or multilayers form on surfaces [14]. In our
previous study, the UV-Visible spectrum of UDIM in low
concentration solution showed an absorption peak at
approximately 209 nm. When the concentration of UDIM
is above 0.5 mM, another absorption shoulder peak of
214 nm appeared. This is attributed to UDIM aggregate
formation in the solution. The increase in UDIM

Table 1 Calculated corrosion rates (CR) and inhibition efficiency
(IE) for weight-loss test in 0.5 M HCI solution (40 °C, 4 d)

Inhibitors/mM Weight-loss/g CR/g m2h™! IE/%
Blank 0.83 3.44 -

0.01 mM IM 0.65 2.70 21.5
0.05 mM IM 0.64 2.65 23.0
0.1 mM IM 0.65 2.70 21.5
0.5 mM IM 0.65 2.70 21.5
1 mM IM 0.59 2.45 28.8
1.5 mM IM 0.56 2.32 32.6
2 mM IM 0.52 2.16 37.2
0.01 mM UDIM 0.74 3.06 11.0
0.05 mM UDIM 0.72 2.99 13.1
0.1 mM UDIM 0.31 1.29 62.5
0.5 mM UDIM 0.28 1.16 66.3
1 mM UDIM 0.25 1.03 70.1
1.5 mM UDIM 0.23 0.95 72.4
2 mM UDIM 0.23 0.87 72.4

concentration enhances the intensity of the shoulder
absorption peak [15]. These results show that the highest
inhibition efficiency is obtained when the UDIM concen-
tration reaches values close to its CMC.

3.2 Polarization curve measurements
3.2.1 Effect of inhibitor concentration

Figures 2 and 3 show the anodic and cathodic polarization
curves of copper in 0.5 M HCI solutions with and without
inhibitor. Anodic dissolution of copper in chloride media
has been studied extensively [16, 17]. The mechanisms of
anodic dissolution of copper in acidic chloride solutions
are:

Cu+ ClI™ < CuClyy + e~ (3)

CuClygs + ClI™ — CuCl, 4)

The anodic curve for the copper electrode in a 0.5 M
HCI solution exhibits two limiting current plateaus. This
indicates a diffusion-limiting rate, probably due both to the
transport of chloride (C17) to the surface and the diffusion
of (CuCly) in the solution. An anodic current peak A
appeared at a potential of about —-50 mV (SCE) and was
related to CuCl film formation. The shapes of the curves in
Fig. 2 show that the increase in IM concentration shifts the
corrosion potential (E.,,) in the positive direction and
reduces the anodic current density. Figure 2 shows that
UDIM renders E.,,, more positive for the copper electrode
in 0.5 M HCI solution. The active dissolution and passivity
regions appeared for copper in the presence of UDIM. The
active region showed apparent Tafel behavior with a slope
close to 60 mV. It is evident that the introduction of
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Fig. 2 Polarization behavior of a copper electrode in 0.5 M HCl

solution after 1 h immersion without (1) and with 0.05 mM of IM (2),
0.5 mM of IM (3) or 2 mM of IM (4)
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n-undecyl to the IM ring leads to a large decrease in the
anodic current density.

The cathodic corrosion reaction of copper in an aerated
acidic chloride solution is

4H' + 05 + 4e~ — 2H,0 (5)

It is clear that the cathodic reaction shows a pseudo-
Tafel region with and without inhibitor in 0.5 M HCl
solution. The cathodic portion of the polarization curve is a
composite and represents copper ion and oxygen reduction.
The constancy of this cathodic slope in Fig. 2 indicates that
the mechanism of the cathodic reaction is not changed by
the addition of IM. As for UDIM, the cathodic polarization
curve changes more in shape. The total copper corrosion
reaction in acidic chloride solutions is [18]:

2Cu+4H" +4Cl + 0y — 2Cu*" +4CI” +2H,0  (6)

In general, both IM and UDIM acted as mixed inhibitors
with the shift of E.,, to more positive values. The
inhibition effect depended on concentration; the higher
the concentration, the better the inhibition efficiency.
UDIM showed the best inhibition effect for copper
corrosion compared with IM at optimal concentration.

3.2.2 Effect of temperature

The influence of solution temperature on the corrosion
behavior of copper in the presence of inhibitor was
investigated. The anodic and cathodic polarization char-
acteristics of copper in 0.5 M HCI solution are shown in
Fig. 4 and 5.

Increase in solution temperature causes Ecorr to drift in
the positive direction and enhances both the anodic and
cathodic current densities. This may be attributed to the
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Fig. 3 Polarization behavior of a copper electrode in 0.5 M HCl

solution after 1 h immersion without (1) and with 0.1 mM of UDIM
(2), 0.5 mM of UDIM (3) or 2 mM of UDIM (4)
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Fig. 4 Effect of temperature on the potentiodynamic curves of
copper electrode in 0.5 M HCl containing 0.01 mM IM: (1-30 °C; 2—
50 °C)
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Fig. 5 Effect of temperature on the potentiodynamic curves of
copper electrode in 0.5 M HCI containing 0.0l mM UDIM: (1-
25 °C; 245 °C)

fact that an increase in temperature usually accelerates
corrosive processes, giving rise to higher metal dissolution
rates and a possible shift of the adsorption—desorption
equilibrium towards desorption. This, as well as roughen-
ing of the metal surface as a result of enhanced corrosion,
may also reduce the ability of the inhibitor to be adsorbed
on the metal surface. The observed decrease in the strength
of adsorption at higher temperatures suggests that physical
adsorption may be the main type of adsorption of IM and
UDIM [19].

3.2.3 Electrochemical impedance spectroscope (EIS)

Impedance measurements on the copper electrode were
performed open to air at the open circuit potential. Figure 6
and 7 show the Nyquist plots for copper in 0.5 M HCI with
IM or UDIM, respectively. A depressed semicircle with its
center below the real axis was observed. This phenomenon
is known as the dispersing effect [20]. As for 0.05 mM IM,
the corrosion behavior of copper in this solution was
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Fig. 6 Nyquist plots of a copper electrode in 0.5 M HCI solution
without (1) and with 0.05 mM IM (2), 0.5 mM IM (3), and 1.5 mM
IM (4)
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Fig. 7 Nyquist plots of a copper electrode in 0.5 M HCI solution
without (1) and with 0.1 mM UDIM (2), I mM UDIM (3), and 2 mM
UDIM (4)

influenced, to some extent, by mass transport since a
Warburg impedance plot was observed in the low fre-
quency region, while a similar Warburg impedance plot
was obtained for 2 mM UDIM. The Nyquist plots do not
show a straight-line portion at low frequencies because of
the limited low frequency range.

The equivalent circuit model employed for this system is
shown in Fig. 8. It contains of solution resistance R in
series connection with two time constants. The first time
constant, R,Cqj, in the high frequency region is proposed to
be a result of the fast charge transfer process of copper
dissolution, R, being the charge transfer resistance and Cgy,
the double layer capacitance. Since electrochemical sys-
tems show various types of inhomogeneity [21], Cy can be
better substituted by a constant phase element (CPE). The
CPE element was introduced formally only for fitting
impedance data. The second time constant in the low
impedance region results from mass transport through the
oxide film, C is the capacitance of the surface film, and R,
is the surface layer resistance.

The total impedance Z of the electrochemical system is
given by

[ Caul LC |
|| Et || II Ro ||

Fig. 8 Equivalent circuit model for the corrosion of copper

Table 2 Electrochemical parameters for corrosion of copper in 0.5 M
HCI after 40 minutes immersion

Inhibitor R/&Q cm®> Q/WF n Ry/kQ cm®  C/uF cm™
cm’2

Blank 1.33 195  0.741 0.130 124
005 mMIM 3.18 168  0.718 0.001 155
0.5mMIM 579 117 0725 0.113 102
1.5mMIM  7.55 94 0750 0.395 147
0.1 mM 5.53 474 0582 0.117 110
UDIM

1 mM 731 278  0.610 0.587 78
UDIM

2mM UDIM 8.24 157 0.692 0.889 73

R, R,

Z= Rsol +

(7)

1+ ROGo) 1+ RyjoC

The quantitative analysis of the experimental impedance
data was conducting by a computer program EQUIVCRT
based on a nonlinear least squares minimization method
developed by Boukamp [22]. The -electrochemical
impedance parameters derived from these figures are
given in Table 2.

The R, value was used to compare the effect of the
inhibitor. The more densely packed the inhibitor surface
film, the larger the diameter of the semicircle, which results
in higher R, and lower Cg values. It is clear that the
presence of the inhibitor increases the impedance of the
copper electrode and the charge transfer resistance (R)
values increase with increasing inhibitor concentration. R,
in the presence of UDIM is greater than with IM. The
decrease in the Cg; values with increasing IM concentration
is due to inhibitor adsorption on the copper surface. Cq in
the presence of UDIM is greater than that in blank 0.5 M
HCl solution. This can be explained by the different
adsorption behavior of UDIM compared with IM. These
results suggest that UDIM has the better protection effect.
The effect of molecular structure on corrosion inhibition
was the same as that determined using the weight-loss
method and electrochemical measurements.

3.3 AMI1 quantum chemical calculations

Quantum chemical calculations were carried out at the
Restricted Hartree—Fock level (RHF) using AM1 semi-
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Table 3 Quantum chemical parameters calculated by AM1 semi-emperical method

Inhibitor Enomo/eV ELumo/eV Net atomic charges

Cl C2 N3 C4 N5 Ringoal
M -11.59974 —6.18405 0.0203 0.1696 -0.4035 0.2504 -0.3143 -0.2775
UDIM -8.12834 —4.02918 -0.0038 0.0030 -0.2657 0.1015 -0.3659 -0.5309
empirical SCF-MO methods in the MOPAC 7.0 program.  Acknowledgments Support from the Shanghai Committee of

RHF means the restricted Hartree-Fock Hamiltonian is to
be used [23]. Table 3 shows the energy (in eV) of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) for inhibitors and
the electron density for atoms in the IM ring. It has been
reported that the higher the HOMO energy (Egomo) level
of the inhibitor, the greater is the ease of offering electrons
to the unoccupied d orbital of metallic copper and the
greater the inhibition effciency [24]. The present results
show that UDIM has a better protective effect for copper
corrosion and has higher Eyonmo and Ep yymo values com-
pared with IM.

It has also been reported that inhibitors can form coor-
dination bonds between the unshared electron pair of the N
atom and the unoccupied d electronic orbital of the metal
[25]. The larger the negative charge of the N atom, the
better is the action as an electronic donor. Previous studies
showed that the adsorption of 1,2,4-triazole and IM on
copper may be in a manner in which the plane of the
inhibitor molecule is parallel to the metal surface [26].
Thus, the better inhibition efficiency of UDIM for copper
corrosion in HCI solution can also be attributed to its larger
ring electron densities. It has been reported previously that
an alkyl chain present in the inhibitor molecular can form a
hydrophobic barrier retarding the metal corrosion in
aggressive environments [27]. Our present study shows that
the introduction of an undecyl to a IM ring can vary the
disturbances and orbital energy configuration of electrons,
thus enhancing the inhibitory effects on copper corrosion in
0.5 M HCI solutions.

4 Conclusion

The inhibition effects of IM and its undecyl derivative on
copper corrosion were investigated in aerated HCI solution.
Substitution in the IM ring results in an increase in inhib-
iting efficiency in relation to IM at an optimal
concentration. It seems that the introduction of an undecyl
to an IM ring improves its inhibitory effect by varying the
disturbances and orbital energy configuration of electrons.
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