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Abstract

The inhibitive action of three Schiff bases, N,N0-o-phenylen-bis(3-methoxysalicylidenimine) (V–o-Ph–V), N,N0-p-
phenylen-bis (3-methoxysalicylidenimine) (V–p-Ph–V) and N-[(2-hydroxy-3-methoxyphenyl)methylene]-histidine
(V-His), on copper corrosion in aerated 0.5 mol dm�3 NaCl and NaBr solutions was investigated using EIS and
steady-state polarization techniques. The inhibitor effectiveness depended strongly on the geometric structure of the
Schiff bases. Among the three kinds of Schiff base used, the inhibition efficiency of V–o-Ph–V on copper corrosion
was the highest, V–p-Ph–V the next and V-His the lowest. The Schiff bases inhibited the cathodic current more
significantly than the anodic current. The different influences of V–o-Ph–V or V–p-Ph–V on the anodic and cathodic
reactions led to the appearance of a low frequency capacitive loop in the impedance spectra. The inhibition action of
the Schiff bases was due to their adsorption on the copper surface followed by complexation with Cu(I) or Cu(II)
ions, forming a blocking barrier to copper corrosion.

1. Introduction

Copper is a widely used metal with extensive industrial
application and the study of its corrosion inhibition has
attracted much attention. Nitrogen and sulfur-contain-
ing organic heterocyclic compounds may act as inhibitors
for copper dissolution [1, 2] due to the chelating action of
heterocyclic molecules and the formation of a physical
blocking barrier on the copper surface [3]. Among them
the most often used are benzotriazole [4–8], benzimidaz-
ole [9] and tetrazole [10]. Benzotriazole has been proved
to be one of the most important inhibitors for copper and
copper alloy corrosion over a wide temperature and pH
range [4–8, 11]. However, benzotriazole and its deri-
vatives are highly toxic [3, 12] and environmental
protection requirements necessitate that the use of
benzotriazole and its derivatives will be limited [12].

Chloride and bromide ions are known to significantly
promote the aqueous corrosion of copper [5, 6, 13].
Extensive research on the mechanism of anodic copper
dissolution in NaCl, NaBr and HCl solutions [6, 14–18]
has been conducted and a number of different dissolu-
tion mechanisms have been proposed. It is usually
accepted that the anodic dissolution of copper is under
mixed control by the electrodissolution of Cu and the
diffusion of soluble CuCl�2 species from the outer

Helmholtz plane into the bulk solution [19]. The
mechanism of copper corrosion in neutral chloride and
bromide solutions involves copper dissolution at anodic
sites and electrochemical reduction of oxygen dissolved
in the solutions at cathodic sites [3].

Recently, we have found that the Schiff bases synthe-
sized from 3-methoxysalicylaldehyde, especially N,N0-
o-phenylen-bis(3-methoxysalicylidenimine) (V–o-Ph–V),
exhibit strong inhibition of copper corrosion in chloride
solutions of different pH [20–22]. In addition, they are
environmentally friendly. The purpose of this work is to
characterize the inhibition effect of the Schiff bases, V–o-
Ph–V, V–p-Ph–V and V-His, whose molecular structures
are described in Figure 1, on the dissolution and
corrosion of copper in aerated NaCl and NaBr solutions
and to further interpret the inhibition mechanism.

2. Experimental details

The copper electrode was made from 99.9% pure copper
rods 5.8 mm in diameter. The rod specimen was
embedded in an epoxy resin mould and only its cross
section was allowed to contact the aggressive solutions.
The electrode was ground with emery paper to a 2000
polish surface before each experiment, and then rinsed
with triply distilled water and finally with alcohol.
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The tests were performed at 20 � 0:2 �C in a three-
electrode cell with a separate compartment for the
reference electrode connected with the main compart-
ment via a Luggin capillary. The reference electrode was
a saturated calomel electrode (SCE) and the auxiliary
electrode was a platinum black electrode with a surface
area of 4 cm2. All potentials are referred to the SCE.

The 2.0 mol dm�3 NaCl and NaBr concentrated
solutions were prepared with analytical grade NaCl
and NaBr reagents and triply distilled water, respective-
ly. The 1:0 � 10�3 mol dm�3 V–o-Ph–V, V–p-Ph–V and
V-His were prepared respectively using the synthesized
sample and triply distilled water. The 0.5 mol dm�3

NaCl or NaBr dilute solutions with and without Schiff
bases were prepared through diluting the concentrated
NaCl, NaBr and the Schiff base solutions.

Steady-state polarization experiments were conducted
with a PAR M273. The polarization curves were
obtained by means of the linear potential sweep of
0.2 mV s�1 from cathodic to anodic. Impedance mea-
surements were performed with a model 378 a.c.
impedance measurement system. Under excitation of a
sinusoidal perturbation signal of 5 mV amplitude at the
open-circuit corrosion potentials, the frequency was
swept from 20 kHz to 10 mHz at five points per decade.

3. Results and discussion

3.1. Steady-state polarization

3.1.1. NaCl solutions with and without V–o-Ph–V
In the inhibitor-free solution, the anodic polarization
curve of copper (solid line in Figure 2) showed a
monotonic increase of current with potential until the

current reached the maximum at �42 mV vs SCE. A
linear region with an apparent Tafel slope of 55 mV
(decade)�1 was observed above the open-circuit poten-
tial (��190 mV). This behaviour has been observed by
Tromans et al. [5] and Lee et al. [14] and analysed by
Bacarella and Griess [19]. The anodic copper dissolution
was not solely activation-controlled, but was under
mixed control by the electrodissolution of Cu and the
diffusion of soluble CuCl�2 species from the outer
Helmholtz plane into the bulk solution [19]. This kind
of mixed control resulted in an apparent Tafel slope of
2.303 RT/F, about 60 mV (decade)�1. From �42 to �20
mV, the current density declined rapidly with potential
increase, forming an anodic current peak centering at
�42 mV which was related to CuCl film formation
arising from the lateral growth and thickening of CuCl
nuclei [5, 6, 13]. In fact, Cu2O was formed and involved
in the formation of CuCl film in neutral aerated NaCl
solution. Cu2O had corrosion protection properties and
influenced the electrochemical processes at the copper
electrode [11]. At anodic potentials greater than
�16 mV, the current increased again with potential.

The cathodic polarization curve displayed a current
plateau from �280 to �440 mV. The oxidants in NaCl
electrolyte are hydrogen ions and dissolved oxygen.
Thermodynamic considerations show that the open-
circuit potential (�190 mV) of copper in NaCl solution
is much more positive than that of hydrogen evolution
(��660 mV vs SCE), while dissolved oxygen can be
reduced cathodically in the potential region between
�280 and �440 mV. In this case, neglect of the hydrogen
evolution reaction is a good approximation near the
corrosion potential in the presence of oxygen. The
cathodic plateau may be attributed to the diffusion-
controlled reduction of dissolved oxygen based on
thermodynamic analysis [5]. If the anodic current direc-
tion is assumed to be in the positive direction, the applied

Fig. 1. Structure scheme of several Schiff base molecules:

(a) N,N0-o-phenylen-bis(3-methoxysalicylidenimine) (V–o-Ph–V); (b)

N,N0-p-phenylen-bis(3-methoxysalicylidenimine) (V–p-Ph–V); (c)

N-[(2-hydroxy-3-methoxyphenyl)methylene]-histidine (V-His).

Fig. 2. Steady-state polarization curves for the copper electrode in

0.5 mol dm�3 NaCl solutions with and without V–o-Ph–V. Key: (——)

no V–o-Ph–V; (- - -) 1:0 � 10�4 mol dm�3 V–o-Ph–V, 10 h immersion.
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current density for a corroding electrode whose cathodic
reduction is controlled partially by oxygen diffusion can
be described by the following equation [23]:

i ¼ icorr exp
2:303 DE

ba

� �
�

exp � 2:303 DE
bc

� �

1 � icorr

iL
1 � exp � 2:303DE

bc

� �h i
8<
:

9=
;

ð1Þ

where i is the applied current density, icorr the corrosion
current density, iL the cathodic limiting diffusion current
density, DE the difference between the polarized poten-
tial, and the corrosion potential (Ecorr), ba the Tafel
slope of anodic polarization current curve, and bc the
Tafel slope of cathodic polarization current curve.
Provided that the cathodic reduction reaction is deter-
mined completely by concentration polarization, name-
ly, icorr ¼ iL, Equation 1 reduces to

i ¼ icorr exp
2:303 DE

ba

� �
� 1

 �
ð2Þ

Consequently, the corrosion potential and the corrosion
current of copper in the aerated chloride solutions
cannot be determined by the usual Tafel extrapolation
method.

In the presence of V–o-Ph–V, both the cathodic and
anodic current densities were greatly decreased over a
wide potential range between �510 and �35 mV, but
the V–o-Ph–V slightly affected the open-circuit potential
(dashed line in Figure 2). It was found from Figure 2
that V–o-Ph–V had a much greater influence on the
cathodic current than on the anodic one. With increas-
ing positive potential, V–o-Ph–V lost anodic inhibition
at �27 mV and even began to promote anodic dissolu-
tion at more positive potentials. In addition, a current
plateau, located in the potential region from �30 to
43 mV, was observed from the curve, which might be
ascribed to the occurrence of a weakly passivating film
composed of CuCl, Cu2O and the Cu(I) complex with
V–o-Ph–V.

We investigated the electrochemical behaviour of
copper in NaCl solutions with V–o-Ph–V using a PAR
M173 potentiostat and a model 368 a.c. impedance
measurement system [20, 22]. Some results require
verification and some tentative conclusions remain to
be confirmed due to the limitation of precision of the
instruments. This is the reason for the continuation of
the investigation of the electrochemical behaviour of
copper in NaCl solutions with and without V–o-Ph–V.
The results are basically in agreement with previous
results, thereby supporting previous conclusions. The
purpose of choosing a relatively wide potential region is
to investigate how V–o-Ph–V affects the anodic and
cathodic behaviour of copper. We conclude from
Figure 2 that V–o-Ph–V is a mixed-type inhibitor of
the copper corrosion, but it affects the cathodic reaction
rate more significantly.

3.1.2. NaBr solutions with and without V–o-Ph–V
The polarization behaviour of copper in the
0.5 mol dm�3 inhibitor-free NaBr solution, as indicated
by the solid line in Figure 3, was similar to that of
copper in the inhibitor-free NaCl solution of the same
concentration. The anodic polarization curve also pre-
sented an apparent Tafel region with a slope about
57 mV (decade)�1 from �250 to �150 mV, an anodic
current peak centering at �116 mV, which was associ-
ated with the formation of Cu2O and CuBr mixed film
[6], and a wide current plateau starting from about
�90 mV caused by a passivating CuBr salt film. The
cathodic behaviour was also influenced by the diffusion
of oxygen dissolved in NaBr solution, but the effect was
not as obvious as in NaCl solution, since the cathodic
curve did not show a current plateau.

Under the same conditions, V–o-Ph–V affected the
polarization behaviour of copper in NaBr solution much
more than in NaCl solution. By comparing the dashed
lines in Figures 2 and 3, it is seen that when the copper
electrode was exposed to the V–o-Ph–V-containing
halide solutions for 10 h, the anodic and cathodic
currents were considerably reduced in NaBr solution.
In particular, the large anodic current peak in uninhib-
ited NaBr solution became two small peaks in the V–o-
Ph–V-containing NaBr solution and the anodic curve no
longer exhibited the apparent Tafel region. Although the
anodic polarization curve changed more in shape, the
cathodic current in NaBr solution was reduced more
significantly in the presence of V–o-Ph–V.

Figure 3 showed that the shape of the polarization
curves depended strongly on the V–o-Ph–V concentra-
tion and the immersion time. Overall, the higher the V–o-
Ph–V concentration, the better the inhibition efficiency;

Fig. 3. Comparison of the copper polarization behaviours in

0.5 mol dm�3 NaBr solutions with and without V–o-Ph–V. Key: (—)

no V–o-Ph–V; (- - -) 1:0 � 10�4 mol dm�3 (10 h immersion); (	 	 	 	 	 	)
1:0 � 10�4 mol dm�3 (10 min immersion); (-	-	-	) 1:0 � 10�5 mol dm�3

(10 h immersion); (- 		-		 -) 1:0 � 10�5 mol dm�3 (1 h immersion).
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the longer the immersion time, the better the inhibition
efficiency.

V–o-Ph–V is a compound with a planar structure
(Figure 1(a)) and there are large conjugate p bonds
among the three aromatic rings and the two —CH@N—
groups. It is inferred that V–o-Ph–V adsorbs rapidly on
the copper surface and forms a thin protective layer via
the formation of a N–Cu coordinate bond or p-electron
interactions.

Cu þ V–o-Ph–V ! Cu–ðV–o-Ph–VÞads ð3Þ

At the same time, complexation of V–o-Ph–V with the
corrosion products on the copper surface, which exist in
the form of Cu2O or Cu(I) ions, leads to formation of
Cu(I)–(V–o-Ph–V) chelate.

CuðIÞ þ V–o-Ph–V ! CuðIÞ–ðV–o-Ph–VÞads ð4Þ

Inhibition of copper corrosion by V–o-Ph–V is probably
related to a thin protective film with inclusion of Cu(I)–
(V–o-Ph–V) chelate compound at the corrosion poten-
tial.

When the anodic dissolution of copper begins, Cu(I)
ion concentrations around the electrode surface increas-
es; thus V–o-Ph–V can form a stable chelate with Cu(I)
ions,

CuX�
2 þ V–o-Ph–V ! CuðIÞ–ðV–o-Ph–VÞads

þ 2Hþ þ 2X� ð5Þ

It should be noted that Cu(I)–(V–o-Ph–V) is unstable
and is further oxidized to Cu(II)–(V–o-Ph–V) by dis-
solved oxygen. The Cu(II)–(V–o-Ph–V) product was
detected on the copper surface in previous work [20]. A
crystal of the chelate precipitates on the surface from the
solution, resulting in a highly protective thick film on the
copper substrate. As a result, the anodic dissolution of
copper is inhibited.

Long immersion and high concentration favoured the
inhibition effect of V–o-Ph–V on copper corrosion. In
fact, V–o-Ph–V hardly exhibited any influence on the
anodic behaviour of copper (see ‘-		-’ in Figure 3) when
the V–o-Ph–V concentration was low and the immersion
time was short.

3.1.3. Comparison of the polarization behaviour of copper
in NaBr solutions with different Schiff bases
N,N0-p-phenylen-bis(3-methoxysalicylidenimine) (V–p-
Ph–V), like V–o-Ph–V, is also a planar compound with
a big conjugate p bond (Figure 1(b)). The difference in
structure between V–o-Ph–V and V–p-Ph–V is that two
—C@N— groups of V–p-Ph–V are situated on the
opposite of the middle benzene ring. N-[(2-hydroxy-3-
methoxyphenyl)methylene]-histidine (V-His) is a non-
planar-structure compound (Figure 1(c)). Naturally, no
big conjugate p bond can be formed. Figure 4 shows
polarization curves of copper in the inhibitor-free NaBr
solution and in the presence of three Schiff bases. These

Schiff bases exhibit cathodic inhibition in varying
degrees, but V–p-Ph–V and V-His have a small influence
on the anodic behaviour of copper.

For V–o-Ph–V and V–p-Ph–V, not only can p
electrons enter unoccupied orbitals of copper, but the
p� orbital can also accept electrons of the d orbitals of
copper to form feedback bonds [21, 22]. Thus, more
than one center of chemical adsorption action may form
[21]. Therefore, the inhibition efficiency of V–o-Ph–V or
V–p-Ph–V on anodic dissolution or corrosion of copper
should be much higher than that of V-His.

The three Schiff bases can form chelates with Cu(I) or
Cu(II) ions. Figure 5(a) shows that one V–o-Ph–V
molecule may form a stable chelate with Cu(II) ions,
whereas this case is not suitable for V–p-Ph–V and V-
His. The molecular structure of V–p-Ph–V means that
the two coordinating N atoms cannot form a stable
pentaatomic or hexaatomic ring with Cu(II) ion as V–o-
Ph–V does; the most effective path is that two V–p-Ph–V
molecules simultaneously participate in coordination
with two Cu(II) ions, forming the stable complex shown
in Figure 5(b). The same applies to the coordination of
V-His with the Cu(II) ion (see Figure 5(c)). It is obvious
that the two chelates described in Figures 5(b) and (c)
are not so compact as the one shown in Figure 5(a).
Especially, the complex shown in Figure 5(c) has a
nonplanar structure. In this case, the inhibition efficien-
cy of V–o-Ph–V is the highest, followed by V–p-Ph–V
and V-His. The steady-state polarization and EIS
measurements confirm this.

3.2. Electrochemical impedance spectroscopy (EIS)

The Nyquist impedance diagram for copper in uninhib-
ited NaCl solution at the corrosion potential (see

Fig. 4. Steady-state polarization curves for the copper electrode in

0.5 mol dm�3 NaBr with and without Schiff bases. Key: (—) no Schiff

bases; (- 		-		 -) 1:0 � 10�4 mol dm�3 V-His (10 h immersion); (- - -)

1:0 � 10�4 mol dm�3 V–o-Ph–V (10 h immersion); (	 	 	 	 	 	)
1:0 � 10�4 mol dm�3 V–o-Ph–V (10 h immersion).
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Figure 6(a)) displayed a Warburg impedance, indicating
a diffusion effect. Although the dissolution of copper
and the reduction of oxygen take place simultaneously
on the electrode surface at the corrosion potential, we
believe that the Warburg impedance can be attributed to
diffusion of dissolved oxygen from the bulk solution to
the electrode surface. This inference is indirectly sup-
ported by the fact that the Nyquist diagram for copper
measured in dilute H2SO4 or Na2SO4 at the respective
corrosion potentials displays an obvious Warburg im-
pedance. For the Cu/H2SO4 (or Cu/Na2SO4) system,
concentration polarization is believed not to be involved
in the anodic dissolution of copper.

The impedance display of copper changed greatly in
shape and size when V–o-Ph–V was added to NaCl
solutions (Figure 6(b)). The Warburg impedance disap-
peared and the impedance diagrams increased in size. The
impedance diagrams for copper in the V–o-Ph–V-con-
taining NaCl solutions displayed a depressed capacitive
loop in the case of 10 min immersion and two well-
separated depressed capacitive loops in the case of 10 h
immersion. The same is true of the impedance for copper
in NaBr solutions (Figure 7).

At the corrosion potential, the Cu(I) concentration is
not high enough to form Cu(I)–(V–o-Ph–V) chelate via
Equation (4). The inhibition action of V–o-Ph–V is
probably realized through formation of a Cu–(V–o-Ph–
V)ads thin layer via Equation (3). Figures 2 and 3 show
that V–o-Ph–V has a different influence on the anodic

Fig. 5. (a) Structure scheme of Cu(II) chelate with V–o-Ph–V; (b)

structure scheme of Cu(II) chelate with V–p-Ph–V; (c) structure scheme

of Cu(II) chelate with V-His.

Fig. 6. Nyquist impedance diagrams for a copper electrode in

0.5 mol dm�3 NaCl, Na2SO4, H2SO4 solutions without V–o-Ph–V

and in 0.5 mol dm�3 NaCl solutions with V–o-Ph–V at the corrosion

potentials. Scatter graphs: measured spectra; line graphs: fitted spectra.

Key for upper plot (a): (d) 0.5 mol dm�3 NaCl; (+) 0.5 mol dm�3

Na2SO4; (�) 0.5 mol dm�3 H2SO4. Key for lower plot (b): (s)

1:0 � 10�4 mol dm�3 V–o-Ph–V (10 h immersion); (n) 1:0 � 10�4

mol dm�3 V–o-Ph–V (10 min immersion).

Fig. 7. Nyquist impedance diagrams for the copper measured in the

inhibitor-free NaBr solutions and in the NaBr solutions with a

different V–o-Ph–V concentration at corrosion potentials in the case of

different immersion time. Key for upper plot: (a): (d) no V–o-Ph–V

(h) 1:0 � 10�5 mol dm�3 V–o-Ph–V (10 h immersion); (s)

1:0 � 10�5 mol dm�3 V–o-Ph–V (10 min immersion). Key for lower

plot (b): (m) 1:0 � 10�4 mol dm�3 V–o-Ph–V (10 h immersion); (+)

1:0 � 10�4 mol dm�3 V–o-Ph–V (10 min immersion).
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and cathodic reactions. The appearance of a low
capacitive loop for long immersion times may be
ascribed to the different effect of V–o-Ph–V on the
anodic and cathodic reactions. When the immersion
time is short, Cu–(V–o-Ph–V)ads only acts as a blocking
layer, inhibiting the anodic and cathodic reactions
equally. Accordingly, the impedance plots do not exhibit
the low frequency capacitive loop (Figure 8(a)).

The Nyquist spectrum for the copper in the presence
of V–p-Ph–V also displayed two poorly separated
capacitive loops (Figure 8(b)), showing that V–p-Ph–V
could not inhibit the anodic and cathodic reactions
equally on copper for long immersion as V–o-Ph–V did.
However, the impedance diagram for copper in V-His-
containing NaBr solution gave a capacitive loop and a
Warburg impedance, which implied that V-His coverage
on the copper surface was low and corrosion still
proceeded on uncovered sites.

The impedance spectra with Warburg impedance
and those displaying one or two capacitive loops may

be analyzed using the electrical circuits shown by
Figure 9(a) and (b), respectively. Rs represents the
solution resistance, Rt is the charge-transfer resistance,
Ra is the pseudo-resistance and W is the Warburg
impedance. Constant phase elements (CPEs) are substi-
tuted for the capacitive elements to give a more accurate
fit. CPEdl represents the double-layer capacitance and
CPEa the pseudo-capacitance. The values of elements of
circuits (a) and (b) obtained by fitting the corresponding
impedance spectra are given in Tables 1 and 2, respec-
tively. Figure 6(a) shows the fitted impedance spectrum
for copper in inhibitor-free NaCl solution, and
Figure 6(b) shows the fitted impedance spectra for
copper in V–o-Ph–V-containing NaCl solutions after
immersion for 10 min and 10 h. Moreover, based upon
a recently developed impedance analysis [24], the dou-
ble-layer capacitance and pseudo-capacitance are calcu-
lated and the results are listed in Tables 1 and 2.

The high frequency semicircle is generally associated
with the relaxation of the electrical double-layer [25, 26].
The diameter of the high-frequency capacitive loop can
be considered as the charge-transfer resistance. The
smaller the charge-transfer resistance, the faster the
corrosion rate. When the corrosion current cannot be
determined by the Tafel extrapolation method, the
charge-transfer resistance can still be used to evaluate
the metal corrosion rate. The inhibition efficiency (e) can
be determined from Eq. (6) [22]:

e ¼ Rt � R0
t

Rt

� �
� 100 ð6Þ

where Rt is the charge-transfer resistance in the inhib-
itor-containing halide solutions and R0

t is that in the
inhibitor-free solutions. IE values for the Schiff bases on
copper are listed in Table 3. V–o-Ph–V gave a very high
inhibition efficiency, exceeding 90% for copper electrode
immersed for 10 h in halide solution of 1:0 � 10�4 mol
dm�3 V–o-Ph–V concentration. But the inhibition
efficiency for V–p-Ph–V was about 78.9% and for
V-His was only 37.1%.

Fig. 8. Nyquist impedance plots for copper measured, respectively, in

0.5 mol dm�3 NaBr solutions with V–o-Ph–V, V–p-Ph–V and V-His at

the respective corrosion potentials after the copper electrode was

immersed in the solution for 10 h. Key for upper plot (a): (h)

1:0 � 10�4 mol dm�3 V–p-Ph–V; (n) 1:0 � 10�4 mol dm�3 V-His; (m)

1:0 � 10�4 mol dm�3 V–o-Ph–V. Key for lower plot (b): (n) 1:0 �
10�4 mol dm�3 V-His; (h) 1:0 � 10�4 mol dm�3 V–o-Ph–V.

Table 1. Values of the elements of equivalent circuit in Figure 9(a) required for fitting the EIS displaying the Warburg impedance

Solutions Rt CPEdl Cdl W
/X cm2 Y0=X

�1 cm�2 sa, a=0 � 1 /lF cm�2 /X cm2

NaCl 1:21 � 103 7:09 � 10�5, 0.66 30.9 1:26 � 10�3

NaBr 1:32 � 103 1:39 � 10�4, 0.59 43.4 7:46 � 10�4

0.5 M NaBr + 1:0 � 10�4 M

V-His (10 h immersion)

2:10 � 103 8:51 � 10�5, 0.63 30.6 7:22 � 10�4

Fig. 9. Equivalent circuit to fit the EIS for copper displaying (a) a

Warburg impedance; and (b) one or two capacitive loops.
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The disappearance of the Warburg impedance shows
that the presence of V–o-Ph–V or V–p-Ph–V in halide
solutions changes the mechanism of copper dissolution,
or at least may hinder the diffusion of dissolved oxygen
to the copper surface. The following two results support
this assumption: (i) Table 2 indicates that the double-
layer capacitance values changes from 31.1 lF cm�2 in
NaCl solution to 1.10 lF cm�2 in 0.5 mol dm�3 NaCl
+1:0 � 10�4 mol dm�3 V–o-Ph–V solution over 10 h
immersion; 37.2 lF cm�2 in NaBr solution in the
absence of V–o-Ph–V to 1.25 lF cm�2 in 0.5 mol
dm�3 NaBr +1:0 � 10�4 mol dm�3 V–o-Ph–V over
10 h of immersion. The decrease in double-layer capac-
itance may be attributed to the fact that the copper
surface is covered by V–o-Ph–V molecules. Such a small
interfacial capacitance suggests no significant corrosion
reaction on the copper surface. (ii) The double-layer
usually behaves as a constant phase element (CPE)
rather than a pure capacitor [24], whose admittance is
defined as

YCPE ¼ Y0ðjxÞa ð7Þ

where Y0 is the magnitude and a is the exponential term
[13, 24]. In corrosion studies, the value of a reflects the
roughness of the electrode surface. The lower the value
of a, the rougher the electrode. From Table 2, a values
of the CPEdl are 0.93 in NaCl solution containing
1:0 � 10�4 mol dm�3 V–o-Ph–V and 0.94 in NaBr
solution with 1:0 � 10�4 mol dm�3 V–o-Ph–V after

immersion for 10 h, indicating that copper has hardly
been corroded; and the copper surface remains smooth.

The value of pseudo-capacitance is not more than
100 lF cm�2 (Table 2), which is much smaller than the
pseudo-capacitance caused by the relaxation of ad-
sorbed intermediate species during the metal dissolution.
Therefore, the low frequency capacitive loop may be
attributed to the different influence of the V–o-Ph–V
inhibitor on the anodic and cathodic reactions rather
than the relaxation of an adsorbed species.

V–o-Ph–V inhibits both the anodic and cathodic
reactions on the copper surface and can therefore be
considered as a kind of mixed type inhibitor in halide
solutions. In other words, the inhibition of V–o-Ph–V to
copper corrosion is not a simple geometric coverage.
Otherwise, a Warburg impedance will be observed when
the V–o-Ph–V partially covers the copper surface and a
capacitive loop rather than two capacitive loops can be
observed when the V–o-Ph–V completely covers the
copper surface. The steady-state polarization measure-
ments show that V–o-Ph–V affects the cathodic current
more strongly than the anodic current. Also, the
occurrence of a low frequency capacitive loop further
confirms that V–o-Ph–V has a greater influence on the
cathodic reaction than on the anodic reaction at
the corrosion potential. This conclusion also applies to
the inhibition of V–p-Ph–V on copper.

4. Summary

1. V–o-Ph–V and V–p-Ph–V behave as mixed-type in-
hibitors for copper in halide solutions. They decrease
the cathodic reaction rate more strongly than the
anodic reaction rate, but have little influence on the
open-circuit potential of copper in either NaCl or
NaBr solutions. The different influences of two Schiff
bases on the anodic and cathodic reactions cause the
Nyquist diagrams for the copper at the corrosion
potential to display a low frequency capacitive loop.

2. The three Schiff bases easily adsorb on the copper
surface at the corrosion potentials and form a thin
protective film, preventing copper from corrosion.

Table 2. Values of the elements of equivalent circuit in Figure 9(b) required for fitting the EIS for copper in NaCl and NaBr solutions with V–o-

Ph–V, V–p-Ph–V

Immersion time Rt CPEdl Cdl Ra CPEa Ca

/X cm2 Y0=X
�1 cm�2 sa, a=0 � 1 /lF cm�2 /X cm�2 Y0=X

�1 cm�2 sa, a=0 � 1 /lF cm�2

0.5 M NaCl + 1:0 � 10�4 M V–o-Ph–V

10 min 8:33 � 103 1:92 � 10�5, 0.73 9.77 – – –

10 h 2:63 � 104 1:41 � 10�6, 0.93 1.10 5:34 � 104 1:57 � 10�5, 0.47 12.9

0.5 M NaBr + 1:0 � 10�5 M V–o-Ph–V

10 min 7:12 � 103 4:93 � 10�5, 0.72 32.8 – – –

10 h 1:11 � 104 2:17 � 10�5, 0.73 12.9 – –

0.5 M NaBr + 1:0 � 10�4 M V–o-Ph–V

10 min 7:36 � 103 5:09 � 10�5, 0.67 31.6 – – –

10 h 1:46 � 105 1:61 � 10�6, 0.94 1.25 8:16 � 104 2:65 � 10�5, 0.49 59:7
0.5 M NaBr + 1:0 � 10�4 M V–p-Ph–V

10 h 6:26 � 103 3:85 � 10�6, 0.91 2.65 2:10 � 104 7:63 � 10�5, 0.55 112.1

Table 3. Inhibition efficiency (e) of three Schiff bases on the copper

corrosion under different conditions

Experimental condition Immersion time e/%

0.5 M NaCl + 1:0 � 10�4 M V–o-Ph–V 10 min 85.5

0.5 M NaCl + 1:0 � 10�4 M V–o-Ph–V 10 h 95.4

0.5 M NaBr + 1:0 � 10�5 M V–o-Ph–V 10 min 81.4

0.5 M NaBr + 1:0 � 10�5 M V–o-Ph–V 10 h 88.1

0.5 M NaBr + 1:0 � 10�4 M V–o-Ph–V 10 min 82.1

0.5 M NaBr + 1:0 � 10�4 M V–o-Ph–V 10 h 91.0

0.5 M NaBr + 1:0 � 10�4 M V–p-Ph–V 10 h 78.9

0.5 M NaBr + 1:0 � 10�4 M V-His 10 h 37.1
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3. V–o-Ph–V inhibits copper corrosion and anodic dis-
solution more strongly than V–p-Ph–V and V-His,
since its geometric structure is favourable for forming
Cu(II) chelate.
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