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Abstract Inhibition of corrosion processes of copper in
aerated 3.5% NaCl solutions by 5-(3-aminophenyl)-tetra-
zole (APT) has been investigated using open-circuit
potential, potentiodynamic polarization, potentiostatic
current-time, electrochemical impedance spectroscopy,
and weight loss measurements together with pH and
Raman spectroscopy. Increasing concentrations of APT
greatly decreased the corrosion rate and increased the
surface and polarization resistance. It was concluded that
the adsorption of APT blocks the active sites on the copper
surface leading to the formation of cuprous chloride and
oxychloride complexes. This was supported by the Raman
spectrum obtained from the copper surface after 24 days of
immersion in a 3.5% NaCl solution containing 5.0 mM
APT. The results collectively are in good agreement and
show clearly that APT is a good corrosion inhibitor for
copper under the conditions studied.
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1 Introduction

In applications such as pipelines for water utilities, heat
conductors, heat exchangers, etc., copper is often corroded
by being in contact with sea water.

In previous work, the corrosion reactions of copper [1]
were reported, while the effects of organic additives on
corrosion inhibition of both copper [2-10] and aluminum
[11, 12] were studied in different corrosive environments.
A variety of electrochemical and gravimetric techniques
were used, together with surface characterization methods
such as XPS, AES, SEM, EDX, FT-IR, UV-vis and Raman
spectroscopy.

In spite of the relatively noble potential of copper,
corrosion takes place at a significant rate in sea water and
other chloride environments [2—4, 13, 14]. Heterocyclic
compounds, especially nitrogen-based ones, are effective
inhibitors, being coordinate with Cu(0), Cu(I) or Cu(Il) via
their nitrogen atoms through lone pair electrons to form
polymeric complexes with copper [3, 5, 15-17]. These
form an adsorbed protective film on the copper surface,
providing inhibition of corrosion by acting as a barrier to
aggressive ions such as chloride [16—19]. Polar functional
groups such as nitrogen, sulfur, and oxygen and conjugated
double bonds are considered reaction centers in establish-
ing the adsorption process [8, 9, 20-22].

The present study reports the inhibition of copper corro-
sion in 3.5% NaCl solutions by the heterocyclic azole
compound 5-(3-aminophenyl)-tetrazole (APT, Scheme 1)
whose effects on the corrosion inhibition of metals and
alloys in corrosive media have not been reported previously.
It was anticipated that APT would be effective in the present
case since it contains four nitrogen groups besides the
aminophenyl group whose presence increases the ability of
the nitrogen groups to be adsorbed onto the copper surface.
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Scheme 1 5-(3-Aminophenyl)- HoN
tetrazole (APT)

2 Experimental procedure
2.1 Chemicals and electrochemical cell

APT (Alfa-Aesar, 96%), sodium chloride (NaCl, Merck,
99%), and absolute ethanol (C,HsOH, Merck, 99.9%) were
used as received. An electrochemical cell with a three-
electrode configuration was used; a copper rod (Cu,
Goodfellow, 99.999%, 0.5 cm in diameter), a platinum
foil, and an Ag/AgCl electrode (in saturated KCl) were
used as a working, counter, and reference electrodes,
respectively. The copper electrodes were first polished
successively with metallographic emery paper of increas-
ing fineness of up to 800 grits, washed with distilled water,
degreased with acetone, washed with distilled water again,
and finally dried using tissue paper.

2.2 Electrochemical methods

Electrochemical experiments were performed by using a
PARC Parstat-2273 Advanced Electrochemical System
after immersion periods 1 and 24 h of the copper electrode
in the test electrolyte. For potentiodynamic polarization
experiments the potential was scanned from —800 to
700 mV at a scan rate of 1 mV/s. Potentiostatic current-
time experiments were carried out by stepping the potential
at 250 mV for 120 min. Electrochemical impedance
spectroscopy (EIS) tests were performed at corrosion
potentials (Ec,;) over a frequency range of 100 kHz-
0.05 Hz, with an ac wave of =5 mV peak-to-peak overlaid
on a dc bias potential, and the impedance data were col-
lected using Powersine software at a rate of 10 points per
decade change in frequency.

2.3 Gravimetric method

Measurements consisted in recording a change in the mass
of copper specimens (Goodfellow, 99.999%) as a result of
spontaneous dissolution in chloride solutions in the absence
and presence of APT. The experiments were carried out
using rectangular copper coupons having the dimensions of
3.0 cm in length, 1.0 cm in width and 0.20 cm in thickness
with an exposed total area of 7.6 cm®. The coupons were
polished and dried as for the case of copper rods (see Sect.
2.1), weighed (W), and then suspended in 200 cm® of the
test solutions for different exposure periods (624 days).
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After the designated exposure, the specimens were rinsed
with distilled water, washed with acetone to remove a film
possibly formed due to the inhibitor, dried using tissue
paper, and weighed again (W,). Three specimens were used
for each test and the loss in weight was calculated by taking
an average of these values. The maximum standard devi-
ation in the observed weight loss was calculated to be
41.0%. The weight loss (Am, mg dm_z), the corrosion rate
(Rcor, mg dm~2 day™' (mdd)), the inhibition efficiency
(IE%), and the degree of surface coverage (0) over the
exposure time were calculated as follows [6, 7],

Am=" 2 (1)
Rege = 112, @
IE% — % % 100, (3)

Here, A is the total surface area in cmz, t is the time of
exposure in day, and RY;, and RiC“Orr are the corrosion rates
without and with the inhibitor, respectively.

All solutions were prepared using doubly distilled water
and ethanol (99:1, vol:vol) and all electrochemical and
gravimetric measurements were carried out in open to air

(aerated) solutions at room temperature.

2.4 Raman spectroscopy

Raman spectra were measured using the microscope
attachment of a J-Y T64000 Raman spectrometer operated
in single spectrograph mode with a holographic dispersive
grating of 600 grooves/mm, giving a resolution of 2 cm™".
A 647.1 nm holographic notch filter was used to remove
the Rayleigh-scattered light. The entrance slit width was
100 pm. A liquid nitrogen-cooled CCD was used to detect

the scattered light.

3 Results and discussion
3.1 Open-circuit potential (OCP) measurements

The OCP curves of the copper electrode in aerated 3.5%
NaCl in the absence (1) and presence of 0.5 (2), 1.0 (3), and
5.0 mM ATP (4) are shown in Fig. 1. It is clearly seen
from the curve 1 that the chloride solution increased the
potential to the more negative values in the first few min-
utes perhaps due to the dissolution of copper as can be
represented by the following equation,
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Fig. 1 Open-circuit potential versus time for copper in aerated 3.5%
NaCl solutions without (1) and with 0.5 (2), 1.0 (3), and 5.0 (4) mM
APT present, respectively

Cu— Cu +e. (5)

The resulting Cu™ reacts with chloride ion from the
solution to form CuCl [23],

Cu® + CI~ — CuCl. (6)

The CuCl provides partial protection to the copper surface and
transforms to the cuprous chloride complex, CuCl,™ through
which the dissolution of copper occurs and could lead to the
slight negative shift in potential values with time [23, 24],

CuCl + CI~ — CuCl,". (7)

Under these conditions the corrosion of copper is under
mixed control by the dissolution of copper and the
diffusion of soluble CuCl,” from the Helmholtz plane
into the bulk solution [25],

CuCly(surace)” — Cu*™ +2C1° +e™. (8)

The presence of 0.5 mM APT (curve 2) abruptly shifts
the OCP to less negative values from the first moment of
copper immersion. This results from the adsorption of APT
molecules onto the copper surface (see the Raman data)
preventing the formation of cuprous chloride complexes
and blocking the active sites on the copper surface. During
the first 2 h (rapid stage) of immersion the OCP becomes
substantially less negative attaining a value of —84 mV as
a result of the stabilization of the APT film on the copper
surface; thereafter the potential became less negative at a
much reduced rate. Fluctuations started to appear on the
curve after 15 h of the electrode immersion. Increasing the
APT concentration to 1.0 (curve 3) and 5.0 mM (curve 4)
showed essentially the same behavior with the OCP
attaining values of —50 mV in the initial rapid stage but
with no fluctuations with increasing time. It is concluded
that the fluctuations in the OCP with the lowest

concentration of APT (0.5 mM) for extended time periods
are indicative of corrosion occurring. Hence a sufficiently
large concentration of APT is necessary to provide ade-
quate surface protection.

3.2 Potentiodynamic polarization measurements

The potentiodynamic polarization curves of the copper
electrode after 1 h (a) and 24 h (b) immersion in aerated
3.5% NaCl solution without (1) and with 0.5 (2), 1.0 (3),
and 5.0 mM (4) ATP present, respectively are shown in
Fig. 2. The cathodic reaction of copper in aerated NaCl
solutions is well known to be the oxygen reduction [2, 4]
namely,

0, + 2H,0 + 4¢~ — 40H™ (9)

The anodic dissolution of copper showed three distinct
regions that have been reported in detail previously [1-4,
26]. In brief, these are; a Tafel region at lower over-
potentials extending to the peak current density (jpear) due
to the dissolution of copper into Cu™, Eq. 5; a region of
decreasing currents until a minimum (j;,;,) is reached due

(a) 10°y
10'

10°k

j/UA cm?
3

-0.2 0.0 0.2 04 0.6
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Fig. 2 Potentiodynamic polarization curves for copper in aerated
3.5% NaCl solutions after 1 h (a) and 24 h (b) of electrode immersion
without (1) and with 0.5 (2), 1.0 (3), and 5.0 (4) mM APT present,
respectively
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Table 1 Corrosion parameters obtained from potentiodynamic polarization curves shown in Fig. 2 for copper electrode in aerated 3.5% NaCl
solutions in absence and presence APT after different exposure times, 1 and 24 h

Solution Parameter

Econ  Jcor —Be Ba Jpeak Jmin R, Reow 0 IE (%)

(mV) (Acm™?) (mVdec") (mVdec™") (UAcm™ (Acm ) (kQcm®) (mpy)
3.5% NaCl only (1 h) =317 19 140 125 29,000 5,400 1.51 8.71 - -
0.5 mM APT (1 h) —290 4.7 165 130 4,800 1,900 6.73 2.15 0.75 753
1.0 mM APT (1 h) —280 2.5 172 170 40 35 14.87 1.15 0.87 86.8
5.0 mM APT (1 h) 275 1.4 172 180 20 15 27.31 0.64 093 92.6
3.5% NaCl only (24 h) —-330 12 160 145 17,000 3,400 2.76 5.5 - -
0.5 mM APT (24 h) —260 1.6 170 180 35 25 23.76 0.73 0.87 86.7
1.0 mM APT (24 h) —238 0.7 175 185 11 10 55.86 0.32 094 942
5.0 mM APT (24 h) —162 0.15 176 190 1.3 1.1 264.8 0.07 0.99 98.8
to formation of CuCl, Eq. 6; and a region of sudden (a) 30y 5
increase in current density leading to a limiting value (jjim), 207 T
as a result of CuCl,™ formation, Eq. 7. ».lE 51

Addition of 0.5 mM ATP to both NaCl solutions after 1 o
and 24 h of electrode immersion (curves 2) significantly E 10 1
decreased the cathodic, anodic, and corrosion (joo) cur- =
rents, with the corrosion potential (Ec,,,;) values slightly St 2
shifted in the less negative direction; this effect is also 0 _L 1
more mgplﬁcant. in 1.0. apd 5.0 .mM APT, especufdly after 0 2'0 4'0 6I0 BIO 1(')0 1'20
the 24 h immersion. It is immediately seen from Fig. 2 that
the APT molecules substantially inhibit the anodic corro- (b) gg
sion reactions more than the cathodic ones. The corrosion « 20
parameters such as Ecqr, jcors cathodic (f.) and anodic E 15 VR_—/-NI
Tafel (B,) slopes, jpeaks jmin, pOlarization resistance (Rp), E 102 T
corrosion rate (Rcor), degree of surface coverage (6), and = 0.04 -
the inhibition efficiency (IE%) obtained from Fig. 2 were 0.02
calculated [6, 10] and listed in Table 1. It is seen that jco, MMMWMM%
Jpeak> Jmin and Rcor values decrease with slight positive 0.00 . . ] ] ] 4
shifts in Ecy, While fe, f,, Ry, 0, and IE% increase in the 0 20 40 60 80 100 120
Time / min

presence of APT and the increase of its concentration. This
indicates that APT precludes the dissolution of copper and
provides its surface with more corrosion resistance by
blocking its active sites and preventing the formation of
chloride and oxychloride complexes.

3.3 Potentiostatic current—time measurements

In order to shed more light on the effect of APT on the
anodic dissolution of copper and determine whether pitting
corrosion takes place at more positive potential values, we
carried out current-time experiments at 250 mV. Figure 3
depicts the measured current—time curves for the copper
electrode after its immersion in the aerated 3.5% NaCl
solutions without (1) and with 0.5 (2), 1.0 (3) and 5.0 (4)
mM APT for 1 h (a) and 24 h (b), respectively. It is clearly
seen from Fig. 3 that the highest currents are recorded for
Cu in chloride solution in the absence of APT (curves 1).
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Fig. 3 Current—time curves recorded for copper electrode after its
immersion in the aerated 3.5% NaCl solutions without (1) and with
0.5 (2), 1.0 (3), and 5.0 (4) mM APT present for 1 h (a) and 24 h (b);
the applied potential was 250 mV versus Ag/AgCl for 120 min

This is due to the dissolution of copper by Cl™ ions and the
formation of CuCl (Eq. 6), CuCl,™ (Eq. 7) as indicated by
the EDX analysis on the copper surface under similar
conditions [4]. The decrease of current we see on curve 1
(Fig. 3a) is considered to result from the formation of a
porous oxide layer (Cu,O) according to the following
reaction [3],

2CuCl + H,0 — Cu,O + 2HT + 2C1™. (10)

Furthermore increasing the immersion time of copper in
the chloride solution to 24 h (Fig. 3b curve 1) leads to the
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hydrolysis of the Cu,O oxide layer resulting in an upper
layer of atacamite (Cu,y(OH);Cl) [8],

Cu,0 +ClI™ +2H,0 — Cu, (OH)3C1 +Ht +2e". (] 1)

The atacamite is neither protective nor compact enough to
decrease the chloride ion attacks, leading to the current
increases after ~65 min consistent with the occurrence of
pitting corrosion seen with the naked eye after removing
corrosion products from the copper surface.

The presence of 0.5 mM APT (curves 2) produces large
decreases in the absolute current. This effect is even more
significant with the increased immersion time of 24 h,
where the current range over the whole experimental per-
iod was few microamperes. Increasing the concentration of
APT to 1.0 and 5.0 mM APT (curves 3 and 4) recorded
further small decreases of the respective currents with no
indication of pitting corrosion. This agrees with the
polarization measurements (Fig. 2) and confirms the ability
of ATP molecules to inhibit pitting and general corrosion
of the copper surface by preventing the formation of
chloride and oxychloride complexes.

3.4 Electrochemical Impedance Spectroscopy (EIS)
measurements

Figures 4 and 5 show respective Nyquist (a), Bode (b), and
phase angle (c) plots obtained for copper in aerated 3.5%
NaCl solutions without (1) and with 1.0 (2), 3.0 (3), and 5.0
(4) mM APT present, after 1 and 24 h immersion. In the
presence of APT molecules the impedance spectra for the
Nyquist plots after 1 h immersion (Fig. 4a) clearly show a
small semicircle in the high frequency region followed by a
straight line portion at low frequency values. The high
frequency semicircle is attributed to the time constant of
charge transfer and double-layer capacitance [27, 28]. The
diameter of this semicircle grows with increasing concen-
tration of the inhibitor as well as with the longer immersion
time of 24 h (Fig. 5a); at this stage the charge-transfer
resistance has become dominant in the corrosion process as
a result of the formation of the protective APT film [29].
The segments for the lower frequency area in the absence
of APT shown in the inserts (curves 1) are attributed to the
diffusion of copper cations into the solution as indicated by
Eq. 8. On the other hand and in the presence of APT, the
increase of these low frequency segments is due to the
adsorption then polymerization of APT molecules on
copper followed by the formation of APT-Cu complexes
on the electrode surface as follows,

APT + Cu — (APT) Cu™ (12)

The impedance spectra for the Nyquist plots (Figs. 4a and
5a) were analysed by fitting to the equivalent circuit model
shown in Fig. 6. The parameters obtained by fitting the

0 1 1 1 1 1
0 50 100 150 200 250 300

Z' [kQ cm?

102 10" 10° 10" 10° 10° 10* 10°
Frequency / Hz

—_
(2)
~—
~
o

Phase of Z / deg
-y
o

102 10" 10° 10" 10° 10° 10* 10°
Frequency / Hz

Fig. 4 Nyquist (a), Bode (b) and phase angle (c) plots for copper
after 1 h immersion in 3.5% NaCl solution without (1) and with 0.5
(2), 1.0 (3), and 5.0 (4) mM APT present

equivalent circuit and the calculated inhibition efficiency
are listed in Table 2. As can be seen from the equivalent
circuit shown in Fig. 6, there are two routes for electron
transfer, which are connected in parallel and competing
with each other. Both of the routes are similarly affected by
the presence of APT in the solution, and the difference
between the two routes is currently not understood. The
symbol R represents the solution resistance, R, the
polarization resistance, defined also as the charge transfer
resistance, Q; and Q, are the constant phase elements
(CPEs), and R, another polarization resistance. It is seen
from Figs. 4a and 5a and Table 2 that the R,, R, and Rl;
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10° _ of CPEs, (Yp,) values we have seen in Table 2 upon
‘E addition of APT and with increase in its concentration is
5
é 107 ¢ due to the adsorption of APT molecules on the copper
% 10° L surface [30]. The CPEs, (Yp,) appear to have Warburg
- characteristics with their n-values varying between 0.45
107 ¥ and 0.57 in all solutions suggesting that the mass transport
102 L may take place through the film. The IE% values of APT
102 10" 10° 10' 102 10° 10* 10° for the copper electrode were calculated from the charge
Frequency / Hz transfer resistance as follows [3],
© sof IE% = [(R, —R;)/Rp] x 100 (13)
70 [ where, R, and R; are the charge transfer resistances in the
¥ 60 L chloride solution with and without APT, respectively.
< I . . . .
< 50 Increasing the concentration of APT increases the imped-
«Ns a0 L ance of the interface and the maximum phase angle as
2 a0l shown in Fig. 4b and c, respectively, which result from the
E 20 [ inhibition of the corrosion processes. These effects increase
L with the immersion time as seen from Fig. 5b and c.
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Fig. 5 Nyquist (a), Bode (b) and phase angle (c¢) plots for copper
after 24 h immersion in 3.5% NaCl solution without (1) and with 0.5
(2), 1.0 (3), and 5.0 (4) mM APT present

values recorded for Cu in Cl~ solutions without the
inhibitor increase as the immersion time increases, which
agrees with the polarization data at the same condition and
agrees with our previous work [8]. Also, the oxide layer
covering the electrode surface in the absence of APT is
fairly dense, although it is porous, as the CPEs have similar
magnitudes Yy, and characteristics typical of double-layer
capacitances, their n values being 0.99 and 0.96 after Cu
immersion for 1 and 24 h, respectively.

Addition of APT molecules raises the values of R, Ry,
and R, with further increases seen by increasing the APT
concentration as well as the immersion time. The decrease
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and Raman spectroscopy

Figure 7 shows the variation of the dissolution rate (a) and
pH (b) versus time for the copper coupons in 3.5% solu-
tions without (1) and with 0.5 (2), 1.0 (3) and 5.0 mM (4)
APT present, respectively. The dissolution rate and the pH
increase rapidly with time in chloride solutions in absence
of APT, being consistent with a high corrosion rate of
copper. This is associated with the main species on the
surface being CuCl, ™, (Eq. 7) allowing the dissolution of
copper via its diffusion into the bulk solution. The
accompanying increase in pH also indicates that the rate of
generation of OH™ ions by the cathodic reaction, Eq. 9,
would be the same as that of CuCl,™ ions. On the other
hand, the presence of APT with increasing concentration
greatly decreases both the dissolution rate and the corre-
sponding pH values to a minimum even after the longest
immersion time of 24 days.
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Table 2 Parameters obtained by fitting the Nyquist plots shown in Figs. 4a and 5a with the equivalent circuit shown in Fig. 6 in 3.5% NaCl

solutions in the absence and presence of APT

Solution Parameter
R, (Qcm?®) 0, R, kQem®)  Q, R, (kQcm®)  IE (%)
Yy, (WF cm_2) n Yy, (WF cm_z) n
3.5% NaCl only (1 h) 44.2 5.76 0.99 4.64 4.4 0.48 0.28 -
0.5 mM APT (1 h) 54.5 0.198 0.81 52.67 1.23 0.51 13.5 91.2
1.0 mM APT (1 h) 724 0.177 0.83 85.4 0.71 0.53 24.7 94.6
5.0 mM APT (1 h) 96.5 0.13 0.79 93.8 0.45 0.56 30.1 95.1
3.5% NaCl only (24 h) 89.6 4.3 0.96 6.10 13.22 0.45 1.15 -
0.5 mM APT (24 h) 99.6 0.003 0.84 89.7 2.02 0.47 199 93.2
1.0 mM APT (24 h) 145.0 0.002 0.82 300 0.40 0.52 959 98.0
5.0 mM APT (24 h) 366.0 0.001 0.81 951 0.036 0.57 2,866 994
100
1
80
X 60
~
=
o
40 -
20 |
0
6 12 18 24
Time / day

Fig. 7 Changes of the dissolution rate, Am (a) and pH (b) with time for
copper coupons in aerated solution of 3.5% NaCl solutions without (1)
and with 0.5 (2), 1.0 (3), and 5.0 mM APT (4) present, respectively

Figure 8 shows the change of the percentage of the
inhibition efficiency (IE%) versus time for copper in
chloride solution containing 0.5 (1), 1.0 (2) and 5.0 mM (3)

Fig. 8 Variation of the inhibition efficiency (IE%) versus time for
copper coupons in aerated solutions of 3.5% NaCl in the presence of
0.5 (1), 1.0 (2), and 5.0 mM APT (3)

APT, respectively. The maximum IE% obtained for
0.5 mM APT was 90%, and increased to 95% and 99%
when the concentration of APT was increased to 1.0 and
5.0 mM, respectively. It is noted that the IE% value
remains essentially constant for each concentration of APT
over the different periods of copper immersion. The values
of the corrosion rate (Rc,,) and the degree of surface
coverage (0) using Egs. 2 and 4 were also calculated, the
data being shown in Table 3; increasing the APT concen-
tration significantly raises 0 and lowers R¢,,, values due to
the strong adsorption of APT molecules onto the copper
surface.

The Raman spectrum obtained from the copper surface
that was immersed in 3.5% NaCl containing 1.0 mM APT
for 24 days is shown in Fig. 9. The majority of the Raman
modes observed are characteristic of the presence of APT or
its complex with copper in the film formed, namely:
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Table 3 Change of the degree of surface coverage (0) and the corrosion rate (Rco;) obtained from weigh loss data for copper coupons in aerated

3.5% NaCl solutions in absence and presence of ATP

Time (days) Parameter Solution
3.5% NaCl (B) +0.5 mM APT +1.0 mM APT +5.0 mM APT

6 0 - 0.90 0.95 0.99

Rcor (mdd) 0.508 0.00498 0.00283 0.00071
12 0 - 0.90 0.95 0.99

Reorr (mdd) 0.496 0.00494 0.00278 0.00068
18 0 - 0.90 0.95 0.99

Reorr (mdd) 0.493 0.00491 0.00275 0.00066
24 0 - 0.90 0.95 0.99

Reorr (mdd) 0.486 0.00488 0.00273 0.00064

z
= 1003
=
)
[
Z |
~
1369

2z 1619 ({1442
=
b
=
oy

1 1 1 1 1 1 1 1
2000 1800 1600 1400 1200 1000 800 600 400

Raman shift / cm’!

Fig. 9 Raman spectrum obtained on the copper surface after its
immersion in 3.5% NaCl solution containing 5.0 mM APT for 24 days

529 cm ™!, azole ring torsion; 752 cm™ !, azole ring breath-
ing; 861 cm™!, Cu=N stretching vibration; 950 cm_l,
tetrazole ring; 1,003 cm_l, intermolecular Cu—N stretching
vibration due to interacting of APT~ anion with Cu(l);
1,040 cm™!, -N=N- stretching; 1,253 cm~ !, CH in plane
bending; 1,369 cm_l, ring stretching due to N—H deforma-
tion; 1,442 cmfl, 1,531 cmfl, benzene ring stretching;
1,619 cm™', C=N- stretching [31-35]. The Raman results
provide direct evidence of the adsorption of APT molecules
onto the copper surface thus strongly supporting the model
invoking the blocking its active sites and preventing it from
being corroded easily.

4 Conclusions

The inhibition of corrosion processes on copper in aerated
3.5% NaCl by 5-(3-aminophenyl)-tetrazole (APT) has been
studied and the results can be summarized as follows:

1. OCP, potentiodynamic polarization and potentiostatic
current-time measurements indicated that APT consid-
erably shifts the corrosion potential to more positive
values and greatly decreases the cathodic, corrosion and
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anodic dissolution currents. This effect was enhanced
upon increasing both the immersion time of copper and
APT concentration in the test electrolyte.

2. EIS experiments showed that APT molecules increase
both the surface and polarization resistances of copper
particularly after 24 h of immersion.

3. Gravimetric and pH measurements indicated that the
dissolution rate of copper together with the solution pH
values decrease remarkably as the concentration of
APT increases. The values of IE% obtained from the
weight-loss data were 90% at a concentration of
0.5 mM APT and increased to 95% and 99% when the
APT concentration was increased to 1.0 and 5.0 mM,
respectively. These IE% values remained essentially
constant for each APT concentration over the different
exposure times and even after 24 days of the copper
immersion in the inhibited solution.

4. The Raman spectroscopic investigation confirmed that
the inhibition of copper corrosion is achieved by strong
adsorption of APT molecules on the copper surface.

5. The combined results indicate that APT is a powerful
corrosion inhibitor for copper in aerated 3.5% NaCl
solutions.
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