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Corrosion of copper in acidic chloride pickling solutions of 0.5 M HCl and its mitigation by 2-amino-5-
ethyl-1,3,4-thiadiazole (AETDA) have been investigated using potentiodynamic polarization, chrono-
amperometry, electrochemical impedance spectroscopy (EIS), and weight-loss measurements. The study
was also complemented by scanning electron microscopy (SEM), energy dispersive x-ray (EDX), and
UV-Visible absorption spectroscopy investigations. The presence of AETDA and the increase of its
concentration in the chloride solutions greatly decreased the corrosion rate and increased the surface and
polarization resistances of copper as indicated by the electrochemical measurements. Weight-loss data also
indicated that AETDA decreases the dissolution of copper coupons in the studied chloride solution.
SEM/EDX investigations showed that AETDA molecules are strongly adsorbed onto copper surface. The
UV-Visible absorption spectra confirmed that AETDA molecules suppress the corrosion of copper via their
interactions with the copper surface via their adsorption then formation of AETDA-Cu complex.
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1. Introduction

Copper (Cu) has a wide range of applications due to its
excellent thermal and electrical conductivities, mechanical
workability, and good corrosion resistance. Copper has been
commonly used in heat conductors, heat exchangers, as a
material in heating and cooling systems, etc. (Ref 1-3). Both
scale and corrosion products have negative effects on heat
transfer and cause a decrease in the heating efficiency of the
equipment, which requires periodic de-scaling and cleaning in
hydrochloric acid (HCl) solution. It is well known that
corrosion inhibitors effectively eliminate the undesirable
destructive effects of the acid and prevent Cu dissolution.
Consequently, the mechanisms of the anodic dissolution of
Cu in HCl solutions and its inhibition have been investigated
and different dissolution mechanisms have been proposed
(Ref 4-18).

Owing to stricter environmental regulations, low inhibitor
toxicity is an important requirement for the applied inhibitors.
The latest trend in industry is to replace toxic inhibitors, such as
triazoles, with nontoxic organic chemicals that can cause no
harm to the environment. In closed systems, thiazole deriva-
tives can act as an excellent replacement for the toxic triazoles

(Ref 19). The inhibiting action of these organic compounds is
usually attributed to their interactions with the Cu surface via
their adsorption. Polar functional groups are regarded as the
reaction center that stabilizes the adsorption process (Ref 14).

We have been studying corrosion and corrosion inhibition of
Cu (Ref 2, 3, 5-7, 13-18) and aluminum (Ref 20, 21) as well as
stainless steel alloys (Ref 22) in a variety of media. These
studies have been carried out using different electrochemical,
gravimetric, spectroscopic, and surface analyses investigations
under different experimental conditions. This study reports the
results obtained in studying the corrosion and corrosion
inhibition of Cu in 0.5 M HCl solution by 2-amino-5-ethyl-
1,3,4-thiadiazole (AETDA). This organic compound has shown
high inhibition efficiency against Cu corrosion in sea water
(Ref 18). AETDA is also expected to show powerful inhibition
effectiveness versus the Cu corrosion in HCl because it is a
heterocyclic compound containing a variety of donor atoms.

2. Experimental Details

AETDA (Sigma-Aldrich, 97%), HCl (Glassworld, 32%),
and absolute ethanol (C2H5OH, Fisher, 99.9%) were used as
received. An electrochemical cell with a three-electrode
configuration was used; a Cu rod (Goodfellow, 99.999%,
5.0 mm in diameter), a platinum foil, and an Ag/AgCl electrode
(in saturated KCl) were used as a working, counter, and
reference electrodes, respectively. The Cu rods for electro-
chemical analysis were prepared by attaching an insulated Cu
wire to one face of the sample using an aluminum conducting
tape, and cold mounted in resin. The samples were then left to
dry in air for 24 h at room temperature. To prevent the
possibility of crevice corrosion during measurement, the
interface between sample and resin was coated with Bostik
Quickset, a polyacrylate resin. The Cu electrode was first
polished successively with metallographic emery paper of
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increasing fineness of up to 600 grits, further with 5, 1, 0.5, and
0.3 lm alumina slurries (Fisher). The electrode was then
washed with doubly distilled water, degreased with acetone,
washed using doubly distilled water again, and finally dried
with pure nitrogen.

Electrochemical experiments were performed by using an
EG&G model 273A potentiostat-galvanostat. For potentiody-
namic polarization experiments, the potential was scanned from
�600 to 800 mVat a scan rate of 1 mV/s. Chronoamperometric
experiments were carried out by stepping the potential at
200 mV for 120 min. A Philips model XL30SFEG scanning
electron microscope (SEM) with an energy dispersive x-ray
(EDX) analyzer attached was used for surface analysis of Cu in
0.5 M HCl containing 5.09 10�3 M AETDA for 120 min. For
this purpose, the Cu sample was first removed from the
inhibited chloride solution after performing a chronoampero-
metric experiment at 200 mV for 120 min, then rinsed in
distilled water and finally dried with pure nitrogen. Impedance
measurements were made using a Solatron SI 1255 HF
frequency response analyzer along with the EG&G model
273A potentiostat-galvanostat. The instruments were controlled
by the EG&G M398 software program between 100 kHz and
0.05 Hz with an ac wave of ±5 mV peak-to-peak overlaid on a
dc bias potential, and the impedance data were obtained at a
rate of 10 points per decade change in frequency. The
impedance measurements were carried out at the open circuit
potential after 60 min immersion of the Cu electrode in the test
electrolyte.

The weight loss experiments were carried out using
cylindrical Cu coupons (Goodfellow, 99.999%) having the
dimensions, 5.10 cm diameter, 0.20 cm height, and exposed
total area of 42.4 cm2. The coupons were polished and dried as
that in the case of Cu rods, then weighed, and suspended in
200 mL solution of 0.5 M HCl with and without the desired
concentrations of AETDA. At the end of the run, the samples
were rinsed with distilled water, dried, and weighed again. All
weight-loss measurements were performed in triplicates and the
maximum standard deviation in the observed weight loss was
±2%. The loss in weight (mg/dm2), the corrosion rate (mg/
dm2/day, mdd), and the percentage of the inhibition efficiency
over the exposure time were calculated as reported in our
previous work (Ref 6, 7). UV-Visible absorption spectra were
obtained on solutions before and after weight-loss experiments
by using a SCINCO S-2000 UV-Visible spectrophotometer.

All solutions were prepared using doubly distilled water and
ethanol (99:1, v/v), and all measurements were carried out at
room temperature.

3. Results

3.1 Potentiodynamic Polarization Measurements

The potentiodynamic polarization curves of the Cu electrode
in 0.5 M HCl solution without (a) and with 1.09 10�3 (b),
5.09 10�3 (c), and 1.09 10�2 M AETDA (d) are shown in
Fig. 1. Anodic current of Cu in 0.5 M HCl in the absence of
AETDA molecules (Fig. 1, curve a) displays three distinct
regions: a Tafel region at lower over-potentials extending to the
peak current density ( jpeak), due to the dissolution of Cu into
Cu+; a region of decreasing currents until a minimum ( jmin) is
reached, due to formation of CuCl; and a region of sudden

increase in current density leading to a limiting value ( jlim), as a
result of CuCl2

� formation (Ref 23).
In the presence of 1.09 10�3 M AETDA (Fig. 1, curve b),

cathodic, corrosion (jCorr), and anodic currents are noticed to
decrease to the lower values as well as the values of corrosion
potential (ECorr) slightly shifted in the negative direction. This
effect was noticeably increased with increasing the concentra-
tion of AETDA in the solution. The values of jpeak, jmin,
cathodic (bc) and anodic Tafel (ba) slopes, jCorr, ECorr,
polarization resistance (Rp), corrosion rate (kCorr), degree of
surface coverage (h), and the inhibition efficiency (IE%)
obtained from Fig. 1 are listed in Table 1. The values of jCorr,
ECorr, Rp, KCorr, IE%, and h were obtained according to the
previous studies (Ref 24-27). It is obvious from Table 1 that the
values of jCorr, jpeak, jmin, and kCorr decrease and ECorr slightly
shifts in the negative direction, while bc, ba, Rp, h, and IE%
increase in the presence of AETDA molecules. It is also seen
from Table 1 that IE% of AETDA increases from �44% at
1910�3 to �67% at 1910�2 M.

3.2 Chronoamperometric Measurements and SEM/EDX
Investigations

The variation of current values of Cu electrode with time at
200 mV versus Ag/AgCl in 0.5 M HCl in absence (a) and
presence of 1.09 10�3 (b), 5.09 10�3 (c), and 1.09 10�2 M
AETDA (d) are shown in Fig. 2. It can be seen from Fig. 2 that
the highest current values for Cu obtained in the acid solution
in the absence of AETDA agrees with the potentiodynamic
polarization behavior (Fig. 1, curve a) at the same potential
value. At the early stages of the run, the current decreased
rapidly from about 32 to �4 mA/cm2 after which the current
started to increase again accompanied by some little fluctua-
tions, especially after the first 60 min of the run.

Addition of 1.09 10�3 M AETDA to the chloride solution
(Fig. 2, curve b) greatly lowered the absolute currents at the
whole time of the experiment. Further decreases were also
measured when the concentration of AETDA was increased
from 1.09 10�3 up to 1.09 10�2 M. The SEM micrograph

Fig. 1 Potentiodynamic polarization curves for the Cu electrode in
0.5 M HCl without (a) and with 1.09 10�3 (b), 5.09 10�3 (c), and
1.09 10�2 M AETDA (d)
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obtained for the Cu surface after stepping the potential to
200 mV in 0.5 M HCl containing 5.09 10�3 M AETDA for
120 min is shown in Fig. 3(a) in which there are two areas:
(I) and (II). The EDX profile analysis corresponding to area (I)
of Fig. 3(a) is shown in Fig. 3(b), where the atomic percentage
of the detected elements represent 23.62% C, 10.30% N, 2.4%
S, 40.14% Cu, and 21.36% Cl. This indicates that the AETDA
molecules at this area are adsorbed partially on the Cu surface
as the percents of Cu and Cl still high. An expanded version of
the area (II) in Fig. 3(a) is shown in Fig. 4(a), which depicts
that the whole Cu surface at this area is covered up with the
AETDA molecules. This was also confirmed by the EDX
profile analysis that was taken for the area shown in the
Fig. 4(a) and presented in Fig. 4(b). The atomic percent of the
elements in this area recorded 48.41% C, 21.19% N, and 7.01%
S, while the percent for Cl and Cu was only 6.99 and 15.28%.

3.3 Electrochemical Impedance Spectroscopy (EIS)
Measurements

To determine the impedance characteristics at the Cu/
electrolyte interface under various experimental conditions, EIS
measurements were carried out. The Nyquist impedance plots
obtained for the Cu electrode at open-circuit potential after
60 min immersion in solution of 0.5 M HCl without (1) and

with 1.09 10�3 (2), 5.09 10�3 (3), and 1.09 10�2 M AETDA
(4) are shown in Fig. 5(a). Symbols represent the measured
data and solid lines represent the best fit using the equivalent
circuit shown in Fig. 5(b). Figure 5(c) shows the total polar-
ization resistance (Rp1 + Rp2) plotted as a function of the
inhibitor concentration. The parameters obtained by fitting the
equivalent circuit shown in Fig. 5(b) are listed in Table 2,
where RS represents the solution resistance, Rp1 is the
polarization resistance, Q is the constant phase elements
(CPEs), W is the Warburg impedance, Cdl is the double layer
capacitance, and Rp2 is another polarization resistance. It can be
seen from Fig. 5(a) and Table 2 that the increase in AETDA

Table 1 Parameters obtained from potentiodynamic polarization curves shown in Fig. 1 for Cu electrode in 0.5 M HCl
solutions in the absence and presence of 1.03 1023, 5.03 1023, and 1.03 1022 M AETDA

Parameter solution bc, mV/dec ECorr, mV ba, mV/dec jCorr, lA/cm2 jpeak, lA/cm2 jmin, lA/cm2 Rp, kX cm2 KCorr, mpy h IE%

0.50 M HCl 130 �153 35 18 16,500 470 0.67 8.25 ÆÆÆ ÆÆÆ
1.09 10�3 M AETDA added 160 �156 39 10.5 12,500 50 1.30 4.81 0.45 44.6
5.09 10�3 M AETDA added 190 �162 47 7.8 880 750 2.21 3.58 0.57 56.7
1.09 10�2 M AETDA added 212 �165 56 5.9 420 370 3.26 2.70 0.67 67.2

Fig. 2 Potentiostatic current-time curves for Cu electrode at
200 mV in 0.5 M HCl in the absence (a) and presence of 1.09 10�3

(b), 5.09 10�3 (c), and 1.09 10�2 M AETDA (d)

Fig. 3 (a) SEM image of the Cu surface obtained after stepping the
potential to 200 mV in 0.5 M HCl containing 5.09 10�3 M AETDA
for 120 min and (b) the corresponding EDX profile analysis of the
area (I) shown in the image
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concentrations raises the solution resistance, RS, and the
polarization resistances, Rp1 and Rp2. The CPEs (Q) are almost
like Warburg impedance when their n values are close to 0.5
and are like double layer capacitors with some pores when n
values reaches 1.0; the CPEs decrease upon addition of
AETDA and upon the increase in its concentration. It has
been reported (Ref 28) that the semicircles at high frequencies
are generally associated with the relaxation of electrical double
layer capacitors, and the diameters of the high-frequency
capacitive loops can be considered as the charge transfer
resistance. The inhibition efficiency (IE%) of AETDA for the
Cu electrode can be calculated from the charge transfer
resistance as follows:

IE% ¼
Rp1 � Ro

p1

Rp1

� �
� 100 ðEq 1Þ

where Rp1 and Rp1
o are the charge transfer resistances in

0.5 M HCl with and without AETDA, respectively. The val-
ues of this calculated IE% are listed in Table 2 from which it
is also seen that the value of IE% increases as the concentra-
tion of AETDA increases in the solution. This agrees with
the IE% values obtained by potentiodynamic polarization
(Table 1) and current-time. The presence of the Warburg (W)
impedance indicates that the mass transport is limited by the
surface adsorbed layer on the Cu surface. The presence of
double layer capacitance (Cdl) and the decrease of its value

with the increase of AETDA concentrations, which is
expected to cover-up the charged surfaces reducing the capac-
itive effects and suggest also that the electron transfer reac-
tion corresponding to the second semicircle takes place
through the surface layer, which limits mass transport or acts
just like another resistor.

3.4 Weight-Loss Measurements

The weight losses versus time for the Cu coupons in
200 mL of 0.5 M HCl in absence (1) and presence of
1.09 10�3 (2), 5.09 10�3 (3), and 1.09 10�2 M AETDA (4)
are shown in Fig. 6(a). Figure 6(a, curve 1) shows that the
weight loss of Cu recorded �0.75 mg/dm2 after 2 h and
increased linearly to record �3.5 mg/dm2 in 12 h. Addition of
1.09 10�3 M AETDA (Fig. 6a, curve 2) lowered the weight
loss to a significant extent even after 12 h in comparison to that
obtained in the case of HCl alone. Increasing the concentration

Fig. 4 (a) An expanded version of the SEM area (II) that is shown
in Fig. 3(a) and (b) the corresponding EDX profile analysis of the
area shown in the image

Fig. 5 (a) Nyquist plots for the Cu electrode after 60 min immer-
sion in 0.5 M HCl in the absence (1) and presence of 1.09 10�3

(2), 5.09 10�3 (3), and 1.09 10�2 M AETDA (4); (b) the equiva-
lent circuit used to fit the experimental data presented in Fig. 5(a);
and (c) polarization resistances plotted as a function of the AETDA
concentration
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of AETDA to 5.09 10�3 M, curve 3, represented further
decrease in the weight loss, while the minimum weight loss
was obtained when the concentration was increased to
1.09 10�2 M, curve 4. Perhaps, the adsorption of AETDA
molecules onto the Cu surface limits the dissolution of Cu.

This was also indicated by plotting the variation of the
inhibition efficiency (IE%) that was calculated from the loss in
weight of the Cu specimens by AETDA with time as shown in
Fig. 6(a). The values of IE% were calculated according to the
following equation (Ref 13-15),

IE% ¼ Kun
Corr � K in

Corr

Kun
Corr

� 100 ðEq 2Þ

The inhibition efficiency of 1.09 10�3 M AETDA recorded
about 52% after 12 h, increased to about 65% at 5.09 10�3

and 71% when the concentration was increased to 1.09
10�2 M. This emphasizes the fact that the presence of AETDA
precludes the dissolution of Cu and this effect increases upon
increasing the AETDA concentration.

3.5 UV-Visible Absorption Spectra

Figure 7 represents the UV-Visible absorption spectra of
the solutions containing: (a) 0.5 M HCl; and (b) 0.5 M
HCl + 5.09 10�3 M AETDA before Cu immersion (1) and
after 12 h immersion (2), respectively. These experiments were
carried out to confirm the possibility of the formation of
AETDA-Cu(1) complex in the test electrolyte. The chloride
solution (Fig. 7a) before Cu immersion (curve 1) shows only
one weak band at 233 nm, while after 12 h immersion of Cu
(curve 2), several absorption bands across the spectrum
particularly at about 204, 211, 216, and 256 nm appear. On
the other hand, the absorption spectrum of the solution
containing 5.09 10�3 M AETDA shown in Fig. 7(b) before
the Cu immersion (curve 1) shows a sharp band at 203 nm and
another one at 248 nm. These bands shifted to 208 and 243 nm,
respectively, after 12 h of Cu immersion (curve 2). This is
because the amine groups of AETDA are strongly held up in
the formation of a complex with Cu+. It has been reported that
Cu forms such complex with 2-amino-thiazole (Ref 29) as well
as many other azole derivatives (Ref 4, 15, 30, 31).

4. Discussion

It is well known that the anodic reaction of Cu, when the
concentration of HCl< 1 M, is the dissolution of Cu through
oxidation of Cu(0) to Cu+ then Cu+ to Cu2+ (Ref 32).
According to Braun and Nobe (Ref 9), Cu+ reacts with chloride
ion from the solution as follows:

Cuþ þ Cl� ¼ CuCl ðEq 3Þ

This CuCl does not produce enough protection to the Cu sur-
face and transforms to the soluble cuprous chloride complex,
CuCl2

� (Ref 8),

Table 2 EIS parameters obtained by fitting the Nyquist plots shown in Fig. 5(a) with the equivalent circuit shown
in Fig. 5(b) for Cu electrode in 0.5 M HCl solutions in the absence and presence of AETDA

Parameter solution Rs, X

Q

Rp1, kX W, X/s1/2 Cdl, lF/cm2 Rp2, kX IE%YQ, lF/cm2 n

0.50 M HCl 31.5 0.96 0.57 4.28 5.29E�5 96.8 0.165 ÆÆÆ
1.09 10�3 M AETDA added 33.58 0.427 0.65 11.11 6.1E�5 0.35 3.18 61.5
5.09 10�3 M AETDA added 41.4 0.326 0.70 21.05 9.78E�5 0.25 3.86 79.7
1.09 10�2 M AETDA added 43.42 0.306 0.77 28.14 13.3E�5 0.15 6.10 84.8

Fig. 6 Variation of (a) the weight loss with time for Cu coupons in
0.5 M HCl in the absence (1), presence of 1.09 10�3 (2),
5.09 10�3 (3), and 1.09 10�2 M AETDA (4) and (b) the inhibition
efficiency (IE%) with time for Cu coupons in 0.5 M HCl containing
1.09 10�3 (1), 5.09 10�3 (2), and 1.09 10�2 M AETDA (3)
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CuClþ Cl� ¼ CuCl2
� ðEq 4Þ

If CuCl2
� is adsorbed on the surface, its dissolution into the

bulk solution or its further oxidation to cupric ions (Ref 8, 9)
will occur according to Eq. 5 and/or Eq. 6,

CuCl2
�ðsurface) ¼ CuCl2

�ðsolutionÞ ðEq 5Þ

CuCl2
�ðsurface) ¼ Cu2þ þ 2Cl� þ e� ðEq 6Þ

The overall corrosion reaction of Cu in acidic chloride solu-
tion in the absence of an inhibitor at this condition can be
represented as follows (Ref 4):

2Cuþ 4HClþ O2 ¼ 2Cu2þ þ 4Cl� þ 2H2O ðEq 7Þ

The decrease of JCorr, Jpeak, Jmin, and kCorr and the increase
of Rp, h, and IE% values in the presence of AETDA
(Fig. 1) are mainly due to the decrease of the Cu electrodis-
solution. The negative shift in the ECorr with the increase in
the AETDA concentration is clearly shown by the increase

in the bc values, as a result of the ability of the adsorbed
AETDA layer to inhibit the cathodic reaction. Furthermore,
the increase of both bc and ba values relates to the decrease
in both the cathodic and anodic currents. The electrodissolu-
tion of Cu in the presence of AETDA could take place as
reported for other inhibitors, electro-oxidize primarily to
Cu+ and is able to form a slightly soluble Cu+(AETDA)�

complex as the main electrodeposition products in the pres-
ence of a clean surface, i.e., in the case of Cu/Cu2O system
(Ref 33).

Cuþ ¼ Cu2þ þ e� ð slow reactionÞ ðEq 8Þ

The reaction of the inhibitor molecules and the Cu surface
can be then explained as follows:

CuCl2
� þ AETDAþ e� ¼ CuþðAETDAÞ� þ 2Cl� ðEq 9Þ

This was also demonstrated by SEM and EDX investigations
shown in Fig. 3 and 4. Although a few of Cl� is still present
in the structure of the inhibition film, the AETDA mole-
cules adsorbed strongly on the Cu forming a Cu+(AETDA)�

complex, preventing Cu surface from being corroded easily.
This also explains the decrease of current values shown in
Fig. 2, as the concentration of AETDA increases in the solu-
tion. It is interesting to note also that the total polarization
resistance obtained from EIS is greatly increased by the
inhibitor concentration as shown in Fig. 5c, which gives
indication that the inhibitor forms a layer, which grows
upon increasing the AETDA concentration and behaves as a
resistor for the electron transfer. That is, the layer becomes
thicker in direct proportion to the concentration of AETDA,
to which the corrosion rate is inversely proportional. Also,
the increased values of RS proved that the solution resistance
increases with increasing AETDA content in the solution.
Moreover, the positive identification of the complex in the
solution by UV-Visible absorption spectra (Fig. 7b) confirms
that AETDA plays an important role in protecting the Cu
surface against the aggressiveness of the acid solution. All
these results indicate that AETDA is a good corrosion inhib-
itor for Cu in HCl solution and its ability increases with its
concentration.

5. Conclusions

The corrosion of Cu in 0.5 M HCl solution and its inhibition
by AETDA using electrochemical, gravimetric, and spectro-
scopic measurements has been carried out. Polarization and EIS
measurements indicated that the presence of AETDA and the
increase of its concentration decrease, to a great extent, the
cathodic, corrosion, and anodic currents and corrosion rates of
Cu as well as increase surface and polarization resistances.
Current-time and SEM/EDX investigations revealed that
AETDA inhibits Cu surface even at high potential values
(200 mV) due to the adsorption of AETDA onto the surface.
The maximum inhibition efficiency obtained by weight loss
after 12 h of Cu immersion at 1.09 10�3 M AETDA is about
52% and increased to �65% at 5.09 10�3 M and 71% at
1.09 10�2 M. UV-Visible absorption spectroscopy identified
the presence of AETDA-Cu complex in the chloride solution
containing AETDA.

Fig. 7 UV-Visible absorption spectra of the solutions containing:
(a) 0.5 M HCl before Cu immersion (1) and after 12 h immersion
(2); and (b) 0.5 M HCl + 5.09 10�3 M AETDA before Cu immer-
sion (1) and after 12 h immersion (2). The spectra were taken after
the original solution was diluted by a factor of 1:5
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