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a
b

Cukurova University, Ceyhan Engineering Faculty, Chemical Engineering, 01960 Adana, Turkey
Cukurova University, Sciences & Letters Faculty, Chemistry Department, 01330 Adana, Turkey

a r t i c l e

i n f o

Article history:
Received 20 August 2013
Accepted 3 March 2014
Available online 12 March 2014
Keywords:
A. Copper
B. EIS
C. Acid corrosion

a b s t r a c t
Methyl 3-((2-mercaptophenyl)imino)butanoate (MMPB) was synthesized as inhibitor compound for copper protection. The molecule was designed with azole, thiol functional groups and carboxylate tail group.
The inhibition efﬁciency was examined in acidic chloride media, by means of various electrochemical and
spectroscopy techniques. Electrochemical study results showed that high efﬁciency of MMPB was mainly
related with its capability of complex formation with Cu(I) at the surface. The thiol group also improves
the adsorptive interaction with the surface, as the carboxylate groups provide extra intermolecular
attraction.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Protection of copper is of particular interest, especially in acidic
media which also includes chloride ions [1–16]. Copper is vulnerable against corrosion in such severe environment, although it is
highly resistant in nearly neutral or slightly alkaline aqueous
environment [2,17–36]. The use of an appropriate inhibitor is
necessary, taking into account the speciﬁc corrosion mechanism
of copper in acidic chloride environment. Especially, in heat
exchangers, cooling water system pipelines copper surface is
exposed to locally attack of various aggressive species [21]. Local
defects and pitting are highly important risks to be handled for
copper protection in chloride solution [37–40]. Generally, ﬁlm
assembling inhibitors based on the green chemicals are preferred
for this purpose [41–44].
The use of nitrogen and sulfur containing organic compounds as
corrosion inhibitor for copper has been widely investigated
[1,2,45–51]. Azole compounds tailored with hydrophobic end
groups are very popular. The azole group is able to form coordinative covalent bond with vacant d orbitals of copper atoms. Also
rings containing conjugated bonds (p electrons) positively affect
the interactions between copper and inhibitor compound. There
are many reports about various azole group organic inhibitors
forming complexes with copper ions and generating highly protective ﬁlm chemisorbed on the surface. The ﬁlm built over Cu(I)
complex which is inert, insoluble and long lasting polymer like
structure [1,2,52].
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Also, mercapto group (SH) containing inhibitors are able to
form stable complex with copper ions via the thiolate bond. Most
of these inhibitors are modiﬁed with an aromatic ring which has
certain substituents, in order to increase hydrophobicity on top
of protective layer. The inhibition mechanism is based on chemisorption of complex between inhibitor and copper ions, on the
surface. The inhibition efﬁciency is governed by the position of –
SH group on the ring (ortho > meta > para) [41,43,53–56].
Methyl 3-((2-mercaptophenyl)imino)butanoate was synthesized as inhibitor compound, the molecule is functionalized with
both azole and thiol groups. These groups generate strong adsorptive interaction with metals/alloys, especially in acidic environment. Also, the carboxylate end group has signiﬁcant dipole
character and results with important intermolecular interaction
between the molecules adsorbed on the metal surface. Once the
adsorbed molecules interact with each other along the carboxylate
tails, a ﬁlm like adsorption layer could be formed on the surface.
The inhibition efﬁciency of this organic compound was investigated against copper corrosion, in 0.1 M HCl solution. The effect
of temperature, concentration and extending exposure periods
were investigated.
2. Experimental
2.1. Synthesis of inhibitor
Methyl 3-((2-mercaptophenyl)imino)butanoate (MMPB) was
synthesized in our laboratory. For synthesis of the inhibitor a mixture of 2-aminobenzenethiol (1.25 g, 10 mmol) and methylacetoacetate (1.26 g, 10 mmol) and %10 mol of triﬂoroaceticacid
(TFA) in 5 ml ethanol in a round bottom ﬂask was stirred at 80 °C
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in an oil bath. Thin layer chromatography (TLC) of the reaction
mixture after 150 min showed the completion of the reaction.
Then, the mixture reaction was ﬁltered, and the solid was washed
with ethyl acetate. The ﬁltrate was then evaporated under reduced
pressure to give the crude product. The pure product was crystallized from ethanol. A general reaction of the synthesized inhibitor
was given in Fig. 1.
2.2. Characterization of MMPB
We have synthesized methyl 3-((2-mercaptophenyl)imino)butanoate (MMPB) which is an imine compound [57,58]. The reaction
was a facile reaction due to the good electrophilic and nucleophilic
properties of b-ketoester compound and amine compound,
respectively. The condensation of 2-aminobenzenthiol with
methylacetoacetate afforded 85% yield in 150 min at 80 °C, with
catalysis of TFA. The yellow colored product was recrystallized
from ethanol solution. The characterization of the inhibitor was
realized with NMR spectroscopic analysis. The NMR data of
inhibitor was given below.
1
H NMR (600 MHz, DMSO4-d6) d ppm: 6.97 (d, J = 7.8 Hz, 1H),
6.82 (d, J = 7.2 Hz, 1H), 6.57–6.50 (m, 2H), 3.61 (s, 3H), 3.33
(s, 1H), 3.01–2.92 (m, 2H), 1.70 (s, 3H) 13C NMR (150 MHz, DMSO4d6) d ppm: 170.58, 146.57, 125.59, 121.75, 118.99, 109.54, 75.16,
51.93, 48.06, 29.57.
The stability of MMBP against hydrolysis was examined in
acidic corrosive environment. The synthesized molecule is an
imine compound and these species may undergo hydrolysis in order to yield amine and carbonyl compounds, in highly acidic media. For this purpose, 10 mM inhibitor containing test solution
(0.10 M HCl) was stirred continuously for an hour, under 45 °C
temperature. Then, samples were taken from this solution and analyzed with help of FTIR (Fourier transformed infrared). The solution
was mixed KBr and pellets were prepared. The obtained spectra revealed that there was not any amine group, since there was not any
absorption peak between 3443 and 3357 cm1. Also, there was no
evidence for any other possible hydrolysis product.
2.3. Electrochemical studies
Electrochemical studies were realized in 0.1 M HCl test solution,
employing three electrodes setup in one compartment cell. A platinum sheet was utilized as the counter electrode and Ag/AgCl (3 M
KCl) was the reference. The working electrode was copper (99.99%
purity) cylindrical rod embedded in resin, with one bottom surface
(0.283 cm2) open to exposure. Before each experiment, the specimens were mechanically abraded with silicon carbide papers (from
grades 500 to 1000), degreased with acetone, washed with distilled
water and dried.
For studies aiming to determine corrosion rate with quantitative analysis of immersion test solutions, square shaped
(10  10  1 mm) copper (99.99% purity) coupons were utilized.
The surface of these samples was prepared with the same route
as described above.
CHI 660C model electrochemical workstation was employed
for potentiodynamic, ac impedance measurements. Before each
electrochemical test, the potential of the electrode was monitored
SH
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Fig. 1. The synthesis reaction of inhibitor compound.

with time until the steady state conditions set on the electrode surface. Then, the measured stable electrode potential was handled as
the corrosion potential (Ecorr). It was seen that approximately
30 min was sufﬁcient for reaching the said steady state, in presence and absence of inhibitor in test solution. Potentiodynamic
method was used to obtain anodic polarization plots, starting from
Ecorr value and employing 1 mV/s scan rate. EIS measurements
were realized at Ecorr value, with 5 mV perturbation voltage in a
frequency range of 10+4–102 Hz.
In order to clarify the inhibition mechanism, the effect of concentration and temperature were studied separately. The temperature range was between 25 and 55 °C, which was valid for
many open cooling water systems. The concentration range was
selected in between 0.5 and 10 mM inhibitor, for the purpose of
less chemical consumption in practical applications.
In order to investigate the morphology and structural composition of the surface, Zeiss/Supra 55 model FE-SEM (ﬁeld emission
scanning electron microscope) equipped with EDX was utilized.
Copper coupons were immersed in blank and 10 mM inhibitor containing solutions, for 7 days.
3. Results and discussion
3.1. Corrosion inhibition studies
Before realization of potentiodynamic and electrochemical
measurements, steady state conditions must be provided on the
electrode surface. In Fig. 2, the corrosion potential (Ecorr) of copper
electrodes are plotted against immersion time. It is clear that stable corrosion potential value is reached in about 30 min, for both
inhibitor free and 10 mM inhibitor containing solutions. Then before each electrochemical measurement, 30 min immersion time
was employed for each electrode.
In Fig. 3, potentiodynamic measurement results are given for
copper in the absence and presence of 10 mM MMPB, in 0.1 M
HCl. In inhibitor free solution, copper dissolution leads to formation of sparingly soluble copper (I) chloride (Ksp: 1.72  107) on
the surface [41,59]. None of the copper oxides are stable under
studied pH conditions and anodic dissolution rate is directly related to barrier effect of CuCl deposit on the surface. This event is
observed as a wide peak in the potential range of 0.02 and
+0.08 V (vs. Ag/AgCl). Once the surface is covered with CuCl, this
deposit exhibits a physical barrier between the solution and metal.
Then the anodic dissolution rate (thus the current density) was
controlled by the stability of this CuCl layer and limitation of mass
transfer. The anodic dissolution of copper has been extensively discussed in the literature, considering various mechanism steps in
order to explain the kinetics of dissolution properly [10,24]. In
our case, the following steps are considered to explain the potentiodynamic measurement results. The ﬁrst irreversible reaction
(Eq. (1)) deﬁned the general pattern observed at earlier potential
region of anodic plots, at which the ﬁlm formation is completed
and a maximum peak current density is observed. Then the charge
transfer becomes controlled with the mass transfer limitation of
protective layer. The Eqs. (2) and (3) explain the current density increase due to formation of Cu(II) species, under high potentials.


Cu þ Cl ! CuClðadsÞ þ e




CuClðadsÞ þ Cl $ CuCl2ðadsÞ




CuCl2ðadsÞ $ Cu2þ þ 2Cl þ e

ð1Þ
ð2Þ
ð3Þ

In the case of 10 mM MMPB containing solution, the current
density value was quite lower than inhibitor free conditions. Also,
the peak attributed to Cu(I) chloride formation disappeared. This
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Fig. 2. Open circuit potential (Eocp)-time plots for copper electrodes in inhibitor free (s) and +10 mM MMBP (d) solutions.

Fig. 3. Anodic polarization plots for copper after 30 min exposure time in 0.1 M HCl solutions, inhibitor free (s) and +10 mM MMPB (d) solutions.

case could only be explained with strong interaction between the
MMPB molecules and the surface. During the period prior to measurement, the surface has already been covered with Cu(I) chloride
deposit and inhibitor adsorption layer [41]. The peak appeared between 0.10 and 0.20 V (vs. Ag/AgCl) was attributed to completion
of protective ﬁlm layer with help of Cu(I)–MMPB complex formation on the surface. It is well known that cupric and cuprous ions
are able to form stable complexes with organic inhibitors tailored
with azole functional groups. According to dissolution mechanism
of copper, Cu(I) is formed at the ﬁrst step. Then, these ions could
form protective complex with inhibitor or chloride ions at the
interface, soon. Then the current density value remained almost
constant in a wide potential range. This means that the anodic
dissolution rate is under diffusion control.
In order to evaluate the effect of chloride ions on inhibition
mechanism, potentiodynamic measurements were repeated in
chloride free solution (0.05 M H2SO4) provided that the hydronium
ion concentration was the same, Fig. 4. In order to understand the
complex formation and efﬁciency of MMPB, the anodic polarization plots are given for 0.05 M H2SO4 solution, Fig. 4. In inhibitor
free solution, dissolution of copper was mainly activation
controlled at potentials close to Ecorr value. Under studied pH, neither Cu(I) nor Cu(II) oxide are stable and anodic dissolution occurs
readily as the potential increases. At higher potentials, the current
density is governed by diffusion limitations through the solution
[8,9,60].
In the case of inhibitor added solution, the anodic dissolution is
controlled by the mass transport limitation, near the corrosion
potential. As soon as Cu(I) intermediate appeared at the interface,
these ions interact with the adsorbed inhibitor molecules and the

surface is covered with protective layer. During the scan, the current density value could be considered as limiting current at potentials close to Ecorr. At higher potentials, the oxidation of Cu(I) to
Cu(II) takes place and higher anodic current densities are observed.

Cu $ CuðIÞads þ e

ð4Þ

Cu þ CuðIÞads ! CuðIIÞsol þ CuðIÞads þ 2e

ð5Þ

CuðIÞads $ CuðIIÞads þ e

ð6Þ

Cu þ CuðIIÞads ! CuðIIÞsol þ CuðIIÞads þ 2e

ð7Þ

EIS measurements were also realized for evaluation of inhibition efﬁciency of MMPB. The results obtained for inhibitor free
conditions are given in Fig. 5. The circuit model used for ﬁtting is
given in Fig. 6 [61]. The EIS results clearly indicated to diffusion
controlled charge transfer process and this was corroborating with
the discussions up to now, about the effect of CuCl deposit on the
surface [41]. The deposit of copper (I) chloride creates some kind of
barrier effect on the surface. The corrosion process could take place
at the regions where the surface is uncovered. In fact, the rate of
[CuCl
2 ] formation is crucial (Eq. (2)) for corrosion rate; this non
electrochemical step controls the whole corrosion process.
In Fig. 7, it is seen that inhibitor addition caused to formation of
highly stable protective layer on the surface. The high barrier
efﬁciency of this layer was mainly related with the formation of
Cu(I)–inh complex, as discussed before. However, the corrosion
process cannot be stopped completely. Then, the diffusion of
corrosive species must happen along this coating. The Warburg
impedance is frequency dependent and since the said ﬁlm gave
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Fig. 4. Anodic polarization plots for copper after 30 min exposure time in 0.05 M H2SO4 solutions, inhibitor free (s) and +10 mM MMPB (d) solutions.
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Fig. 5. The ﬁtted EIS results for copper after 30 min exposure time in 0.1 M HCl inhibitor free (s) solutions. The ﬁtting curves are given with solid lines.
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Fig. 6. The equivalent circuit used for ﬁtting the EIS data of inhibitor free solution.

extremely high resistance the effect of diffusion limitation may not
be dominant in collected data. Therefore a Warburg element was
not utilized for 10 mM inhibitor concentration results; the equivalent circuit was consisted of two time constants and solution
resistance. However, it becomes necessary when the inhibitor concentration is very low, because CuCl becomes dominant at the
surface.
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Fig. 7. The ﬁtted EIS results for copper after 30 min exposure time in 0.1 M HCl +10 mM MMPB (s) solutions. The ﬁtting curves are given with solid lines.

25
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According the ﬁtting results, the metal solution interface capacitance (CM/S) value decreased from 22.97 to 4.91 lF cm2. This situation shows that the barrier efﬁciency was quite well and the
corroding surface area is smaller with respect to inhibitor free conditions. This was an evidence for presence of a compact assembled
ﬁlm on the surface. For the same reason, the polarization resistance
(Rp) value increased from 430 to 64,500 X cm2. These results are
compatible with the potentiodynamic measurement results.
The potentiodynamic polarization results of copper in 0.1 M HCl
at 25 °C in presence of MMPB in various concentrations are seen in
Fig. 8. The current density values decreased with increasing inhibitor concentration. This was associated with shift of corrosion potential to more positive values. This outcome is related to
enrichment of Cu–inh complex deposit on the surface, rather than
CuCl. It must be noticed that CuCl formation peak (in the potential
range of 0.02 and +0.08 V (vs. Ag/AgCl)) cannot be seen for 5 and
10 mM inhibitor concentrations. At lower inhibitor concentrations
(0.5 and 1 mM), this peak is observed. As the inhibitor concentration decreases, the role of less protective CuCl deposit becomes
dominant on the surface. For the concentration of 0.5 mM, the current density increased regularly at potentials higher than 0.10 V
(vs. Ag/AgCl). Under these circumstances, the surface is mainly
covered with CuCl and the inhibitor concentration is quite low
around surface. Physical adsorption of inhibitor molecules becomes harder because of inadequate (with respect to high chloride
concentration) surface concentration and the anodic current density value increases. There is competitive adsorption on the surface
between Cl and inhibitor molecules. Once the bulk inhibitor concentration is high enough (5, 10 mM), these molecules can replace
the chloride ions from the interface. The strongly adhered inhibitor
molecules hinder the formation of CuCl on the surface. At this point
of consideration, the functional group (–SH) also plays signiﬁcant
role for adsorption to the copper surface [20,43]. Then the azole
group interacts with freshly delivered Cu(I) ions at the interface
and the protective complex is formed.
In Fig. 9, the experimental and ﬁtting results are given for
different inhibitor concentrations in 0.1 M HCl. The data obtained
with ﬁtting of EIS results are summarized in Table 1. The Rp value
increased signiﬁcantly with the concentration and 64,500 X cm2
was obtained with 10 mM inhibitor concentration. This increase
was simply explained with highly efﬁcient barrier ﬁlm on the
surface. This Rp value could be utilized for calculation of percent
inhibition efﬁciency (u) with the following equation.
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Fig. 9. The ﬁtted EIS results for copper after 30 min exposure time in 0.1 M HCl
solution containing 0.5 mM (h), 1 mM (s), 5 mM (D) and 10 mM (}) MMPB. The
ﬁtting curves are given with solid lines.

Table 1
The corrosion potential (Ecorr) polarization resistance (Rp), metal/solution interface
capacitance (CM/S), inhibition efﬁciency (u) for copper in 0.1 M HCl solution
containing different concentrations of MMPB.
C (mM)

CM/S (lF) cm2

Ecorr (V) (Ag/AgCl)

Rp (X cm2)

u

0.0
0.5
1.0
5.0
10.0

22.97
13.07
7.77
5.23
4.91

0.087
0.119
0.140
0.287
0.259

430
860
2560
13,200
64,500

–
49.7
83.1
96.7
99.3

In this equation Rp and R0p represent the values measured in the
blank and inhibitor added solution. In inhibitor free solutions, only
CuCl could be formed on the surface. However this deposit has a
physical barrier effect, too. Therefore, the calculated u values reveal the effect of inhibitor ﬁlm with respect to CuCl deposit. The
percent inhibition efﬁciency increased regularly with the concentration and 99% value was reached with 10 mM MMPB.

Fig. 8. Anodic polarization plots for copper after 30 min exposure time in 0.1 M HCl solutions containing 0.5 mM (o), 1 mM (h), 5 mM (}) and 10 mM (D) MMPB.
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The value of CM/S decreased regularly with the increasing inhibitor concentration, Table 1. As the inhibitor concentration increases, the physical barrier property of protective layer becomes
more efﬁcient. However, there are always some pores through
the ﬁlm and corrosive solution ﬁnds a path to reach the underlying
copper substrate. Each pore could be considered like an electrochemical microcell, at which corrosion takes place. When the permeability of barrier ﬁlm increases, the number of these microcells
and total active metal/solution interface area increase. The decrease of CM/S value has the meaning of higher surface coverage ratio and vice versa. In this study, an accurate value cannot be
calculated for surface coverage ratio, with a simple comparison between CM/S values obtained in inhibitor containing and blank solutions [62]. Because the blank solution contains chloride ions and
CuCl deposition is inevitable. Then the CM/S value cannot be
obtained for totally bare copper surface, in chloride solutions.

still exhibits reasonable efﬁciency under 55 °C, during the anodic
polarization. The azole group played the major role for adsorption,
while the carboxylate groups (at the solution side of molecule)
interact with other molecules and help the barrier property. The
intermolecular attractions between inhibitor molecules weaken
at high temperatures.
The EIS results obtained under different temperatures are given
in Figs. 11 and 12. From ﬁtting the EIS data some quantities are
determined and summarized in Table 2.
It is clear from Table 2, the inhibition efﬁciency decreased with
the temperature. The calculated u values stated that inhibitor
could still decrease the corrosion rate signiﬁcantly under elevated
temperatures, with respect to uninhibited conditions. The capacitance values changed irregularly with temperature. This was
related to acceleration of thermal motions of adsorbing species at
the interface.

3.2. Effect of temperature

3.3. Effect of exposure time

In order to test the stability of protective ﬁlm, the electrochemical experiments were realized under different temperature
conditions. The potentiodynamic measurement results are in
Fig. 10. In inhibitor free solution, with the temperature the current
values increased slightly, due to higher anodic dissolution rate. The
solubility of CuCl increases with temperature and the surface
becomes more vulnerable against corrosive attack.
The protection efﬁciency of inhibitor decreased gradually, with
the temperature (Fig. 10b). Also, Cu–inh complex formation peak
(0.10–0.20 V (vs. Ag/AgCl)) shows tendency to get smaller under
elevated temperature conditions. The surface was covered with
adsorbed species (inhibitor, CuCl and Cu–inh) but the mass transport kinetics are inﬂuenced by temperature increase. The inhibitor

The inhibition efﬁciency was also examined with extending
exposure period. Identical copper coupons were immersed in
inhibitor free and 10 mM inhibitor containing test solutions, for
7 days. The corresponding EDX proﬁle analysis shows that copper
(I) chloride is the unique stable compound on the surface,
Fig. 13a. In the solution containing 10 mM inhibitor, the chloride
peak decreased dramatically, Fig. 13b. This proves that CuCl cannot
be found on the surface, when the inhibitor molecules are strongly
adsorbed on copper. There is also a sulfur peak next to chloride.
Even though its intensity is very low, it is an evidence for the role
of sulfur atoms for binding to copper surface. These EDX results
prove that the protective ﬁlm composed of strongly adhered
inhibitor molecules, Cu–inh complex and CuCl deposit.

Fig. 10. Anodic polarization plots for copper after 30 min in 0.1 M HCl inhibitor free (a) and +10 mM MMPB (b) solutions; 25 °C (o), 35 °C (h), 45 °C (}) and 55 °C (D).
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Fig. 11. The ﬁtted Bode plots for copper after 30 min exposure time in 0.1 M HCl
inhibitor free solution; 25 °C (s), 35 °C (h), 45 °C (r) and 55 °C (}). The ﬁtting
curves are given with solid lines.
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Fig. 12. The ﬁtted Bode plots for copper after 30 min exposure time in 0.1 M HCl
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Table 2
The capacitance values of copper in absence (C oM=S ) and 10 mM inhibitor containing
(CM/S) solutions and inhibition efﬁciency (u) values calculated under different
temperatures.
T (°C)

C oM=S (lF cm2)

CM/S (lF cm2)

Rop (X cm2)

Rp (X cm2)

u

25
35
45
55

22.97
5.12
6.40
6.75

4.91
4.66
1.38
1.79

430
280
255
250

64,500
16,500
4440
3450

99.3
98.3
94.3
92.7
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SEM measurements were realized for these samples exposed to
7 days immersion test. The surface was highly deteriorated, under
inhibitor free conditions (Fig. 14a). Copper (I) chloride deposition
may have covered the surface, but this compound is subjected to
further oxidation to Cu(II) species and dissolution, as discussed in
earlier sections (Eqs. (2) and (3)). Thus the surface was still vulnerable against attack of corrosive species. Moreover, it is apparent
that some regions are abraded at a higher ratio, due to some microstructural differences from side to side. The surface was highly
rough, at the end of immersion test in blank solution. In Fig. 14b,
it was clearly seen that the MMPB hindered the attack of corrosive
species, successfully. The smooth surface was indicative for significant physical barrier behavior of adsorbed inhibitor molecules between the metal and corrosive environment. According to given
EDX analysis results (Fig. 13), Cu(I) chloride deposit is formed at
the regions which are not covered with inhibitor.
The inhibition efﬁciency against copper corrosion was also
examined for extending immersion periods. For this purpose, copper electrodes were immersed in blank and +10 mM MMPB test
solutions. The MMPB was shown to have signiﬁcant efﬁciency even
after prolonged exposure time; the Rp value was 8500 X cm2,
where the Rp value was 184 X cm2 (Fig. 15). From ﬁtting results,
the efﬁciency seems to be very high. Also, the capacitive behavior
of the interface occupied extremely wide frequency range that the
beginning of this region falls out of the range. This shows that the
protective layer is highly stable and hinders the charge transfer between metal and corrosive solution.
After 7 days exposure tests, the solutions were analyzed with
AAS for quantitative measurement of copper ions released due to
corrosion. During this immersion period, the inhibitor added solution remained colorless as the inhibitor free solution turned into
bluish green color due to intense copper corrosion. These solutions
were analyzed with AAS and dissolved copper amounts were
determined to be 592.518 and 20.126 mg L1, for inhibitor free
and inhibitor containing solutions respectively. These values could
be utilized to obtain corrosion rate. Applying the Faraday’s Laws,
corrosion current (icorr) values [63] were calculated as
7.45  105 and 2.53  106 A cm2, for inhibitor free and 10 mM
inhibitor containing conditions respectively. According to test results of 7 days immersion period, the protection efﬁciency is found
to be 96.60%. This efﬁciency value is in accord with the efﬁciency
results given from evaluation of electrochemical measurement results. However, it is slightly lower than the efﬁciency obtained
from comparison of Rp values. There is a risk of under/over estimation with the use of Rp value for evaluation of corrosion rate/protection efﬁciency. Since the measured resistance value includes
all the resistive contributions, even they are caused by non-protective and weakly adsorbed species along the distance from metal
surface through the solution. Frequently, the icorr value is tried to
be obtained from evaluation of Tafel regions of potentiodynamic
measurement results. However, in such environment that the copper surface is covered with Cu(I) compounds soon, it is very difﬁcult to obtain and evaluate the Tafel regions accurately. Since the
overall metal dissolution process is controlled by mass transport
limitation. Therefore the solution assay analysis results are considered to give more accurate results for corrosion rate. In the literature, 90.80% inhibition efﬁciency was reported for 10 mM
benzotriazole (BTA) in 0.1 M HCl acid solution [1]. Higher
efﬁciency values were reported when a thiol group is also attached
to inhibitor molecule, for example 4-amino-4H-1,2,4-triazole3-thiol exhibits 91.38%, in acidic chloride solution [3]. In another
study, the efﬁciency of 5-methyl benzotriazole was reported to
be 97.87% [1]. The inhibition efﬁciency of MMBP is quite well,
when compared to others reported in the literature. Also, it was
shown that the efﬁciency of MMBP is not lost with extending
exposure periods.
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Fig. 13. EDX analysis results of copper surface after 7 days immersion time in 0.1 M HCl (a) and 0.1 M HCl +10 mM inhibitor (b) solutions at 25 °C.

Fig. 14. SEM images of copper coupons after 7 days exposure to 0.1 M HCl (a) and 0.1 M HCl +10 mM inhibitor (b).
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the inhibitor and Cu(I) ions at the interface. Also the thiol group of
the molecule improves the adsorptive interaction with the copper
surface. The protection efﬁciency increased with increasing inhibitor concentration, and 99.30% efﬁciency of 10 mM concentration.
The durability of protective ﬁlm was found to be good against temperature increase; the efﬁciency was 92.70% at 55 °C. The protection efﬁciency was also good for extending periods, 96.60%
efﬁciency was determined, after 7 days exposure to 10 mM inhibitor containing test solution. Also, the SEM results proved that the
inhibitor could successfully protect the copper surface for considerably 7 days exposure period.
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Fig. 15. The ﬁtted EIS results after 7 days immersion period in inhibitor free (}) and
+10 mM inhibitor (s) solution. The ﬁtted results are shown with solid line.

4. Conclusions
The synthesized compound methyl 3-((2-mercaptophenyl)imino)butanoate was exhibited very high inhibition efﬁciency
against copper corrosion in acidic chloride environment. The inhibition mechanism was explained with complex formation between
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