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The corrosion inhibition of a newly synthesized derivate of thiadiazole (5-Methyl-[1, 3, 4] thiadiazol-
2-ylsulfanyl)-acetic acid (4-hydroxy-3-methoxy-benzylidene)-hydrazide (MAH) was studied. Its
inhibition performance for copper in 3.5% NaCl solution under the conditions of different pH and
immersion time at 298K was investigated by weight loss, electrochemical measurements, and SEM
analysis. Results show that MAH acts as a mixed-typed inhibitor, suppressing the charge transfer
process by chemisorption which follows Langmuir isotherm. The compound exhibits a great potential
for an excellent copper inhibitor of eco-friendliness, high efficiency and long-term durability under
various pH conditions, especially in alkaline environment.
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1. INTRODUCTION

Copper and its alloys are extensively utilized to fabricate structures and components such as
electronics, mechanics and facilities due to their excellent electrical and thermal conductivity,
mechanical properties and stability, especially the resistance towards the corrosion of many chemicals.
They are widely used for wires/sheets, water pipelines, shipbuilding, seawater desalination and heat
exchange systems. However, they are susceptible to corrosion in aggressive media containing
chlorides, sulphates, or nitrates ions, especially in marine environment [1-7]. The corrosion issues can
bring about heavy economic losses and casualties. Therefore, the control of corrosion for copper based
materials in chloride containing media has been an important subject worthy of intensive researches
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[8-11]. Among the protection strategies for copper corrosion such as cathodic protection, coating and
conversion film technologies, the addition of corrosion inhibitors is one of the simplest and the most
effective and economic means [12-14].

On the studies of copper corrosion inhibitors, there are two principle research trends. On one
hand, researches on the inhibition mechanism for copper inhibitors become more and more intensive,
which aims at explaining the nature of the inhibition precisely and accurately [15-20]; on the other
hand, the demand for the development of eco-friendly corrosion inhibitors with low cost and high
efficiency which can be used in practical engineering is more and more urgent [21-27]. However, due
to their poor adaptability and poor durability, the inhibition efficiencies of many corrosion inhibitors
are limited under specific conditions. For example, some inhibitors work efficiently only under a
narrow pH range; when the pH changes, the inhibition efficiency decreases greatly. Some inhibitors
function well during a short period of time, and don’t possess long-term durability [28-32]. Thus, it is
necessary to development eco-friendly inhibitors of high efficiency, good adaptability and durability.

From the perspective of efficiency and eco-friendliness, some organic compounds containing
O, N, or S heteroatoms and/or n-system heterocyclic groups have been studied as effective copper
inhibitors [33, 34]. These compounds are able to suppress the corrosion process by the compact film
which adsorbs on the surface and blocks the active sites [35-38]. Various kinds of inhibitors like azole
and thiazole derivatives, cryteine and substituted uracil, quinolines and Schiff bases are developed [39-
44]. In our previous work, several kinds of organic compounds including five green triazole fungicides
and two thiadiazole derivatives have been studied as highly efficient and eco-friendly copper inhibitors
in synthesized seawater [45, 46].

In the present work, a new thiadiazole derivative namely (5-Methyl-[1,3,4]thiadiazol-2-
ylsulfanyl)-acetic acid (4-hydroxy-3-methoxy-benzylidene)-hydrazide was synthesized. Its inhibition
properties for copper in 3.5% NaCl solution under the conditions of pH ranged from 5.5 to 9.5 and
immersion time from hours to a month were studied thoroughly and systematically through weight
loss, potentiodynamic polarization, electrochemical impedance methods and SEM analysis.
Furthermore, its adsorption isotherm was simulated and thermodynamic parameters were calculated to
briefly introduce the adsorption and inhibition mechanism.

2. EXPERIMENTAL

2.1 Synthesis of MAH

The studied (5-Methyl-[1,3,4]thiadiazol-2-ylsulfanyl)-acetic acid (4-hydroxy-3-methoxy-
benzylidene)-hydrazide (MAH) was synthesized in our laboratory according to the route shown in
Fig.1 and characterized by proton Nuclear Magnetic Resonance spectra (‘H-NMR):

Molecular formula:C13H1403N4S, H NMR(CDCI3; 500MHZ): 6=2.40 (s, 3H, -CH3), 6=4.06
(s, 2H, -SCH>-), 6=8.49 (s, 1H, -NH-),6=8.15 (s, 1H, -CH=N-),6=3.84 (s, 3H, -OCHj3), 6=9.53 (s,
1H, -OH), §=6.91-7.76(m, 7H, -ArH). The *H-NMR spectrum data indicates that the compound MAH
has been synthesized.
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Figure 1. Synthesis route of (5-Methyl-[1,3,4]thiadiazol-2-ylsulfanyl)-acetic acid 4-hydroxy-3-
methoxy-benzylidene)-hydrazide (MAH)

2.2 Materials and sample preparation

The optimized molecular structure of MAH simulated by Hyperchem software is showed in
Fig.2. The studied solutions were prepared from 2.5% microemulsion of MAH. In concentration
studies, the concentrations of MAH in 3.5% NaCl solution ranged from 5 mg/L t0100 mg/L (pH=7.5,
298K). In pH studies, the pH of the solution ranged from 5.5 to 9.5 (298K), which was adjusted by
HCI and NaOH, and the concentration of MAH was 50 mg/L. In durability studies, the immersion time
ranged from an hour to 30 days with the concentration of 50 mg/L (pH=7.5, 298K). The solution in the
absence of MAH was taken as blank for comparison. Three parallel experiments were performed under
the same condition for each test. All the solutions were prepared with Milli-Q water (18.2MQ-cm).

A ﬁw

Figure 2. The optimized molecular structure of MAH

The copper specimens (purity: 99.9999%) for weight loss experiments were mechanically cut
into 3.00cmx1.50cmx1.50cm in dimensions with an exposed total area of 22.20cm®  For
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electrochemical experiments, the specimens of 1.00cmx1.00cmx1.00cm were embedded in epoxy
resin with a square surface area of 1.00cm? exposed to the electrolyte. Before all the measurements
were conducted, the specimens were polished with emery paper from 1000 to 2000 grit, then rinsed
ultrasonically with ethanol, acetone and copious amounts of Milli-Q water, and finally dried at room
temperature.

2.3 Electrochemical experiment

Electrochemical experiments were conducted using PARSTAT 2273 Potentiostat/Galvanostat
(Princeton Applied Research) with a three-electrode cell system. The copper specimens with an
exposed area of 1.00cm? (1.00cmx1.00cm) and a platinum foil of 2.25cm? (1.50cmx1.50cm) were used
as the working electrode and the counter electrode, respectively. A saturated calomel electrode (SCE)
with a Luggin capillary was used as the reference electrode. All potentials were quoted versus SCE,
and all the tests were performed in non-deaerated solutions.

Electrochemical impedance spectroscopy (EIS) measurements were carried out when the
corrosion potential was stable at the open circuit potential (OCP). The used AC frequency ranged from
100 kHz to 0.01Hz with a 10 mV peak-to-peak sine wave as the excitation signal. In potentiodynamic
polarization measurements, the potential was scanned from -250 mV to +250 mV (versus OCP) at a
scan rate of 0.5mV/s. All the electrochemical data were collected and analyzed by PowerSuite and
ZSimpWin software.

2.4 Weight loss experiment

Weight loss experiments were performed at 298K for 7 days in 3.5% NaCl solution with and
without MAH. The weight loss experiment was used to evaluate the mean corrosion rate (v, gm? h™)
and the inhibition efficiency (IE,,) over the exposure time was calculated by Equation 1 and 2.

W, -W,
= ¢
sxt

IE,, % =%x100% )
0

\'

where Wo/W; was the weight of the specimens before and after the experiment, respectively, g;
s was the surface area of the specimens, m?% t was the immersion time, h; and vo/v; was the mean
corrosion rates without and with MAH, respectively.

2.5 SEM analysis

The surface morphology of the specimens before and after the immersion in 3.5% NaCl
solution with and without MAH were observed by Scanning Electron Microscopy (JEOL-JSM-5600)
which was equipped with an Energy Dispersive X-ray spectrometer OXFORD Link-ISIS-300. The
elements were detected by EDX analysis.
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3. RESULTS AND DISCUSSION
3.1 Effect of the concentration

3.1.1 Potentiodynamic polarization

Fig.3 shows the polarization curves for copper in 3.5% NaCl solution at 298K in the absence
and presence of different concentrations of MAH (from 5 to 100 mg/L). It is obvious that as the
concentration of MAH increases, the corrosion potentials slightly shift towards the positive direction
and the polarization curves move directly to much lower current densities. This indicates that the
corrosion rate of copper has been reduced significantly. From the anodic and cathodic Tafel curves, it
can be observed that the anodic process in the solution is effectively retarded by the inhibitor, and
becomes more pronounced when increasing the concentration. Compared with the blank solution,
though the cathodic current density is reduced by suppression of the reaction rate, the cathodic curve is
almost parallel with each other, which indicates that the mechanism of cathodic reaction is not
changed.
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Figure 3. Polarization curves for copper in 3.5% NaCl solution with different MAH concentrations

Generally, the cathodic reaction process of copper in chloride containing solution is oxygen
reduction reaction (3) [47, 48]:

0O, +2H,0+4e" > 40H" 3

It can be proved by a little higher pH after the experiments.

The anodic reaction can be generally explained as reactions (4), (5) and (6). [4, 49, 50]. The
first step is the oxidation of Cu® to Cu*. Cu" is produced and the current density increases. Then, under
the attack of the CI', Cu” rapidly reacts with CI” and transforms to an insoluble film CuCl. The Cu®is
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consumed. Finally, however, due to the poor stability of CuCl, it immediately transforms to soluble
cuprous chloride complex CuCl,” shown in reaction (6). Thus, the dissolution of copper occurs step by
step.

Cu—Cu’+e 4)
Cu” +CI" - CuCl (5)
CuCl+CI" — CuCl, (6)

According to reactions (4) and (5), when the production rate of Cu+ is larger the consumption
rate, a peak value (ipeak) O current density appears. And the current density begins to increases due to
reaction (6). In polarization curves the change of the current densities could be observed easily. As
shown in Fig.3, in the controlled experiment, iy Can be obviously observed on the curve marked with
blank. However, with increasing concentration of MAH, ip.ac becomes smaller, and then completely
vanishes when the concentration of MAH reaches 100mg/L. It indicates that the addition of the
inhibitor reduces the active corrosion sites thus lessening the production of Cu® and diminishing ipeax.
As the concentration of Cl- is unchanged, the reaction processes (5) and (6) are not affected. It can be
concluded that due to the adsorption of MAH on the copper surface, the reaction processes of
corrosion are suppressed.

Table 1. Polarization parameters for copper in 3.5% NaCl solution with different MAH concentrations

at 298K
C icorr Ecorr Be Ba |E(%)
(mg/L) (uAcm?®)  (mV) mvsh (mvs?h

0 4.05 -218 177.20 47.60 /
5 0.830 -212.95 18.69 17.52 78.73
10 0.728 -222.55 29.34 25.27 82.03
20 0.478 -208.23 29.43 25.82 88.28
50 0.256 -206.55 31.58 30.23 93.67
100 0.175 -193.82 21.19 21.77 95.67

The electrochemical parameters such as corrosion potential (Ecor), COrrosion current density
(icorr), @anodic and cathodic Tafer slopes (Ba, fc) obtained from the polarization curves are listed in
Table 1. It can be observed that icr decreases significantly in the presence of the inhibitor and
becomes smaller with increase of the concentration. Ecq shifts slightly in the positive direction, and all
the shift values are less than 85mV, indicating that the inhibitor acts as a mixed-type corrosion
inhibitor and plays a part in both the anodic and cathodic processes [51]. The variation of S, and £
also suggests that both anodic and cathodic processes are suppressed by the adsorption of MAH. The
inhibition efficiency can be calculated by Equation 7 [52].

-0 :

Voo ~leorr . 100% (7)

I corr

IE, % =

Where i%orr and icorr are the corrosion current densities in the absence and presence of different
concentrations of MAH in 3.5% NaCl solution, respectively. The calculated inhibition efficiencies are
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very high ranged from 78.73% to 95.67%, and the maximum value is 95.67% when the concentration
is 100mg/L.

3.1.2. Electrochemical impedance spectroscopy (EIS)

Nyquist plots of copper in 3.5% NaCl solution with different concentrations of MAH are
shown in Fig. 4. The high frequency part of Nyquist plots is given as an enlarged scale in the insert.
From Fig. 4 it could be observed that the impedance spectra plots exhibit depressed capacitive loops,
whose diameter increases obviously with increasing concentration of the inhibitor. It suggests that the
corrosion process is mainly controlled by the charge transfer process and the corrosion resistance of
copper has been enhanced significantly.
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Figure 4. Nyquist plots for copper in 3.5% NaCl solution with different MAH

The impedance data could be explained using the equivalent circuit shown in Fig. 5 [53]. The
electrochemical element R represents the resistance of the solution between the working electrode and
the reference electrode. Ry represents the resistance of the film formed on the copper surface. R
represents the charge transfer resistance of corrosion process. Constant phase element Q; is composed
of the membrane capacitance Ct of the corrosion process and the deviation parameter n;. The
capacitance C; mainly origins from the dielectric property of surface film (corrosion products and/or
inhibitor film). Q. is composed of the double-layer capacitance Cq and the deviation parameter n,. n
represents the CPE exponent which is related with the degree of surface inhomogeneity [54]. The
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surface inhomogeneity results from surface roughness, inhibitor adsorption, porous layer formation,

etc.
Q,
h RS ~‘; QZ
R H |

R

ct

Figure 5. Equivalent circuit model to fit EIS experiment data

The parameters of the fitted equivalent circuit for copper are listed in Table 2. It shows that the
film resistance Rt increases while C; decreases apparently as the concentration of MAH increases. It
suggests that a protective adsorption film is well formed on the copper/solution interface. As a result,
the corrosion process of copper is greatly prevented. Moreover, R increases remarkably with
increasing inhibitor concentration, while Cgy tends to decrease. According to the Helmholtz model, Cy
is expressed as [55]:

0
Cy=2LA ©)
d

where d is the thickness of the protective layer, A is the surface area of the copper electrode, &°
is the vacuum permittivity, and & is the local dielectric constant. The decrease of Cq4 mainly results
from the increase in the adsorption film area which decreases the electrode surface area (A), the
decrease of the local dielectric constant (&), and the increase in the thickness of the protective layer
(d). According to the Nyquist plots and the equivalent circuit model, the inhibition reaction is mainly
controlled by the charge transfer process. Thus, the inhibition efficiency obtained from EIS
measurements can be calculated (Equation 9):

Rct _ROC'[

IE% = x100% (9)

ct
where R’ and R are the charge transfer resistance without and with MAH, respectively.
Compared with the solution without the inhibitor, the inhibition efficiencies calculated from R are
enhanced significantly and increase notably with the concentration of MAH. The maximum value is
96.72% when the concentration reaches is 100mg/L. It is suggested that due to the adsorption of MAH
on copper/solution interface the corrosion reactions have been inhibited remarkably.

Table 2. Impedance parameters for copper in 3.5% NaCl solution with different MAH concentrations

C R, Q: Ry Q2 Ret IE
(mg/L) (Q cm?) (uF cm™®) (Q cm?) (UF cm-2) (Q cm?) (%)

0 1.301 247 43.31 455 1109 /

5 1.646 9.38 63.33 164 6214 82.15

10 1.402 8.96 70.39 71.86 8717 87.29

20 1.318 7.82 198.6 56.77 14120 92.15

50 1.314 4.59 336.7 52.11 18680 94.06

100 0.980 1.86 352.6 13.11 33780 96.72
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3.1.3 Weight loss measurements

The concentration effect of MAH on copper corrosion in 3.5% NaCl solution was studied
through weight loss measurements at 298K during 7 days’ immersion. The corrosion rate and
inhibition efficiency obtained from the measurements are listed in Table 3. It shows that after the
addition of the inhibitor, the corrosion rate decreases significantly, and the corrosion current density
decreases as the concentration increases from 5mg/L to 100mg/L. The inhibition efficiency increases
greatly, which indicates that MAH has good corrosion inhibition performance for copper in 3.5% NaCl
solution. The maximum efficiency is 95.53% at 100mg/L. These results show good agreement with
those obtained from both the polarization curves and EIS. Both the electrochemical experiments and
weight loss experiments prove that MAH has a great potential for a highly efficient copper inhibitor.

Table 3. Weight loss results for copper in 3.5% NaCl solution with different MAH concentrations at

298K for 7 days

C (mg/L) v(gm™“h™) IE\%

0 13.47 /
5 3.175 76.44
10 2.018 85.02
20 1.177 91.27
50 0.916 93.20
100 0.602 95.53

3.1.4 SEM analysis

Fig. 6 presents the SEM topography of the copper specimens before and after the immersion in
3.5% NaCl solution with and without MAH. Compared with the specimen before the immersion (Fig
6(a)), the specimen in the absence of the inhibitor (Fig 6(b)) is severely corroded by NaCl solution and
a lot of local corrosion pits and a rough surface can be observed easily. However, the copper surface in
the presence of 50mg/L MAH is smooth with few pits, indicating that the surface is well protected
from corrosion. Because the thickness of the adsorption film is estimated to be only several
nanometers, it is not apparently observed on the copper surface [23, 56]. The EDS analysis of the
copper surface was conducted. Compared with the specimen without MAH, the elements including C,
N, O, S are easily observed on the surface in the presence of the inhibitor. It suggests that MAH have
directly adsorbed onto the copper surface and have a strong ability to suppress the corrosion of the
copper.
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Figure 6. SEM morphology of the copper specimens: (a) before the immersion, (b) after the
immersion in 3.5 % NaCl solution without MAH, (c) after the immersion in 3.5 % NaCl
solution with 50mg/L MAH

3.1.5 Adsorption isotherm

The adsorption isotherm is to investigate the adsorption mechanism of the inhibitor. The data
obtained from electrochemical measurements and weigh loss measurements are involved to fit the
adsorption isotherm, respectively. The surface coverage 0 in the Equation 10 is defined as the
inhibition efficiency. Several adsorption isotherms such as Langmuir, Temkin, and Frumkin isotherms
are considered to determine the best fit for 8 [57]. The results show that the Langmuir isotherm and the
data match well, and Langmuir isotherm is shown in Equation 10.

E=C+ ! (10)

0 K

where Kags represents the equilibrium constant of the adsorption process, C represents the
concentration of the inhibitor.

ads
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Figure 7. Langmuir adsorption isotherm of MAH on copper surface in 3.5% NaCl solution at 298K

The linear-relationship between C/0 and C is plotted in Fig. 7. It can be observed that three
fitted lines are in good agreement. The subscripts (p, E, W) represent the measurements of the
polarization, EIS and weight loss. The slope of C/0 versus C and the linear correlation coefficients (R)
are very close to 1, indicating that the adsorption of MAH on the copper surface at 298K obeys
Langmuir isotherm quite well. The free adsorption energy (A G%gs) can be calculated from Equation

11[58, 59].
1 exp(_AG"adsj 1)

Kads -
55.5 RT

Thermodynamic parameters of these three experiments for Langmuir isotherm are obtained and
listed in Table 4.

Table 4. Thermodynamic parameters of the adsorption in 3.5% NaCl solution

Method Kags (10°L/mol)  4G%qs (kd/mol)
Polarization 1738.10 -45.55
EIS 2886.19 -46.81
Weight loss 598.36 -42.91

It shows that the values of AGOads are all negative, which indicates that the adsorption of MAH
on the surface in 3.5% NaCl solution is spontaneous. Though there is a little difference between the
values of AGOads calculated from different measurements, they are all in the range of 42-46kJ/mol,
which is regarded as the chemisorption. In chemisorption process, the inhibitor takes action by the
covalent bond formed by the sharing charge or charge transfer process. While in physisorption process,
the value of AGZ%g is about 20kJ/mol or lower, and the inhibitor functions by the electrostatic
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interactions between the charged molecule and the metal [60, 61, 62]. The results confirm that the
adsorption of MAH on copper surface is chemisorption and the interaction between the inhibitor
molecules and the copper surface is the covalent bond. The formed adsorption film is compact and is
likely to protect the copper effectively, efficiently, and durably.

3.2 Effect of pH

3.2.1. Potentiodynamic polarization
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Figure 8. Polarization curves for copper in 3.5% NacCl solution with 50mg/L MAH under different pH
conditions at 298K

In the studied pH range, the curves without MAH are very close to each other, so only one
curve is used for comparison in Fig. 8. Polarization curves and polarization parameters for copper in
3.5% NaCl solution with 50mg/L MAH under different pH conditions at 298K are shown in Fig. 7 and
in Table 5. Under the studied pH conditions, the corrosion current densities (icorr) decrease greatly in
the presence of the inhibitor. In the pH range from 5.5 to 9.5, 50mg/L MAH shows good inhibition
performance for copper in 3.5% NaCl solution. The corrosion potentials (Ecor) shift slightly in the
positive direction compared with the blank, and the variation of g, and . also confirms that both the
dissolution of copper and oxygen reduction processes are restrained by the presence of the inhibitor.
The efficiencies increase gradually with increasing pH. The maximum efficiency is 97.12% at pH=9.5
and the efficiency order under different pH conditions is 9.5>8.5>7.5>6.5>5.5. It suggests that the
corrosion resistance of copper with MAH under alkaline condition is better than that under near neutral
or acidic conditions.



Int. J. Electrochem. Sci., Vol. 10, 2015 5874

Table 5. Polarization parameters for copper in 3.5% NaCl solution with 50mg/L MAH under different
pH conditions at 298K

Icorr Ecorr ﬂc ,Ba
PH  aem?  mv)  (mvsh mvsy 'ECO)
55 0.479 -241.86 30.13 30.58 88.17
6.5 0.284 -243.73 22.69 24.03 92.98
7.5 0.256 -206.55 21.58 22.23 93.67
8.5 0.238 -192.85 22.27 22.48 94.12
9.5 0.117 -181.78 20.27 21.80 97.12

3.2.2. Electrochemical impedance spectroscopy (EIS)
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Figure 9. Nyquist plots for copper in 3.5% NaCl solution with 50mg/L MAH under different pH
conditions at 298K

Nyquist polts of copper in 3.5% NaCl solution under different pH conditions without and with
inhibitors are shown in Fig.9. It can be observed that the diameter of the depressed capacitive loop
increases greatly in the presence of MAH compared with the blank and it increases with increase of
pH. According to the equivalent circuit (Fig. 5), the impedance data is fitted and the electrochemical
parameters are listed in Table 6. Under the studied pH ranged from 55 to 9.5, R increases
significantly while Cq decrease greatly. It also reveals that the charge transfer process of the corrosion
reaction under various pH conditions is inhibited effectively by the protective adsorption film on the
interface. It is inferred that under alkaline conditions excessive hydroxide ions could promote Cu*/Cu?*
transforming into copper hydroxides and cuprous/copper oxides which have protective effect on the
copper; at the same time, they also suppress the cathodic reaction [28, 63-65]. The inhibition
efficiencies in the studied pH range are very high, and the maximum value of the inhibition efficiency
is 98.50% when pH is 9.5. The efficiency order is 9.5>8.5>7.5>6.5>5.5, which is consistent with the
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results obtained from the polarization curves. It could be concluded that the inhibitor can be used under
a wide pH ranges (pH=5.5 to 9.5), and shows a better performance under alkaline conditions.

Table 6. Impedance parameters for copper in 3.5% NaCl solution with 50mg/L MAH under different
pH conditions at 298K

pH Rs Q1 Ry Q2 Ret IE
(Qcm®)  (WFem?)  (Qcmd) (uF cm®) (Q cmd) (%)
55 1.07 4.03 58.30 119.2 9266 89.11
6.5 2.11 1.42 56.34 103.5 15307 92.78
7.5 1.31 1.86 98.64 71.9 18680 94.06
8.5 1.89 1.30 77.65 344 38930 97.15
9.5 2.01 1.51 80.29 20.1 74080 98.50

3.2.3 Weight loss experiment

In the pH experiments, the mean corrosion rate is measured by weight loss experiment and the
results are shown in Table 7. In the studied pH ranges, the inhibitor shows good inhibition
performance and all the inhibition efficiencies are over 85%. Under alkaline conditions (pH=8.5, 9.5),
the efficiency is higher. The order of the efficiency uder different pH conditions is
9.5>8.5>7.5>6.5>5.5. These results are in good agreement with the results obtained from those of the
electrochemical experiments.

Table 7. Weight loss experiments in 3.5% NaCl solution with different pH at 298K

pH v(10°gm“h™) IE%
blank 13.47 /
5.5 1.852 86.25
6.5 1.668 87.62
75 0.683 94.93
8.5 0.533 96.04
9.5 0.416 96.91

3.3 Effect of immersion time

The effect of the immersion time on copper corrosion in 3.5% NaCl solution in the presence of
50mg/L MAH at 298K and pH=7.5 is studied by EIS measurements. The obtained Nyquist plots
during 30 days’ immersion are shown in Fig. 10, and the corresponding electrochemical parameters are
listed in Table 8. It can be observed that in the early days, R fluctuates to some extent, but remains a
high value all the same and the inhibition efficiencies are very high. When the immersion time lasts for
30 days, the inhibition efficiency reaches 99.98%. These results suggest that a compact protective
adsorption film can rapidly forms on the copper surface, and the film has a good inhibition
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performance [17]. As the time goes on, the film keeps intact and has a excellent protection effect
towards corrosion. The results reveal that the inhibitor has a great potential to be used as a long-lasting
and highly efficient corrosion inhibitor for copper.
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Figure 10. Nyquist plots for copper in 3.5% NaCl solution with 50mg/L MAH during the 30 days’
immersion

Table 8. Impedance parameters for copper in 3.5% NaCl solution with 50mg/L MAH during the 30
days’ immersion

Time Rs Q1 R¢ Q2 Ret IE

(day) (Q cm?) (uF cm™) (Q cm?) (uF cm™) (Q cm?) (%)
1 2.98 1.66 4154 20.3 1037000 99.89
3 3.67 2.05 1963 10.3 951800 99.88
5 4.29 2.97 4095 11.6 463700 99.76
10 3.84 3.71 1950 10.1 696400 99.84
15 3.76 4.22 2331 32.6 234300 99.53
25 3.59 0.96 4123 3.84 87540 98.73
30 6.09 0.75 1768 6.16 5542000 99.98

4. CONCLUSIONS

The inhibition performance of the newly synthesized MAH on the corrosion of copper in 3.5%
NaCl solution under different pH and immersion time conditions has been studied systematically, and
these conclusions can be acquired:

1. In the concentration range of 5-100mg/L, MAH shows a good inhibition performance for
copper in 3.5% NaCl solution. MAH acts as a mixed-typed inhibitor which suppresses both the anodic
and cathodic process by chemisorption on the copper surface, and its adsorption obeys Langmuir
adsorption isotherm.
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2. Under the studied pH range from 5.5 to 9.5, MAH shows slightly different but high
inhibition efficiencies. Higher efficiencies are acquired under alkaline conditions than those under
neutral and acidic conditions. The efficiency order under various pH conditions is:
9.5>8.5>7.5>6.5>5.5.

3. Due to the rapid adsorption and high inhibition efficiency of MAH, the effect of immersion
time on the inhibition performance is not obvious, and generally the efficiencies are very high. MAH
shows a good durability for the protection of copper in 3.5% NaCl solution.

4. MAH has a great potential to be used as a copper inhibitor of environment-friendliness, high
efficiency and long-term durability under various pH conditions, especially in alkaline environment.
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