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INTRODUCTION

Copper and its alloys are extensively used to industrial
material due to its electrical, thermal, mechanical and relatively
noble properties. However, the corrosion susceptibility is
confirmed when the aggressive solution are present and copper
corrosion resistance becomes less while the aggressive solution
concentration increases1,2. One approach to preventing copper
corrosion is the use of corrosion inhibitors. Unfortunately, most
of these organic inhibitors are expensive and toxic to living
beings at present. In view of environmental protection require-
ments, the use of these organic inhibitors is nowadays quite
limited. So research on these new types of corrosion inhibitors
of natural source and non-toxic type has been considered more
important and desirable3-6. Cyproconazole as fungicides in
agriculture is mass-produced, inexpensive and environment-
friendly, which could be easily degraded to non-toxic com-
pounds7.

In present study, cyproconazole was investigated as an
inhibitor for the corrosion of copper in 0.5 M HNO3 solutions
using potentiodynamic polarization, electrochemical impe-
dance spectroscopy and differential polarization curves. The
molecular structure is shown in Fig. 1.

EXPERIMENTAL

The aggressive solution of 0.5 M HNO3 was prepared by
dilution of Analytical grade 65 % HNO3 with double distilled
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Fig. 1. Molecular structure of cyproconazole

water. The concentration range of the inhibitors is from 10-5 to
10-3 in 0.5 M HNO3 solution. The solution in the absence of
inhibitors is taken as blank for comparison. The copper
specimens (99.999 %) for electrochemical experiments and
the specimens are embedded in epoxy resin with a geometrical
surface area of 0.07 cm2 exposed to the electrolyte.

The electrochemical measurements were performed
through Autolab PGSTAT302N equipped with a conventional
three-electrode glass cell with capacity of 500 mL and a satu-
rated mercurous sulfate electrode (SSE) provided with a
Luggin capillary as reference electrode were used. A freshly
polished copper specimen and a platinum electrode of 10 cm2

are used as working electrode and counter electrode, respec-
tively. The cell was open to air and the measurement was carried
out at 28 °C. The temperature was controlled by an aqueous
thermostat. All the potentials reported are with reference to
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SSE. Prior to all measurements, the samples are abraded with
emery paper from 1000 to 2000 grit, respectively, degreased
ultrasonically in ethanol and acetone and dried at room
temperature. Prior to measurement, the open-circuit potential
(OCP) was monitored in test solution at 28 °C until a steady-
state was reached. The electrochemical impedance spectro-
scopy experiments were carried out at the open-circuit potential
with a frequency range from 100 kHz to 0.01 Hz and a 10 mV
peak-to-peak sine wave as the excitation signal. Tafel polari-
zation curve was carried out from cathodic potential of -0.25
V vs. SSE to an anodic potential of +0.25 V vs. SSE with respect
to the open circuit potential at a sweep rate 0.5 mV/s.

RESULTS AND DISCUSSION

Polarization curves: To understand the corrosion mecha-
nism and effect of inhibitor concentration, the polarization
curves of copper in 0.5 M HNO3 solution without and with
different concentrations of cyproconazole at 28 °C are shown
in Fig. 1. The values of corrosion current density (Jcorr), corro-
sion current (icorr), corrosion potential (Ecorr), cathodic Tafel
slope (βc), anodic Tafel slope (βa) and inhibition efficiency
(IE %) were presented in Table-1. IE (%) was calculated by
the following expression8

o
corr corr

o
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J J
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J

−
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where Jcorr and Jo
crr are the values of corrosion current density

of uninhibited and inhibited specimens, respectively.
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Fig. 1. Polarization curves for copper in 0.5 M HNO3 solution containing
various concentrations of cyproconazole at 28 °C

The corrosion rate of copper in 0.5 M HNO3 solution
decreased from 14.86 mm/year of the blank to 0.01 mm/year
of 10-3 M concentration of cyproconazole (Table-1). The decre-
ased in the corrosion rate suggests that the inhibition efficiency
increases with the increase in the inhibitor concentration. From
the Table-1 it was clear that the Jcorr value decreases from 636.8
to 0.62 µAcm-2 with the addition of 10-3 M concentration of
cyproconazole. The addition of cyproconazole didn't alter the
value of Ecorr significantly indicating the mixed type of
inhibiting behaviour of the inhibitor9. The polarization curves
exhibit no steep slope in the anodic range (as shown in Fig. 1),
meaning that no passive films are formed on the copper surface.

The differential treatment of the potentiodynamic anodic
polarization curve can acquire the desorbing-peak figure of
cyproconazole inhibitor, as shown in Fig. 2
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Fig. 2. Differential polarization curves of copper electrode in 0.5 M HNO3

solution containing various concentrations of cyproconazole

The Y-axis of Fig. 2 is indicated as a semi-logarithmic
slope of the anodic polarization curve, which is defined as
follows10:

corrd log J
D =

dE
(2)

where E is the potential of the electrode.  Fig. 2 shows that the
desorption onset potential, the desorption peak potential and
the desorption completion potential are -0.3, -0.28 and -0.26V
with a concentration of 10-3 M cyproconazole, respectively.
Comparison of different differential polarization curves with
10-4 M cyproconazole, it is found that the desorption peak
potential was shifted to more positive direction with increasing

TABLE-1 
POLARIZATION PARAMETERS AND CORRESPONDING INHIBITION EFFICIENCIES FOR THE  
CORROSION OF COPPER AT DIFFERENT CONCENTRATIONS OF CYPROCONAZOLE AT 28 °C 

Concentration 
(M) 

βa 
(mV dec-1) 

βc 
(mV dec-1) 

Ecorr 
Obs (V) 

Jcorr 

(µA cm-2) 
icorr 

(µA) 
Corrosion rate 

(mmpy) 
IE (%) 

Blank 280.2 33.0 -0.376 636.80 44.99 14.86 - 
1.0 × 10-5 184.5 51.8 -0.396 176.56 12.47 4.12 72.3 
5.0 × 10-5 150.0 69.0 -0.422 58.31 4.12 1.36 90.8 
1.0 × 10-4 237.3 66.7 -0.418 18.05 1.28 0.42 97.2 
5.0 × 10-4 328.8 72.0 -0.395 3.99 0.28 0.09 99.4 
1.0 × 10-3 165.7 35.2 -0.427 0.62 0.04 0.01 99.9 
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of inhibitor concentration. The more positive value of desor-
ption peak potential means that the enhancement of IE % with
increasing of cyproconazole concentration is more likely to
reach a steady-state for the adsorption process11.

Electrochemical impedance spectroscopy: The Nyquist
representations of the impedance behaviour of copper in 0.5 M
HNO3 solution with and without addition of various concen-
trations of cyproconazole were given in Fig. 3. The charge-
transfer resistance (Rct) values were calculated from the diffe-
rence in impedance at lower and higher frequencies as
suggested by Barouni et al.12.
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Fig. 3. Nyquist plots of copper in 0.5 M HNO3 for different concentrations
of cyproconazole at 28 °C

The double layer capacitance (Cdl) and the frequency at
which the imaginary component of the impedance is maximal
(-Zmax) are found as represented in eqn. 313:

dl
max ct

1 1
C

2 f R
= ×

π (3)

The inhibition efficiency got from the Rct was calculated
by the following relation14:

0
ct ct

ct

R R
IE(%) 100

R

−
= × (4)

where R0
ct and Rct are charge-transfer resistance values in the

absence and presence of the inhibitor, respectively. It is seen
in Table-2 that addition of inhibitor increases the values of Rct

and reduces the Cdl. The Rct values tend to increased could be
attributed to the formation of the barrier film which prevented
the nitric acid from attacking the copper metal surface15.
The value of Cdl is always smaller in the presence of the organic
molecules of cyproconazole than in its absence might be

attributed to the gradual replacement of water molecules by
the adsorption of the inhibitors at copper/solution interface16,17.

 At the concentration of 5 × 10-4 M or more, cyproconazole
acts as an excellent corrosion inhibitor with inhibition effi-
ciencies about 96.4 %. The IE % values obtained from the
electrochemical impedance spectroscopy measurements are
in good agreement with that obtained from potentiodynamic
polarization.

Adsorption isotherm: In order to determine the best fit
for surface coverage (θ) to various isotherms, several adsor-
ption isotherms are considered, such as Langmuir, Bockris-
Swinkels, Temkin and Frumkin isotherms18. Results reveal that
the Langmuir isotherm (eqn. 5) provides the better description
of the adsorption behaviour of cyproconazole on the metal
surface19.

θ
C 1

= + C
K

(5)

where K is the equilibrium constant of the inhibitor adsorption
process and C is the inhibitor concentration. Plot C/θ versus C
yield a straight line (Fig. 4) with regression coefficient, R2

and the slopes (Table-3) almost equal to 1. This suggests that
cyproconazole in present study obeyed the Langmuir isotherm
and there is negligible interaction between the adsorbed
molecules.
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Fig. 4. Langmuir adsorption isotherm of cyproconazole on the surface of
copper in 0.5 M HNO3 solution at 28 °C

 According to Langmuir adsorption isotherm, eqn. 6 is
applicable14:

0
ads

1
K exp( G / RT)

55.5
= −∆ (6)

TABLE-2 
IMPEDANCE PARAMETERS AND INHIBITION EFFICIENCY FOR THE CORROSION OF COPPER IN 0.5  

M HNO3 SOLUTION WITHOUT AND WITH ADDITION OF VARIOUS CONCENTRATIONS OF CPNA AT 28 °C 

Concentration (M) Rct (Ω cm2) fmax (Hz) Cdl (µF cm-2) IE (%) 

Blank 437.7 3.162 115.1 - 
1.0 × 10-5 1082.0 1.995 73.8 59.5 
5.0 × 10-5 1380.0 1.995 57.8 68.3 
1.0 × 10-4 3117.0 1.585 32.2 86.0 
5.0 × 10-4 12140.0 0.7943 16.5 96.4 
1.0 × 10-3 20550.0 0.5012 15.51 97.9 
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where ∆G0
ads is the free energy of adsorption, the value 55.5

in the above equation is the molar concentration of water in
solution in mol/L20. The negative values of ∆G0

ads indicated
that the adsorption of cyproconazole molecule is a spontaneous
process. Generally, values of ∆G0

ads up to -20 kJ mol-1 are
consistent with physisorption while those around -40 kJ mol-1

or higher are associated21. Though there is a little difference
between the ∆G0

ads values obtained from different methods
(shown in Table-3), the absolute values of ∆G0

ads are all around
40 kJ/mol, it was suggested that the adsorption of cypro-
conazole molecule on metal surface was a spontaneous process
and chemisorption was dominant.

TABLE-3 
CALCULATED K AND ∆G0

ads OF THE ADSORPTION REACTION 
FOR COPPER IN PRESENCE OF DIFFERENT INHIBITORS IN 0.5 

M HNO3 SOLUTION, AT 28 °C 

 Slope R2 K(M-1) ∆G0
ads (kJ mol-1) 

Polarization 0.996 1.0000 231928.2 -40.9 
EIS 1.006 0.9998 66299.4 -37.8 

 

Conclusion

The compound cyproconazole showed an excellent inhibi-
tive performance for copper in 0.5 M HNO3 solution. Inhibition
efficiency increases with increase in the concentration of the
cyproconazole and its efficiency attains more than 96.4 % at
5 × 10-4 M at 28 °C. Polarization curves indicated that the
inhibitor behave mainly as mixed-type inhibitor. The adsor-
ption of cyproconazole on copper surface from 0.5 M HNO3

obeys the Langmuir adsorption isotherm. Phenomenon of
chemisorption accompanied by physisorption was proposed
from the values of thermodynamics parameters (∆G0

ads)
obtained. The inhibitor efficiency determined by electrochemi-
cal polarization and electrochemical impedance spectroscopy
were in good agreement.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the support of
Guangdong Innovative Research Team Program (No.
201301C0105324342), National Natural Science Foundation
of China (No. 61474019) and Ph.D. Programs Foundation of
Ministry of Education of China (No. 20120185110021).

REFERENCES

1. Gy. Vastag, E. Szöcs, A. Shaban and E. Kálmán, Pure Appl. Chem., 73,
1861 (2001).

2. B. Rosales, R. Vera and G. Moriena, Corros. Sci., 41, 625 (1999).
3. M. Finšgar, Corros. Sci., 72, 90 (2013).
4. R. Ravichandran, S. Nanjundan and N. Rajendran, Appl. Surf. Sci.,

236, 241 (2004).
5. Y.-C. Pan, Y. Wen, X.-Y. Guo, P. Song, S. Shen, Y.-P. Du and H.-F.

Yang, Corros. Sci., 73, 274 (2013).
6. E. Stupnisek-Lisac, A. Gazivoda and M. Madzarac, Electrochim. Acta,

47, 4189 (2002).
7. L. Lhomme, S. Brosillon and D. Wolbert, J. Photochem. Photobiol. Chem.,

188, 34 (2007).
8. S.K. Shukla, A.K. Singh, I. Ahamad and M.A. Quraishi, Mater. Lett.,

63, 819 (2009).
9. F. Xu, J. Duan, S. Zhang and B. Hou, Mater. Lett., 62, 4072 (2008).
10. Z. Tao, W. He, S. Wang, S. Zhang and G. Zhou, Corros. Sci., 60, 205 (2012).
11. J. Wang, J. Oceanol. Limnol., 16, 183 (1998).
12. K. Barouni, L. Bazzi, R. Salghi, M. Mihit, B. Hammouti, A. Albourine

and S. El Issami, Mater. Lett., 62, 3325 (2008).
13. S. Zhang, Z. Tao, W. Li and B. Hou, Appl. Surf. Sci., 255, 6757 (2009).
14. Z. Tao, S. Zhang, W. Li and B. Hou, Corros. Sci., 51, 2588 (2009).
15. S. Murlidharan, K.L.N. Phani, S. Pitchumani and S. Ravichandran, J.

Electrochem. Soc., 142, 1478 (1995).
16. R. Solmaz, E. Altunbas Sahin, A. Döner and G. Kardas, Corros. Sci., 53,

3231 (2011).
17. K.F. Khaled and N. Hackerman, Electrochim. Acta, 48, 2715 (2003).
18. Z. Tao, S. Zhang, W. Li and B. Hou, Ind. Eng. Chem. Res., 50, 6082

(2011).
19. W. Li, L. Hu, Z. Tao, H. Tian and B. Hou, Mater. Corros., 62, 1042 (2011).
20. A. Döner, A.O. Yüce and G. Kardas, Ind. Eng. Chem. Res., 52, 9709

(2013).
21. Z. Szklarska-Smialowska and J. Mankowski, Corros. Sci., 18, 953 (1978).

1110  Wang et al. Asian J. Chem.


