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ABSTRACT

Aims: The corrosion inhibition performance of an organic dye, Basic Red 46, was studied
against the corrosion of copper in 1M HCI. The adsorption isotherm of the used dye was
also evaluated.

Study Design: Electrochemical methods were used for this study. The corrosion of
copper sheets in HCI solution was investigated in the absence and presence of the
organic dye.

Place and Duration of Study: Electrochemistry lab., department of physical chemistry,
Chemistry Faculty, University of Tabriz, between 2009 to 2010.

Methodology: Electrochemical Impedance Spectroscopy, EIS and Tafel Polarization
techniques were used to investigate the inhibition efficiency of Basic Red 46. The copper
sheets were cut into 1x1 cm pieces, polished carefully and immersed in 1M HCI solution
for 30 minutes. Then, the EIS and polarization tests were carried out and the inhibition
efficiencies were calculated.
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Results: It was found that the Basic Red 46 to have good inhibiting properties for copper
corrosion in acid, with efficiency between 83-88 % at a dye concentration of 400 ppm. The
Langmuir adsorption isotherm could describe the dye adsorption on copper surface.
Gibbs energy, AG,4s, and equilibrium constants of inhibitor adsorption on copper surface
were also calculated.

Conclusion: Since A G,y value obtained is very close to -40 kJ, it is possible to conclude
that in addition to physical interactions, chemical effects may also exist. The nitrogen
atoms of the molecule are suitable sites for interaction of dye with metal surface.

Keywords: Copper; corrosion inhibition; electrochemical impedance spectroscopy;
polarization; organic inhibitor; basic red 46; adsorption isotherm.

1. INTRODUCTION

The copper and its alloys such as brass, aluminum bronzes and Cu-Ni alloys are widely
used in different industrial plants, containers, pipes, etc. Therefore, these alloys are faced to
different acidic, neutral and basic corrosive conditions. One of the most important practical
ways for corrosion control in the industrial environments is the addition of corrosion inhibitors
to the corrosive solution. Several authors have investigated the corrosion inhibition of copper
alloys in different solutions [1-5]. The corrosion inhibition of copper alloys has been studied
using different organic inhibitors, mostly those containing heteroatoms such as oxygen,
nitrogen and sulfur and/or aromatic compounds. The compounds such as tetrazoles [6],
benzotriazoles [7,8], ketene dithioacetal derivatives [9], triazoles [10], etc are widely used as
corrosion inhibitors for different copper alloys.

The aim of the present work was to investigate the inhibition performance and adsorption
mechanism of an organic dye with the chemical name of N-benzyl-4-[(1,4-dimethyl-1,5-
dihydro-1,2,4-triazol-1-ium-5-yl)diazenyl]-N-methylaniline bromide and commercial nhame of
Basic Red 46, BR46, on the corrosion of copper in hydrochloric acid solution using
electrochemical impedance spectroscopy and Tafel polarization techniques. BR46 like other
Basic (Cationic) Dyes is water soluble and is mainly used to dye acrylic fibers as well as for
direct printing. The bioremoval of this dye from wastewaters by anaerobic sludge’s,
duckweeds and other organisms has been studied [11-13].

2. MATERIALS AND METHODS

The pure copper bars with diameter of 1cm were cut and mounted in a polyester resin, in
such a way that only a 0.785 cm? area disc was left uncovered. This assembly was used as
working electrode in a three-electrode configuration for electrochemical measurements. A
platinum rod and a saturated calomel electrode (SCE) were used as counter and reference
electrodes, respectively. The corrosive solution was 1M hydrochloric acid solution made
from 37% hydrochloric acid (Merck Co.). The copper discs were abraded with SiC paper up
to grade 2000, deoxidized using an acidic hydrogen peroxide solution, degreased with
ethanol, finally rinsed with distilled water and immersed in the corrosive solution. The
inhibited solutions were prepared with different concentrations of BR46 (with the Molecular
weight of 400 g/mol) including 40, 200, and 400 ppm in 1M hydrochloric acid solution. The
temperature was kept at 25+1°C using a MEMERT thermostat.

847



International Research Journal of Pure & Applied Chemistry, 4(6): 846-858, 2014

The AUTOLAB PGSTAT30 potentiostat-galvanostat was used for electrochemical
measurements. Before each test, the working electrode was immersed in the test solution
under open circuit conditions, until reaching to an almost steady state potential (equilibrium
open circuit potential, OCP). This immersion time was found to be 30 minutes in all
experiments. During this time, the OCP of working electrode was recorded versus time. Just
after 30 min. immersion, the electrochemical impedance spectroscopy (EIS) tests were
performed at OCP using the frequency response analyzer, FRA, module in AUTOLAB
PGSTATS30. These tests were carried out in a frequency range of 100 kHz to 10 mHz in the
constant potential of OCP with an ac voltage amplitude of £10 mV. The experimental data
were analyzed proposing the appropriate equivalent circuit models using Zview2 software.
The Tafel polarization measurements were also made after EIS tests. The potential was
swept in the range of E,¢, +200 mV with a scan rate of 1mV/s.

3. RESULTS AND DISCUSSION
3.1 Tafel Polarization Measurements

Fig. 1 shows the Tafel polarization plots obtained for copper corrosion in blank and inhibited
solutions. It is seen that there are current plateaus in the cathodic branch of these plots. It is
well known that for copper corrosion in an aerated acidic solution, the oxygen is the main
cathodic reagent and its reduction is the main cathodic reaction. The cathodic plateaus in
polarization plots can be attributed to the diffusion-controlled oxygen reduction reaction. It is
seen that the current on plateaus is not constant and increases slightly with potential
changes; such a behavior is called a non-ideal diffusion phenomenon. The ideal diffusion
theoretically causes the current density to become constant at approximately -50 mV far
from OCP. For a non-ideal diffusion controlled Tafel plot, corrosion current data are
estimated values that can only be used for comparison purposes not for calculation of real
corrosion rates. Under these conditions, the intersection of linear extrapolations for both
branches at OCP shows the estimated corrosion current [14]. Therefore, the estimated
corrosion current density, i, and corrosion potential, E.,;, have been obtained from the
curves shown in Fig. 1 and are listed in the Table 1.

Table 1. Electrochemical parameters for copper corrosion in 1 M HCI solution in the
absence and presence of different concentrations of Basic Red 46 obtained from

Tafel Plots
Cinh (PPM) E ;o (MV/SCE) icorr (WA cm-z) 1%
Blank -480 30.0 -
40 -505 16.0 47
200 -521 6.5 78
400 -523 5.0 83

It has long been known that when copper corrodes in an aerated, chloride-containing
solution, a layer of copper () oxide, Cu,0, is formed on the surface of the metal. In addition,
copper is dissolved by reactions, which can be summarized as follow [15]:

Anodic reaction: Cu — Cu" +e )
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Cathodic reaction: %Oz +2H" +2e— H,0 ()
Then in the solution:
2Cu"” +%O2+2H+ —2Cu** +H,0 (3)

Copper ions also form complexes with chloride ions during or after reactions 1 and 3.
Therefore, in acidic non-deaerated solution, the corrosion is initiated by oxygen and
proceeds in two stages [15]:

Stage1: 2Cu +%O2 +2H" > 2Cu* + H,O (4a)

Stage2: 2Cu* +%02 +2H" = 2Cu” + H,0 (4b)

In the presence of metallic copper, the Cu (ll) cations are subject to dismutation, which is
competitive in corrosion:

Dismutation: Cu”" +Cu — 2Cu"” (5)

Insoluble copper (I) chloride, CuCl, precipitates on the surface of copper in the presence of
chloride anions:

Cu* +Cl™ — CuCl(s) 6)

This insoluble layer acts as protective barrier against oxidation of copper. This copper (I)
chloride, CuCl), layer is stable in neutral solutions but is destroyed in the acidic solutions. In
the presence of high concentrations of chloride anion, the following equilibrium is also
dragged in the forward direction and copper (1) chloride, CuCl,s), is destroyed [15]:

CuCl+Cl™ — CuCl, (surface) — CuCl, (solution) (7)
Cu®* +2CI +e

Lee and Nobe [16] found that CuCIff and CuCljf cuprous chloride complexes can also

be produced from CuCl, (solution)as chloride ion concentrations become greater than
1.0 M:

CuCl, +CI~ — CuCL~ (8)

CuCI” +ClI~ — CuCl;” 9)
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Fig. 1. Tafel polarization plots for copper corrosion in 1M HCI solution in the absence
(blank) and presence of different concentrations of Basic Red 46 dye

The corrosion of copper in acidic chloride-containing solutions is also influenced by factors
such as dissolved oxygen, chloride concentration and the pH of the solution. As noted in the
beginning of this section, Fig. 1 shows cathodic current plateaus, which are due to the
diffusion controlled reduction reaction of dissolved oxygen (equation 2) from bulk of solution
toward the copper surface [17]. In a potential range of 200 mV with respect to the corrosion
potential, an active anodic dissolution is obtained in the anodic branch. At potentials far from
the corrosion potential, an anodic current plateau is also observed. This sudden decrease of
the anodic current is due to the passivation of copper surface because of cuprous oxide and
insoluble copper(l) chloride, CuClqs), precipitation on the copper surface [10].

In the presence of BR46, the E.,,, shifts toward the more negative values. It is also seen that,
the cathodic current density decreased in the presence of BR46, while, the anodic one has
not be varied significantly. This observation reveals that the BR46 acts as a cathodic organic
inhibitor. The cathodic inhibitors reduce the corrosion rate through the influencing on the
cathodic sites of metal surface and reducing the rate of cathodic reaction, i.e. the oxygen
reduction in this case. Fig. 2 indicates a schematic Evans diagram, showing that how a
cathodic inhibitor causes the reduction of i, and displacement of E.,, toward negative
values.

The inhibition efficiencies that are listed in Table 1 were calculated from Tafel polarization
data using the following equation [18]:

np%z(M]xloo (10)

lcorr
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where i;’m and i, are the corrosion current densities in the absence and presence of
inhibitor, respectively.

It is seen that an increase in the inhibitor concentration leads to the decrease in iy . Since
the organic inhibitors mostly act through adsorption on metal surface, an increase in the
inhibitor concentration leads to more coverage of the metal surface, therefore the inhibition
efficiency increases.

A A

vy > |Ogl

I Iy

Fig. 2. The schematic Evans diagram illustrating the effect of a cathodic inhibitor on
corrosion potential, E.,,, and corrosion current density, ico.

3.2 Electrochemical Impedance Spectroscopy Measurements

The EIS measurements were also performed for copper in blank and inhibited hydrochloric
acid solutions. Fig. 3 shows the obtained Nyquist diagrams for copper corrosion in blank and
in the presence of different concentrations of BR46. The experimental data were analyzed
using Zview2 software and proper equivalent electrochemical circuit was proposed for each
case. The results for corrosion of copper in blank solution were fitted to the circuit model
shown in Fig. 4a. In the Nyquist plot of copper in blank solution (Fig. 3), two capacitive loops
are seen. The high frequency loop is attributed to the corrosion of copper and is fitted as a
charge transfer resistance, R, in parallel with a constant phase element, CPE;, resulted
from the double layer capacitance, Cy. The Ry is inversely relative to the corrosion rate of
the sample. Because of the depressed shape of the capacitive loop, the constant phase
element, CPE, including a component Q, and a coefficient, n, is required instead of the Cy in
circuit model. The CPE behavior causes by different physical phenomena like surface
inhomogenities resulting from the surface roughness, impurities, porous layer formation, etc.
The admittance of a CPE, Ycpg, is related to Q. and n with the following relationship:

YCPE :Qo(ja))n (11)

Q, and n value are frequency independent. n which takes values between 0 and 1 is a
measure of surface inhomogeneity. The case n = 1 describes an ideal capacitor while the
case n = 0 describes a pure resistor.
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Fig. 3. The Nyquist plots for corrosion of copper in 1M HCI solution in the absence
(blank) and presence of different concentrations of Basic Red 46 dye (The inset:
magnified Nyquist plots for corrosion of copper in 1M HCI (Blank v) and in a 0.0001M
Basic Red 46 (A) solutions)

The low frequency loop, in the Nyquist plot of copper corrosion in blank solution (Fig. 3), may
be due to the adsorption of the copper (I) chloride (CuCl) on copper surface. This adsorption
process led to a low frequency loop and is shown as a resistance, R,qs, in parallel with a
capacitance, C,qs that has been shown as CPE, in Fig. 4a. The R; in the equivalent circuit
shows the solution resistance.

The experimental data obtained in the inhibited solution, did not show an acceptable fitting to
the equivalent circuit shown in Fig. 4a. Therefore, the circuit indicated in Fig. 4b was used to
fit these data. This model is consisted of a solution resistance, R, charge transfer
resistance, Ry, constant phase element of double layer, CPE, and a Warburg diffusion
element, W. The values obtained for all circuit parameters after fitting are listed in Table 2.
The R,, values in Table 2 are the resistance corresponding to the Warburg diffusion element.

It is known that the diffusion in electrochemical systems can occur in different ways. The
diffusion of species such as dissolved oxygen and/or inhibitor molecules from bulk of
solution toward the electrode surface and through the coprous oxide layer on metal surface
leads to a 45-degree line at high frequencies in the Nyquist plot. The n values around 0.5 for
a CPE also shows a diffusion behavior. It is seen from Table 2 that the n values for CPE; in
all cases are around 0.5. It means that there is also finite length diffusion at low frequencies
[19,20].
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Fig. 4. Equivalent electrical circuits for describing the behavior of copper in 1M HCI
solution (a) in the absence and (b) in the presence of Basic Red 46 dye

The inhibition efficiencies (n,%) were also calculated from the R values using the following
equation [18]:

R -R°
nz(%)z(%)XIOO (12)

ct

where RCOZ and R are the charge transfer resistances in the absence and presence of
inhibitor, respectively.

It is seen from data presented in Table 2 that the Ry and n,% increase as the concentration
of BR46 increases. It means that the BR46 inhibits the corrosion of copper in hydrochloric
acid solution through the adsorption on the metal surface and formation of a protective layer.
The R, also enhances with the increase of inhibitor concentration because of the
enhancement of the metal surface coverage and the thickness of protective layer. The trend
of n,% variation with increasing the inhibitor concentration is in agreement with the trend
observed in Tafel measurements.

Table 2. Electrochemical impedance parameters for copper corrosion in 1M HCI
solution in the absence and presence of Basic Red 46

Cinh High frequency region Low frequency region (loop2) n:%
(M) (loop1)

Rt Q, nq Rads Q. (ads) nz Ry

Qcm?) (Q'cm?s") Qcm?) (Q'cm?s") (Qcm?s™?)
Blank 41.9 1.2><10',Z 0.51 500 0.104 051 -
40 118.3 2.5%1 0',d 057 - - e 486 64
200 262.2 2.3x10° 052 - - e 614 84
400 352.0 1.2x10° 054 - e e 1034 88
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3.3 Geometry Studies

In order to get more information on the probable centre of adsorption, the structure of the
BR46 dye was optimized by applying PM3 semi-empirical method using the HyperChem
Release 7.0 molecular modeling software. The optimized structure of BR46 molecule and
the partial atomic charges of its heteroatoms (nitrogen atoms) are given in Fig. 5.

2

Fig. 5. The optimized structure of basic red 46 molecule and the partial atomic
charges of its heteroatoms

In the chloride containing solution, the metal surface has negative charge because of the
adsorbed chloride ions on the surface. Therefore, the nitrogen atoms that have positive
partial charges are suitable sites for adsorption of the whole BR46 molecule on the metal
surface.

3.4 Adsorption Isotherm

The adsorption isotherms can also provide basic information on the interaction of inhibitor
molecules and metal surface [21]. The surface coverage, (6 = 7%/100 ), values for each

concentration of inhibitor were calculated from both polarization and EIS measurements
[21,22]. Similar to the trend of inhibition efficiencies, the surface coverage of copper
increases as the inhibitor concentration enhances.

The data were then tested graphically for fitting a suitable adsorption isotherm. The most
common isotherms such as Langmuir and Freundlich were examined. It was found that the
plots of C;,w/0 versus Ci,, from both polarization and EIS results, yields straight lines. These
plots as well as the corresponding equations and regression coefficients are shown in
Fig. 6.
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Fig. 6. Langmuir isotherm plots for adsorption of basic red 46 on copper surface (a)
from polarization results and (b) from EIS results

It can be deduced that adsorption of BR46 dye on the surface of copper in 1 M hydrochloric
acid solution obeys the Langmuir adsorption isotherm, which is presented by the equation
below [21].

Fig. 4. Equivalent electrical circuits for describing the behavior of copper in 1M HCI solution
(a) in the absence and (b) in the presence of Basic Red 46 dye
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C
Zinh  _ Cinh +L (13)
9 Kads

where Ci, is the inhibitor concentration, 6 is the degree of coverage of metal surface, and
Kags is the equilibrium constant for adsorption—desorption process. The values of 6 are

proportional to the inhibition efficiencies (8 = 77%/100 ). The equilibrium constants, K,gs,

were calculated from the reciprocal of the intercept of the isotherm line. The free energy
of inhibitor adsorption, AG,y, On copper surface can be evaluated using the following
equation [21]:

AG,, =—RTIn(55.5K ) (14)

The values of K,y and AG,qys, Obtained from polarization and EIS results, as well as their
average values are listed in Table 3.

Table 3. The values of K,4s and AG,4s for adsorption of Basic Red 46 on copper from
polarization and EIS data and the average values

Polarization EIS Average
Kad1s AGads 1 Kad1$ AGads 1 Kad1$ AGads 1
(M7 (kJ mol™) (M) (kJ mol™) (M) (kJ mol™)
1.0395x10" -32.9 2.1142x10" -34.6 1.5768x10° -33.8

The negative values of AG,ys indicate spontaneous adsorption of BR46 molecules on the
copper surface and strong interaction between inhibitor molecules and metal surface [22].

It is well known that the values of -AG,4s around 20 kJ mol” or lower are indicative of the
electrostatic interaction between charged organic molecules and the charged metal surface
(i.e. physisorption); those around 40 kJ mol™ or higher involve charge sharing or transfer
from the organic molecule to the metal surface to form a coordinated bond (i.e.
chemisorption). The value of -AG,q4s for adsorption of BR46 molecules on copper surface is
less than 40 kJ mol ™, indicating the physical adsorption. However, since the value of -AG,qs
is close to 40 kJ mol”, it could also be concluded that in addition to the electrostatic
interactions, there may be some other interactions [22]. Therefore, the adsorption
mechanism of the BR46 dye molecules on copper involves two types of interaction,
chemisorption and physisorption [23]. According to the geometry studies (section 3.3), the
nitrogen atoms are suitable sites of the inhibitor molecule for physical interaction with the
metal surface. The aromatic ring may also participate in charge sharing or transfer from the
dye molecule to the metal surface.

4. CONCLUSION

The corrosion inhibition performance of the Basic Red 46 dye on the corrosion of copper in
hydrochloric acid solution was studied. It was shown that the dye molecule inhibits the
corrosion of copper in acidic solution through retarding the cathodic reaction i.e. oxygen
reduction on metal surface. The cathodic currents decrease in the presence of inhibitor but
the anodic ones are not affected. The iy, decreases and E., shifts toward more negative
values. The Basic Red 46 dye, therefore, is a cathodic inhibitor for copper corrosion in acidic
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solution. Inhibition efficiencies enhance as the inhibitor concentration enhances. Since AG,gs
value is close to -40 kJ, it is possible to conclude that in addition to physical interactions,
some chemical effects may also exist. The dye molecules interact with the metal surface
through physical and chemical interaction and are adsorbed on the surface obeying the
Langmuir adsorption isotherm. The nitrogen atoms of the dye molecule and the aromatic
rings are suitable sites for interaction with metal surface.
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