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ABSTRACT: We study copper corrosion inhibition by ethanolamine (ETA) with (0, 0.2
,0.3,0.4,0.5) vol.% concentrations in 100 ppm NaCl solution. This work is carried out by
potentiodynamic measurements and Electrochemical Impedance Spectroscopy (EIS). The substrates’
surface morphologies are examined by Scanning Electron Microscopy (SEM). ETA is characterized
by NMR spectra of ETA *H and *C and Fourier Transform InfraRed Spectroscopy (FT-IR).Quantum
chemical calculation (DFT) is conducted to correlate the adsorption mechanism with ETA
molecule structure. The results show that ETA acts as a mixed inhibitor; so at 0.4 vol. %,
the current density (i ) and the polarization resistance (Rp) are respectively 0.8ud/cm’ and 28.62 Q.cm’
with 99.78% corresponding efficiency . ETA adsorption obeys to Langmuir isotherm and takes
place on copper surface through chemical and physical mixed-type adsorption.
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INTRODUCTION

Copper is a widely used metal because of its excellent
electrical and thermal conductivities combined with good
mechanical work-ability [1]. It is also known for its good
corrosion resistance in both water and deaerated
non-oxidizing acid solutions. However, copper may
undergo rapid attack in complexing agents presence
as for example with CI- ions which form soluble

chloro-complexes CuCIgz'j)_ [where j=1 to 4].
According to J. Crousier et al. [2] the complex
CuCls, could be formed either in two steps [reactions (1)

and (2)] or directly [reaction (3)] as below:

Cu+CI” <> CuCl 4 +e~ 1)
CuCl,4 +CI™ <> CuCl;, 2)
Cu+2CI" <> CuCl; +e~ (Slow step) 3)

Therefore, the anodic dissolution rate is closely
related to CuCl, diffusion rate in the solution. Whereas,
minimal amounts of chloride concentration CuCl can be formed
in the initial step, then the dissolution proceeding
takes place in the CuCl~ form. On metal surface, even the
presence of insoluble products cannot prevent the oxygen
reduction [3]. An interesting method to inhibit copper
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corrosion which is the use of organic inhibitors and
compounds containing polar groups as nitrogen, sulfur
and oxygen [4, 5] . Some of them can be produced at low
cost with high purity and they are fully soluble in
aqueous medium.

In the present work, we test ethanolamine corrosion
inhibitor that contains —NH, and —OH groups (Fig. 1).
The copper corrosion inhibition by ETA is carried out by
potentiodynamic  and  electrochemical  impedance
spectroscopy methods in 100 ppm NaCl solution without
and with ETA at various concentrations (0, 0.2, 0.3, 0.4,
0.5) vol. %.

EXPERIMENTAL SECTION

The copper composition obtained by ICP-MS
(Inductively Coupled Plasma- Mass Spectrometry)
is shown in Table 1.

The experimental device used for plotting polarization
curves and electrochemical impedance is the potentiostat
/ galvanostat / ZRA Gamry Reference 1000 assisted with
computer and related to standard three-electrode cell.
The reference is Saturated Calomel Electrode (SCE) with
E = 0.241 V vs SHE, the counter electrode is platinum
and copper as the working electrode. The latter has
a circular section of 1cm? that is polished mechanically
with abrasive SiC paper up to grade 4000, then finished
with diamond paste (1pm).In order to allow electric
connection, a copper wire is welded onto the opposed
face of the working surface. Except this latter, the whole
sample is embedded in an epoxy resin.

The tests are performed without and with ETA, in
100 ppm NaCl aerated aqueous solution, at various
concentrations (0, 0.2, 0.3, 04, 05) vol.%.
The potentiodynamic curves are plotted in potentials’
range —1200 to +600 mV vs SCE with 1 mV/s scan rate.
Electrochemical Impedance  Spectroscopy  (EIS)
measurements are carried out in the frequency range
100 kHz-10 mHz at the open circuit potential using
the amplitude 10 mV. Transfer resistance R and electrical
double layer capacitance Cgq are deduced from Nyquist
diagrams and the equivalent circuit is determined with
Z-view software. All polarization experiments are
performed in 100 ppm NaCl at 25°C, after 2 hours
immersion time. The test solution volume for each
experiment is maintained at 200 mL. The substrates'
surface morphologies are examined by scanning electron
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Table 1: copper chemical composition.

/ Elements M (mass %) . 10 \
Cu 99 960
Si 7
P 21
Ti 0.2
\Y 0.2
Mn 2.5
Sh 0.5
Co 0.1
Ni 3.1
Nb 1.8
Mo 10
K Sn 2.9 /

H H
H%—éH
HyN OH

Fig. 1: ETA chemical structure.
microscopy (SEM). ETA inhibitor characterization
is carried out by NMR spectra (*H and *3C) and Fourier
transforms infrared spectroscopy (FT-IR). Quantum
chemical calculation (DFT) is used to correlate
the adsorption mechanism with ETA molecule structure.

RESULTS AND DISCUSSION
OCP recordings

Fig. 2 represents OCP curves versus time, in 100ppm
NaCl with ETA at different concentrations
(0,0.2,0.3,0.4,0.5) vol.% , that are obtained after two
hours. At first, we observe that the OCP values are
relatively stable from 1500s, then in presence of ETA,
they are increasingly more negative compared to those
obtained in its absence. We notice a significant difference
(0.1V) in comparison to the OCP values obtained in the
inhibited media, at the beginning, there is an increasing
with the added amount until 0.4 vol.%, but then clearly
fall down. As a result, the concentration 0.4 vol.% seems
to be optimum.
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Fig. 2: OCP curves for copper in NaCl aqueous media with
various inhibitor amounts.

Polarization measurements

Fig. 3 shows copper potentiodynamic polarization
curves in 100 ppm NaCl without and with ETA at various
concentrations.The cathodic corrosion reaction in an
aerated NaCl solution is the oxygen reduction [6]:

0, +2H,0+4e™ <> 40H" (4)

Copper anodic dissolution process in NaCl solution
which has been already reported [7-8], as follows:

Cu+ClI~ > CuCl+e” (5)
CuCl+CIl™~ — CuCl, (6)
CuCl, — Cu®" +2CI" +e~ 7)

The curves are obtained from —1200 to +600 mV vs
SCE at 1 mV/s scan rate. The more negative value of the
initial cathodic potential is chosen in order to clean the
metallic surface by chemical reaction’s reduction. On the
curves, the cathodic parts present a more or less clear
plateau corresponding to dissolved oxygen diffusion’s
reduction according to equation (4). The important
cathodic polarization may explain the differences
between the obtained OCP values and Ecor, i.€.Ei=o.
Among the anodic branches, the anodic curve increases
significantly in inhibitor absence [Fig. 3 curve (1)]. But,
in inhibitor presence, the effect is clearly apparent where
the anodic plateau presence indicates a protective film
formation which slows down corrosion. The anodic
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Fig. 3: Copper polarization curves with ETA concentrations
(0,0.2,0.3,0.4,0.5) vol % in 100 ppm NaCl at ImV/s scan rate.

copper dissolution mechanisms can be decomposed
in several steps [4-9], controlled by both copper electro

dissolution and CUCI, diffusion in solution, equations (5-7).

Therefore, as previously observed above, we can
consider that the most effective inhibitor concentration is
0.4 vol.%, since the anodic plateaus level diminishes, when
ETA is added until this value, and increases at 0.5%
addition. From these curves, Table 2 records all the
electrochemical data: corrosion potential E__(mV vs SCE),

corrosion current density icrr ,cathodic B¢ and anodic Ba
Tafel slopes, polarization resistance Rp and corrosion rate v.

The corrosion rate (mm/y) is calculated using
the Equation (8) [10].

v = kM Leor_ ®)
2dA

Where:

k :constant;

M : copper molar mass (63.35 g/mol);

A: Avogadro number;

d : density ( g/cmd).

The inhibition efficiency () can also be calculated
from equation (9) [11].

(Icorr,o ~leom,i )

Nn(%) = x100 9

corr,o

Where icoro and icori are respectively the corrosion
current densities of copper in 100 ppm NaCl without
and with ETA.
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Table 2: efficiencies calculated () and parameters derived from potentiodynamic polarization curves of copper
in 100 ppm NaCl without and with ETA at different concentrations after 2h.

(" colw) | E_mVVsSCE | i, (uAkem?) | Ba(mVidec) | Bc(mvidec) v (mmiy) Rp (Q cm?) N )
0 -202.438 235.2 800.4 87.6 0.977 4.28 /
0.2 -166.109 4.2 726.1 425.0 0.344 20.64 98.34
0.3 -162.037 4.8 606.4 481.7 0.247 24.30 98.08
0.4 -259.945 0.8 587.9 420.4 0.066 28.62 99.78
\__ 05 -175.872 7.1 801.0 826.1 0.159 13.02 96.98 )
maximum (148.222 Q.cm?) for 0.4 vol.% . ETA inhibitor
%0 concentration and the phase angle plot (Fig.5c) consist
25 in two time constants.
In Bode-phase plots, the impedance high frequency
”g 207 part and phase angle reflect heterogeneous surface layer
E 15 behavior, while the low frequency contribution shows the
\Z/_ kinetic response for the charge transfer reaction [12].
e 10 Electrochemical parameters derived from Fig. 4 are
5 gathered in Table 3.
Fig. 6 represents the simulated equivalent circuit
0 T T T . . .
0.0 01 0.2 0.3 04 05 [from Nyquist diagrams (Fig.5) ,where Rs,Ry, R, CPE

ETA (%)

Fig. 4: Evolution of the polarization resistance according to ETA
concentrations.

We note that the inhibitive efficiency increases
in accordance with the inhibitor concentration at the
maximum value (99.78 %) for 0.4 vol.% ETA and the
polarization resistance Rp is closely related to ETA
inhibitor concentration up to 0.4 vol.% when it increases
till the maximum value (28.62 Q.cm?). But Rp decreases
beyond this concentration (Fig.4).

EIS measurements

Fig. 5 shows Nyquist and Bode diagrams obtained
with copper in 100 ppm NaCl without and with ETA at
concentrations (0, 0.2, 0.3, 0.4, 0.5) vol.%. All impedance
spectra (Fig.5a) consist of one capacitive loop. The ETA
concentration increasing leads to the increase of the
semicircle diameter .In the case, where the center is under
the real axis, can be attributed to roughness and
heterogeneities of the solid surfaces.

The modulus and phase angle curves according to
the frequencies are represented respectively in (Fig.5b)
and (Fig.5c). The polarization resistance increases till
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and CPE: are respectively the electrolyte resistance,
charge transfer resistance, film resistance , double layer
constant phase element and film constant phase element.

When the inhibitor concentration increases, the R;
increases while CPEdIdecreases due to the reduction of

the copper active surface [13].
The corrosion inhibitive efficiency is calculated from
the charge transfer resistance according to the equation:

(%) = [1—%} %100 (10)

Where Ry’ and R: represent respectively the charge
transfer resistance values in inhibitor presence and
absence.

The  efficiency  increases  versus inhibitor
concentration then reaches a maximum value 97.80%
at 0.4% vol. ETA with an error factor X?>= 6.99 E-4 .
This result corroborates with the obtained one from
polarization resistance measurements and corrosion
current densities.

Cyclic voltammetry
Each cycle plot (Fig.7) is obtained by rate scanning
(1 mVv/S) from -1200 mV vs SCE to 600 mV vs SCE
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Table 3: Inhibitive efficiencies (y) and parameters deduced from EIS curves of copper in 100 ppm NaCl
without and with ETA at different concentrations.

/c (vol %) | Rs(Qcm?) R (Q cm?) CPE (WF/lem?) | Ry(Qem?) | CPE;(uF/cm?) n n (%) X2 (error factor)\
0 5.568 45 144 / 25.5 0.510 / 8.70E-4
0.2 3.369 65 8.0 391 7.9 0.727 92.41 5.86 E-4
0.3 3.978 120 7.7 485 75 0.750 94.77 9.20 E-4
04 3.222 145 6.0 781 10.5 0.758 97.80 6.99 E-4
k 0.5 2.987 133 7.2 550 6.1 0.587 95.12 7.77 E-4 /
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Fig. 4: Nyquist diagrams (a), Bode modulus (b) and phase angle (c) of copper in 100 ppm NaCl without and
with ETA concentrations (0,0.2,0.3,0.4,0.5) vol %..
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Fig. 6: Equivalent electrical circuit used to represent impedarnce
data from Fig.5a Nyquist curves.
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Fig. 7: Copper cyclic voltammogram in 100 ppm NaCl without
and with 0.4 vol % ETA

leading to 0.1 mA/cm? current density then returns
to the initial potential. In the solution without inhibitor,
the resulted voltammogram is considered as a reference
representing an active copper dissolution characterized
by a large hysteresis. This behavior is explained by copper
dissolution mechanism in chloride media [CI] <1M [14].
In presence of H,O, CI  and copper, copper hydroxide
reflects a Kkinetic adsorption on the electrode surface.
Similar results were obtained by Crousier et al. [2].

In the presence of inhibitor (0.4%vol.), the
voltammogram goes and returns to the initial potential
using the same way which reflects a perfect surface
stability.

Adsorption isotherm

The adsorption of organic molecules at the
metal/solution interface consists of the replacement of
water molecules by organic molecules in aqueous
solution according Equation (11) [15].
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Orgaq +XH,0,4s <> Org,q + XHZan (11)

Where:

Orgaq: organic molecules in the solution;

Orgags:  organic molecules adsorbed on the metal
surface;

X: the number of water molecules replaced by the
organic molecules.

Copper corrosion inhibition in 100 ppm NacCl
with ETA is due to the molecular adsorption. This
latter depends on organic compounds such as molecule
charge distribution, metal nature; metal surface charge
and aggressive medium type [16, 17] .The interaction
between the adsorbed molecules of inhibitors and copper
surface is explained by isotherms’ adsorption [18].

The relationship between inhibition efficiency (y %)
and the coverage degree (0) for different inhibitor
concentrations is :

n% =100x0 (12)

Theoretical fitting of different isotherms adsorption
is simulated and the correlation coefficients (R) are
used. The most corresponding fit (R=0.999) is obtained
by the Langmuir isotherm. The relation Langmuir
isotherm is:

KC

= 13
KC+1 (13)

Where 0 is the coverage degree on metal surface, C
is the inhibitor concentration and Kags is the equilibrium
constant of adsorption process. This constant is related
to the standard free energy of adsorption (AGgy)

according to the following equation:
AGjy =—RTIn(55.5K 4 ) (14)

Where R is the molar gas constant (8.314 (J/mol K)
and T(K) is the absolute temperature.

The inhibitor adsorption obeys to Langmuir
isotherm in accordance with the linear relationship
(Fig. 8). The equation 14 is used to find the constant K
as an intersection of straight line with the ordinate axis.

1 AG®
K..=| —— |exp| ——29 15
ads (55.5) p{ RTJ (15)

AL 298 K, Kas= 0.185% 10*°M and AGSy, = -28.59 ki/mol.
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Fig. 8: Copper Langmuir adsorption in 100 ppm NaCl with
ETA at different concentrations.

The standard free enthalpy negative value indicates
the strong interaction and stability of the adsorbed
layer on copper surface. [19] and also the spontaneous
adsorption of the ETA on the copper [20].

When AG;. <-20kJ/mol, the inhibitor molecules

ads —

are physisorbed on metal surface. Whereas for
AGgys > -40 ki/mol, the molecules are chemisorbed

due to charge sharing or transfer to metal surface in order
to form metal bond coordinate [21]. We conclude that
the inhibitor ETA adsorption on copper surface takes
place through mixed chemical and physical adsorption
[22].

NMR spectra of ETA'H and 3C

In 'H NMR spectrum, two triplets appear at 2.54 ppm
and 3.41 ppm, each signal is integrated to 2H
corresponding to CHa.

A signal at 4.10ppm is characteristic of the NH;
function.

RMN 'H (300MHz, DMSO): & 2.54(t, 2H, J=6.0 Hz,
CH2-N), 3.41 (t, 2H, J=6.0 Hz, CH>-0), 4.10 (s, 2H,
NH2) ppm.

In RMN 13C spectrum, there is two peaks, the first
at about 50 ppm and the second at 60 ppm. Both of them
characterize two carbons (2CH;) and the solvent peaks
in which we have performed the analysis (in this spectrum
the first peak shift’s slightly to 57.5 ppm)

RMN %3C (300MHz, DMSO0): & 57.5 (CHz-N), 59.6
(CH-O) ppm.
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Fig. 9: FT-IR spectrum of ethanolamine.

Fourier transforms infrared spectroscopy (FT-IR)

Fig. 9 shows the FT-IR spectrum of ETA. The
characteristic bands of ETA are assigned as follows:

sharp band at 3300cm™ was due to N-H stretching
vibration, 2888cm was due to O-H stretching .

IR (KBr): 2888 (NH.), 3300(0H) cm'.

From the interpretation of FT-IR spectra, we can
conclude that the ETA inhibitor formula is: NH>-CH-
CH-OH.

Quantum chemical calculation (DFT)

To explain the adsorption, electronic parameters,
associated at the interaction between the inhibitor
molecules and the copper atoms, are computed using the
standard 6-31G * basis and functional B3LYP. The
values found are grouped in Table 4. In this case, E Homo
is the energy of the highest occupied molecular orbital,
E Lumo is the energy of the lowest unoccupied atomic
orbital and AE gap= E nHomo - E Lumo iS the gap energy.

The highest value E nomo (-5.0265 eV) indicates that
the molecular orbitals tend to donate electrons to the
atomic orbitals; these ones have an aptitude to accept
according to the value E Lumo (- 0.5369 eV) [23].

These frontier orbitals control the adsorbate-surface
interaction. Small values AE gap (4.4896 ¢V), dipole
moment (3.2334 Debye) as well as total energy (-1223.98 u.a.)
indicate that the inhibitor molecules’ adsorption on
copper surface is stable and therefore effective.
Optimized structure of the studied molecule obtained by
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Table 4: calculated HOMO (eV), LUMO (eV), AEgp (eV), dipole moment (debye) and total energy (u.a).

ELumo (eV)

AEg; (eV)

Dipole moment (Debye)

TE (u.a.) \

-5.0265

( Erowo (V)
Y

-0.5369 4.4896

3.2334 -1223.98 J

/

\_

~

J

Fig. 10: Optimized structure of the studied molecule obtained by B3LYP-6-31 G(d) method ,and frontier molecular orbital of ETA.

B3LYP-6-31 G(d) method ,and frontier molecular orbital
of ETA is represented in Fig. 10.

SEM analysis

The surface morphology of copper specimens,
immersed in 100 ppm NaCl solution for 240h at 298 K
without and with 0.4 vol % ETA inhibitor, are examined
by scanning electron microscopy (Fig.11). In the absence
of ETA, The sample surface is corroded (Fig.11a);
whereas in its presence, the sample surface (Fig.11b)
is well protected and the micrograph shows the protected
film morphology. These results indicate that copper
corrosion in 100 ppm NaCl solution is inhibited
significantly by ETA.
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CONCLUSIONS

Electrochemical study results demonstrate that ETA
film effectively inhibits copper from corrosion in
100 ppm NaCl solution .The inhibition efficiency could
be up to 99, 78% at 0.4 vol % ETA.

Potentiodynamic polarization studies show that ETA
molecules act as a mixed —type inhibitor. The ETA
adsorption on copper surface, in sodium chloride
solution, obeys to Langmuir adsorption isotherm model.

The electronic parameters: energy E nomo Of
molecular orbitals, energy E Lumo of atomic orbitals, AE
energy gap, dipole moment and total energy indicate that
the inhibitor molecules’ adsorption on copper surface
is stable and therefore effective.
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Fig. 11: SEM micrographs of copper surfaces (a) without inhibitor, (b) with inhibitor immersed in 100 ppm
NaCl solution for 240h at 298K.

SEM results clearly indicate that copper corrosion
can be inhibited by ETA adsorption on copper surface.
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