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The inhibition of copper corrosion by caffeic acid in 10 % ethanolic 0.5 M NaCl solution was assessed
using different electrochemical and computational. Results of investigations showed that caffeic acid
inhibited copper corrosion in the studied environment via adsorption on the Cu/corrodent interface.
The compound essentially functioned as a cathodic inhibitor for copper corrosion and the inhibition
efficiency increased with concentration. The adsorption behavior of caffeic acid on the Cu electrode
surface followed the Freundlich adsorption isotherm with the free energy of adsorption AG = -10.922
kJ mol™, which indicates physical adsorption. Molecular-level insight into the adsorption behavior was
achieved via quantum chemical computations to ascertain the electronic structure of the molecule and
molecular dynamics simulations to probe the interaction of the molecule with the Cu surface. The
models corroborated the experimental results.
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1. INTRODUCTION

Copper is known to possess exceptional electrical and thermal conductivity, combined with
good mechanical workability, as well as superior corrosion resistance in non-oxidizing solutions,
making it one of the most widely used metallic materials [1]. However in the presence of complexing
ions, such as CI', copper may suffer severe corrosion, so it is necessary to use some method for
corrosion protection in such environments. Although there are different corrosion control methods
available [2,3], corrosion protection in fluid environments is more appropriately achieved using
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corrosion inhibitors. These days, compounds derived from natural products have been found to exhibit
strong affinity for corroding metal surfaces and are attracting lots of attention in the search for benign
corrosion inhibitors [4-8].

Caffeic acid is a phenolic acid found in plants like carrot, tomato, strawberry, and blueberry
and is among the major hydroxycinnamic acids present in wine [9-11]. Structural formula of caffeic
acid is shown on Fig 1.

HO

HO

Figure 1. Chemical structure of caffeic acid

Caffeic acid and its derivatives continue to attract considerable attention due to their biological and
pharmacological activities, including antioxidative activities, anti-inflammatory activities, etc [11-13].

Previous studies have revealed that phenolic acids inhibit the corrosion of Al-Mg alloys
[14,15], CuNiFe alloy [16] and steel [17]. On the other hand, there are only few reports on the
corrosion inhibition performance of caffeic acid in the literature. Pirvu and associates highlighted the
potential use of some vegetal extracts containing high quantities of caffeic acid derivates, which show
considerable corrosion inhibiting efficacy [18,19]. De Sousa and Spinelli [30] reported that caffeic acid
inhibited corrosion of mild steel in 0.1 M H,SO, solution. Corrosion inhibition of iron and aluminum
by caffeic acid and other bio-organic compounds have been studied by McCafferty and Hansen [21].
Improvement of the corrosion resistance of mild steel in cooling water systems by addition of poly
(acrylate-co-caffeic acid) and other acrylate—caffeic copolymers was reported by Sekine and
co-workers [23]. Other environmentally safe polyphenol polymers have also been assessed as
corrosion inhibitors under alkaline conditions in boiler systems [24].

The present study evaluates the corrosion inhibition action of caffeic acid on copper corrosion
in 10 % ethanolic 0.5 M NaCl solution using combined experimental and computational techniques.
Test variables have been adjusted in order to enable sufficient information on the mechanism the
corrosion inhibition process.

2. EXPERIMENTAL

2.1. Materials Preparation

Copper electrode in the form of a cylinderical rod of 0.6 cm diameter and purity 99.98% was
used for polarization and electrochemical impedance spectroscopy measurements. The lateral section
of working electrode was insulated with Polyrepair resin, leaving an area 0.282 cm? exposed. Before
each measurement electrode surface was abraded with emery paper to a 1500 metallographic finish
and finally rinsed ultrasonically in deionized water and ethanol.
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Caffeic acid (97%) and the NaCl (99%) were acquired from Aldrich. Solution was prepared as
10 % ethanolic solution to enhance the limited solubility of caffeic acid. Solution pH was adjusted to
5.5 using 0.1 M NaOH solution.

2.2. Electrochemical Experiments

For electrochemical measurements, EG&G potentiostat/galvanostat Model 273A in
combination with a lock-in amplifier (PAR M5210) was employed. The reference electrode was a
saturated calomel electrode (SCE), while the counter electrode was a Pt plate. All potentials are
reported vs. SCE. Experiments were performed using electrodes immersed for 1 h in the different test
solutions. Polarization measurements were controlled with PARC corrosion analysis software M
352/252 SoftCorr. Linear polarization measurements were performed in the range of £20 mV vs. Ecor.
Potentiodynamic polarization measurements were performed with potential scan from the most
negative potentials (-200 mV vs. Ecor) Up to the +350 mV vs. Eeor With the scan rate of 0.2 mV s,
Electrochemical impedance measurements were controlled with Power Sine software. Impedance
measurements were carried out at Ecor, with a signal amplitude perturbation of 10 mV and frequency
range 50 kHz - 30 mHz. Electrochemical experiments were undertaken in the temperature range 30 —
50 °C.

2.3. Computational Studies

Materials Studio 4.0 software was employed for the computational studies, using the electronic
structure programs Forcite and DMol 3.

3. RESULTS AND DISCUSSION

3.1. Open circuit potential measurements

The influence of caffeic acid concentration on the evolution of Cu open circuit potential (Eoc)
in 10 % ethanolic 0.5 M NaCl was studied at 20 °C and the obtained results presented in Fig. 2. The
plots reveal two distinct trends; a steep negative displacement of potential for all systems during the
initial periods of immersion, due possibly to dissolution of the air-formed surface oxide layer in the
test solution. The potential stabilized thereafter, maintaining relatively stable values. Similar
observation was reported in [25-27].
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Figure 2. Effect of caffeic acid on the evolution of open circuit potential for Cu in 10% ethanolic 0.5
M NaCl at 20 °C.

It is as well obvious that caffeic acid modified the Eqc values with the highest concentration of
caffeic acid (0.03 M) exerting the most pronounced effect. The change in the Eoc values with the
addition of inhibitor is often a useful indication of which reaction is more affected: cathodic or anodic.
Under the presence of caffeic acid in NaCl solution Eoc shifts to more negative values and the
magnitude of such shifts increases with caffeic acid concentration. These results suggest that caffeic
acid would exert a predominant cathodic effect in inhibiting copper corrosion in 10 % ethanolic 0.5 M
NaCl [26].

3.2. Polarization measurements

Linear polarization measurements were performed in order to determine the influence of caffeic
acid on the polarization resistance of copper in 10 % ethanolic 0.5 M NaCl. Results of these
investigations at 20 °C are shown in Fig 3.
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Figure 3. Linear polarization curves for Cu in 10% ethanolic 0.5 M NaCl containing caffeic acid at 20
0]
C
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Polarization resistance values were obtained form the slopes of the polarization curves in the
vicinity of Ecorr (£10 mV from Ecor). From the R, values, the surface coverage (6), and the inhibition
efficiency (%) were calculated using the equations:

o= o Re 1
=R, 1)

n% = 6x100 (2)
where R is the polarization resistance in uninhibited solution and R the polarization resistance
in the presence of caffeic acid. The values of the linear polarization parameters are shown in Table 1:

Table 1. Linear polarization parameters for copper corrosion in ethanolic 0.5 M NaCl, without and
with different concentrations of caffeic acid at different temperatures

c Rp 0 n%
mol dm™ kQ cm?
T=20°C
0 2.111 - -
5x107° 3.854 0.4510 45.10
1x10™ 4.797 0.5600 56.00
5x10™ 7.589 0.6955 69.55
1x1073 9.599 0.7801 78.01
3x10°3 13.462 0.8432 84.32
T=30°C
0 1.562
1x1073 6.101 0.7440 74.40
T=40°C
0 1.134
1x107 3.757 0.6981 69.81
T=50°C
0 0.620
1x107 1.655 0.6254 62.54

It can be seen that R, values increased with caffeic acid concentration, but decreased with rise
in temperature. The same trend is reflected in the values of surface coverage and inhibition efficiency.

Potentiodynamic polarization curves were recorded to obtain information about the influence of
caffeic acid on anodic and cathodic processes on copper corrosion in the test solution [25, 26].
Representative potentiodynamic polarization curves are presented in Figure 4.
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Figure 4. Potentiodinamic polarization curves for Cu in 10 % ethanolic 0.5M NaCl containing
different concentration of caffeic acid at 20 °C.

Table 2. Potentiodynamic polarization parameters for Cu in 10 % ethanolic 0.5 M NaCl with caffeic

acid
C be ba Icorr Ecorr 0 n
mol dm™ V dec’ V dec™ uA cm? \Y %
T=20°C
0 -0.230 0.034 8.75 -0.216 - -
5%107 -0.110 0.060 4.40 -0.280 0.4966 49.66
1x10™ -0.110 0.065 3.90 -0.289 0.5540 55.40
5%10™ -0.156 0.064 2.88 -0.314 0.6703 67.03
1x107° -0.162 0.063 2.18 -0.320 0.7512 75.12
3x107 -0.150 0.064 1.40 -0.313 0.8400 84.00
T=30°C
0 -0.154 0.059 125 -0.278 - -
1x107° -0.173 0.063 34 -0.295 0.728 72.80
T=40°C
0 -0.147 0.062 15.6 -0.296 - -
1x107 -0.200 0.061 4.89 -0.296 0.6865 68.65
T=40°C
0 -0.284 0.066 23.8 -0.305 i i
1x107° -0.276 0.070 9 -0.298 0.6218 62.18

The potentiodynamic polarization
concentrations caused the cathodic polarization curves to be shifted towards lower current densities
and the corrosion potential shifted toward more negative values. This implies that caffeic acid almost
selectively inhibited the cathodic reaction [26], thus corroborating the findings from the open circuit
potential measurements. Corrosion parameters derived from the potentiodynamic polarization curves
are presented in the Table 2, along with the values of surface coverage and the inhibition efficiency
(Mm% = 100 x 0) calculated from equation 3.

results show clearly that

increasing caffeic acid
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0= icorr i_(icorr)i (3)

corr

Icorr @nd (icorr)i are the values of corrosion current density without and with caffeic acid. From
the Table 2 it can be seen that the efficiency of the caffeic acid again increased with concentration but
decreased with increase in system temperature.

3.3. Impedance measurements

The primary objective of the impedance measurements was to better understand the processes
taking place at the copper/solution interphase and how caffeic acid modified such processes [25, 26].
Figure 5 shows Bode representations of the impedance responses for the Cu electrode in 10 %
ethanolic 0.5M NacCl, i.e. plots of logarithm of impedance, Z, and phase angle respectively vs.
logarithm of frequency, f in the absence and presence of caffeic acid. In the high frequency region (f >
1 kHz), the log |Z| values are low, tending towards constant values, while phase angle values fall
rapidly towards 0°. This is a classic resistive response, corresponding to the electrolyte resistance. In
the mid frequency region, the linear relationship between log |Z| and log f, with slope tending towards -
1 and phase angle about -70° mirror the capacitive behavior of the system. At low frequency, the —40°
phase angle and log |Z| vs. log f (-0.5) slope all point towards a slow diffusion process. It is obvious
that the total impedance of the system increased with caffeic acid concentration, implying that the
electrode surface was more protected. Similar observations have been reported elsewhere for other
corrosion inhibitors [27-32].
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Figure 5. Bode plots for Cu in 10 % ethanolic 0.5 M NaCl containing caffeic acid

The appearance of more than one time constant in the impedance spectra reflects the diversity
of the interfacial phenomena in the systems under investigation [25]. The equivalent circuit proposed
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to fit the experimental data is shown in Figure 6 and has been previously used to describe the
impedance response of Cu in chloride media [33]. The circuit consists of an electrolyte resistance R
(~ 5 Q cm?) associated with two time constants. The initial time constant at high frequencies often
results from the rapid charge transfer processes associated with the metal (copper) dissolution process;
R; represents the charge transfer resistance, and Q; represents the constant phase element and replaces
the capacitance of the electrical double layer [25, 33]. Added equivalent circuit parameters were
introduced to account for the corrosion product surface layer and diffusion process at low frequencies,
such as R, for the surface layer resistance, Q. for constant phase element of the surface layer (Q:
replaces the capacitance of surface layer) and a Warburg impedance W for the diffusion process [33].

Figure 6. Equivalent circuit for modeling the impedance response of Cu in 10 % ethanolic 0.5 M NaCl

A constant phase element is used to replace the capacitive elements in either time constant of
the equivalent circuit. Such a CPE is introduced to accommodate deviations from ideal capacitive
response connected with depression of capacitive loops in Nyquist plots. The CPE’s impedance (Zcpg)
corresponds to [34, 35]:

Lepe = [Q(JUO)nT1 (4)
wherein -1 <n <1, j = V-1 and o = 24, whereas Q is a frequency-independent constant, having the

features of pure capacitance when n = 1; resistance when n = 0; inductance when n = -1; while
diffusion processes are characterized by n = 0.5.

Table 3. Impedance parameters for the Cu in 10 % ethanolic 0.5 M NaCl containing caffeic acid

c Q; x 10° N Ry Q, x 10° Ny R> W x 10* n%
(mol dm™) (Q*'s"cm?) (kQ cm?) @Q1s"cm?) (kQ cm?) o sé0.5 o
)

0 45.53 0.89 0.28 34.71 0.62 2.01 1.25 -
5x10° 34.86 0.91 0.57 28.43 0.68 4.06 1.13 50.88
1x10* 25.44 0.92 0.64 20.76 0.72 4.81 1.10 56.25
5x10% 19.85 0.92 0.96 15.15 0.75 7.29 1.03 70.83
1x10° 17.40 0.91 1.24 12.99 0.77 9.81 0.97 77.42
3x10° 14.84 0.92 2.51 10.67 0.78  16.09 0.93 88.84

The parameters derived from the equivalent circuit in Figure 6 are presented in Table 3. The results
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show that increasing the caffeic acid concentration caused a corresponding increase the values of
charge transfer resistance (R;) and surface layer resistance (R,), which signifies improvement of
corrosion resistance, while the capacitance of both the double layer and surface layer (Q; and Q) as
well as the diffusion element (W) decreased.

The observed decrease in Q; and Q. values on addition of caffeic acid provides valid
experimental evidence of adsorption of caffeic acid on the corroding Cu surface. Such behavior has
been associated [29, 32] with the plate capacitor model, where [C = &é&/d]. & is the permittivity of
vacuum; and ¢ the relative permittivity of the film). Hence, the reduction of Q, with the increase of
inhibitor concentration matches the corresponding increase in the thickness of the adsorbed inhibitor
layer, which additionally corresponds to an enhancement in the protective properties of the inhibitor.
The evolution correlates with the observed improvement of the quality of the inhibitor film,
corresponding to enhanced charge transfer resistance. The values of n, associated with Q, are found in
the 0.68-0.78 interval revealing that the adsorbed inhibitor layer was partially heterogeneous [28, 33].
On the other hand, the different values of n, are due to the modification of the structure of the adsorbed
layer in combination with its thickness, as suggested by the R, values [33].

105 80
104 E
b - 60
N,\ a
€ o}
S 10° o Z
G E @
;J/ 40 g
o @
3 2
8 102 E @
o ] T
IS :
- 20
10t 3 « 20°C
] ® 30°C
] 2 40°C
1 & s0°C
10° T T T T T T 0
102 10t 100 10t 102 108 104 10°

Frequency (Hz)

Figure 7. Bode plots for Cu in 10 % ethanolic 0.5 M NaCl with 1x10® mol dm™ caffeic acid at
different temperatures

The inhibition efficiency (7%) can be then calculated from the charge transfer resistance values
as follows:

n= (Rl )inh — Rl %100 (5)
(Ry )
where R; and (Ry)inn are the charge transfer resistance without and with inhibitor, respectively.
The obtained inhibition efficiency values for caffeic acid are given in Table 3. Inhibition efficiency
increased with caffeic acid concentration, reaching maximum values of = 85 %. The inhibition



Int. J. Electrochem. Sci., Vol. 11, 2016 468

efficiency determined from the polarization and impedance measurements are in a good correlation.

Effect of temperature on the impedance response of copper was investigated in 10% ethanol
solution of NaCl in the presence of caffeic acid in concentration of 1 x10 mol dm™ at electrolyte
temperatures of 20 °C, 30 °C, 40 °C and 50 °C. The obtained results are presented in a Figure 7 and
Table 4:

Table 4. Effect of temperature on the impedance parameters for the Cu in 10 % ethanolic 0.5 M NaCl
containing caffeic acid

t Q1 x 10° N R: Q, x 10° Ny R2 W x 10*
(°C) Q1s"cm?) kQcem?) (Q's"cm?) kQcem?) (Q* 520'5 cm’
)
20 17.40 0.91 1.24 12.99 0.77 9.81 0.97
30 18.16 0.91 0.89 13.56 0.76 6.23 1.00
40 20.48 0.90 0.60 15.27 0.74 4.65 1.02
50 23.83 0.90 0.37 17.26 0.72 3.05 1.07

Increasing the temperature of the system caused the charge transfer resistance (R1) and surface
layer resistance (R,) to decrease, while the capacitance of the double layer (Q1), capacitance of the
surface layer (Q) and the diffusion element (W) increased. This corresponds to an increase in copper
dissolution rate and a reduction in the thickness of the adsorbed inhibitor. Both effects hindered the
performance of caffeic acid at higher temperatures, leading to a decrease in inhibition efficiency with
rise in temperature.

3.4 Adsorption models

Data obtained from potentiodynamic polarization measurements were fitted to various
adsorption isotherm models. The best fit was obtained with the Freundlich model, which is represented
by equation (6):

60 =kC" (6)

where ¢ is inhibitor concentration, 6 is surface coverage and K is adsorption constant. The
equation can be linearized as shown in Eq. 7. From the linear dependence of In 6 vs. In c, the
adsorption constant can be determined from the intersection of line and y-axis.

INn@=Ink+nInC (7)
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Figure 8. The Freundlich adsorption isotherm for caffeic acid onto a Cu surface in 10 % ethanolic 0.5
M NaCl

Fig 8 shows the Freundlich isotherm for caffeic acid adsorption on copper in 10 % ethanolic
0.5 M NaCl. The good linear fit of the plot as well as the r? value of 0.9961 confirms the data fit to the
Freundlich isotherm. The equilibrium constant of adsorption is related to the standard energy of
adsorption AG_,, by:
1 AG;
K — e _ ads 8
55.5 xp[ RT J ®)

The value of 55.5 is the concentration of water in the solution in mol dm™, R is the gas constant
and T is the absolute temperature. The calculated standard energy of adsorption AG,,, was —10.922 kJ

mol™,

The negative values of AG_, indicate that the adsorption process proceeds spontaneously, and
its value indicate that caffeic acid adsorb on copper by a physisorption-based mechanism. This
mechanism is consistent with the observed decrease in inhibition performance with rise in temperature.

The dependence of the corrosion current on temperature can be regarded as an Arrhenius-type
process, the rate of which is:

. E
leorr = Aexp(_ R-?J (9)

where i IS the corrosion current density, A is the Arrhenius preexponential constant and E, is
the apparent activation energy. Arhenius equation can be converting to a linear form:

Ini:—E-EHnA (10)
R T

In this way it is possible to determine the value of activation energy from the slope of the linear
plot, while the intercept on the Y-axes gives the value of the proportionality factor A. The
corresponding Arrhenius plots for copper corrosion in absence and presence of caffeic acid are
illustrated in Figure 9.
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Figure 9. Arrhenius plots for Cu in 10 % ethanolic 0.5 M NaCl without and with caffeic acid in
concentration 1x10 mol dm™,

Some conclusions about the mechanism of the inhibitor action can be obtained by comparing
the E,, values in the presence and absence of a corrosion inhibitor. Generally, if higher values of E, are
obtained in the presence of an inhibitor, compared to the uninhibited solution, physical adsorption
mechanism can be inferred; conversely, lower E, value obtained in the presence of inhibitor, compared
to that in its absence indicate chemisorption of the corrosion inhibitor [4,35].

The E, values determined from the slopes of the Arrhenius plots correspond to 25.45 kJ mol™
in non-inhibited 10 % ethanolic 0.5 M NaCl and 36.48 kJ mol™ in the presence of caffeic acid. The
higher E, value obtained in the presence of caffeic acid compared to that in its absence indicates
physical adsorption of the corrosion inhibitor.

3.4. Computer simulation studies

Computational studies were undertaken to model those electronic properties of caffeic acid that
could influence its adsorption, hence corrosion inhibition performance. Details of the computational
protocol are presented elsewhere [36, 37]. The electronic properties of caffeic acid, including the
optimized structure, total electron density, highest occupied and the lowest unoccupied molecular
orbitals as well as Fukui functions are depicted in Fig. 10. The total electron density of the caffeic acid
molecule (Fig. 10d) shows the charge distribution to be spread around the molecule, which should
normally lead to a flat-lying adsorption orientation. Electrophiles often attack the regions of highest
electron density, which denote the active centers, with the greatest capacity to bond to the metal
surface. The HOMO energy (Enomo), reflects the tendency of a molecule to donate electrons, whereas
the LUMO energy (ELumo) corresponds to a tendency for electron acceptance [38].
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Figure 10. Electronic structures of caffeic acid: (al) optimized structure, (a2) total electron density,
(b1) HOMO orbital [Exomo = -5.35 eV], (b2) LUMO orbital [ELymo = -2.66 eV], (c1) Fukui f
function, (c2) Fukui f * function. Atom legend: white = H; gray = C; red = O; blue = N.

The HOMO orbital of caffeic acid is saturated around the conjugated C=C double bond system,
while the LOMO orbital lies along the carbon skeleton. Interestingly, both orbitals are similarly
aligned, which, when considered side by side the total electron density, implies that the entire
molecular skeleton would participate in the adsorption process. The HOMO energy (Enomo), reflects
the capacity of a molecule to donate electrons, whereas the LUMO energy (ELumo) corresponds to a
tendency for electron acceptance [39-42]. The HOMO/LUMO energy gap (AE) for caffeic acid was
derived from the values Epomo = (-5.35 eV) and E umo (-2.66 Ev) to be 2.69 eV. Low values of AE
imply that minimal energy will be required to remove an electron from the last occupied orbital,
corresponding to an increase in metal/inhibitor chemisorptive (covalent) interactions, hence improved
inhibition efficiencies. Comparing the results from this study with that computed previously for
caffeine [33] raises a number of interesting issues. The AE value for caffeic acid is lower than that for
caffeine (3.57 eV), thus we expect caffeic acid to have better inhibition efficiency. However, the
reverse was the case; caffeine exerted better inhibition efficiency (92.2%) than caffeic acid (84.3%) on
copper corrosion in 10 % ethanolic 0.5 M NaCl.

In order to further explain the above findings, the non-covalent adsorption of the caffeic acid
molecule on the Cu surface was visualized at a molecular level by means of molecular dynamics
simulations. Typical snapshots of the lowest energy adsorption model for a single caffeic acid
molecule on the Cu (110) surface are illustrated in Figure 11. In agreement with the electronic
structure predictions, caffeic acid maintained a flat-lying alignment on the Cu surface.
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(a)

(b)

Figure 11. Molecular dynamics model of caffeic acid adsorbed on Cu (110): (a) side view; (b) on-top
view

The binding energy (Eging ) between each molecule and the Fe surface was calculated using
Equation 11. Eca is the energy of the caffeic acid molecule, Ec, the energy of the Cu slab and Eioa the
energy of the caffeic acid/Cu(110) couple in the gas phase. The potential energies were obtained from
mean values of the five structures with the lowest energy [42].

Egind = Etotal — (Eca + Ecu) (11)

The obtained Eging Value was - 44.14 kcal/mol. A direct correlation has been established
between inhibition efficiency and binding energy, with efficiency increasing with binding energy [43].
This however should be mainly valid for systems exhibiting pronounced non-covalent interactions.
The higher value of Egin for caffeine [33], with higher AE (which signify pronounced non-covalent
interactions) corroborates this point of view.

4. CONCLUSIONS

The results of the electrochemical measurements have shown that caffeic acid acts as cathodic
corrosion inhibitor for Cu in 10 % ethanolic 0.5 mol dm™ NaCl solution.

The inhibition efficiency increases with the increase in caffeic acid concentration but decreases
with the increase in temperature of the electrolyte.

The adsorption of organic compound on the Cu surface in 10 % ethanolic 0.5 mol dm™ NaCl
solution obeys the Freundlich adsorption isotherm model, and the calculated standard energy of
adsorption suggest physical adsorption.



Int. J. Electrochem. Sci., Vol. 11, 2016 473

DFT-based quantum chemical computations provided mechanistic insights on the adsorption

process and confirmed the spontaneous adsorption of caffeic acid on the Cu, with the caffeic acid
molecule maintaining a flat-lying orientation on the surface.
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