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Antioxidant Capacity and Corrosion Inhibition Efficiency  
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The cyclic voltammogram recorded in the potential range between 0 V and 800 mV 
with scan rate of 100 mV s−1 was used to determine the measure of antioxidants content 
(antioxidant capacity) present in Sambucus nigra L. extract. The antioxidant capacity of 
the extract was 4.06 mg GAE g −1 fw (mg of gallic acid equivalents per gram of fresh 
weight of the extract). The corrosion inhibition efficiency of Sambucus nigra L. extract 
on aluminium, copper, and bronze in 3 % NaCl solution was studied by potentiodynamic 
polarization and electrochemical impedance spectroscopy. Polarization data showed that 
extract acted as a mixed-type inhibitor, that the corrosion inhibition process was sponta-
neous physical adsorption (ΔG ≈ –16 kJ mol–1) of the extract molecules on metals surfac-
es and followed Freundlich isotherm. Impedance spectroscopy studies revealed that in-
creasing the concentration of extract reduced the double-layer capacitance and increased 
the charge transfer resistance. The highest inhibition efficiencies (Cu: ~ 57 %, CuSn14: 
~74 % and Al: ~58 %) were achieved for an extract concentration of 1.0 g L–1.
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Introduction

Aromatic and medicinal plants contain a high 
amount of bioactive compounds allowing their use 
in different sectors (industry, buildings, and agricul-
ture, pharmaceutical, cosmetic, and food industries). 
Over the last decades, due to increasing awareness 
of ecological and health risks associated with com-
mercial inhibitors, plant extracts have been studied 
as a source of green corrosion inhibitors as they are 
easily biodegradable and readily available1–7. Natu-
ral products are known for their ecological, antimi-
crobial, antioxidant, and anticorrosion properties, 
which are attributed to the presence of active com-
pounds (phenols, flavonoids, tannins, etc.). Investi-
gations have shown a relationship between antioxi-
dant/free radical scavenging activity of the extracts 
and the anticorrosive properties8. While the antioxi-
dant properties of plants cannot be the sole criterion 
for their anticorrosive properties, they can be used 
to evaluate and predict the applicability of natural 
products for such purposes.

In this work, we studied the antioxidant capac-
ity of the extract of Sambucus nigra L. (elderberry), 
and the possibility of extract use as a green corro-
sion inhibitor. The black elder (Sambucus nigra L.) 
is widely distributed throughout Europe, and is a 
source of phytochemicals, such as flavonoids, phe-

nolic acids, different organic acids, lipids, flavo-
noids, terpenoids, alkaloids, major and trace ele-
ments (K, Ca, P, Mg, …) and vitamins9. Due to 
their beneficial properties (antioxidant, anti-car-
cinogenic, immune-stimulating, anti-allergic, an-
ti-viral and anti-bacterial properties), elderberries 
are used in the food industry (jams, yogurts, bever-
ages) and in folk medicine9,10. Since Sambucus nigra 
L. has a high antioxidant capacity due to the pres-
ence of high amounts of flavonols, phenolic acids, 
and anthocyanins, the primary objective this study 
was to investigate the antioxidant capacity of Sam‑
bucus nigra L. extract.

Previous studies have shown that plant extracts 
can be effective corrosion inhibitors for various 
metals in a corrosive medium. Extracts from Trecu‑
lia africana leaves1, Linum usitatissimum seeds6, 
rice straw7, Alchemilla vulgaris L.11 and Ocimum 
basilicium seeds12 effectively inhibited aluminium 
corrosion in chloride media, with inhibition effi-
ciencies ranging from 70 % to 95 %.

Inhibition of copper corrosion in 0.5 M HCl 
solution showed efficiency of Morinda tinctoria13 
and Jujube14 aqueous extracts of up to 83 % and 93 
%, respectively. In 0.5 M NaCl, the inhibition effi-
ciency of aqueous and hydrolysis acid extracts of 
olive leaf for copper corrosion was found between 
81 % and 95 %15. Aloe saponaria extract showed an 
inhibition efficiency of 90 % for bronze B66 in 3 % 
NaCl16.*Corresponding author: ivana.martinovic@fpmoz.sum.ba
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Nonetheless, there is still a great interest for re-
search on other plants that can be used as non-toxic, 
inexpensive, renewable, and readily available corro-
sion inhibitors.

The abundance of Sambucus nigra L. through-
out Europe and no literature on its corrosion inhib-
iting properties makes it very interesting for study-
ing as a corrosion inhibitor for metals. Therefore, 
the second objective was to investigate the corro-
sion inhibition of copper, bronze, and aluminium, 
with Sambucus nigra L. extract in a 3 % NaCl solu-
tion using electrochemical techniques. In a neutral 
NaCl medium, we attempted to simulate seawater 
due to the aggressiveness of chloride-containing en-
vironments in which surface oxide films break 
down and rapid corrosion occurs.

Materials and methods

Preparation of Sambucus nigra L. extract (SN)

The fresh flowers of the Sambucus nigra L. 
were collected in spring 2022, in Mostar, Bosnia 
and Herzegovina. The stock solution for determin-
ing the antioxidative capacity of SN was prepared 
by immersing 2.9000 ± 0.0001 g of Sambucus nigra 
L. flowers in 200 mL of sodium acetate buffer pH 
3.6, 0.1 mol L−1 (SAB), and left for three-hour mac-
eration. The sample was then filtered through a 0.45 
μm filter paper, and diluted up to 200 mL.

The stock solution of SN for corrosion research 
was prepared by macerating 1.0 g of Sambucus nig‑
ra L. flowers in 1 L of 3 % NaCl at room tempera-
ture for 3 h. Extract solutions (0.05, 0.10, 0.50, and 
1.00 g L–1) were prepared by dilution of stock solu-
tion.

Electrochemical measurements

All measurements were performed with an Au-
tolab PGSTAT320N controlled by a personal com-
puter using Nova 1.5 software. The electrochemical 
measurements were performed in a standard 
three-electrode cell. The counter electrode was a 
platinum electrode, and the reference electrode, to 
which all measured potentials were referred, was an 
Ag | AgCl | 3 M KCl. The study was performed 
with aluminium (99.99 %), copper (99.97 %; Ag, 
Bi, Pb, Sb, As, Fe, Ni, Sn, Zn, S, Se, Te as trace 
elements), bronze CuSn14 (Cu, 85.2 %, Sn, 13.9 %, 
and Pb 0.9 %), and graphite as the working elec-
trodes. The surface areas of the aluminium, copper, 
bronze CuSn14, and graphite exposed to the elec-
trolyte were 0.636, 0.502, 0.785, and 0.283 cm2, re-
spectively. Prior to each measurement, the elec-

trodes were polished with SiC paper (150 to 1000 
grit), degreased in ethanol in an ultrasonic bath, and 
rinsed with distilled water. The graphite electrode 
was abraded using silicon carbide paper of 1200 
grit. All measurements were performed in triplicate 
to ensure reproducibility.

Electrochemical determination of antioxidant 
capacity was investigated by cyclic voltammetry 
(CV) with a graphite electrode as a working elec-
trode, where sodium acetate buffer pH 3.6 (our re-
cent study showed that highest values of GAE were 
reached for the lowest pH17), 0.1 mol L−1 (SAB) 
solution served as electrolyte.

To examine the electrochemical behaviour of 
antioxidants present in an aqueous extract of SN, 
cyclic voltammograms were recorded for 50 mL of 
sample in the potential range between 0 V and 800 
mV, and scan rate of 100 mV s–1. Cyclic voltammo-
grams were also recorded for the standard solution 
of gallic acid (GA) in the concentration range of 
5.99–272.72 mg L–1 to quantify the polyphenolic 
content of examined extract, where the final result 
of the antioxidant capacity of the tested sample was 
expressed in equivalents of GA per gram of fresh 
weight (mg GAE g–1 fw). Gallic acid equivalent 
(GAE) for the tested sample was calculated from 
the anodic charge QA, determined from the peak 
area around the potential of 460 mV using a calibra-
tion curve (y = 8∙10–8x + 3∙10–7, R2 = 0.9929) ob-
tained by cyclic voltammograms of GA.

The corrosion behaviour of metals and inhibi-
tion efficiency of Sambucus nigra L. extract was 
investigated by potentiodynamic polarization (PP) 
and electrochemical impedance spectroscopy mea-
surements (EIS) with aluminium, copper, and 
bronze CuSn14 as the working electrodes. The elec-
trochemical measurements were conducted in a 3 % 
NaCl solution in the absence and presence of differ-
ent Sambucus nigra L. extract concentrations. Be-
fore each PP and EIS measurement, working elec-
trodes were immersed in the test solution for 30 
minutes to reach a stable open circuit potential 
(EOCP). The PP curves were obtained in the potential 
ranges of –200 to 200 mV with respect to open cir-
cuit potential at a scan rate of 1.0 mV s─1. Electro-
chemical impedance spectroscopy was measured in 
the frequency range of 10 kHz to 5 mHz using ±10 
mV AC perturbation (rms). EIS data were modelled 
with software NOVA1.5, which exploits a nonlinear 
least square regression to fit the data with the func-
tion from the equivalent circuit, using the Leven-
berg–Marquardt algorithm. The standard criteria for 
evaluation of EEC best fit were followed: chi-square 
error was low (χ2 ≤ 10–4), and the acceptable errors 
of elements in fitting mode (5 %).



I. Martinović et al., Antioxidant Capacity and Corrosion Inhibition Efficiency…, Chem. Biochem. Eng. Q., 37 (2) 79–87 (2023) 81

Results and discussion

Electrochemical methods can be used to rapid-
ly test the antioxidant activity of many compounds, 
including polyphenols. One of the most commonly 
used electrochemical techniques is cyclic voltam-
metry, which focuses on the correlation between 
chemical structure, oxidation potential, and antioxi-
dant activity of individual compounds18–23.

A cyclic voltammogram for SN extract in SAB 
recorded in the 0–800 mV potential range with scan 
rate of 100 mV s─1 is given in Fig. 1. The figure 
shows an irreversible oxidation peak around 460 
mV, which could be attributed to the oxidation of 
polyphenolic compounds with gallate or ortho─ di-
hydroxy─ phenol groups17,24–26.

The chemical composition of Sambucus nigra 
L. was studied comprehensively, which led to the 
identification of many secondary metabolites. The 
most abundant polyphenolic compounds found were 
flavonoids, most of which were identified as antho-
cyanins and quercetins27–30. These compounds con-
tain atoms with free electron pairs through which 
they can be adsorbed on the metal surface, form a 
complex compound (with metal), and thus alter the 
structure of the metal or alloy’s protective film3,11,31.

The antioxidant capacity of the examined plant 
extract, calculated from the cyclic voltammogram 
of SN presented in Fig. 1, was 4.06 mg GAE g─1 fw. 
This was in accordance with earlier studies, where the 
total content of polyphenols found in fresh elder berry 
flowers ranged from 364–582 mg GAE/100 g fw27.

The extract was then subjected to further elec-
trochemical tests to evaluate the adsorption mecha-
nism of SN extract on the surface of copper, bronze 
CuSn14, and aluminium in a 3 % NaCl solution.

Potentiodynamic polarization

The potentiodynamic polarization curves ob-
tained for copper, bronze CuSn14, and aluminium 
in 3 % NaCl with and without SN extract are shown 
in Fig. 2. The corrosion current density (jcorr) and 
corrosion potential (Ecorr) obtained by extending the 
linear portion of the cathodic and anodic Tafel plots, 
surface coverage q, and inhibition efficiency η, cal-
culated using equations (1) and (2) are listed in Ta-
ble 1.

 
0
corr corr

0
corr

j j
j
-

q=   (1)

 100h= q×  (2)

where j0
corr and jcorr represent the corrosion current 

densities of the metal electrode in the absence and 
presence of SN extract, respectively.

From the polarization curves, it can be seen 
that corrosion current density decreased with an in-
crease in concentration of SN extract for all exam-
ined metals, indicating the formation of a film of 
the extract on the metal surface. With the reduction 
in corrosion current density with the addition of SN 
extract, there was an increase in inhibition efficien-
cy, η and maximum values of 57.3, 73.5, and 58.4 
% for Cu, CuSn14, and Al, respectively for the ex-
tract concentration of 1.0 g L─1.

The presence of Sambucus nigra L. extract in-
creased the corrosion resistance of metals due to 
blocking of active sites, although the inhibition effi-
ciency was different for each metal.

F i g .  1  – Cyclic voltammogram of Sambucus nigra L. extract 
in sodium acetate buffer solution, pH 3.6 recorded at scan rate 
of 100 mV s─1

Ta b l e  1  – Electrochemical parameters obtained from poten‑
tiodynamic polarization plots shown in Fig. 2, and calculated 
values of surface coverage, q and inhibition efficiency, h

metal gSN extract (g L–1) Ecorr (V) jcorr (A cm–2) q h (%)

Cu

Blank –0.20 3.82·10–6 – –

0.05 –0.20 3.29·10–6 0.138 13.8

0.10 –0.22 2.81·10–6 0.267 26.7

0.50 –0.17 2.26·10–6 0.408 40.8

1.00 –0.17 1.63·10–6 0.573 57.3

CuSn14

Blank –0.23 1.09·10–5 – –

0.05 –0.22 8.25·10–6 0.243 24.3

0.10 –0.22 7.28·10–6 0.332 33.2

0.50 –0.18 5.65·10–6 0.482 48.2

1.00 –0.19 2.89·10–6 0.735 73.5

Al

Blank –0.82 1.50·10–6 – –

0.05 –0.80 1.33·10–6 0.113 11.3

0.10 –0.76 1.24·10–6 0.173 17.3

0.50 –0.77 9.39·10–7 0.441 44.1

1.00 –0.79 6.24·10–7 0.584 58.4
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The inhibition efficiency depends on several 
factors, such as the components of the extract, the 
nature of the metal surface, and the chemical com-
position of the corrosive media. Adsorption of in-
hibitor molecules occurs as the interaction energy 
between molecule and metal surface is higher than 
that between water molecule and metal surface. Ac-
cording to the obtained results, the effectiveness of 
Sambucus nigra L. extract in corrosion inhibition 
was more pronounced for CuSn14 samples com-
pared to those of Cu and Al. This can be related to 
the differences in the stability of surface layers of 
metals.

The surface bronze film is composed of a tin‐
rich internal region, a cuprous oxide layer, and an 
external porous region32,33 in highly corrosive envi-
ronments, so dissolution rate is high, as may be 
seen from current density (Table 1). Due to low sta-
bility of surface bronze film, high concentration of 
dissolved metal ions induced greater effect of Sam‑
bucus nigra L. extract on bronze corrosion inhibi-
tion than on aluminium and copper corrosion inhi-
bition.

Although the available literature data shows 
that some plant extracts do achieve higher inhibi-
tion efficiency in the same electrolyte1,6,7, the prepa-
ration of extract, time of metal immersion in inhib-
itor solution, as well as the cost of extract preparation 
must be considered. Sambucus nigra L. extract is 
prepared by 3-hour maceration of its flowers in 1 L 
of 3 % NaCl aqueous solution, thereby avoiding the 
use of highly expensive toxic solvents that can ad-
versely affect the surrounding environment and the 
economy of extract preparation34. According to its 
distribution and shown inhibition properties, Sam‑
bucus nigra L. extract has great potential as a cheap, 
environmentally friendly corrosion inhibitor.

According to Table 1, variation in corrosion 
potential (Ecorr) values is less than ± 85 mV (40 mV 
for Cu, 30 mV for CuSn14, and 30 mV for Al with 
the highest inhibitor concentration of 1.0 g L─1), in-
dicating that the molecules of SN extract work as a 
mixed-type inhibitor3,7,35,36. The parallel anodic and 
cathodic curves in the presence of various concen-
trations of SN extract can be explained by the fact 
that the corrosion process is caused by blocking the 
active sites on the metal surface, indicating that the 
presence of the extract does not change the dissolu-
tion mechanism7,37.

Adsorption mechanism

From the potentiodynamic polarization data, 
the observed increase in corrosion inhibition effi-
ciency results from the adsorption of the extract 
molecules on the metal surface. Adsorption iso-
therms are used to understand the interactions be-

F i g .  2  – Potentiodynamic polarization curves for the Cu, 
CuSn14, and Al electrodes in 3 % NaCl, containing different 
concentrations of SN extract; ν = 1 mV s─1
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tween extract molecules and metal surfaces. To de-
scribe the adsorption of SN extract on the metal 
surface, several adsorption isotherms were tested, 
but the best agreement was obtained using the Fre-
undlich adsorption isotherm that is given by the fol-
lowing equation:

 log log logK nq= + g   (3)

where K is the equilibrium adsorption constant, and 
n (0 < n < 1) is adsorption intensity. The linear plots 
of Freundlich isotherm for all electrodes are shown 
in Fig. 3. The equilibrium adsorption constants were 
determined from the intercepts of the straight lines 
from Fig. 3, and the equilibrium adsorption constant 
is also related to the free energy of adsorption 
(Gibbs energy), DG° 4,11:

 ( ) ( )–1 –1°   ln 1000 g L  L gG RT K D =− ⋅   (4)
where the value of 1000 is the mass concentration 
of water in the solution in g L–1, R is the universal 
gas constant, and T is the absolute temperature. This 
multiplication was used to nullify the unit of K (L g–1) 
with 1000 g of water per L of aqueous solution.

The equilibrium adsorption constant and the 
Gibbs free energy were determined from the Freun-
dlich adsorption isotherm plots, as seen in Table 2.

From the literature, negative values of DG up 
to −20 kJ mol–1 indicate physisorption, which re-
sults from the electrostatic interaction between 
charged inhibitor molecules and the charged metal. 
The negative values of DG −40 kJ mol–1 indicate 
chemisorption that involve charge sharing or trans-
fer from the inhibitor molecules to the metal surface 
to form a co-ordinate bond3,4. The negative values of 
DG (~ 16 kJ mol–1) indicate the spontaneous phy-
sisorption of SN extract on the metal surfaces and 
forming of a film that physically blocks attention of 
chloride ions from solution38.

Electrochemical impedance spectroscopy

The corrosion behaviour of Cu, CuSn14, and 
Al electrodes in 3 % NaCl with and without 
SN extract was investigated using EIS. Nyquist 
plots for Cu, CuSn14, and Al electrodes in 3 % 
NaCl in the presence and absence of 1.0 g L–1 SN 
extract are shown in Fig. 4. Impedance parameters 
obtained from EIS measurements are given in Table 
3. Impedance spectra are interpreted by means of 
electrical equivalent circuits (EEC) shown in detail 
in Fig. 4. In these circuits, a constant phase element 
(CPE) was used and its impedance may be defined as:

, where Q is the constant, 
w is the angular frequency, and n is the CPE power 
with values between 0.5 and 1. When n = 1, the 
CPE describes an ideal capacitor with Q equal to 
the capacitance (C). For 0.5 < n < 1, the CPE de-
scribes a distribution of dielectric relaxation times 
in frequency space, and when n = 0.5, the CPE rep-
resents a Warburg impedance.

The Nyquist plots for copper in 3 % NaCl with 
and without SN extract comprise two‐time con-
stants. The first one at high frequency is attributed 
to the charge transfer process of copper dissolution 
reaction, and is described with a parallel combina-
tion of double‐layer capacitance, Cdl (the CPE1 with 
power n close to 1.0 describes a capacitor with Q1 = 
Cdl), and the charge transfer resistance (R1). The 
second time constant (R2, Q2) is related to the resis-
tance and capacitance of the copper film, respec-
tively in series with the Warburg impedance (W), 
which is due to the mass transfer of the species in-
volved in the corrosion process. The Warburg im-
pedance is clearly visible at low frequencies as a 
linear part of the EIS response (almost at 45°)39.

In the case of the Cu electrode in 3 % NaCl 
with SN extract, the time constant in the high fre-
quency range represents the capacitance (Q1) and 
resistance (R1) of the surface film (oxide + phy-
sisorbed SN extract layer), while the time constant 
in the medium/low frequency range (Q2 and R2) cor-
responds to the pseudocapacitance and resistance of 
defects within the surface film associated with ion/
water movement and penetration through the film.

F i g .  3  – Freundlich adsorption plots for Cu, CuSn14, and Al 
in 3 % NaCl containing different concentrations of 
SN extract

Ta b l e  2  – Adsorption parameters obtained from Freundlich 
adsorption isotherms for Cu, CuSn14, and Al in 3 
% NaCl containing SN extract

metal K (L g–1) DG° (kJ mol–1)

Cu 0.575 –15.74

CuSn14 0.681 –16.16

Al 0.613 –15.91
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The polarization resistance Rp (R1 + R2 + RW) is 
used to evaluate the overall corrosion resistance.

The Nyquist plots for bronze CuSn14 in 3 % 
NaCl with and without SN extract also include two‐
time constants. The first one, at high frequency, rep-
resents the charge transfer process at the electrolyte/
metal interface, and is described as a combination 
of a double‐layer capacitance (Q1 = Cdl) and the 
charge transfer resistance (R1).

The time constant in the low-frequency region 
(Q2(R2W)) results from mass transfer through the 
surface film of corrosion products (R2 is the surface 
film resistance, Q2 the capacitance of the surface 
film, and W is the Warburg diffusion element)39.

For Cu and CuSn14, it can be seen that the 
presence of SN extract increased the total imped-
ance of Cu in the 3 % NaCl solution; the charge 
transfer resistance (R1) and the surface layer resis-
tance (R2) are increased, while the capacity of the 
double layer (Q1), capacity of the surface layer (Q2), 
and the Warburg diffusion element (W) are de-
creased, due to adsorption of extract.

The Nyquist plots for aluminium in 3 % NaCl 
with and without SN extract exhibit single capaci-
tive loop (represented by double‐layer capacitance 
and the charge transfer resistance), indicating a cor-
rosion process mainly controlled by charge transfer 
resistance.

The increase in the diameter of the capacitive 
loops with the addition of SN extract indicates ad-
sorption of extract molecules on the surfaces of ex-
amined metals and the formation of a protective 
film. When compared with 3 % NaCl solution, the 
shape of Nyquist plots obtained from the solutions 
containing SN extract, remain unchanged, indicat-
ing that the corrosion mechanisms of Cu, CuSn14, 
and Al are not affected by the addition of SN ex-
tract11,40.

From the results in Table 3, there is a decrease 
in Cdl values with the addition of SN extract that 
can be explained by the Helmholtz model:

 
0

dl
 A

C
d

e e
=   (5)

where e0 is the permittivity of the vacuum, e is the 
dielectric constant of the solution, d is the thickness 
of the film, and A is the surface area of the elec-
trode. Accordingly, a decrease in Cdl values with the 
addition of SN extract can be associated with a de-
crease in dielectric constant and/or increase in the 
thickness of the electrical double layer due to dis-
placement of ions and water molecules originally 
adsorbed on the surface by extract molecules.

From Table 3, it can be observed that for Cu 
and CuSn14, polarization resistance increases (Cu: 
from 2.20 to 4.35 kΩ cm2; CuSn14: from 0.80 to 

F i g .  4  – Nyquist plots for Cu, CuSn14, and Al electrodes in 3 
% NaCl in the absence and presence of 1.0 g L–1 SN 
extract
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2.06 kΩ cm2), while for Al electrode, charge trans-
fer resistance increases (from 11.8 to 24.1 kΩ cm2) 
with the addition of SN extract as a result of ad-
sorption of the extract molecules at the metal/solu-
tion interface7,41. The increase in charge transfer re-
sistance leads to an increase in inhibition efficiency.

The increase in charge transfer resistance value 
indicates that the adsorbed extract forms a protec-
tive film on the electrode surface, and consequently 
becomes a barrier to inhibit the mass and charge 
transfer, resulting in an increase in the inhibition ef-
ficiency, calculated according to the following 
equation for Cu and CuSn14 electrodes:

 
0

p p

p
100 %

R R
R
-

h= ×   (6)

where Rp
0 and Rp are the polarization resistances  

(R1 + R2 + RW) of the metal in the absence and pres-
ence of SN extract.

For Al electrode, inhibition efficiency is calcu-
lated from the charge transfer resistance:

 
0

1 1

1
100 %

R R
R
-

h= ×   (7)

where R1
0  and R1 are the charge transfer resistances 

of the metal in the absence and presence of SN 
 extract.

From EIS measurements, the obtained inhibi-
tion efficiencies were 49.4 %, 61.2 %, and 51.2 % 
for Cu, CuSn14, and Al corrosion, respectively. The 
values of inhibition efficiency are presented in 
 Table 3, and it can be seen that PP and EIS data are 
in accordance.

Conclusions

The Sambucus nigra L. is widely used in the 
food industry and in folk medicine, but according to 
a literature survey, there have been no reports on the 
corrosion inhibition effects of Sambucus nigra L. on 
metals. In this work, antioxidant capacity and corro-
sion inhibition efficiency of Sambucus nigra L. 

 extract on three different metals, copper, bronze, 
and aluminium was tested.

Antioxidant capacity measured by cyclic vol-
tammetry, using gallic acid as standard, proved 
good antioxidant properties of Sambucus nigra L. 
(4.06 mg GAE g–1 fw), probably due to high content 
of polyphenolic compounds that contain either gal-
late or ortho─, dihydroxy─ phenol groups which 
may undergo an irreversible oxidation process at 
the studied potential range (0–800 mV).

Polarization measurements showed that by 
raising the concentration of SN extract, the inhibi-
tion efficiency increases due to its adsorption on the 
metal surface with maximum efficiency around 
57.3 %, 73.5 %, and 58.4 % for Cu, CuSn14, and Al 
corrosion, respectively, at 1.0 g L–1. The inhibition 
action is performed via the adsorption of the extract 
constituents on metal surfaces. The adsorption pro-
cess is spontaneous and follows Freundlich iso-
therm, with a physisorption mechanism (ΔG ≈ –16 
kJ mol–1). From polarization measurements, the 
small deviation of Ecorr with respect to the corrosion 
potential in the blank indicated that SN extract was 
a mixed-type inhibitor that controls both anodic 
metal dissolution and cathodic hydrogen evolution 
reactions.

The impedance data showed that, with the ad-
dition of SN extract, resistance values increased and 
inhibition efficiencies of 49.4 %, 61.2 %, and 51.2 
% were achieved for Cu, CuSn14, and Al corrosion, 
respectively. Considering the greater stability of Cu 
and Al surface film in a 3 % NaCl compared to 
bronze, it can be postulated that the lower concen-
tration of dissolved metal ions was responsible for 
the lesser effect of Sambucus nigra L. extract on the 
inhibition of aluminium and copper corrosion.
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Ta b l e  3  – Impedance parameters and inhibition efficiency for Cu, CuSn14, and Al electrodes in 3 % NaCl, with and without SN extract

metal
gSN extract 

(g L–1)
Q1·105

(W–1 sn cm–2)
n1

R1

(kW cm2)
Q2·104

(W–1 sn cm–2)
n2

R2

(kW cm2)
W·104

(W–1 s0.5 cm–2)
h (%)

Cu
blank 14.15 0.71 0.15 10.39 0.65 1.75 33.25 –

1.0 2.41 0.91 0.57 2.23 0.58 3.78 – 49.4

CuSn14
blank 13.75 0.79 0.006 1.79 0.80 0.72 137.93 –

1.0 11.10 0.71 0.008 0.45 0.85 1.97 120.35 61.2

Al
blank 1.51 0.87 11.8 – – – – –

1.0 1.45 0.89 24.1 – – – – 51.2
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L i s t  o f  s y m b o l s

CPE – constant phase element
d – film thickness, nm
E – potential, V
f – frequency, Hz
∆G° – free energy of adsorption, kJ mol–1

j – current density, A cm–2

K – equilibrium adsorption constant
n – characteristic parameter of CPE
Q – coefficient reflecting combination of properties 

related to surface and electroactive species,  
Ω–1 cm–2 sn

Q – charge density, C cm–2

R – resistance, Ω cm2

R – universal gas constant, 8.314 J K–1 mol–1

T – absolute temperature, K
W – Warburg impedance, W–1 s0.5 cm–2

Z – impedance, Ω cm2

G r e e k  l e t t e r s

ε0 – the permittivity of the vacuum, 8.854 · 10–12 F m–1

ε – the dielectric constant of the solution
γ – inhibitor concentration, g L–1

ν – scan rate, V s–1

ω – angular speed, rad s–1

q – surface coverage
η – inhibition efficiency, %
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