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Effect of Helichrysum italicum on the Corrosion  
of Copper in Simulated Acid Rain Solution
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The inhibition of copper corrosion by Helichrysum italicum extract (HI) in simulat-
ed acid rain was investigated using electrochemical techniques. Results indicate an in-
crease in corrosion inhibition efficiency with the HI extract concentration. The inhibitive 
process was assumed to occur via adsorption of the extract on the metal surface. The 
thermodynamic data indicated physical adsorption and followed the Freundlich isotherm. 
The effect of temperature on the copper corrosion was studied. The value of the activa-
tion energy confirmed physisorption of extract molecules on the copper surface. The 
concentration of Cu ions released into solution, measured by atomic absorption spec-
trometry, was in accordance with the electrochemical results.
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Introduction

Copper and copper-based alloys are widely 
used in a great variety of applications, such as heat 
exchangers, building construction, electronics, art 
and cultural structures, etc.1–4 However, when ex-
posed to an urban polluted environment, such as 
acid rain5–9, these materials suffer from an accelera-
tion of the corrosion process.

Extension of a structural material’s life in a 
corroding environment is important. Corrosion and 
microbiologically influenced corrosion are a wide-
spread problem. The economic significance is ex-
pressed in energy and efficiency loss, undesired 
accumulation of deposits, and adhesion of micro
organisms to solids.

The corrosion behaviour of metals and alloys 
primarily depends on the properties of the surface 
oxide layer. The stability of the oxide film depends 
on a large number of variables, such as tempera-
ture10,11, chemical composition, and pH of the elec-
trolyte12–14. A rainfall with pH < 5.6 is considered 
acid rain.

Acid-rain corrosion of outdoor-structures has 
become an actual problem and corrosion control is 
an essential issue regarding application. There are 
several ways of conferring protection, like forma-
tion of anodic films and treatment with organic in-

hibitors. One of the methods used very often to pre-
vent corrosion is the use of corrosion inhibitors15–17.

The protection of copper and its alloys against 
corrosion with different kinds of inhibitors has been 
widely studied17–19; however, many commercial in-
hibitors are toxic and have an adverse effect on the 
environment, which limits their use. In the last de-
cades, plant extracts containing compounds with 
nitrogen, sulphur and oxygen have been used as 
naturally occurring corrosion inhibitors that are en-
vironmentally friendly, easily biodegradable, inex-
pensive, and readily available.

Numerous studies have reported that natural 
corrosion inhibitors are mostly obtained from me-
dicinal plants, aromatic spices and herbs, such as 
Achillea millefolium L.20, Tannin21,22, Satureja mon­
tana L.22, Helichrysum italicum23 and others24. Pro-
tection efficiency of vegetal organic inhibitors is 
attributed mainly to the presence of a polar group 
acting as an active centre for adsorption. In addi-
tion, analysis of Helichrysum italicum confirmed 
presence of these compounds (acids, phenols) in 
plant material25.

The goal of the present work was to evaluate 
the inhibitive effect of Helichrysum italicum (Roth) 
G. Don as a green corrosion inhibitor on copper in 
acid rain. Helichrysum italicum (HI) is widely used 
in folk medicine and cosmetics. It is a medicinal 
plant of Mediterranean origin with outstanding anti-
oxidant, antifungal, antibacterial26,27 and anti-corro-
sion activity23.*Corresponding author: E-mail: zora.pilic@fpmoz.sum.ba
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Experimental details

Copper (Cu) 99.97 % (Ag, Bi, Pb, Sb, As, Fe, 
Ni, Sn, Zn, S, Se, Te as trace elements) was used for 
preparing working electrode. The surface area of 
the Cu exposed to the electrolyte was 0.502 cm2. 
The electrode was mechanically abraded by 1200 
grade emery paper, degreased with ethanol in an ul-
trasonic bath, and rinsed with ultra-pure water (18.2 
MΩ cm, produced by Millipore Simplicity UV Wa-
ter Purification System). Prior to each measurement, 
the Cu electrode was polarized at –1.50 V vs. Ag | 
AgCl | 3 mol L–1 KCl electrode for 15 seconds to 
remove air-formed surface oxide.

The electrochemical measurements were per-
formed at 20 °C in a standard three-electrode cell. 
The counter electrode was a platinum electrode, and 
the reference electrode to which all potentials in the 
paper are referred, was an Ag | AgCl | 3 mol L–1 KCl.

The electrolyte was a simulated acid rain solu-
tion. Chemical composition of the simulated acid 
rain28 is given in Table 1. The pH value of solution 
was 4.5, and an electrical conductivity 1.306 mS cm–1. 
The pH value was adjusted by addition of the ap-
propriate amount of 0.5 mol L–1 H2SO4. All chemi-
cals were of p.a. purity, and obtained from Sigma 
Aldrich.

Experiments were performed in a simulated 
acid rain solution, pH 4.5, with and without addi-
tion of Helichrysum italicum. The aerial parts of the 
Helichrysum italicum were collected during sum-
mer 2017, in Čapljina, B&H. The HI specimens 
were dried in air for two weeks. An extract of plant 
material was prepared after 3 h maceration in simu-
lated acid rain at room temperature. The mass con-
centration of the Helichrysum italicum dry speci-
men in the macerate solution was 1.00 g L–1 (1 g HI 
was added in 1 L acid rain solution). From this 
solution, lower concentrations were prepared by 
macerate dilution to 0.01, 0.10 and 0.50 g L–1.

The formation and stability of an oxide film on 
the copper in simulated acid rain solution were 
studied by the combination of electrochemical tech-
niques, potentiodynamic polarization measurement 
(PP), cyclic voltammetry (CV), and electrochemical 
impedance spectroscopy (EIS). All measurements 
were performed with an Autolab PGSTAT320N 
controlled by a personal computer using Nova 1.5 
software.

The PP measurements were performed in the 
potential range from –0.20 V to 0.20 V near corro-

sion potential with a scan rate of 1.0 mV s–1. The 
CV measurements were carried out in the potential 
range between –1.50 V and 0.20 V.

The EIS measurements were carried out in the 
frequency range between 10 kHz and 5 mHz with 
the ac amplitude ±10 mV at constant potential. EIS 
measurements were performed at open circuit po-
tential. Prior to each measurement, the electrode 
was stabilized for 30 min at open circuit potential. 
This procedure gave good reproducibility of results.

The concentrations of metallic ions released 
into acid rain solution after 60 minutes of specimen 
immersion at open circuit potential were obtained 
by atomic absorption spectrometry (AAS). Since 
the EIS measurements lasted approx. 60 minutes, 
the concentration of released ions was determined 
after this time.

Results and discussion

Potentiodynamic polarization

The potentiodynamic polarization curves ob-
tained for the copper electrode in a simulated acid 
rain solution, pH 4.5, in the presence and absence 
of various concentrations of Helichrysum italicum 
extract are shown in Fig. 1. The comparison of the 
curves showed that the behaviour of copper was a 
function of HI concentration. The addition of ex-
tract induced changes in the cathodic current densi-
ties, but in the anodic domain, the current density 
remained almost the same compared with those in 

Ta b l e  1 	–	Chemical composition of the simulated acid rain solution, g L–1

NH4NO3 MgSO4 ∙ 7H2O Na2SO4 KHCO3 CaCl2 ∙ 2H2O

0.13 0.31 0.25 0.13 0.31 

F i g .  1 	–	 Potentiodynamic polarisation curves for the Cu elec­
trode in simulated acid rain solution, pH 4.5, containing different 
concentrations of HI extract (shown in figure); ν = 1 mV s−1
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pure solution. The modification caused by addition 
of the HI extract was a negative shift on the corro-
sion potential and a leftward displacement in the 
cathodic branch of the curves. This means that the 
HI extract acted as a cathodic type inhibitor of Cu 
under the given conditions.

The corresponding electrochemical polariza-
tion parameters of copper in an acid rain solution 
with and without presence of different HI concen-
trations, including corrosion potential, Ecorr, corro-
sion current density, jcorr, cathodic Tafel slope, bc, 
anodic Tafel slope, ba, surface coverage, q, and inhi-
bition efficiency, η are shown in Table 2. The sur-
face coverage and inhibition efficiency were deter-
mined from corrosion current densities obtained by 
an intersection of cathodic and anodic Tafel lines, 
according to the equation:

		   (1) 
	

corr, 0 corr, HI

corr, 0

j j
j

q
−

=
	

	 100= ⋅h q 	  (2)

where jcorr,0 and jcorr,HI represent the corrosion current 
densities of the Cu electrode in the absence and 
presence of the HI extract, respectively.

It can be seen from Table 2 that the addition of 
HI extract showed some degree of inhibition, as ev-
ident by the η ranged from 11.9 % to 34.8 %, al-
though only a low concentration of the extract was 
added. Highest η, 34.8 %, was given by addition of 
1.00 g L–1 extract to the acid rain medium.

Recently, we have investigated the corrosion 
inhibition of iron in a simulated acid rain solution 
using Helichrysum italicum extract. We have report-
ed22 that, in the presence of this extract, the inhibi-
tion efficiency was around 43 % at the concentra-
tion of 1.00 g L–1.

The corrosion potential values (Table 2) show 
that the addition of HI extract shifts the corrosion 
potential towards the cathodic direction and no sig-
nificant change is observed for the corrosion poten-
tial in the presence of the extract. Further inspection 
of the table reveals that both Tafel slopes increase 

with increasing extract concentration. This result 
suggests that the presence of the extract affects the 
anodic as well as the cathodic process, while the 
cathodic current densities decrease is more pro-
nounced. It is also worth noting that the value of bc 
changes with the addition of extract more than does 
the value of ba, which indicates that the HI extract 
behaves cathodically rather than anodically.

The inhibitor may affect either one or both of 
the anodic and cathodic processes. When the change 
in the Ecorr value is greater than 85 mV, an inhibitor 
can be classified as anodic or cathodic. Inhibitors 
that cause a shift of less than 85 mV in the Ecorr are 
mentioned as mixed-type inhibitors29. In our study, 
the largest displacement in Ecorr value was approxi-
mately 17 mV. The values of Tafel slope remained 
more or less constant in the presence of inhibitor, 
suggesting that the effect of inhibitor was not as 
large as to change the mechanism of corrosion. Ac-
cording to the literature30, this inhibition effect is 
merely the blocking of surface active sites due to 
adsorption of molecules from extract.

Cyclic voltammetry

The cyclic voltammograms obtained for Cu 
electrode in the simulated acid rain with and with-
out the HI extract are presented in Fig. 2. It can 
been seen that the oxide growth starts at potentials 
positive to –0.40 V. Cyclic voltammograms show 
two anodic current peaks, A1 and A2. The first anod-
ic peak, A1 at –0.20 V, can be attributed to the elec-
troformation of a hydrous Cu2O layer31,32. The sec-
ond anodic peak, A2 at around 0.10 V, can be 
ascribed to the formation of CuO oxide31. In the 
cathodic direction, three peaks were observed. The 
cathodic peak C3 at –0.20 V can be assigned to the 
electroreduction of CuO to Cu2O, while peak C2 at 
–0.70 V can be attributed to the reduction of Cu2O 
to Cu. The third cathodic peak, C1 has been associ-
ated to the reduction of soluble Cu(I) species33.

It can been seen from the cyclic voltammogram 
recorded in the presence of the HI extract that the 
oxidation process from Cu(I) to Cu(II) is inhibited, 
resulting in the total anodic charge, QA being de-
creased. Anodic charges determined with and with-
out the addition of Helichrysum italicum extract 
were used to calculate the surface coverage, q ac-
cording to equation:

	 A, 0 A,H I

A, 0

Q Q
Q

q
−

= 	  (3)

where QA,0 and QA,HI represent anodic charges in the 
absence and presence of the extract. Inhibition effi-
ciency, h, was calculated according to equation (2), 
and presented in Table 3 together with the surface 
coverage values.

Ta b l e  2 	–	Electrochemical parameters (polarization mea­
surements) and calculated values of surface coverage, q, and 
inhibition efficiency, h, obtained from data shown in Fig. 1

Solution
g/g L–1 Ecorr/V jcorr/A cm–2 bc

V dec–1

ba

V dec–1 q h/% 

Blank –0.001 1.34·10–6 0.051 0.076 – –

0.01 –0.004 1.18·10–6 0.056 0.081 0.119 11.9

0.10 –0.006 1.03·10–6 0.063 0.086 0.231 23.1

0.50 –0.011 9.57·10–7 0.059 0.084 0.286 28.6

1.00 –0.018 8.74·10–7 0.083 0.085 0.348 34.8
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Under the assumption that the surface layer is 
mostly composed of CuO oxide, its thickness, d, is 
calculated from the anodic charge, QA, correspond-
ing to the surface layer oxidation, according to ex-
pression:
		   (4) 
	

m A·
· ·

V Qd
z F s

=
	

where Vm is the molar volume of CuO34 (Vm = 12.4 
cm3 mol–1), z is the number of electrons, F is the 
Faraday constant, and s = 2 is the roughness factor 
of the surface.

The values of surface coverage and inhibition 
efficiency follow the same trend as the values deter-
mined from the polarization measurements.

Adsorption isotherm and free energy of 
adsorption

The modes of the inhibition effect of the inhib-
itor depend not only on the inhibitor, but also on the 
nature and charge of the metal and type of electro-
lyte. For adsorption of organic compounds at the 
metal/solution interface, generally two modes are 
considered; physical adsorption and chemisorption. 
It is widely acknowledged that the adsorption iso-
therms provide an insight into the mechanism of 
corrosion inhibition. The degree of surface cover-
age values (θ) obtained from PP measurements (PP 
curves are presented only for 20 °C, Fig. 1) using 
the equations (1), assuming a direct relationship be-
tween surface coverage and inhibition efficiency, 
was tested graphically.

The obtained linear plots indicate that the ex-
perimental data fits the Freundlich adsorption iso-
therm (Fig. 3).

The relationship between the surface coverage, 
q, the equilibrium adsorption constant, K, and the 

inhibitor concentration, γ, is given by the following 
equations:
	

nKgq = 	  (5)

where 0 < n < 1, or
	 log log logK n gq = + 	  (6)

The equilibrium adsorption constant is related 
to the free energy of adsorption ∆G°20:

	 [ ]–1 –1 ln (1000(g L ) (L g )G RT K°∆ = − ⋅ 	  (7)

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 calculated values of free energy of adsorp-
tion from the PP data (Table 4) indicated a physical 

F i g .  2 	–	 Cyclic voltammograms for the Cu electrode in simu­
lated acid rain solution, pH 4.5, in presence and absence of the 
HI extract (shown in figure); n = 40 mV s−1

F i g .  3 	–	 Freundlich adsorption isotherm for HI extract at dif­
ferent temperatures (shown in figure)

Ta b l e  3 	–	Anodic charge, thickness of oxide film, surface 
coverage, and inhibition efficiency calculated from 
data shown in Fig. 2

Solution
g/g L–1 QA/mC cm–2 d/nm q h/%

Blank 13.335 4.28 –

1.00 8.785 2.82 0.341 34.1

Ta b l e  4 	–	Values of Gibbs energy of HI extract adsorption on 
copper at different temperatures

T/°C ∆G°/kJ mol–1

15 –14.90

20 –14.28

28 –14.89

35 –15.32
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adsorption of organic compounds from the HI extract 
on the copper surface. The negative values of ∆G° 
ensured spontaneity of the adsorption process and 
stability of the adsorbed surface layer. Generally, va
lues of the free energy of adsorption up to –20 kJ mol–1 
are consistent with electrostatic interactions be-
tween organic molecules and charged metal surface, 
and point to physical adsorption11,20,24.

Effect of temperature

The effect of temperature on corrosion rate  
of copper was investigated in the temperature range 
15 – 35 °C. Fig. 4 shows the results of potentiody-
namic polarization measurements for Cu in the sim-
ulated acid rain with and without 1.00 g L−1 HI ex-
tract at different temperatures. Table 5 shows the 
corresponding electrochemical polarization parame-
ters of copper in acid rain solution with and without 
presence of 1.00 g L−1 HI at different temperatures.

Table 5 suggests that the inhibition efficiency 
drops from 50.7 % to 34.8 % when the temperature 
increases from 15 to 20 °C. Beyond 20 °C, the inhi-
bition starts to increase again to 39.0 % at 35 °C.

The physisorption of inhibitor is favoured at 
lower temperatures, while chemisorption is fa-
voured as temperature increases35. This increase in 
the inhibition efficiency along with the increase in 
temperature could be assigned to the change in the 
nature of the adsorption mode from physisorption to 
chemisorption35–37. The increased inhibition effi-
ciency with the temperature increase could also be 
explained as the likely specific interaction between 
inhibitor molecule and the metal substrate35,38,39.

In order to calculate activation energy, the Ar-
rhenius equation was used:

	 a
corr   exp

 
Ej A

RT
− =  

 
	  (8)

where A is the Arrhenius pre-exponential factor, T 
the absolute temperature, Ea the activation energy 
for the corrosion process, and R the universal gas 
constant.

The activation energy (Ea) for Cu was deter-
mined by linear regression between ln (jcorr) and 1/T, 
shown in Fig. 5, and the calculated values are shown 
in Table 6.

The higher value of the activation energy of the 
process in the presence of inhibitor when compared 
to that in their absence is attributed to its physisorp-
tion, while the opposite is the case with chemisorp-
tion40,41. The higher value of Ea in the presence of 

F i g .  4 	–	 Effect of temperature on polarization curves of Cu corrosion rate in simulated acid rain solution a) without, and b) with 
1.00 g L–1 HI extract

Ta b l e  5 	–	Electrochemical parameters (polarization mea­
surements) and calculated values of surface coverage, q, and 
inhibition efficiency, h, obtained from data shown in Fig. 4

Solution
g/g L–1 T/°C jcorr/A cm–2 q h/%

blank 15 1.27·10–6 – –

blank 20 1.34·10–6 – –

blank 28 3.36·10–6 – –

blank 35 3.74·10–6 – –

1.00 15 6.26·10–7 0.507 50.7

1.00 20 8.74·10–7 0.348 34.8

1.00 28 2.06·10–6 0.387 38.7

1.00 35 2.28·10–6 0.390 39.0

Ta b l e  6 	–	Activation energy for Cu in simulated acid rain in 
the presence and absence of HI extract

Solution g/g L–1 Ea/kJ mol–1

blank 40.3

1.00 46.8

https://www.sciencedirect.com/science/article/pii/S0010938X10004038#b0160
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HI extract indicates that the inhibitors were ad-
sorbed on the metal surface creating a physical bar-
rier to charge and mass transfer.

Electrochemical impedance spectroscopy

Impedance measurements on the copper elec-
trode in simulated acid rain, pH 4.5, in the presence 
(0.01, 0.10, 0.50 and 1.00 g L–1) and absence of He­
lichrysum italicum extract were performed at the 
open circuit potential. Impedance spectra are pre-
sented as Nyquist plots (Fig. 6). The impedance ex-
perimental data of the Cu electrode in pure acid rain 
solution and in the presence of the HI extracts were 
analysed by a fitting to the electric equivalent cir-
cuit (EEC), shown in detail in Fig. 6, and resulting 
values of EEC elements are given in Table 7. It con-
sisted of an electrolyte resistance (RΩ ~ 50 Ω cm2) 
connected with two time constants. The first time 
constant, in the medium frequency range, is as-
cribed to charge transfer process of copper dissolu-
tion in simulated acid rain solution. The first time 
constant consisted of charge transfer resistance, R1, 
and constant phase element, CPE1, that replace ca-

pacity of electrochemical double layer. Its imped-
ance may be defined: ZCPE(w)  =  [Q( jw)n]–1 where Q 
is a 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. For 0.5 < n < 1, the 
CPE describes a distribution of dielectric relaxation 
times in frequency space, and when n = 0.5, the 
CPE represents a Warburg impedance.

The second time constant, in the low frequency 
range, consisted of surface layer resisatnce, R2, and 
Warburg element that indicate diffusion process 
through the film.

As may be seen from Table 7, the addition of 
increased concentrations of the HI extract led to the 
increase in charge transfer resistance, R1 (from 2.32 
to 3.76 kW cm2) and surface layer resistance, R2 
(from 30.52 to 45.15 kW cm2), and decrease in 
double layer capacity (from 19.16·10–6 to 16.53·10–6 
W–1 sn cm–2) and Warburg impedance (from  
69.85·10–6 to 48.84·10–6 W–1 s0.5 cm–2). Decreased 
Warburg value means that the diffusion of species is 
reduced by adsorbed surface layer of HI extract. 
Observed behaviour is attributed to a decrease in a 

F i g .  5 	–	 Arrhenius plots of Cu in simulated acid rain with 
and without 1.00 g L–1 of HI extract

F i g .  6 	–	 Impedance spectra (Nyquist plot) of the Cu elec­
trode recorded at EOCP in simulated acid rain solution, pH 4.5, 
containing different concentrations of HI extract (shown in figure)

Ta b l e  7 	–	Impedance parameters for Cu electrode in a simulated acid rain solution, pH 4.5, in the presence and absence of HI 
extracts

g/g L–1 Q1·106/
W–1 sn cm–2 n1 R1 /kW cm2 R2/kW cm2 W·10–6/

W–1 s0.5 cm–2

Q2·106/
W–1 sn cm–2 n2 h/%

blank 19.16 0.86 2.32 30.52 69.85 – – –

0.01 18.21 0.85 2.61 31.54 – 75.64 0.43 11.1

0.10 22.36 0.86 3.17 34.26 – 68.88 0.41 26.8

0.50 17.20 0.89 3.46 35.54 – 54.75 0.44 32.9

1.00 16.53 0.88 3.76 45.15 – 48.84 0.60 38.3
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local dielectric constant and/or an increase in the 
thickness of the double layer due to the adsorption 
of the HI extract constituents42,43.

The total impedance of the Cu electrode/acid 
rain interface in the presence and absence of the HI 
extract, recorded at the open circuit potential, is 
given by:

		   (9) 
	

( ) 1

11
2

1 1
2

n
tot

R WZ R Q j R
R W

w

−−

W

  
 = + + + +    	

 
		   

(10)
 

( )
( )

1

2

11

2
1 1

2 2 1
n

tot n
RZ R Q j R

R Q j
w

w

−−

W

    = + + +  +    	
The inhibition efficiency, h, can be calculated 

from charge transfer resistance values according to 
the following equation29:

		   (11) 
	

0
ct ct
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100R R
R

h
−
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where R0
ct and Rct are the charge transfer resistance 

of the Cu in the presence and absence of HI extract. 
The values of inhibition efficiency are presented in 
Table 7 and follow the same trend as the values de-
termined from polarisation measurements and cy-
clic voltammetry.

Copper concentration in acid rain solution

The quantities of Cu ions dissolved during 1 
hour-immersion of the Cu specimen in acid rain 
solution at EOCP with and without the HI extract were 
determined using the AAS technique. Generally, 
metal dissolution is dependent on metal/alloy itself 
and pH of solutions. The results obtained in static 
immersion tests are listed in Table 8.

As seen from Table 8, the quantity of the Cu 
released from the copper immersed in the pure acid 

rain solution amounted to 356.57 μg L–1 cm–2. The 
addition of Helichrysum italicum extract reduced 
the quantity of Cu ions released in the solution. 
These results are in a good agreement with the re-
sults obtained by electrochemical techniques, and 
confirm the adsorption of organic compounds from 
the HI extract on the copper surface. The adsorption 
layer acted as an effective barrier between the Cu 
surface and the aggressive electrolyte.

Conclusion

The inhibition effectiveness of Helichrysum 
italicum extract against copper corrosion in simulat-
ed acid rain was studied using electrochemical tech-
niques. The aqueous extract of Helichrysum itali­
cum showed very low inhibitive properties for Cu 
corrosion in the investigated electrolyte. The pro-
tection efficiency of HI extract increased along with 
the increase in HI concentration, showing maximal 
efficiency around 35 % at 1 g L–1. The adsorption 
behaviour of the extract followed the Freundlich ad-
sorption model. Physical adsorption between the HI 
extract and the copper surface was confirmed by the 
Gibbs energy value (~ 15 kJ mol–1). The adsorbed 
HI molecules acted as a physical barrier preventing 
the electrolyte from contacting the copper surface.

The value of energy activation, Ea, for simulat-
ed acid rain solution with the presence of 1.00 g L–1 
of HI extract was calculated, and found to be 46.8 
kJ  mol−1, while Ea for uninhibited simulated acid 
rain solution was found to be 40.3  kJ  mol−1. This 
increase in Ea value with the addition of HI extract 
is attributed to its physisorption on copper surface. 
According to the polarization measurements, the in-
hibition efficiency was the highest at the lowest 
temperature examined, 15 °C (h = 50.7 % ), and 
decreased with increasing electrolyte temperature.

According to the impedance results, resistance 
values increased (from 32.84 to 48.91 kΩ cm2), and 
double layer capacitance values decreased (from 
19.16·10–6 to 16.53·10–6 W–1 sn cm–2), which can be 
ascribed to an increase in electrical double layer 
thickness. Atomic absorption spectrometry results 
showed that the addition of HI extract reduced the 
quantity of Cu ions released in the solution (from 
356.57 to 135.46 μg L–1 cm–2).
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Ta b l e  8 	–	Quantities of Cu ions dissolved during 1-hour im­
mersion of the Cu specimen in acid rain solution at EOCP con­
taining Helichrysum italicum extract obtained from the AAS 
technique

Solution g/g L–1 Quantity of released  
Cu/μg L–1 cm–2

Blank 356.57 

0.01 254.94

0.10 153.39 

0.50 141.43

1.00 135.46
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L i s t  o f  s y m b o l s

A	 –	 Arrhenius pre-exponential factor
b	 –	 Tafel slope, V dec–1

CPE	 –	 constant phase element
d	 –	 film thickness, nm
Ea	 –	 activation energy, kJ mol–1

E	 –	 potential, V
F	 –	 Faraday constant, C mol–1

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 proper-

ties related to surface and electroactive spe-
cies, 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
V	 –	 volume, cm3

W	 –	 Warburg impedance, W–1 s0.5 cm–2

Z	 –	 impedance, Ω cm2

z	 –	 number of electrons

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

γ	 –	 inhibitor concentration, g L–1

ν	 –	 sweep rate, V s–1

ω	 –	 angular speed, rad s–1

s	 –	 roughness factor of the surface, s = 2
q	 –	 surface coverage
η	 –	 inhibition efficiency, %

S u b s c r i p t s

a	 –	 anodic
c	 –	 cathodic
m	 –	 molar
corr	 –	 corrosion
A,0	 –	 anodic, absence of HI extract
A,HI	 –	 anodic, presence of HI extract
corr,0	 –	 corrosion, absence of HI extract
corr,HI	 –	 corrosion, presence of HI extract
OCP	 –	 open circuit potential
tot	 –	 total
Ω	 –	 Ohmic
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