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Abstract: The inhibiting effect of Laurus nobilis extract on the corrosion behaviour of patinated bronze was evaluated
by means of potentiodynamic polarization, statistical experimental design, Raman spectroscopy and quantum chemical
calculations. The patina layer was electrodeposited at the Cu10Sn bronze alloy in aqueous chloride electrolyte under
anodic conditions. Electrochemical and Raman characterizations showed the presence of various tin oxides and
crystallized as well as porous cuprite in the chloride patina layer. The statistical experimental design was investigated
to model the Laurus nobilis inhibition of the patinated bronze in sulfate electrolyte. The plant extract was found to act
as mixed type inhibitor. The relatively low protection efficiency was related to the synergetic effect between the
experimental parameters. Quantum chemical calculations were performed with the DFT method at the B3LYP/3-21G
basis set. The results revealed that the major molecule inhibitor could interact preferentially with tin oxide.
Keywords: Cu10Sn alloy, patinated bronze, green inhibitor, experimental design, DFT.

INTRODUCTION
Copper tin alloys undergo significant corrosion
process during their exposure in aggressive media.
Hence, a thin patina layer could be developed at
the bulk material surface. Therefore, the protection
of bronze objects becomes of great importance.
The use of corrosion inhibitors is one of the most
protecting methods for bronze preservation.
Numerous studies studied organic inhibitors which
revealed efficient protection for bronze materials
[1-5]. However, these compounds are toxic and
present negative impact on the environment. In the
last decades, several research papers focused on
the use of non-toxic and ecofriendly inhibitors for
corrosion control [6-12]. Nevertheless, few works
investigated green inhibitors for bronze
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preservation. In fact, Hammouch et al [13] tested
the inhibiting effect of Opuntiaficus indica seed
extract for pre-patinated bronze. The
electrochemical results revealed a significant
improvement of bronze inhibition with the extract
addition. In our previous work, we evaluated the
Juniperus communis alcoholic extract for Cu10Sn
bronze alloy inhibition in chloride medium. The
inhibition efficiency reached 62%indicating that
such extract could be promising for bronze
preservation [14].
The inhibition efficiency of the green extracts may
depend on the experimental conditions. Indeed, the
chemometric approach is the best method to study
complex corrosion protection process with reduced
experiments. Current research efforts focus on the
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use of the statistical experimental design to study
corrosion and corrosion prevention of metals [1521]. Recently, we used a Plackett-Burman
experimental design to model the experimental
conditions for PANI bronze corrosion protection in
chloride medium [22]. The screening study
allowed us identifying the optimum
electrodeposition conditions which generated
important protection efficiency to the Cu10Sn
bronze alloy.
The aim of the present work was to investigate the
effect of Laurus nobilis extract on the corrosion
behavior of chloride patinated bronze in neutral
aqueous sulfate medium using potentiodynamic
measurements. The full factorial experimental
design was chosen to study the effect of immersion
time in the extract and the plant mass on the
electrochemical responses. Raman spectroscopy
characterization and quantum chemical
calculations were carried out in order to elucidate
the interaction between the chloride patina layer
and the inhibitor molecules.
EXPERIMENTAL
The Laurus nobilis extract was prepared using
maceration method: The plant leaves were soaked
in water (v = 150 mL) for 24 hours. The obtained
solution was then filtered and used without further
treatment.
The working electrode was elaborated from a
synthetic Cu10Sn bronze alloy through a procedure
described above [23]. The electrochemical
experiments were carried out in a classical threeelectrode cell with a platinum wire as counter
electrode and a calomel electrode in saturated KCl
solution (SCE) as reference. The bronze was used
as working electrode with an active area equal to
0.33cm2. The material was embedded in a
chemically inert resin and mechanically polished
up to 2500 SiC grade before use. The experiments
were conducted on a PGSTAT 30 potentiostatgalvanostat. GPES software was used for
instrumentation control and data treatments.
The chloride patina layer was electrochemically
prepared at the Cu10Sn bronze alloy. The substrate
was immersed in a chloride electrolyte (0.1M NaCl
solution) at open circuit potential (Eocp) for one
hour. The electrode was then polarized from Eocpto
1V/SCE at a scan rate of 1mVs-1.
The corrosion test was performed in 1g.L-1 sulfate
electrolyte. The potentiodynamic measurements
started at Eocp reached after five minutes of

immersion in the corrosive electrolyte. The anodic
domain ranged from Eocp to 0.5V/SCE whereas the
cathodic interval was from Eocp to -2V/SCE. The
scan rate was fixed at1mVs-1.
The Raman spectra were recorded at room
temperature with a T64000, Jobin-Yvon
spectrometer.
Quantum chemical calculations were performed
using DFT method at the B3LYP/3-21G level set,
all the calculations were carried out with Gaussian
03 [24].
RESULTS AND DISCUSSION
1. Electrochemical characterization
The Cu10Sn bronze alloy was immersed in
aqueous chloride electrolyte for one hour. The
electrode was polarized from Eocp to 1V/SCE at a
scan rate of 1mVs-1 and the result was given in
Fig.1.
The obtained anodic polarization curve was
consistent with those found in the literature for
archaeological and modern bronze materials
immersed in aqueous chloride electrolyte [25-27].
In fact, three anodic domains were evidenced. The
first interval characterized by a current density
increase was attributed to the anodic Tafel part. It
was followed by an anodic current peak at 0.157V/
SCE with a maximum at 1.8 mAcm-2corresponding
to the simultaneous oxidation of tin and copper
species [25, 26].
Finally, the current density decreased and a current
plateau was evidenced. It could reflect the

Fig.1: The anodic polarization curve of the Cu10Sn
bronze alloy immersed for one hour in 0.1M NaCl
solution, at a scan rate fixed at 1mVs-1.
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formation of patina layer containing cuprous
chloride and tinhydroxychloride [25,26].
The electrochemical behaviour of the chloride
patinated bronze was then studied in 1g.L-1 Na2SO4
solution. The polarization curves of the patinated
bronze compared to the bare one were plotted after
five minutes of immersion in the sulfate medium at
a scan rate of 1mVs-1. Fig.2 presents the obtained
I-E curves.
For the anodic scan, the polarization curve of the
blank showed three successive regions (Fig.2a).
The first part at the vicinity of Eocp was attributed
to the anodic Tafel interval. In the second region,
the current density decreased and a pseudo-passive
layer occurred reflecting the growth of a passive
film at the bronze surface. Finally, the current
density increased which indicated the substrate
dissolution through the formed layer. In the

presence of the patina layer, the bronze substrate
behaved differently as a single dissolution ramp
was evidenced in the whole anodic domain.
The cathodic polarization curves for the blank and
patinated bronze could be divided to three intervals
(Fig.2b). Firstly, the cathodic Tafel part occurred at
the vicinity of Eocp. Then, one can note the
appearance of current peaks at -0.3V/SCE
and -0.6V/SCE for the blank and the patinated
bronze, respectively, which could correspond to
copper species reduction. The second peak
appearing at lower potentials was linked to the
reduction of tin compounds. In the last region, the
current density markedly increased indicating the
solvent reduction.
From the Tafel domain, the extrapolation of linear
line to corrosion potential (Ecorr) gives a straight
line, the slope gives both a and c, and the
intercept gives the corrosion current (Icorr).
Furthermore, Tafel slopes extrapolations were used
to determine the proportionality factor (B) and the
polarization resistance (Rp) according to the
following Stern-Geary equations [32]:

 a c
2.3 a  c 
 a c
1
Rp 
2.3 a  c  Icorr

B
I(A)

E(V/SCE)

I(A)

E(V/SCE)
Fig.2: The I-E curves of the bronze electrode immersed
for five minutes in 1g.L-1 Na2SO4 solution without and
with the patina layer (a) anodic range, (b) cathodic
range, the scan rate fixed at 1mVs-1.
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Table I summarized the electrochemical parameters for the bare and patinated bronze.
After five minutes of immersion in the sulfate
electrolyte, it was found that the corrosion
potential shifted to the anodic region in the
presence of the patina layer. Such a behaviour
could reflect the substrate passivation.
Furthermore, the anodic Tafel slope was 0.191V/
dec for the interface blank/Na2SO4. It was reduced
when the chloride patina was deposited at the
bronze surface indicating the modification of the
corrosion process. As for the cathodic Tafel slope,
it was found that the interface blank /Na2SO4
generated the highest value. The difference
between c could be related to different electron
exchange of the cathodic reaction.
The proportionality factor values remained in the
range of B encountered for copper based materials
[28]. It is important to note that the corrosion
current density increased in the presence of the
patina layer. Such a result could be related to the
porous structure of the chloride patina which
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Table I: Electrochemical parameters of the bronze substrate without and with the patina deposition

bare

Ecorr
(V/SCE)
-0.025

a
(V/dec)
0.191

c
(V/dec)
-0.019

B
(mV)
7.5

Icorr
(µAcm-2)
4.3

Rp
( cm-2)
1747.3

patina

0.028

0.094

-0.145

24.8

15.9

1559.5

accelerated the metal dissolution in the sulfate
electrolyte. Therefore the highest polarization
resistance value was found for the blank.
From the previous results, it could be concluded
that chloride patinated bronze exhibited particular
electrochemical behaviour in the sulfate
electrolyte. This could be linked to the complex
structure of the patina layer containing poorly
crystallized copper species and tin hydroxychloride
compounds.
2. Statistical experimental design study
The statistical experimental design approach was
performed in order to model the experimental
conditions of the patinated bronze inhibition in
sulfate electrolyte. A full factorial design was
chosen in order to evaluate the influence of n
variables on the experimental responses. Therefore
In experiments would be conducted [15].

Table II: Experimental field

Level

U1
plant mass (g)

-1

100

U2
immersion time in
the extract(min)
30

+1

200

180

Table III: Experimental design - Experimental matrix

Experimental
design

Experimental
matrix

Experiment

U1

U2

X1

X2

1

100

30

-1

-1

2

200

30

+1

-1

3

100

180

-1

+1

4

200

180

+1

+1

After a preliminary investigation two experimental
factors were considered:
U1: first factor representing the plant mass,
U2: second factor representing the immersion time
in the extract,
The first factor was chosen to simulate the active
species concentration of the extract. As for the
second one, it was selected with the aim of
modeling the physical phenomena related to the
adsorption and / or diffusion of the active species
through the chloride patina layer.
These two variables were studied at two levels: -1
for the low level and +1 for the high level. Table II
gathered the experimental field.
The experimental design consisted of four
experiments. The experimental design and the
corresponding experimental matrix were presented
in Table III.
The experimental responses considered in this
study were the electrochemical parameters
obtained from the Tafel extrapolation (Ecorr, a, c,
Icorr, B, Rp), the cathodic copper consumed charge
(QCu), the cathodic tin consumed charge (QSn) and
the inhibition efficiency estimated from the
following equation [14]:
% IE =

Icorr ( B )  Icorr ( B  LN )
Icorr ( B )

(3)

where:
- Icorr (B) is the corrosion current density of the
blank,
- Icorr (B+LN) is the corrosion current density in
the presence of the Laurusnobilis extract.
A linear mathematical model was employed where
the experimental responses could be represented by
the following equation:
Yi = b0 + b1X1 + b2X2 + b12X1X2
where:
- Yi is the response,

(4)

Aymen Chaabani and al., J. Tun. Chem. Soc., 2017, 19, 137-146

141

The chloride patinated bronze treated with the
inhibitor according to the experimental conditions
described above was submitted in 1g.L-1 Na2SO4
electrolyte for five minutes. The electrode was then
polarized from Eocp to 0.5V/SCE (anodic scan) and
from Eocp to -2V/SCE (cathodic scan) at a scan rate
of 1mVs-1, the results were given in Fig.3.
It was found that the electrochemical behaviour of
the patinated bronze was affected by the inhibitor
addition. The electrochemical parameters extracted
from the Tafel region were listed in Table IV. It
was found that both the anodic and cathodic Tafel
slopes were modified by the extract addition.
Hence, we concluded that the Laurus nobilis
extract acted as a mixed type inhibitor.
The responses were analyzed by regression
analysis according to the proposed mathematical
model. Furthermore, to explain the responses
change and to evaluate the weight of the different
coefficients of the model Pareto analysis was
performed [29].
The percentage effect Pi of each term i, was estimated through the relationship:
Fig.3: Polarization curves of the patinated bronze in the
presence of the extract according to the experimental
design (a) anodic range, (b) cathodic range.
Scan rate fixed at 1mVs-1.

- Xi is the coded variable relative to natural
variable Ui, which obtained as detailed
elsewhere [15],
- b0 is the intercept,
- bi represents the coefficient of the main
effects of the factor i,
- bij represents the coefficient of the interaction
between the two factors i and j.

(5)
Fig.4 depicts the analysis of the different
experimental responses.
For the different electrochemical parameters, it
could be mentioned that the positive sign of the
model coefficient reflected positive evolution of
the response and the negative values indicated
negative variation of the response (Fig.4a).
Furthermore analysis of the Pareto charts showed
that (Fig.4b-c):
- b2 could explain about 92% of the corrosion

Table IV: Experimental responses extracted from the polarization curves
Ecorr
(V/SCE)

a
(V/dec)

c
(V/dec)

Icorr
(µAcm-2)

B
(mV)

Rp
( cm-2)

QCu
(mCcm-2)

QSn
(mCcm-2)

IE
(%)

blank

0.028

0.094

-0.145

15.9

24.8

1559.5

0.78

0.44

-

1

-0.037

0.091

-0.086

13

19.2

1478.8

0.52

2.36

-5.5

2

-0.045

0.139

-0.098

19.4

25.0

1288.1

0.60

2.29

-21.1

3

-0.089

0.271

-0.079

47.5

26.6

559.9

0.46

1.79

-178

4

-0.114

0.234

-0.070

9.4

23.4

2492.2

0.36

1.98

37.4
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Fig.4: (a) The estimated model coefficients, (b) Pareto charts and (c) cumulative Pareto charts for the different
electrochemical responses

potential variation. The main effect was related
to the immersion time in the extract (P2 = 92%).
- The factor b2 represented about 91% of the
anodic Tafel slope variation. So the most
influent parameter was the immersion time in
the extract as P2 = 91%.

- b1 and b2 were the significant factors for the
cathodic Tafel slope variation. The main effect
was attributed to the immersion time in the
extract since P2= 73%.
- b2 and b12 allowed the explanation of 95% of
the proportionality factor variation. The most
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important effect was linked to the interaction
between the factors (P12= 66%).
- b1 and b2 were the influent factors for the
corrosion current density variation. The
immersion time in the extract was the most
important (P2 = 55.2%).
- b1 and b12 could contribute about 99% of the
polarization resistance. The interaction between
the factors was the most significant (P12=
59.1%).
- 99% of the copper consumed charge variation
was due to b2 and b12. The immersion time in
the extract was the most significant as (P2=
72.3%)
- b2 was the most influent effect for tin charge
consumed variation as P2 was about 90%.
- b1 and b12 presented about 88% of the inhibition
efficiency variation. The interaction between
experimental parameters was the most influent
(P12= 50.2%).
From the previous observations, we concluded that
the immersion time in the extract was the most
influent factor for Ecorr, a, c, Icorr, QCu and QSn
variation. Therefore, the interfacial phenomena
related to the adsorption and/or diffusion were the
most predominant for these electrochemical
responses. On the other hand, we found that the
interaction between the immersion time in the
extract and the plant mass was the most important
for B, Rp and %IE. So the synergistic effect
between the experimental parameters was
dominant for the considered responses.

Fig.5: Raman spectra of patinated bronze without and
with the extract addition

3. Raman spectroscopy characterization
The chloride patina layer was initially formed at
the bronze surface without and with the extract
addition. The covered electrode covered was then
characterized by Raman spectroscopy analysis.
Fig. 5 shows the Raman spectra for the patinated
bronze and in the presence of extract recorded in
the spectral range 100-1000 cm-1.
For the chloride patinated bronze, five main
Raman bands were evidenced. In the low spectral
range, the first band located at 102 cm-1was
assigned toSnO2nanocrystals with a size within 810nm [30]. The second band at 143cm-1 was
related to neither SnO nor SnO2. According to
literature results, when using X-ray diffraction
technique, it was reported that this band to
attributed this band to SnOx sub-oxide (1<x<2)
[30]. The band occurring at 638cm-1 could be
ascribed to the cassiterite SnO2 [30].
Moreover, the bands located at 211cm-1 et 528cm-1
could be related to the cuprite Cu2O : the first band
could correspond to crystallized molecules, while
the second one was related to porous species [30].
It was observed that the extract addition provided a
change on bronze interfacial behaviour as Raman
spectrum showed a modification (Fig.5). The
bands intensity related to tin compounds was
markedly reduced. Therefore, it could be
concluded that the Laurus nobilis extract could
interact preferentially with tin species.
4. Quantum Chemical calculations
In order to elucidate the interaction between the
inhibitor molecules and the chloride patina layer
grown at the bronze surface the quantum chemical
investigation was conducted. In fact, a previous
research on the Laurus nobilis plant structure
showed that -terpinene (TERP) was the major
molecule (Fig.6) [31].
The quantum calculations were made using DFT
method at the B3LYP/3-21G basis set. The

Fig.6: -terpinene structure
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efficiency was related to the synergetic effect
between the experimental parameters. Quantum
chemical calculations and Raman analysis revealed
that the major molecule inhibitor acted
preferentially with tin oxide.
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Fig.7: Energy diagram for cuprite (Cu2O), cassiterite
(SnO2) and -terpinene.
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