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Abstract

The anodic surfaces formed on a synthetic bronze(Cu—10Sn) analogous to a punic material in 0.5 mol L™ aqueous chlo-
ride solution are investigated using the characterization method such X-ray photoelectron spectroscopy (XPS). The results
obtained using the XPS analyses allowed to calculate the decuprification factor (f,) and revealed the existence of the phe-
nomenon of detannification during the corrosion process of synthetic bronze in the sodium chloride medium. We show that
the copper compounds remain in the corrosion layer, acting as stabilizing specie. Using the same analysis technique XPS,
the effects of a Juniperus Communis leaves (JC) extract on the interfacial behaviour of a Cul0OSn modern bronze has been
studied. By comparing the cationic composition of the electrode without and with addition of the extract, The obtained
results indicate that with the addition of the JC extract, the atomic percentage of the Cu(Il) and the Sn(I) are increased
which probably involves the formation of a complex in the form of (JC-Cu(+I1)) and/or (JC-Sn(+II)) on the surface of the
electrode. The f, sign was also changed with the addition of the JC extract, which allows to conclude that the JC extract

was concluded inhibiting tin oxidation and promoting the copper(I) dissolution.
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1 Introduction

Bronze alteration phenomena in different mediums have
been studied in many researches [1-6].The electrochemical
behavior of archeological bronze (Cu—10Sn)in neutral aer-
ated NacCl solution has been recently investigated through
potentiodynamic measurements using a rotating disk elec-
trode. The anodic J-E curve exhibits three main regions, that
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appear closely related to the formation of different corrosion
species [7]. The anodic behavior appears to be complex and
corresponds to a combination of processes including a 3D
growth under mixed control of layer formation reactions and
the diffusion of ionic species at the interface for which chlo-
ride ions are involved.

These findings were improved by another research that
characterized the anodic layers formed on Cu—10Sn bronze
in 0.1 M NaCl solution [8].In the whole anodic domain,
investigations performed on a bronze rotating disk electrode
(RDE) revealed the systematic formation of a uniform oxida-
tion layer. However, XRD and XPS results revealed that the
barrier layer has a complex nature, including unidentified
products and different spatially distributed charged surface
zones. The corrosion mechanism involves an internal oxida-
tion of the alloy linked to a preferential dissolution of cop-
per, namely a decuprification [8].

The corrosion of metals has many risks especially on
industrial plans. The search for a solution to fight against
corrosion becomes indispensable [9-24]. Unfortunately,
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synthetic products described in literature as corrosion
inhibitors are toxic to humans and to the environment.

Hence, several research teams tested plant extracts as
ecofriendly inhibitors [25-27]. Recently, the effect of Juni-
perus Communis (JC) extract on the inhibition of bronze
corrosion in aqueous chloride solution was studied by
electrochemical polarization methods [28].

The objective of this paper is to identify quantitatively,
by XPS spectrometry, the species that are present on
the surface of a bronze electrode (CulOSn) immersed in
aqueous chloride medium in order to determine the specie
responsible for the dissolution of the material. The sec-
ond objective is to study the effect of the addition of the
JC extract on the electrochemical behavior of this copper
alloy.

2 Experimental

The working electrode was elaborated from a synthetic
bronze (CulOSn), analogous to a punic material, through a
procedure described in our previous work [29]. Before use,
the electrode was coated with a chemically inert resin and
polished with abrasive paper up to 4000 under a stream
of water to avoid any change in crystal structure. It was
then dipped in alcohol and rinsed thoroughly with dis-
tilled water before being immersed in electrolyte. A clas-
sical three-electrode cell was used for the electrochemical
characterizations with a saturated calomel electrode as a
reference and platinum wire as a counter electrode.

X-ray photoelectron spectrometry was used to deter-
mine the species present on the surface of the electrode.

The electrode was polished manually without water
using abrasive paper grade 800 up to 4000 in Silicon Car-
bide. It was then gently dried with filtered air.

After 1 h of immersion of bronze in the solution of
sodium chloride (0.5 mol L™!) at a temperature of 30 °C,
it was rinsed with ultrapure water and dried with a filtered
air before being placed under vacuum to achieve the XPS
analysis.

XPS analyzes were performed with the Thermo Elec-
tron Escalab 250. Monochromated AlKa source was used.
General spectra were recorded with an energy of 100 eV
pass, high-resolution spectra with a pass energy of 20 eV.
The analysis angle (angle between the surface and the
direction in which the photoelectrons are analysed is 90°
[30].
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3 Results and Discussions

3.1 XPS Investigation of Synthetic Bronze (Cu10Sn)
Immersed in a Sodium Chloride Medium
(0.5molL™)

In a previous work [31], the polarization curve was used
to determine the electrochemical behaviour of a synthetic
bronze electrode (CulOSn) analogous to archaeological
bronze immersed in chloride solution (0.5 mol L™!) at the
temperature of 30 °C for a scan rate of 10 mVs~! (Fig. 1).

The anodic surface layer formed on Cu—10Sn shows that
there is a layer of pseudo-passive corrosion products at the
surface that is formed on Cu and Sn simultaneously.

To understand the corrosion mechanism of synthetic
bronze and to link the internal oxidation of the alloy to dis-
solution of copper or tin, we correlate the electrochemical
study with the characterisation methods such as X-ray pho-
toelectron spectroscopy (XPS) [32, 33].

The XPS spectra for the blank electrode elements are
reported in Fig. 2. The survey spectrum indicates that the
main elements detected at the surface are Cu, Sn, O and C.

The atomic percentage of the compounds of the alloy
present on the surface of the blanck electrode are listed in
the Table 1.

The high resolution spectrum Cu 2p shows a peak at
932.4 eV characteristic of metallic copper (Auger parameter
value of 1851.4 eV).

The inspection of the Sn 3d5/2 core level reveals two
peaks at 484.6 and 486.1 eV. The first peak corresponds to
the metallic tin and the second to the tin with an oxidation
number II.

The cationic composition of the major compounds of the
alloy present on the surface of the blank electrode is given
in Table 2.

In Fig. 3 we illustrated the XPS spectra of the synthetic
bronze immersed for 1 hour in the solution of sodium chlo-
ride (0.5 mol L™")at a temperature of 30 °C. The survey
spectrum indicates that the main elements detected at the
surface are Cu, Sn, O and C.

The atomic percentage of the elements present on the
surface of the electrode are listed in the Table 3.

The high resolution spectrum Cu 2p shows a peak at
932.3 eV of Cu+1I (Auger parameter value of 1849.2 eV).

The XPS spectra display numerous broad peaks, reveal-
ing that several poorly crystallised constituents are present
on the surface. We assumed here that the Sn peaks are
relative to Sn(II) and Sn(IV):(Sn(IV) oxide is related to
Sn 3d peak at 487.7 eV and Sn(II) oxide is related to Sn
3d peak at 486.2 eV in full accordance with the results
obtained in a recent work [8].
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Fig. 1 Anodic polarization curve of synthetic bronze immersed for

1 h in a solution of sodium chloride (0.5 mol L)
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Fig.2 XPS deconvoluted spectra of the surface of a Cu—10Sn bronze

Table 1 The atomic percentage of the compounds of the alloy present

on the surface of the blank electrode

Core level Binding energy Atomic percentage Peak
(eV)

Cls 284.3 20.8 C-C
Cls 285.2 3.2 C-0
Cls 287.9 3.6 C=0
Sn3d5/2 486.1 4.8 Sn**
Sn3d5/2 484.6 0.2 Sn
Ols 529.9 12.7 0>
Ols 531.3 13.1 OH~
Ols 532.7 1 H,0
Cu2p3/2 9324 40.6 Cu
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Table 2 The cationic

. . Species Atomic
composition of the major percent-
compounds of the alloy present age
on the surface of the blank
electrode Cu 89.1

Sn 0.4
Sn(1l) 10.5
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An unusual peak appears at 489.4 eV. According to previ-
ous research, it is considered to be a peak of the tin oxychlo-
ride (Sn related to CI) [8].

We also noticed the presence of CuCl, according to the
Cu 2p;, (peak at 932.3 eV) and CI 2p (peak at 198.3 eV).
These values are close to the XPS CuCl reference core level
binding energies (Cu(I) at 932.4 and CI™ at 199.5 eV).
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Fig. 3 XPS deconvoluted spectra of the surface of a (Cu—10Sn) bronze in NaCl (0.5 mol LY
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Table 3 The atomic percentage of the elements of the alloy present
on the surface of (Cul0Sn) in NaCl 0.5 mol L™!

Core level Binding energy  Atomic per- Peak
€V) centage

Cls 284.3 13 C-C

Cls 286.2 1.9 C-0

Cls 288.1 2.4 C=0

Sn3d5/2 486.2 0.9 Sn**

Sn3d5/2 487.7 0.1 Sn

Sn3d5/2 489.4 0.1 Sn oxychloride

Ols 530.3 27.9 0~

Ols 531.6 6.1 OH~

Cu2p3/2 932.3 47.6 Cu

Tabltj: 4 Composition cationic Species Atomic

species prgsent on th.e surface of percent-

Fhe synthetl.c bronze 1‘mmersed age

in the solution of sodium

chloride Cu(D 97.8
Sn(1l) 1.8
Sn(VI) 0.2
Tin oxychloride 0.2

Table5 p and f, values of the CulOSn simply polished and then
immersed at 30 °C in NaCl 0.5 mol L™!

(Cu/Sn)y, (Cu/Sn),; B feu
Cul0Sn (after polishing) 7.56 9 0.42 2.78
Cul0Sn NaCl 0.5 mol L™'  45.08 9 058 —-1.78

Table 4 shows the cationic composition of the major spe-
cies present on the surface of the synthetic bronze immersed
in the solution of sodium chloride (0.5 mol L™").

We noticed that the initial corrosion layer that formed at
Eoc after 1 h of immersion in NaCl, is formed by a mixture
of tin oxide(II, IV), oxychloride and copper oxide(I) [8].

XPS analysis is used to characterize the alteration pro-
cess. Robbiola et al. [34-40] proposed two functions to
prove the selective copper dissolution:
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’= Cu/Snan
C
fCu —1— ,B -1 ( u/sn)cdc

Cu/ Snail
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Fig.4 P and f;, values of the CulOSn simply polished and then
immersed at 30 °C in NaCl 0.5 mol L™!

fc,: the decuprification factor

(e

The ratio of the atomic fractions of copper and tin in the
alloy,

(CVsn)

The ratio of the atomic fractions of copper and tin in the
layer of corrosion products;In order to compare our work
with a previous research [8], we reported in Table 5 the val-
ues of (p and f-,) obtained for the (CulOSn)simply polished
and then immersed in chloride solution 0.5 mol L~! after
1 hat30°C.

Figure 4 represents the factors p and f,

According to previous calculations, we note that for the
corrosive solution NaCl (0.5 mol L"), the decuprifica-
tion factor f, is negative. Unlike a previous study [8], our
research shows that there is no decuprification. It is rather
the start of the tin detannification.

all

cde

3.2 XPS Investigation of Synthetic Bronze
Immersed in NaCl 0.5 mol L' in the Presence
of the JC Extract

After adding the JC extract to the NaCl solution at a temper-
ature of 30 °C, the XPS spectra were registered (Fig. 5).The
survey spectrum indicates that the main elements detected at
the surface are Cu, Sn, O and C. Intensities of peaks associ-
ated to C and O are high compared to that observed before

@ Springer



172

Chemistry Africa (2018) 1:167-174

120000 | Surv ey

O1s

100000 +

80000 +

w
[-%
L
2 60000
w
[
Q
8
£ 40000 }
20000 }
0 . . . R .
1000 800 600 400 200 0
Binding energy (eV)
4400 |
4200 | Cu Auger
4000
w
[- %
© 3800
-~
=
€ 3600
[
8
£

910 912 914 916 918 920 922 924
Kinetic energy (eV)

Intensity (CPS)

935
Binding energy (eV)

2200 Sn3ds,
2000

I

o

L

= 1800

=

[%]

=

2

£ 1600
1400 AN VAUV, SV
1200

490 489 488 487 486 485 484 483
Binding energy (eV)

8000 |
7000 +
6000
& s000 +
g
2 a000
(7]
g
£ 300 ¢
2000
1000
0
29 288 286 284 282 280
Binding energy (eV)
10000

9000

8000

7000 +

5000

Intensity (CPS)

4000

3000

2000

1000

537 535 533 531 529 527 525
Binding energy (eV)

Fig.5 XPS deconvoluted spectra of the surface of a Cu—10Sn bronze in NaCl with JC extract

exposure to the JC extract meaning that organic species are
fixed on the surface.

The atomic percentage of the species present on the sur-
face of the electrode after the addition of the JC extract are
listed in the Table 6.

The high resolution spectra of copper and tin show that
copper is oxidized to Cu(I) (933.1 eV) and Cu(Il)hydroxy-
dized (934.9 eV). The small peaks at higher binding energies
are satellites of Cu(II) hydroxide.

The tin mainly appears in the form of Sn(II).

Table 7 shows the cationic composition of the major com-
pounds of the alloy present on the surface of the synthetic

@ Springer

bronze immersed in sodium chloride medium with the pres-
ence of JC extract.

By comparing the cationic composition of the electrode
with and without adding the extract, it can be concluded
that the extract JC generates increasing atomic percentage
of Cu(+II) and Sn(II), which probably involves the forma-
tion of a complex in the form of (JC-Cu(+1II)) and/or (JC-Sn
(+II)) on the surface of the electrode.

After the addition of the JC extract, the f, becomes
positive with a value of 0.23. The JC extract blocks the
dissolution of tin and supports the departure of copper
(decuprification).
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Table 6 Atomic percentage of the species present on the surface of
the synthetic bronze immersed in the solution of sodium chloride
(0.5 mol L") with the presence of JC extract

Core level  Binding Atomic Peak
energy (eV) percentage

Cu2p3/2 933.1 12 Cu(D)

Cu2p3/2 934.9 3.1 Cu(II)hydroxyde

Cu2p3/2 943.4 Satellites of Cu(Il) hydroxide

Cu2p3/2 939.1 Satellites of Cu(II) hydroxide

Cls 284.2 38.7 C-C

Cls 285.9 25.3 Cc-0

Cls 287.5 3.9 C=0

Ols 5313 11.0 o*

Ols 532.8 16.5 OH™

Sn3d5/2 486.6 0.3 Sn**

Tablg 7 Composition cationic Species Atomic

species present on the surface of

. ) ) percent-

the synthetic bronze immersed age

in the solution of sodium

chloride (0.5 mol L™!) with the Cu(l) 26.1

presence of JC extract Cu(ll) 674
Sn(II) 6.5

4 Conclusion

The purpose of this paper is to characterize the species pre-
sent on the surface of the bronze electrode in a chloride
solution (0.5 mol L™")with and without the addition of the
JC extract, using the X- ray photoelectron spectrometry
investigations.

XPS semi quantitative characterisation revealed that the
cationic composition at the material surface when submitted
to the aggressive medium was 97.3, 1.8 and 0.2% respec-
tively for Cu(I), Sn(Il) and Sn(IV). Furthermore, the bronze
surface composition was 6.5, 26.1 and 67.4% respectively
for Sn(II), Cu(I) and Cu(II) when the JC extract was added.

XPS analyzes show the existence of the phenomenon of
detannification during the corrosion process of bronze in the
sodium chloride solution.

The decuprification factor f-, was —1 and 0.23 respec-
tively with and without the plant addition. We concluded
that the JC extract inhibits tin oxidation and promotes Cu(I)
transformation.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Ling H, Junyan L, Xiang Z, Baolian J (2011) Microchem J
99:203-212
2. Chelaru JD, Muresan LM (2014) J Cult Herit 15:546-549
3. Kosec T, Otmati¢Curkovié T, Legat A (2010) Electrochim Acta
56:722-731
4. Satovi¢ D, Martinez S, Bobrowski A (2010) Talanta 81:1760-1765
5. Aouadi S, Souissi N (2016) Mater Corros 67:1105-1113
6. Zohdy KM, Sadawy MM, Ghanem M (2014) Mater Chem Phys
147:878-883
7. Souissi N, Sidot E, Bousselmi L, Triki E, Robbiola L (2007) Cor-
ros Sci 49:3333-3347
8. Robbiola L, Tran TTM, Dubot P, Majerus O, Rahmouni K (2008)
Corros Sci 50:2205-2215
9. Bellakhal N, Dachraoui M (2004) Mater Chem Phys 85:366-369
10. Bayoumi FM, Abdullah AM, Attia B (2008) Mater Corros
59:691-696
11. Khaled KF (2009) Electrochim Acta 54:4345-4352
12. Allam NK, Nazeer AA, Ashour EA (2009) J Appl Electrochem
39:961-969
13. Mili¢ SM, Antonijevi¢ MM (2009) Corros Sci 51:28-34
14. Souissi N, Triki E (2008) E. Corros Sci 50:231-241
15. Khaled KF (2008) Mater Chem Phys 112:104-111
16. Tavakoli H, Shahrabi T, Hosseini MG (2008) Mater Chem Phys
109:281-286
17. Behpour M, Ghoreishi SM, Salavati-Niasari M, Ebrahimi B
(2008) Mater Chem Phys 107:153-157
18. Bellakhal N, Dachraoui M (2003) Mater Chem Phys 82:484-488
19. Dermaj A, Hajjaji N, Joiret S, Rahmouni K, Srhiri A, Takenouti
H, Vivier V (2007) Electrochim Acta 52:4654-4662
20. Varvara S, Muresan LM, Rahmouni K, Takenouti H (2008) Corros
Sci 50:2596-2604
21. Rahmouni K, Takenouti H (2009) Actual Chim 38-44:327-328
22. Stupnisek-Lisac E, Otmacic H, Tadi¢ K, Manee AD, Takenouti H
(2007) ECS Trans 2:31-42
23. Muresan L, Varvara S, Stupnisek-Lisac E, Otmacic H, Marusic
K, Horvat-Kurbegovic S, Robbiola L, Rahmouni K, Takenouti H
(2007) Electrochim Acta 52:7770-7779
24. Varvara S, Popa M, Rustoiu G, Bostan R, Muresan L (2009) Stud
Univ Babes-Bolyai Chem 2:73-85
25. Rahmouni K, Joiret S, Robbiola L, Srhiri A, Takenouti H, Vivier
V (2004) Proceedings of the international workshop. Advanced
techniques for energy sources investigation and testing. pp 4-9
26. Varvara S, Rotaru I, Popa M, Bostan R, Glevitzky M, Muresan L
(2010) Chem Bull Politeh. 55(69):2
27. Raja PB, Sethuraman MG (2008) Mater Lett 62(1):113-116
28. Ben Channouf R, Souissi N, Bellakhal N (2015) J Mater Sci
Chem Eng 3(11):21
29. Emmanuel S, Souissi N, Bousselmi L, Triki E, Robiola L (2006)
Corros Sci 48:2241-2257
30. Deroubaix G, Marcus P (1992) Surf Interface Anal 18:39-46
31. Ben Channouf R, Souissi N, Bellakhal N (2015) J Tunis Chem
Soc 17:57-63
32. Tianran W, Julin W, Yuqing W (2015) Corros Sci 97:89-99
33. Masi G, Chiavari C, Avila J, Esvan J, Raffo S, Bignozzi MC,
Asensio MC, Robbiola L, Martini C (2016) Appl Surf Sci
366:317-327
34. Dorigo A, Fiaud C, Labbe JP, Robbiola L, Brunella P, Bocking
H (1998) Metal 98:145
35. McCann LI, Trentelman K, Possley T, Golding B (1999) J Raman
Spectrosc 30:121
36. Laguzzi G, Tommesani L, Luvidi L, Bucci R, Brunoro G (1999)
Corros Sci 41:197

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

174 Chemistry Africa (2018) 1:167-174

37. Spoto G, Ciliberto E, Allen GC, Younes CM, Piccardo P, Pinasco 39. Bosi C, Gargantua G, Imbeni V, Martini C, Mazzeo C, Poli G
MR, Stagno EGM, Ingo M, Maggi R (2000) Br Corros J 43:35-36 (2002) J Mater Sci 37:4285

38. Giumlia-Mair A, Keall EJ, Shugar AN, Stock S (2002) J Archaeol 40. Robbiola L, Blinginho JM, Fiaud C (1998) Corros Sci 40:2083
Sci 29:195

@ Springer



	Surface Characterization of the Corrosion Product Layer Formed on Synthetic Bronze in Aqueous Chloride Solution and the Effect of the Adding of Juniperus Communis Extract by X-Ray Photoelectron Spectroscopy Analysis
	Abstract
	1 Introduction
	2 Experimental
	3 Results and Discussions
	3.1 XPS Investigation of Synthetic Bronze (Cu10Sn) Immersed in a Sodium Chloride Medium (0.5 mol L−1)
	3.2 XPS Investigation of Synthetic Bronze Immersed in NaCl 0.5 mol L−1 in the Presence of the JC Extract

	4 Conclusion
	References




