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a b s t r a c t

An overview of the electrochemical method for the identification of microsampled corrosion products
from historical and archaeological bronzes is reported. Two characteristic examples of long-term air
and subterranean formed patinas and two artificial patinas formed on Cu-6%Sn bronze in sulphate and
chloride solutions, were investigated in 0.1 M HCl(aq) by means of the cyclic voltammetry of micro-
particles attached to a carbon paste electrode.

Patina constituent phases were identified by comparing the electrochemical parameters of the patina
samples to those of reference compounds: CuO, Cu2O, SnO, SnO2, CuCl, CuCl2 × 2H2O and CuSO4 × 5H2O.
An identification scheme was suggested which may be applied to discern the various corrosion products
of bronze based on electrochemical data (voltammetric peak potentials). The presence of two prevalent
phases of sulphate and chloride patinas, CuSO4 and CuCl, as well as the presence of Sn compounds was
clearly indicated by the cyclic voltammetry of microparticles, in both, naturally and artificially formed
samples. A comparison to the ATR-FTIR results revealed that the methods are complementary and that
their simultaneous application could prove particularly valuable in drawing conclusions about the current
shape and prospects of the conservation and restoration of bronze artefacts.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction22

The deterioration of historical and archaeological bronze arte-23

facts is mostly caused by electrochemical corrosion [1]. Ancient24

bronzes are usually very heterogeneous, and thus corrode easily25

forming various corrosion product surface layers (patinas) [2,3].26

Knowledge on patina constituent phases and the mechanisms27

of their formation plays an essential role in understanding the28

deterioration of bronze artefacts. This knowledge may also help29

in predicting the corrosion behaviour of bronze under different30

environmental conditions (i.e. after excavation or a change in stor-31

age climate in museums) and in devising conservation-restoration32

measures that are needed to protect bronze from further deterio-33

ration. It has been shown that the use of electrochemical methods34

is particularly prospective for both purposes [4–8]. Various types35

of electrochemical measurements of bronze corrosion products36

removed from archaeological artefacts were presented in a few37

other papers published on this subject matter [9–11].38

∗ Corresponding author. Tel.: +385 1 4597116; fax: +385 1 4597139.
E-mail addresses: dsatovic@alu.hr (D. Šatović), sanja.martinez@fkit.hr (S. Mar-

tinez), abobrow@agh.edu.pl (A. Bobrowski).

The aim of the present study was to investigate how the electro- 39

chemical method of the voltammetry of microparticles (VMP) on 40

a carbon paste electrode (CPE) can be used to perform an electro- 41

chemical identification of bronze patinas. 42

Scholz and co-workers introduced the VMP method to analyt- 43

ical practice in 1998 as a new tool in electrochemical analysis. 44

Initially called Abrasive Stripping Voltammetry [12], VMP quickly 45

found its application in the investigation of electrochemical and 46

surface properties of a great variety of solid materials. A theoretical 47

model explaining electron transfer processes involving noncon- 48

ducting solid microparticles, applicable to the results of the present 49

study [13], was developed by Lovric and Scholz [14,15] and Oldham 50

[16]. Of significant importance is the fact that the solid-state pro- 51

cesses in microparticles are phase-characteristic, which enables the 52

electrochemical identification of the respective solid materials, and 53

the acquisition of valuable information about their redox state and 54

physical phases [9,17]. 55

In the present paper, VMP was applied to a carbon paste 56

electrode (CPE) for electrochemical identification and the charac- 57

terization of corrosion products collected from two bronze artefacts 58

with naturally formed (atmospheric and subterranean) patinas 59

and two bronze (Cu-6%Sn) sheets with patinas artificially formed 60

through immersion in the electrolyte. One of the investigated, nat- 61
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Fig. 1. a) Renaissance bronze sculptures Maro and Baro from the town belfry of Dubrovnik and b) archaeological bronze “Roman wheel” from the 1st century A.D. used for
collecting naturally formed patina samples.

urally formed patinas, originated from the Zelenci Renaissance62

sculptures: Maro and Baro from the town belfry of Dubrovnik, dat-63

ing from 1478. Zelenci, or “Jacquemarts”, as art historians often64

call these types of sculptures are two bronze statues of men, clad65

in Roman armour, striking the hours. These sculptures are the only66

two bronze sculptures from that period in Croatia. They were prob-67

ably made by Michelozzo di Bartolomeo (1391-1472), a famous68

Renaissance architect and sculptor from Tuscany. He was invited by69

the Ragusan government and spent four years from 1461 to 1464 in70

the city of Dubrovnik working on the extension of the city walls and71

the city tower [18]. Maro and Baro were exposed to marine air dur-72

ing their functional use on the town belfry of Dubrovnik until they73

were replaced with replicas in 2003. Samples were collected from74

the left leg of one of the original “Jacquemarts” (Fig. 1a). The second75

naturally formed patina that was investigated originated from the76

bronze part of a „Roman wheel” found near Zagreb, dating from the77

1st century A.D. (Fig. 1b).78

2. Experimental79

The reference materials used were commercial p.p.a. chemi-80

cals (P.P.H. Polskie Odczynniki Chemiczne Gliwice): CuO, Cu2O,81

CuSO4, SnO, SnO2, CuCl and CuCl2 × 2 H2O. Approximately 10-82

20 �g of these compounds were powdered in a mortar and spread83

on a fine paper sheet, forming a thin layer of finely distributed84

micro-particles. The micro-particles were attached to the surface85

of the CPE by gently rubbing the layer. The electrode was then86

rinsed with distilled water to remove any loosely attached particles.87

Carbon paste was prepared from graphite powder (Fluka, puriss<88

20 �m) and paraffin oil (Merck) mixed in a 5:1 ratio and thoroughly89

homogenised using a pestle and mortar. A special piston-driven90

electrode holder was filled with the paste using a spatula. This spe-91

cially designed electrode holder allows a very precise extraction of92

carbon paste by the screw positioned at the top of the electrode.93

The details of the electrode construction have been provided by Lu94

et al. [19]. The electrode surface was renewed after every scan by95

rubbing the electrode surface on wet filter paper and then polished96

on a glass surface. The exposed surface of the electrode was circular97

and 0.3 cm in diameter.98

Cyclic voltammetry measurements were carried out in a con-99

ventional three electrode electrochemical cell consisting of a100

carbon paste electrode, Ag/AgCl/KCl (sat.), and a platinum wire101

as the working, reference, and counter electrode, respectively. A102

�AUTOLAB device (Eco Chemie B.V., Utrecht, The Netherlands),103

controlled using GPES software (Eco Chemie B.V., Utrecht, The104

Netherlands, Version 4.9), was employed in the measurements.105

The electrolyte, 0.1 M HCl(aq), was degassed with Argon gas for106

5 minutes prior to the measurements. All measurements were car- 107

ried out at room temperature. 108

Voltammetric cycles were measured, at a scan rate of 30 mVs−1, 109

in the potential range between -1.2 and +1.2 V starting from the 110

open circuit potential (EOC) in the following directions: (i) anodic 111

and (ii) cathodic. 112

A new sample of the material attached to the surface of the 113

carbon paste electrode was used in each measurement. Three 114

voltammetric cycles were performed for each sample. 115

Cu-6%Sn bronze coupons were used to produce corrosion layers, 116

which were later analysed using VMP and ATR/FTIR. The formation 117

of artificial patinas on bronze coupons was done by immersion 118

for a period of 6 days in solutions simulating atmospheric urban 119

acid and marine environments, respectively as follows: 0.2 g/l 120

Na2SO4 + 0.2 g/l NaHCO3 (acidified to pH = 5 with diluted H2SO4), 121

and 0.7 g/l NaCl. Prior to immersion, the coupons were mechan- 122

ically treated with P 800 abrasive paper, then P 1200, degreased 123

with ethanol, immersed in 10% (wt) H2SO4 for 1 minute and finally 124

air-dried at room temperature. All corrosion layer formation exper- 125

iments were carried out in a 1 dm3 laboratory vessel, at room 126

temperature (25 ± 1 C◦). The volume-to-surface specimen area was 127

20 mL × cm−2 according to the ASTM G 31 (1990) standard [20]. 128

Examinations of the surface morphology of the samples were car- 129

ried out using a Philips XL 30 scanning electron microscope. The 130

elemental composition of the corrosion product layers formed on 131

the surface, was determined using quantitative energy dispersive 132

X-ray spectroscopy (EDX) attached to the SEM. An attenuated total 133

reflectance Fourier transform infrared spectroscopy (ATR FTIR) was 134

carried out using a Bruker Vertex 70 FTIR spectrometer. Spec- 135

tra were collected at a resolution of 4 cm−1, between 400 and 136

4000 cm−1. 137

3. Results and discussion 138

3.1. Voltammetry of reference materials 139

The representative voltammograms that measured for reference 140

materials by means of VMP in 0.1 M HCl(aq) (pH = 1.0) are presented 141

in Figs. 2 and 3. The voltammetric peaks of the investigated sam- 142

ples are presented in Table 1. Additionally, EOC that represents the 143

starting point of the measurements is also given in Table 1. 144

The voltammetric cycles of reference compounds started at EOC 145

in the anodic direction are shown partially (from EOC to + 1.2 V and 146

back to EOC) in Fig. 3. Anodic peaks were observed only for low 147

valence Cu and Sn reference compounds, i.e. at 0.507 ± 0.042 V for 148

Cu2O and CuCl and at −0.387 ± 0.021 for SnO. These anodic peaks 149

correspond to the oxidation of Cu(I) to Cu(II) and Sn(II) to Sn(IV). 150
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Fig. 2. Anodic parts of cyclic voltammograms recorded in 0.1 M HCl for selected
reference compounds and artificially formed patinas measured by starting at EOC in
the cathodic direction. Scan rate was set at 30 mVs−1.

The voltammetric cycles of reference compounds started at EOC151

in the cathodic direction are shown in full in Fig. 3. When the scan152

preformed from EOC to -1.2 V and back to EOC is continued into the153

anodic region, all the reference compounds show multiple anodic154

peaks. The anodic peaks obtained after the cathodic scan were not155

analysed further, as they were very poorly defined due to their156

overlap, and did not reflect the native state of the samples.157

In the cathodic scan, from EOC to - 1.2 V and back to EOC, the158

cathodic peaks were observed for all patinas and reference com-159

pounds with the exception of SnO2. In general, the peaks appeared160

in three potential regions: region I–from +0.2 to–0.3 V, region161

II–from -0.3 to -0.7 V and region III–from −0.7 to −1.2 V.162

The proposed electrochemical reduction reactions of the cop-163

per reference compounds that occur in the cathodic scan may be164

written as follows [9,22]:165

CuO(s) + 2H+ + 2e− → Cu(s) + H2O (1)166

Cu2O(s) + 2H+ + 2e− � 2Cu(s) + H2O (2)167

CuCl(s) + e− � Cu(s) + Cl− (3a)168

CuCl2(s) + e− � CuCl(s) + Cl− (3b)169

CuCl2(s) + e− � Cu2+
(aq) + 2Cl− + 2e− � Cu(s) (4)170

CuSO4(s) � Cu2+
(aq) + SO2−

4 + 2e− � Cu(s) (5)171

The solid state reduction processes of copper oxides and 172

chlorides are complex, since their progress requires protons to 173

penetrate the lattice and proton and/or electron hopping through 174

the lattice, finally leading to a solid state reaction yielding Cu(s) 175

as the new solid phase [9]. Consequently, the reduction process is 176

initiated at the three-phase electrode surface/particle/supporting 177

electrolyte boundary and is restricted to a relatively narrow region 178

in the lateral faces of the crystals. Additionally, the reductive dis- 179

solution of copper on the surface of the particles is followed by the 180

electrodeposition step, making the overall process dependent on 181

the kinetics of copper nucleation and nucleus growth. 182

The solubility of the compounds also appears to influence the 183

reduction reactions. The intensities of the cathodic peak currents 184

are lower by one order of magnitude for CuSO4 (peak current 185

∼ 0.1 mA) and by two orders of magnitude for CuCl2 (peak cur- 186

rent ∼ 0.01 mA) than for other reference compounds containing 187

copper (peak current ∼ 1 mA), indicating a loss of electrode 188

material through chemical dissolution. This assumption is substan- 189

tiated by the fact that in subsequent cycles both the oxidation 190

and reduction peaks of CuSO4 and CuCl2 diminish rapidly (not 191

shown), which indicates the occurrence of a fast chemical disso- 192

lution [23]. The influence of chemical dissolution was therefore 193

assumed for CuSO4 and CuCl2 and is expressed in equations 4 and 194

5. 195

In region III of Fig. 3a, cathodic peaks were exhibited by CuO, 196

Cu2O and CuCl. The voltammetric response in this range of poten- 197

tials corresponds to the reduction of microcrystals to metallic 198

copper. The negativity of the peak potential probably originates 199

from the “break-in” overpotential related to the energy required to 200

destroy the crystal structure of the particle [24]. 201

In region II of Fig. 3a, Cu2O and CuCl showed cathodic peaks 202

corresponding to the Cu(I) → Cu(0) solid state transition trough 203

reactions 2 and 3a. 204

As expected, the mixture of CuO and Cu2O exhibited peaks in 205

potential regions, I and II. Poor peak resolution arises as a conse- 206

quence of the superposition of signals for constituent phases that 207

contribute to the complex mixture to a different extent. 208

In region II of Fig. 3b, the peaks observed for CuCl2 and CuSO4 209

are probably due to the reduction of Cu2+ originating from the pre- 210

ceding chemical dissolution reactions (4 and 5). 211

In region I of Fig. 3a and b, the observed cathodic peaks belonged 212

to CuCl and CuCl2 (Fig. 3 b and c, Table 1) and were probably due 213

to the solid-state one-electron reduction process of Cu(II) to Cu(I) 214

(equation 3b). Since it is known that CuCl patina is easily oxidized 215

in moist air, the appearance of this peak for CuCl may could be 216

explained by the occurrence of the chemical oxidation of CuCl in 217

air during the period of storage and/or attachment to the electrode 218

[25]. 219

Table 1
Electrochemical parameters of representative VMP measurements for reference compounds and patinas.

Compound EOC /V Anodic peak /V Cathodic peak in region I /V Cathodic peak in region II /V Cathodic peak in region III /V

Cu species
Cu2O + 0.080 +0.468 - -0.561 -
CuO + 0.400 - - - -0.973
CuCl +0.256 +0.461 -0.134 -0.639 < -0.7
CuCl2 +0.285 - +0.060 -0.370 -
CuSO4 +0.350 - - -0.305 -
Cu2O, CuO mixture +0.108 +0.588 - unresolved -0.927
Sn species
SnO -0.465 -0.329 - - -0.605; -0.820; -0.940
SnO2 +0.142 - - - -
Patinas
Roman wheel patina +0.355 - -0.105 -0.365 -0.605; -0.825; -0.945
“Jacquemarts” patina +0.299 - - -0.301 -
chloride artificial patina -0.060 +0.556 -0.146 -0.241 -
“urban acid” artificial patina -0.029 +0.490 - -0.284 -
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Fig. 3. Cyclic voltammograms recorded in 0.1 M HCl for all reference compounds
measured by starting at EOC in the cathodic direction. Scan rate was set at 30 mVs−1.

It is noteworthy that the assumed Cu(II) → Cu(0) reduc-220

tion occurs at potentials approx. 0.2 V more negative than the221

Cu(II) → Cu(I) solid state transition, and by approx. 0.25 V more222

positive than the Cu(I) → Cu(0) solid state transition.223

SnO2 did not show any cathodic peaks (Fig. 3c). Only after the ini-224

tial cathodic scan to -1.2 V did the anodic peak at −0.387 ± 0.021 V225

appear, upon polarization to potentials more positive than EOC226

(Fig. 3c). As in the case of SnO, this peak corresponds to the227

Sn(II) → Sn(IV) transition. This voltammetric response can be228

explained by the stability of SnO2 in chloride media.229

Fig. 4. An identification scheme which may be applied to discern between the vari-
ous corrosion products of bronze based on VMP electrochemical data. Scan rate was
set at 30 mVs−1.

SnO, on the other hand, showed one sharp cathodic peak 230

at −0.807 ± 0.017 V in the negative scan with shoulders at 231

0.585 ± 0.010 and −0.927 ± 0.017 V, which indicates that the reduc- 232

tion of SnO is a stepwise process that probably reflects the 233

complexation of the Sn species with chloride ions. 234

An identification scheme which may be used to discern the var- 235

ious corrosion products of bronze based on voltammetric data is 236

presented in Fig. 4. 237

3.2. Voltammetry of patinas 238

It is known that the patinas on historical bronzes are complex 239

mixtures of various copper and tin compounds [26]. Their voltam- 240

mograms were therefore compared to the voltammograms of the 241

reference materials. The electrochemical parameters deduced from 242

the representative cyclic voltammograms of patina samples are 243

provided in Table 1. The voltammetric cycles of patinas started at 244

EOC in the anodic direction are shown partially (from EOC to + 1.2 V 245

and back to EOC) in Fig. 3. The anodic peaks were observed only for 246

the artificial patinas indicating the presence of low valence copper 247

compounds. 248

Cyclic voltammograms of patina samples started in the cathodic 249

direction are shown in full in Fig. 5a and b. The scan for the 250

„Jacquemarts” patina (Fig. 5a) revealed a single cathodic peak 251

implying the presence of CuSO4. The multiple peaks that appeared 252

in the voltammogram of the „Roman wheel” (Fig. 5a) patina 253

unequivocally indicated the presence of both CuCl2 and SnO. Due to 254

the positivity of EOC that approaches that of the copper constituent 255

compounds, the anodic peak of SnO was recorded only after the 256

cathodic scan had been conducted. (Fig. 5a) 257

In order to confirm the presence of tin in the „Jacquemarts” 258

patina and its absence in the „Roman wheel” patina, an EDX anal- 259

ysis was conducted. Table 2 summarizes the average content of 260

elements present in the analyzed samples, expressed as mass and 261

atomic percentage. The patinas of both samples consist mostly 262

dx.doi.org/10.1016/j.talanta.2010.03.037


Please cite this article in press as: D. Šatović, et al., Talanta (2010), doi:10.1016/j.talanta.2010.03.037

ARTICLE IN PRESS

U
N

C
O

R
R

EC
TE

D
 P

R
O

O
F

G Model

TAL 11188 1–6
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Fig. 5. Cyclic voltammograms recorded in 0.1 M HCl for all a) naturally formed and
b) artificially formed patinas, measured by starting at EOC in the cathodic direction.
Scan rate was set at 30 mVs−1.

of oxygen, carbon and copper, with some sulphur content. There263

were considerable amounts of chlorine and tin in the „Roman264

wheel” patina sample, while the „Jacquemarts” patina contained265

a significant amount of sulphur, which was consistent with the266

voltammetric results.267

3.3. ATR-FTIR analysis of patinas268

The ATR-FTIR spectra of patina samples are shown in269

Fig. 6. The measured spectra coincide with that of langite270

(Cu4SO4(OH)6 × 2H2O) in the case of the „Jacquemarts” patina271

(Fig. 6a), and that of atacamite (Cu4Cl2(OH)6) [27] in the case272

of the „Roman wheel” patina (Fig. 6b). The bands peaking at273

3299 and 3436 cm−1 and at 979 and 931 cm−1 are characteris-274

Table 2
EDX results of the weight (wt%) and atomic (at%) ratio of the elements present in
the patinas.

Element „Roman wheel” patina „Jacquemarts” patina

Wt % At % Wt % At %

O (K) 42.25 59.90 64.75 78.10
Cu (K) 19.60 7.00 19.86 6.03
Cl (K) 15.32 9.80 / /
C (K) 10.63 20.08 6.57 10.55
Sn (L) 6.40 1.22 / /
Sb (L) 4.01 0.75 / /
S (K) 1.78 1.26 8.82 5.31

Fig. 6. ATR-FTIR results for: the naturally formed a) “Roman wheel” and b) “Jacque-
marts” patinas and c) artificially formed patinas, compared to the ATR-FTIR spectra
of reference compounds.

tic of atacamite [28], while the typical sulphate band appears at 275

1050–1100 cm−1 [29]. These results are also consistent with the 276

voltammetric ones, pointing to the prevalence of Cu(II)-sulphate 277

compounds and Cu(II)-chloride compounds in the „Jacquemarts” 278

and „Roman wheel” patinas, respectively. However, the appar- 279

ent presence of SnO in the „Roman wheel” patina, as indicated 280

by voltammetric analysis and substantiated by the EDX measure- 281

ments, was not obvious from the ATR-FTIR. The absorption bands 282

at 540 cm−1
, ascribed to the terminal oxygen vibration in SnOH, 283

dx.doi.org/10.1016/j.talanta.2010.03.037
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and at 480 cm−1 and 630 cm−1
, ascribed to the stretching fre-284

quencies of oxide groups in SnO and SnO2, respectively, were not285

recorded [30,11]. Furthermore, the bands at 1419 and 873 cm−1
286

corresponding to carbonate stretching modes were not visible in287

either spectrum [31]. On the other hand, the presence of OH func-288

tions was indicated only by the ATR-FTIR results (hydroxyl groups289

located in the 3300-3600 cm−1 region for both patinas, and water290

at 1633 cm−1 in the case of the „Roman wheel” patina) [29].291

The ATR-FTIR spectrum (Fig. 6c) of the chloride artificial patina292

showed a single band corresponding to Cu2O at 646 cm−1 [11]. Sim-293

ilarly, Cu2O is also indicated in the ATR-FTIR spectrum of the “urban294

acid” artificial patina as a prominent band at 625 cm−1 (Fig. 6c). This295

is consistent with the appearance of anodic oxidation peaks in Fig. 2.296

Additionally, the “urban acid” artificial patina shows a band at297

487 cm−1 that can originate from stretching the oxide group in SnO.298

The rest of the ATR-FTIR spectrum closely resembles that of chal-299

canthite (CuSO4·5H2O), also showing a typical sulphate band [29].300

Sn species were not observed in the voltammogram of the “urban301

acid” patina, but the presence of sulphates is clearly indicated by302

the cathodic peak at −0.284 V in Fig. 5b.303

4. Conclusions304

The cyclic voltammetry of the microparticles of bronze cor-305

rosion product compounds attached to a carbon paste electrode306

provided well-defined electrochemical responses characteristic of307

various Cu and Sn compounds. The recognition of the constituent308

phases was based on the association of the voltammetric peaks for309

the reference materials and those obtained for the patina samples310

in the first voltammetric runs measured from EOC to +1.2 V or -311

1.2 V. The results made it possible to clearly differentiate between312

the natural and the artificial chloride/sulphate patinas, while at the313

same time yielding valuable information about the redox state of314

the samples.315

A comparison of the cyclic voltammetry of microparticles and316

ATR-FTIR methods has shown that these methods complement one317

another. Given the information deduced from the combined results,318

it is reasonable to assume that the simultaneous application of319

both methods could prove particularly valuable in drawing con-320

clusions about the current shape and prospects of the conservation321

and restoration of bronze artefacts.322

Uncited reference323

[21].324

References325

[1] J.H. Payer, Bronze corrosion: rates and chemical processes, in: T. Drayman-326

Weisser (Ed.), Dialogue/89, The Conservation of Bronze Sculpture in the327

Outdoor Environment: A Dialogue Among Conservators, Curators, Environ-328

mental Scientists, and Corrosion Engineers, NACE Houston, 1992, pp. 103–121.329

[2] C. Chiavari, K. Rahmouni, H. Takenouti, S. Joiret, P. Vermaut, L. Robbiola, Com-330

position and electrochemical properties of natural patinas of outdoor bronze331

monuments, Electrochim. Acta 52 (2007) 7760–7769.332

[3] L. Robbiola, J. Blengino, C. Fiaud, Morphology and mechanism of formation of333

natural patinas of archaeological Cu–Sn alloys, Corr. Sci. 40 (1998) 2083–2111.334

[4] H. Hassairi, L. Bousselmi, E. Triki, Bronze degradation processes in simulating335

archaeological soil media, J. Solid State Electrochem. 14 (2010) 393–401.
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