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FOREWORDS

This book is issued at the occasion of the Third European Conference on electrochemical methods
applied to the conservation of artworks, held in Valencia on 28® March 2017. This Conference has
been hosted by the Instituto Universitario de Restauracion del Patrimonio of the Universitat
Politécncia de Valéncia and has been organized under the auspices of the Ministerio de Economia y
Competitividad (MINECO), the Universitat Politécncia de Valéncia and the Universitat de Valéncia.

This Conference takes part of the dissemination of the results plan established in projects CTQ2014-
53736-C3-1-P and CTQ2014-53736-C3-2-P supported by MINECO and co-supported with ERDEF
funds, which are inscribed in the Programa estatal de fomento de la investigacion cientifica y técnica
de excelencia, subprograma estatal de generacion del conocimiento of MINECO.

The Conference has been organized as an exceptional updating of the advances carried out in the last
years in the application of electrochemical techniques in the technical examination and conservation
of metallic heritage artefacts. The Conference had a complete program that included four Invited Key
Lectures devoted to the contribution of the electrochemical techniques to solve the specific problems
of the electrochamical analysis of metallic heritage artefacts, three Invited Key Lectures focused on
other analytical technique, and seven Invited Key Lectures centred in presenting advances in
conservation treatment of this valuable kind of cultural heritage. The program was completed with a
poster session were young researchers can present the results of their research.

We would like to thank the members of the Organization Committee for their constant work in the
hard task needed for a successful meeting. The Scientific Committee for valuable advice that resulted

in the production of an excellent program and to all sponsoring institutions for their support without
which this Conference would not have been possible.

The Editors:

Moaria Teresa Doménech Carbé and Antonio Doménech Carbo
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Abstract

Electrochemical impedance measurements were applied to microparticulate deposits of copper corrosion products
attached to graphite electrodes in contact with different aqueous electrolytes (0.25 M HAc/NaAc (pH 4.75), 0.10 M HCI
and 0.10 M HCIO4) and the application of an interval of potentials between +0.25V to -0.75V. The conditions of
operation were selected from a compromise between repeatability and sensitivity, being 0.10 M HCIO, and bias
potential of —0.25 V adopted. The electrochemical impedance data were modeled on the basis of available equivalent
circuits for corroded metal surfaces and the correlation between several pairs of circuit elements provided the
characterization of different corrosion compounds regardless the amount of microparticulate solid on the electrode.
Electrochemical grouping of samples from the archaeological Roman site of Gadara (Jordan, 4™ century AD) suggests
different provenances/manufacturing techniques, consistent with voltammetry of immobilized particles (VIMP)
measurements. Thus, illustrating the capabilities of the intersection of such techniques in the archaeometric domain.

Resumen

Medidas de impedancia electroquimica fueron aplicadas a depdsitos microparticulados de productos de corrosion de
cobre fijados en electrodos de grafito en contacto con diferentes electrolitos acuosos (0.25 M HAc/NaAc (pH 4.75),
0.10 M HCI y 0.10 M HCIO,) sobre los que se aplicé un intervalo de potenciales entre +0.25V y -0.75V. Las
condiciones de operacion se seleccionaron estableciendo un compromiso entre repetitividad y sensibilidad, usando
0.10 M HCIO; y un potencial bias de —0.25 V. Los datos de impedancia electroquimica fueron modelados en base de
circuitos equivalentes disponibles de superficies metdlicas corroidas y la correlacion entre varios pares de elementos
de circuitos proporcioné la caracterizacién de diferentes compuestos de corrosion independientemente de la cantidad
de sélido microparticulado en el electrodo. El agrupamiento electroquimico de muestras de el sito arqueoldgico de
Gadara (Jordania 4 siglo AD) sugiere diferentes procedencias y técnicas de fabricacién, en consistencia con las
medidas de voltamperometria de particulas inmovilizadas (VIMP). De este modo, se ilustra la capacidad de
interseccion de estas dos técnicas en el dominio arqueologico.

KEY WORDS: Archacological bronze; Electrochemical Impedance Measurements; Voltammetry of immobilized particles; Copper compounds;
Copper corrosion products

1. INTRODUCTION ratios, and the microstructure of the alloy and patina

from metallographic cross sections (Pernicka, 1998;
The identification of the constitutive materials of Attanasio ef al., 2001; Scott, 2002; Constantinides ef al.,
archaeological metal objects is an evident analytical 2002). Since sampling the me_tal core is in gene_ral 1}01;
demand for archaeologists, conservators and restorers. allowed for archaeological objects, the characterization
Tracing the provenance of the materials can be derived of the metallic material, its provenance, manufacturing

from the chemical composition of the alloy, isotope technique and simation_wilhiu a defined c_hronolog_ical
context have to be obtained from the physico-chemical

Jorge Redondo-Marugan, Antonio Doménech-Carbd, Sofia Capelo
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properties of the metal patina (Scott, 1994; Robbiola et
al., 1998; Robbiola and Portier, 2006; Sandu et al.,
2006).

These analytical targets have been faced using
microstructural (metallographic) analysis, neutron
diffraction and neutron absorption, isotope analysis,
XRF spectrometry, and electron microscopy
(SEM/EDX, TEM), among others (Bouchard and Smith,
2003; De Ryck ef al., 2003; Selwyn, 2004; Chiavari ef
al., 2007; Figueiredo Junior ef al., 2007; Bernard and
Joiret, 2009; Vlasa et al, 2007). Such techniques
provide important analytical capabilities but also have
limitations, as discussed for isotope analysis and XRF,
so that multi-technique approaches are usually
recommended.

In the last years, the voltammetry of immobilized
particles (VIMP) and the electrochemical impedance
spectroscopy (EIS) have been added to the pool of
existing techniques for the analysis of works of art and
archaeological materials.

2. OBJECTIVES

The aim of this study was to test the possibility of
intersecting the capabilities of the VIMP and the EIS
methods in order to obtain information of archacometric
interest, namely to achieve correlations that could
differentiate provenances/manufacturing techniques of
the archeological artefacts.

2.1. EIS/ VIMP

Electrochemical impedance spectroscopy (EIS) is a
technique providing information on the chemical,
electrochemical and textural properties of surfaces. This
technique has been extensively applied in corrosion
studies (Macdonald, 2011; Sharifi-Asl ef al., 2013) and
is of obvious application for the study of archaeological
metals (Chiavari ef al, 2007; Souissi et al, 2003;
Souissi et al., 2006; Souissi ef al., 2009; Mata ef al.,
2010; Cano et al., 2010).

The voltammetry of immobilized particles (VIMP),
developed by Scholz and co-workers (Scholz and
Meyer, 1998; Scholz et al., 2014), is a technique based
on the mechanical attachment of few micrograins of the
solid material to the surface of an inert electrode,
typically a paraffin-impregnated graphite electrode. The
electrochemical response obtained upon immersion of
that electrode to a suitable electrolyte is able to
characterize the chemical and mineralogical
composition of the solid. The characteristics of this
technique are, in particular, its inherently high
sensitivity, allowing for the identification of minerals
using sample amounts at the nanogram level, as well as
the possibility of multicomponent analysis, speciation
and quantitation, made the same particularly interesting

for archaeometric purposes (Doménech-Carb6 et al.,
2009; Doménech-Carbd, 2010; Doménech-Carbé et al.,
2013).

3. EXPERIMENTAL

3.1. Materials and samples

Reference materials were cuprite (Cux0, Merck),
tenorite (CuO, Merck), atacamite (CuCl, De Haén).
Malachite (K10300) was supplied by Kremer pigments,
whereas brochantite and atacamite minerals were
supplied by (Minerales de Coleccion, Almuiiécar, Spain
and Minerales de Torres, Villaviciosa de Odon, Spain).
Samples consisted of ca. 500 mg of powders from the
corrosion layers of different archaeological objects: 18
fragments of sculptures (samples S1 to S18) and two
different sets of weights (Wi-W3 and P1-P11), all
extracted from the Roman archacological site of Gadara
(Jordan), 4® century AD.

For electrode conditioning, amounts between 0.1 and 1
mg of samples or reference materials were extended on
an agate mortar forming a spot of finely distributed
material. Then, the graphite electrode was pressed over
this layer being further transferred into the
electrochemical cell so that only the lower end of the
electrode was in contact with the electrolyte.

3.2. Electrochemical instrumentation and
procedures

VIMP and EIS experiments were performed at sample-
modified paraffin-impregnated graphite electrodes using
commercial graphite bars (Staedtler Mars 200 HB, 2.0
mm diameter). Air-saturated 0.25 M HAc/NaAc (pH
4.75), 0.10 M HCI and 0.10 M HCIO4 aqueous solutions
were used as electrolytes. No degasification was carried
out in order to test the possibility of using the
electrochemical reduction of dissolved oxygen as a
redox probe. All electrochemical measurements were
carried out using a CH 1660 potentiostat. A standard
three-electrode arrangement was used with a platinum
auxiliary electrode and a Ag/AgCl (3M NaCl) reference
electrode.

EIS measurements were performed, using the
aforementioned instrument, in the 0.01 to 100000 Hz
frequency range with amplitude of 10 mV at different
potentials between +1.00 and —1.00 V upon immersion
of the sample-modified graphite electrode into the
electrolyte. Three independent experiments were
performed for each sample after transferring different
amounts of the same onto the electrode surface. Prior to
each EIS experiment, an equilibration time of 5 min was
taken.

Jorge Redondo-Marugan, Antonio Doménech-Carbd, Sofia Capelo
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4. RESULTS AND DISCUSSION

4.1. Impedance measurements/Modeling

For this purpose, copper minerals that are usually
present in the comrosion products of archeological
artefacts such as cuprite (copper(I) oxide), tenorite
(copper oxide) malachite (copper hydroxycarbonates),
brochantite (copper hydroxysulfates) and atacamite
{copper hydroxychlorides) were used as standards, to
compare the results obtained from these patterns with
those of archaeological artefacts samples.

In order to achieve differences in the response between
the copper mineral standards and also with the bare
electrode, the electrolyte and the bias potential were
selected. Experiments on microparticulate deposits of
cuprite and malachite (and at the bare electrode)
abrasively transferred on a graphite bar were performed
in contact with different aqueous electrolytes (0.25 M
HAc/NaAc, pH 4.75; 0.IM HCI and 0.10 M HCIOs)
applying bias potentials between +0.25 and -0.75 V vs.

Ag/AgClL

As can be observed in figure 1, small differences in the
maximum phase angle between the bare electrode,
cuprite and malachite were observed for 0.25 M
HAc/NaAc (pH 4.75), as well as for 0.1IM HCL
However, with 0.10 M HCI1O; as electrolyte at -0.25 V,
relatively high differences between the bare electrode,
cuprite and malachite were obtained. The conditions of
operation were selected from a compromise between
repeatability and sensitivity, being 0.10 M HCIO4 and
bias potential of —025 V adopted.
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Figure 1. Variation with the bias potential of the value of the
maximum phase angle at intermediate frequencies in EIS
experiments at cuprite and malachite-modified graphite
electrodes in contact with air-saturated: a) 0.25 M HAc/NaAc
at pH 4.75, and b) 0.10 M HCIO: aqueous solutions. Mean

values of three replicate experiments are represented.

To test the influence of the amount of mineral
transferred onto the electrode surface on the EIS

spectra, variations with the amount of deposited mineral
were performed. From the Nyquist plots for the bare
graphite electrode and three cuprite-modified graphite
electrode immersed in 0.10 M HCIOj at a bias potential
of -0.25 V, can be seen that on increasing the amount of
cuprite, the size of the capacitive loop decreases
significantly, thus denoting that the overall impedance

decreases concurrently (Figure 2).
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Figure 2. Nyquist plots from impedance measurements on an
unmodified graphite electrode and three cuprite-modified
graphite electrodes containing different mineral loadings

immersed into air-saturated 0.10 M HCIOs aqueous solutions.

Bias potential of -0.25 V.

Several parameters, such as the Log (-Zimsg) at the
extreme of low frequencies (0.01 Hz) versus the Log
(Zrea) at the same frequency displayed monotonic
variations with the amount of deposited mineral,
defining trend curves characterizing each one of the

compounds (Figure 3).

450
% 200 o A
= Ogh A
S 3m L 0m
g . =
B a A
AR

o
259 200 250 120 £30
Log Zq 0.1 HZYQ

Figure 3. Plots of Log (—Zimag) at 0.1 Hz vs. Log (Zieat) at 0.1
Hz from impedance measurements on graphite electrodes
modified with deposits of cuprite (squares), malachite (solid
squares), brochantite (triangles) and atacamite (solid
triangles) immersed into air-saturated 0.10 M HCIO; aqueous
solutions at pH 1.0. Bias potential of —0.25 V. Data for
successive runs on the same modified electrode and the 1st
run on electrodes containing different mineral loadings are
superimposed.
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For modeling the obtained EIS spectra, the simplest
equivalent circuit from Lee and Pyun was used (Lee and
Pyun, 2007). This includes a first resistance (Rs),
corresponding to the solution resistance, in series to two
parallel branches. The first branch contains a parallel
association of the charge transfer resistance (R at the
graphite/electrolyte interface and the double layer
capacitance (Ca). The second branch connects in
parallel a constant phase element (Q,) and a resistance
(Ry) associated to the insulating particles partially
covering the graphite electrode. The fitting to
experimental data was significantly improved adding to
this second branch an additional resistance (R;) as
schematized in Figure 4. This model was satisfactorily
fitted to the majority of experimental data.

7

or

Figure 4. Equivalent circuits used to model EIS spectra of
reference compounds and samples SI to S17 and W1 to W3.

4.2. Voltammetry of immobilized particles

Almost all copper minerals used as standard reduces at
the potential selected (-0.25 V vs. Ag/AgCl), except
tenorite. In fact, the voltammetric response of the more
frequent copper corrosion products such as cuprite,
malachite, atacamite and brochantite, in contact with
0.10 M HCIO4, occurs at ca. —0.10 V vs. Ag/AgCl,
corresponding to the reduction to Cu metal, whereas

tenorite was reduced at potentials ca. —0.4 V vs.
Ag/AgCL

4.3. Sample analysis

A series of samples from Roman site of Gadara (Jordan,
4% century AD) were studied. The samples consisted of
powdered materials from highly corroded bronze
artifacts. For the experimental conditions of VIMP and
EIS experiments, the graphite electrode was covered by
a discontinuous layer of grains of the corresponding
solid copper compound or archaeological sample.

The VIMP analysis of the archeological samples was
performed using aqueous acetate buffer as the
electrolyte to be possible the comparison with previous
studies (Doménech-Carb6 ef al, 2010; 2014; 2016).
The studied samples can be grouped into two main

electrochemical types (Figure 5). The first one with the
presence of two cathodic peaks, one at —0.10 V vs.
Ag/AgCl (Cy), attributable to the reduction of copper
corrosion products, and other near —0.70 V vs.
Ag/AgCl, corresponding to the reduction of dissolved
oxygen (Cox), when considering the negative direction
(Figure 5a). In the positive-going potential scan (Figure
5b), only a broad anodic peak at +0.05 V vs. Ag/AgCl
(A;) was recorded, corresponding to the oxidative
dissolution of the deposit of metallic copper resulting
from the electrochemical reduction of copper corrosion
products.
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Figure 3. Square wave voltammograms of samples a,b) W1
and c¢,d) WPI6 attached to graphite electrode immersed into
0.25 M HAc/NaAc aqueous solution at pH 4.75. Potential scan
initiated a)/c) at +1.25 V in the negative direction and b)/d)
—0.85 V in the positive direction. Potential step increment 4
mV; square wave amplitude 25 mV; frequency 5 Hz.

For the second type of samples three cathodic peaks
were recorded in the negative-going potential scan. C;
was accompanied by two overlapping tall peaks at
—0.57 and —0.72 V vs. Ag/AgCl (conjointly labeled as
Cz) superimposed to the Co background shoulder
(Figure 5¢).

The group of peaks C, can be mainly attributed to the
reduction of lead corrosion products, eventually
superimposed to the reduction of tenorite (CuO) that
appears at the same negative potential.

The presence of lead was confirmed by the appearance,
in the positive-going scan (Figure 5d), of a sharp anodic
peak at —0.55 V vs. Ag/AgCl, (Az), corresponding to the
oxidative dissolution of the metallic lead as a result of
its reduction of leaded corrosion products,
accompanying the oxidation of copper (A;) at +0.05 V
vs. Ag/AgCL

Several quantities directly measured on the EIS spectra
varied systematically with the amount of sample, as
obtained for reference materials. In adittion, several
pairs of samples produced a well-defined grouping of
the samples (Figure 6 and 7).

Jorge Redondo-Marugéan, Antonio Doménech-Carbé, Sofia Capelo
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The variation of R, on R;, calculated from curve fitting
using the equivalent circuit in Figure 4 for impedance
data for microparticulate deposits having different
amounts of solid samples and copper compounds
attached to graphite in contact with air-saturated 0.10 M
HCIO; solution is showed in Figure 6 and 7.

As can be seen in Figure 6, the EIS response of the
studied archeological samples (S3 and W3) was similar
to that of tenorite, meaning that tenorite predominate in
their composition.

18

R, /02

RixQ
Figure 6. Electrochemical impedance measurements
performed on different copper corrosion products and samples
S§3 and W3 on graphite in contact with air-saturated 0.10 M
HCIOg4 solution at pH 1.0. Variation of Ry on Ry, calculated
Jfrom curve fitting using the equivalent circuit in Figure 4, for
microparticulate deposits having different amounts of solid.

As can be seen in Figure 7, the continuous lines
correspond to cuprite, malachite and tenorite. Data
points for samples S1 to S5 (solid squares) and W1 to
W3 (squares) fall in the region between cuprite and
tenorite lines thus suggesting a common pattern which
more or less intense comosion. Samples S6 to S17,
however, fall in a region around a straight line (dotted
line) beyond the tenorite line.

Taking into account that all samples were extracted
from a common archaeological context, the above
feature suggested that such samples were constituted by
a different metallic substrate.

Notably, the data points for sample S18 (triangles),
contained relatively large amounts of lead as denoted by
VIMP, were clearly separated from that corresponding
to copper corrosion products and can be attributed to the
distorting effect associated to lead.

5. CONCLUSIONS

The following main conclusions can be draw:

. Electrochemical impedance measurements can be
modeled on the basis of available equivalent circuits for
corroded metal surfaces and the correlation between
several pairs of circuit elements provide monotonic

variations which are able to characterize different
corrosion compounds regardless the amount of
microparticulate solid on the electrode.

Figure 7. Variation of R, on R; calculated from curve fitting using the
equivalent circuit in Figure 4, for microparticulate deposits having
different nts of solid samples attached to graphite in contact with
air-saturated 0.10 M HCIO, solution. Continuous lines correspond to
cuprite (c), malachite (m) and tenorite (7). Solid squares: samples S1
1o S3; squares: samples S6 to SI7; triangles: sample S18.

Application of impedance measurements to a set of
archaeological samples from the archaeological Roman
site of Gadara (Jordan, 4® century AD) permitted to
establish a sample grouping which was entirely
consistent with that derived from VIMP measurements,
thus illustrating the capabilities of the intersection of
such techniques in the archacometric domain.
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