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RESUMO
A voltametria de microparticulas (VMP) é uma técnica eletroquimica de andlise
de solidos que requer pequenas quantidades de material. Por ser considerada
nao invasiva (ou microinvasiva), dispor de equipamentos portateis, apresentar
baixo custo e facil interpretacéo de resultados, tem sido utilizada pela ciéncia da
conservacao e aplicada em andlises de objetos do patriménio cultural. Observa-
se na literatura, porém, a falta de um procedimento padrdo para analise de
amostras, com uma grande variedade de técnicas voltamétricas e eletrdlitos.
Assim, o objetivo desse trabalho é contribuir para a criacdo de uma base de
dados para analise de metais por VMP a partir de amostras de composicoes
conhecidas, e utilizar essa base de dados como referéncia para identificar a
presenca de ions metalicos em pigmentos utilizados em obras de arte e em
produtos de corrosdo. Para isso, inicialmente, foram selecionadas algumas
amostras metélicas (prata, cobre, ferro, estanho, chumbo, zinco e tungsténio),
que foram analisadas por MEV-EDS (microscopia eletronica de varredura com
analise por energia dispersiva de raios-X para determinacdo da composicao
elementar), e eletrélitos comumente utilizados na literatura para ensaios de VMP
(acido oxalico, acido cloridrico, acido sulfurico, cloreto de potéssio, hidréxido de
sédio e solugcdo tampao de acetato de sodio). A partir dos resultados de VMP
utilizando voltametria ciclica e de onda quadrada verificou-se que a solucéo
tampéao de acetato de sodio seria a mais adequada para realizar 0s ensaios com
0S compostos (pigmentos e produtos de corroséo), pois foi a Unica que permitiu
a identificacao de picos anddicos para todos os metais escolhidos. Apds esses
resultados iniciais foram realizados ensaios de VMP em produtos de corrosdo
formados em duas pecas metalicas anteriormente expostas a condi¢cdes néo
controladas, e em pigmentos selecionados a partir de uma colecdo de
propriedade da Pinacoteca de S&o Paulo e fornecidos pela Professora Dra.
Méarcia de Almeida Rizzutto. Os resultados obtidos mostraram que através da
coleta de pequenas quantidades de amostra, necessarias para a realizacdo dos
ensaios de VMP, foi possivel identificar os picos de oxidacdo associados aos
elementos metalicos presentes nas diferentes amostras, cuja presenca nos
referidos materiais foi confirmada por analises por MEV-EDS e espectroscopia
Raman. A representacdo dos picos obtidos nas medidas voltamétricas em

unidades arbitrarias se revelou uma boa metodologia para analise dos



resultados, permitindo uma comparacao clara entre os picos obtidos a partir dos
diferentes materiais ensaiados com aqueles determinados para as amostras
metélicas de referéncia, os quais mostraram boa concordancia, confirmando que
a VMP pode ser utilizada de modo efetivo para a finalidade inicialmente proposta
no projeto. O desenvolvimento do projeto também demonstrou que mudancas
nas condic¢des de realizacdo dos ensaios de VMP (tipo de técnica e para@metros
de controle experimentais) podem ser essenciais para revelar aspectos
importantes dos processos eletroquimicos interfaciais.

Palavras-chave: Voltametria de microparticulas, pigmentos, produtos de

corroséo, identificacdo de metais, patrimonio cultural.



ABSTRACT
Voltammetry of microparticles (VMP) is an electrochemical analytical technique
for the analysis of solids that requires small amounts of material. Due to it being
considered non-invasive (or microinvasive), having portable equipment, being of
low cost and presenting results that are easy to interpret, it has been used by
conservation science and applied to the analyzes of cultural heritage objects.
However, the literature presents a lack of standard procedures for samples
analyzes, with a wide variety of voltammetric techniques and electrolytes being
employed. So, the aim of the present work was to contribute to the creation of a
database for VMP experiments based on samples of known composition, and to
use it as a reference to identify the presence of metallic ions in pigments used in
works of art and in corrosion products. For this, initially, some metallic samples
were selected (silver, copper, iron, tin, lead, zinc and tungsten), which were
analyzed by SEM-EDS (scanning electron microscopy coupled to X-ray energy
dispersive spectroscopy for elementary composition analysis), as well as
electrolytes commonly used in the literature for VMP experiments (oxalic acid,
hydrochloric acid, sulfuric acid, potassium chloride, sodium hydroxide and
sodium acetate buffer solution). From the results of VMP using cyclic and square
wave voltammetry, it was verified that the sodium acetate buffer solution would
be the most adequate to carry out the tests with the compounds (pigments and
corrosion products), since it was the only electrolyte that allowed the identification
of anodic peaks for all chosen metals. After these initial results, VMP tests were
carried out on corrosion products formed on two metallic pieces previously
exposed to uncontrolled conditions, and on pigments selected from a collection
owned by Pinacoteca de Sdo Paulo and provided by Professor Dr. Marcia de
Almeida Rizzutto. The results showed that sampling only small amounts of
powder allowed the identification of oxidation peaks associated with the metallic
elements present in the different compounds, whose presence in the referred
materials was confirmed by SEM-EDS analysis and Raman spectroscopy. The
representation of the peaks obtained in the voltammetric measurements in
arbitrary units proved to be a good methodology for presenting the results,
allowing a clear comparison between the peaks obtained from the different tested
materials with those from the metallic reference samples, which were in good

agreement, confirming that VMP can be used effectively for the purpose initially



proposed in the project. The development of the project also demonstrated that
changes in the conditions for carrying out the VMP assays (type of technique and
experimental parameters control) can be essential to reveal important features of
the interfacial electrochemical processes.

Keywords: Voltammetry of Microparticles, pigments, corrosion products, metal

identification, cultural heritage.
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1. INTRODUCTION

Cultural heritage represents the history and culture of a people, developed
by a community and passed down from generation to generation. It can be
divided into tangible goods (sites, buildings, monuments, objects, works of art,
historical and archaeological artifacts) and intangible goods (culture, beliefs, rites,
traditions, customs, practices, values); the combination of these elements is
responsible for characterizing a society [1]. Its conservation is important for the
preservation of culture and for the connection of peoples with their ancestors, in
addition to the preservation and perpetuation of their history.

Through careful examination associated with analytical studies of the
objects that are part of this heritage, it is possible to obtain a diagnosis of their
state of conservation, as well as to evaluate the compounds and techniques used
and possible interventions already carried out in the original work. Considering
that they are significant to history and culture, unique and irreplaceable, objects
of cultural heritage ideally should not be sampled, let alone sacrificed. Thus,
techniques used in analytical studies must be non-destructive, or based on
sampling of small amounts of material that do not affect the appearance and/or
structure of the artifact. Considering their fragility, the portability of the
instrumentation and the possibility of carrying out measurements in situ are
extremely important so that artifacts are not exposed to conditions different from
the usual ones for long periods of time.

Detailed characterizations usually rely on techniques available at
conservation institutes, such as X-ray diffraction, Raman spectroscopy and X-ray
fluorescence. Despite being widely used in the area of conservation of historical
heritage [2], they can present certain disadvantages, such as in-situ low
resolution, and the need for sampling or moving the work to the place of analysis,
which results in the demand for more accessible and easy-to-apply techniques.

For conservation science, the analysis of pigments is important because
they are compounds, organic or inorganic, used in paintings, ceramics and
manuscripts. Inorganic pigments can contain one or more metallic elements in
their composition, which can undergo electrochemical reactions and, therefore,
electroanalytical techniques can be used as an analytical tool for their

identification. Electroanalysis can be considered as a non-invasive or micro-
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invasive analytical technique, as it is possible to obtain satisfactory results using
only small amounts of sample. This makes it interesting for applications in the
field of conservation.

Among the electroanalytical techniques, voltammetry of microparticles
(VMP) is a method that fulfills several of the necessary requirements for the study
of cultural heritage objects. It is an accessible, non-invasive, portable, low-cost
technique that requires small amounts of sample (less than a few micrograms).
The VMP technique can provide information on the composition and oxidation
state of electroactive species, and can be applied to the identification of organic
and inorganic pigments, ceramic materials, metals, among others. However,
even with all these advantages, it is still a reasonably new technique, used by
only a few research groups. Moreover, the literature reports a wide variety of
methodologies, which makes it difficult to compare the results. Thus, it is still
necessary to develop a standard procedure that will allow the creation of a
reliable database for this technique.
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2. OBJECTIVES

General

The present work has the main goal of using VMP as a tool to identify
metallic elements present in complex compounds like pigments used in works of

art and corrosion products formed in metallic materials.
Specific

In order to do so, specific goals were settled:

« Creating a reference database using selected metallic samples of known
composition (determined by means of Energy Dispersive X-ray
Spectroscopy (EDS));

o Considering the chosen metallic materials, determining the most suitable
voltammetric procedure for the identification of the metals’ samples, as
well as the best electrolyte solution, using as parameters the number of
metallic elements identified by the chosen electrolyte and the peak
resolution obtained in the anodic (positive going) voltammetric scan;

e Using the same experimental conditions previously determined, perform
VMP experiments with corrosion products and pigments and compare the
results with the created database to evaluate the usefulness of VMP as a

tool for the main objective established in this work.
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3. LITERATURE REVIEW

3.1. Theimportance and the challenges of analyzing cultural

heritage objects

Cultural heritage objects, usually denominated as artifacts, are unique and
can be defined as significant goods produced by historical and artistic traditions
or the manifestations of a people’s cultural dynamic [1]. The characterization of
these objects is essential for the conservation and restoration of the culture and
memory of the mankind. Conservation science takes the importance of these
items into consideration and intends to study and contribute to the preservation
of artifacts from the most varied origins and periods, from archaeological and
historical sites to contemporary art, all of which are considered part of the cultural
heritage [2].

The study of a work of art allows one to know not only its historical and
artistic characteristics, but also its chemical and physical properties. And so, the
first step for this study is to carry out an investigation that provides detailed and
objective information about the artifact. Conservation science has a great
demand for data, seeking analytical methods that provide information such as
dating, characterization of artistic techniques and technologies used for the
production of materials and pieces, authentication, identification of the state of
conservation and detection of previously performed treatments [2]. The lack of
knowledge about the object can lead to its damage or loss of important elements
during the process of restoration. Therefore, a meticulous examination must be
carried out in advance, and only after obtaining information about the object it is
possible to decide the best form of protection or intervention for each specific
case.

The analysis of artifacts presents some special difficulties. First, the
analytical techniques applied must be, ideally, non-destructive (or at least, they
need to require as little sampling as possible). This is important, so the
appearance and structure of the object will not be affected [2]. Besides, the
chosen technique should not require the removal of the object from its place of
exposure for long periods, considering that it can be fragile [2]. It is also important
to note that conservation science requires multiple analytical inputs that cannot

be provided by a single technique. For instance, the evaluation of a painting
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consists of colorimetric analyses, microscopy analysis to identify different layers
and chemical and mineralogical analysis to determine the compositions of base
coats, binders, pigments, protective layers and eventually an alteration product
and/or later interventions. It is also necessary to monitor the presence of
biological agents and the effect of the environment on the object [2]. Therefore,
in order to obtain a complete characterization of an artifact, a wide variety of
analytical techniques must be combined, each providing relevant information
about a specific issue.

Among the main techniques used for the identification of pigments we can list

[3]:

a) optical microscopy: mainly used at low magnification as it provides a good
overview of the artifact surface;

b) scanning electron microscopy (SEM), coupled with an energy dispersive
X-ray spectrometer (EDS): provides important information about the
physical nature and elemental composition of the surface of solids;

c) X-ray diffraction (XRD): allows the identification of the different crystalline
phases;

d) spectroscopic techniques, especially Fourier transform infrared
spectroscopy (FTIR): qualitative analysis of organic substances, providing
information about functional groups.

The instrumental analysis techniques currently used in the characterization of

paintings are divided into non-invasive (such as spectroscopic techniques and X-
ray fluorescence) and micro-invasive (such as optical and electron microscopy,

infrared and Raman spectroscopy).

3.2. Raman spectroscopy

Raman spectroscopy is a widely used technique due to its non-destructive
nature and its speed of analysis [4]. It studies molecular and crystal lattice
vibrations [5], and so, it can give information about particles of organic or
inorganic nature in any physical form, such as gases, liquids, solutions, and
crystalline or amorphous solids due to its sensitivity to composition, bonding, and
crystalline structure of the sample material [4,5]. This technique has been

successfully used in the identification of oil paintings, medieval manuscripts,
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archaeological objects, wall paintings and dyes. It can also be used for
investigating degradation processes [4].

In this technique, a monochromatic photon beam with frequency wo is
focused on the sample. Most of the radiation will either be absorbed, reflected or
transmitted by the sample [5], but some of it can interact with the molecules
resulting in transitions between vibrational energy levels (as shown in Figure 1).
The molecules in the sample affected by the photon will transition to a “virtual”
excited state, which is highly unstable, and will decay almost immediately back
to the ground state. This will result in radiation scattering, which can happen in
three different ways: elastically (through a phenomenon called Rayleigh
scattering [5] or radiation [6], where the emission of the photon presents the same
energy as the incident photon (hvo)) and inelastically (generating frequency-
shifted “Raman” photons) at energies both below (hvo — hvm) (Stokes Raman
scattering) and above (hvo + hvm) (Anti-Stokes Raman scattering) the Rayleigh
photons. Elastic scattering gives no information about the vibrational energy
levels of the sample. When looking at inelastic scattering, however, the energy
differences hvm and —hvm compared to the excitation energy hvo are related to an
energy loss (or gain) when the molecule returns to a higher or lower vibrational
level. The vibrational energy levels are probed indirectly by Raman spectroscopy,

and the spectrum can be considered a compound’s fingerprint [5,6].
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Figure 1 - Diagram of transitions between vibrational energy levels corresponding to the
processes of IR absorption/emission, and Rayleigh and Raman scattering.
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However, Raman spectroscopy has some setbacks, like its difficulty in
analyzing materials that present fluorescence (either natural or from fluorophores
that have become incorporated into artifacts from handling, burial, or other
processes [5]). Different procedures, however, such as the use of extremely long
or extremely short wavelength lasers or spectral manipulation, have already been
developed to avoid fluorescence problems [5]. Also, nearly all pure metals cannot
be identified through Raman spectroscopy, meaning that the technique cannot
be applied in the analysis of some archaeological samples [5].

Many conservation science works have used this technique. Bellot-Gurlet
et al. [8] applied Raman spectroscopy to the analysis of archaeological iron
artifacts in different corrosion environments (such as aerated soil or indoor
atmosphere), observing the conservation state of the samples through the
identification of the compounds present in the layers of corrosion products. Buse
et al. [9] used different historical recipes to create medieval copper pigments and,

through Raman spectroscopy, created a database with the spectra for the
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different groups of copper green pigments, as well as their degradation products.
Schulte et al. [10] used Raman spectroscopy to identify more than 20 organic

synthetic pigments used in artifacts from the 20th century.

3.3. Electrochemical techniques and solid state electroanalysis

Within the scope of characterization, electrochemical methods can be
used as a complementary methodology to obtain chemical, mineralogical, and
compositional information on samples of works of art and archaeological artifacts
[2]. An alternative proposal is based on solid state voltammetric analysis, a less
known and less developed area of electroanalysis (most usually focused on the
analysis of solutions).

Electrochemical techniques are based on the correlation between
electrical and chemical effects [11]. One major part of the studies in this area
focus on the changes observed in the oxidation state caused by the passing of
an electric current, as well as the electric energy produced by electrochemical
reactions taking place at an interface [11].

An electrochemical experiment requires an electrochemical cell,
consisting of conductive electrodes immersed in a conductive solution
(electrolyte). The electrode surface inside the cell acts as an interface between
an ionic (solution) and an electronic (electrode) conductor [11]. Considering
dynamic techniques (that is, when the current passing through the system is not
zero) [12] with a controlled potential, the potential applied to the electrode acts
as a driving force to induce the analyte to gain or lose electrons (through
reduction or oxidation reactions), causing energy absorption or electron transfer
in the form of a measurable current [13].

By the end of 1980, electroanalytical studies (and especially voltammetric
techniques) of organic and inorganic species in solution was a more well
developed field in comparison to the analysis of the electrochemical behavior of
solid species [14]. Solid state electroanalysis has always been considered
challenging, due to difficulties in the preparation of samples as well as several
other issues observed during the experiments: solids with low electrical
conductivity could not be used as electrodes [14], electrodes made of conductive
materials could act as an almost infinite reservoir for electrochemical dissolution,

resulting in high currents and high ohmic drops (which may lead to difficulties for
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voltammograms interpretation) [14], several solid materials could form passive
films on their surfaces (and this can also lead to difficulties in interpretation) [14],
and voltammograms of solid materials can be much more complex than those
observed for dissolved species [14].

Besides, the development of solid state electroanalytical chemistry
(SSEAC) was discouraged by a great number of studies showing that the
experimental results depended on the sample surface, its crystallographic
orientation, chemical or electrochemical pre-treatment, adsorption of
contaminants and other aspects. This resulted in a general belief that information
about solids could only be obtained from carefully prepared surfaces, following
procedures that, most often than not, could only be achieved through preparation
in specialized laboratories [15]. Due to its complicated nature, both from a
theoretical and experimental point of view, SSEAC studies only developed some
time after the analyses of solutions [15].

Despite all this, solid state reactions can give much information about a
sample:

« elemental composition (qualitative and quantitative): electroactive species
of a solid compound can be determined qualitatively, and their relative
quantities allow them to be quantified [16];

o redox state of the electroactive elements: identification and relative
guantification of the redox state (for instance, Fe(ll) and Fe(lll) in clays and
ceramics) [12,16];

e composition of phases: a phase mixture can be distinguished from a
single-phase solid solution, and phase mixtures can be analyzed
quantitatively [16];

o kinetics and thermodynamics of the reactions of solids, which can be
related to the composition, structure and chemical bonds of the sample
[17,18].

Another main advantage of electroanalytical methods is that equipments
usually cost less than the instruments used in other analytical techniques [12].

SSEAC only involves systems at which the analyzed material is a solid
that either works as an electrode or is deposited on an electrode. The systems
that can be studied include [16]:
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e inorganic solid compounds (usually oxides, sulfides, halides, metal
complexes, polyoxometalates, minerals) including doped materials and
solid solutions;

e metals and solid alloys, semiconductors;

e organic solid compounds, including natural products or mixtures of
products;

e micro and mesoporous materials with or without additional electroactive
ions or molecules (functional zeolites, silica, silicate);

o organometallic structures and related materials exhibiting high
permeability to ion transfer, usually called ionic sponges.

This includes, for instance, the analysis of minerals or pigments, as well
as the quantification in samples containing a mixture of minerals or pigments
combined with binders. It can also identify and quantify elements present in a
single phase, which allows to identify impurities of certain exogenous elements
in a mineral, dopants in semiconductors, among others [16].

SSEAC makes it possible to treat data through different parameters. In
voltammetric techniques peak potential and peak current are typically used for
identification, but other parameters may be used in order to differentiate species
with similar electrochemical responses. These parameters characterize the
voltammetric curves through peak width, peak separation and starting peak
potential, including Tafel slopes and ordinates [16]. Sadly, SSEAC cannot give
absolute information about the structure of the sample, like X-ray diffraction, and
all information needs to be compared with a database collected from graphs of
pure phases, or in the case of solid solutions, based on the thermodynamic rules

of phase mixing [16,17].
3.3.1. Voltammetric techniques

Voltammetric techniques are among the most sensitive in SSEAC,
enabling the determination of components that can be electrochemically oxidized
or reduced. They can be used for determining electroactive inorganic elements
and organic substances in quantities as small as nanograms or picograms, with
fast analysis that can be done in just a few seconds [13]. In these methods, a
potentiostat is used to apply a controlled potential to the sample through a

conducting electrode (called “working electrode”) and the current flowing through
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the electrode is measured. The potential, which works as a driving force for
electrochemical reactions, varies within a specific range. If the oxidation or
reduction potential for a component of the sample falls within this range, a
variation of current will be observed [13]. The potential at which this occurs allows
the identification of the component, and the amount of current produced is
proportional to the concentration of the component in the specific phase. This is
shown by the Randles-Savecik equation (Equation 1) at 25 °C [11].

ip= (2,69 X 10%)n32 ADo2Co*v1/2 Equation 1[11]

With:

ip: peak current (A);

n: number of electrons per mol,
A: electrode area (cm?);

Do: diffusion coefficient (cm? s2);
Co*: concentration (mol cm3);

v: scan rate (V s™).

Apart from the working electrode, the electrochemical cell requires an
auxiliary electrode and a reference electrode, positioned as close as possible to
the former electrode. If the working electrode functions as a cathode, then the
auxiliary electrode will work as anode and vice-versa. The potentiostat measures
the potential in the pair reference/working electrode by means of a circuit in which
the passage of current is practically zero. Since the potential at the reference
electrode is constant, the circuit can precisely measure the potential at the
working electrode, without needing to correct the effects of ohmic drop through
the electrolyte [13].

Among the voltammetric analyses, cyclic voltammetry is one of the most
used in SSEAC. In this technique, a linear sweep is performed to a certain
potential and, after reversing the direction of the sweep, it returns to the initial
potential while the current is recorded [13,17]. The potential is varied in a way
similar to an isosceles triangle (like the schematic representation in Figure 2).

The sweep can start either in cathodic or anodic direction.
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Figure 2 - Variation of the potential applied to the working electrode in cyclic voltammetry in
function of time.
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The current in the working electrode is recorded during the sweep, and, if
an electrochemical reaction occurs at a given potential, there is a current
increase. As an example, Figure 3 displays a typical voltammogram when a

reversible redox reaction takes place at the electrode surface.

Figure 3 — Current variation during cyclic voltammetry for a reversible redox reaction.
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Information can be obtained on the potential region at which the redox
process takes place, the reversibility and type of process, reaction kinetics,
transition intermediates and the nature of the reaction products [17]. The data

obtained from cyclic voltammetry in solid state, however, are more complicated
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and harder to interpret quantitatively than what is obtained from voltammetric
analysis in solution [17].

The peak potential (Ep), although characteristic to each type of redox
species in analysis, can be affected by experimental conditions such as scan
rate, size of the particles of the sample and uniformity of phases [17].

Another widely used technique is square wave voltammetry. It is a pulse
technique that can be used to improve the separation of overlapping redox
processes [17], and presents lower time of analysis when compared to other
pulse techniques (like differential pulse voltammetry) [11,13], being, in general,
the best choice among pulse techniques. It presents some advantages to cyclic
voltammetry, like the reduction of the background current and the analysis of
systems containing lower concentrations of analyte [11]. The results obtained
with cyclic voltammetry, however, are easier to interpret in chemical terms
[11]. Figure 4 presents the variation of the potential in function of time, and the

main parameters of square wave voltammetry.

Figure 4 - Schematic representation of a square wave voltammetry experiment.
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The bold line represents the potential applied to the working electrode, and
the lighter line marks the base on which the square wave is superimposed. It is
characterized by a pulse height (AE;), measured from the base of the staircase,
and by the pulse width (tp) (which can be represented in terms of frequency f =

1/(2tp)). The base of the staircase shifts by AEs at the beginning of each cycle.
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The current is measured twice per cycle, at the end of the pulse, with a forward
current sample (if) (represented by the black dot in Figure 4) and a reverse
sample current (i) (the white dot in Figure 4). The differential current Ai is
calculated as i+ir [11], reducing the contribution of the capacitive current to the
signal.

Two experimental problems must be solved in order to study the
electrochemistry of solid compounds. The first one is that they can generate or
consume a great amount of electric charge because the electrochemically active
species are concentrated in a small volume. This is the opposite to what is
observed in diluted solutions, and the resulting high current can lead to an
unwanted ohmic drop and a bad signal resolution. The second problem is the
possibility of low conductivity. In this case, it is not easy to apply a potential
difference through the material’s interface with the electrolyte. For a technique to
be able to solve these two problems it must work with small amounts of the solid
compound and bring it as close as possible to the electric field [15].

Until 1989 there were two possible ways to prepare the solid samples for
electrochemical analysis. The first one was using the sample as working
electrode. Although this method had the advantage of providing better
characterization of the surfaces, it could present problems when the material
goes through anodic dissolution, not always presenting distinct signals. This
problem can be avoided with the second method of sample preparation, where
the sample is pulverized and then added to a carbon paste electrode. This
procedure, however, is complex and time-consuming, and thus not applicable in
recurrent analyses [18].

In 1989 a technique presented by Scholz, Nitschke and Henrion [18]
evaded these two problems. In this technique, microparticles of a solid compound
(less than 1 ug) are transferred to an electrode by abrasion [15,18,20]. An
important characteristic of this technique is the possibility of reproducible
measurements with the immobilized particles, which reflects the electrochemistry
of the bulk of the microparticles [15]. This technique was initially called abrasive
stripping voltammetry (AbrSV) and then, voltammetry of immobilized
microparticles (VMP) [20].
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3.4. Voltammetry of immobilized microparticles (VMP)

The introduction of VMP in 1989, and the recent developments of
voltammetric methods based on the immobilization of microquantities of solids on
the electrode surface, provided a quick way to obtain useful analytical information
about a solid compound through electrochemical measurements, helping to
expand the field of applications of solid state electrochemistry [16]. In principle,
every insoluble solid sample with elements that can undergo electrochemical
reactions can be analyzed by VMP [20]. Along with experimental research, the
theoretical model of the electrochemical processes of solid particles has been
developed.

VMP is an electrochemical technique with easy implementation,
considered non-invasive or micro-invasive as it requires sample amounts in the
order of micrograms [2]. These features make it an interesting tool for analyzing
works of cultural heritage, as will be detailed later. It has expanded the
possibilities of electroanalysis of solids, thanks to its wide applicability, ease of
electrode and sample preparation, besides enabling a quick analysis without the
need for pre-treatment [17,20]. It can be used for qualitative and semi-quantitative
analysis, and it can give information on the kinetics of redox reactions [20]. VMP
can be considered interesting also due to its versatility and low cost (including
portable options) [21]. Several studies have been carried out in the
characterization of metallic components of artifacts [22], corrosion products [23]
and phenomena of alteration of pigments [2].

The initial name of the technique, abrasive stripping voltammetry, refers to
the way in which the sample is deposited on the surface of the electrode by an
abrasive process. The term “stripping” is justified because in most cases the solid
compound is removed from the electrode surface through voltammetric
measurements [14]. However, many electrochemical reactions of immobilized
microparticles were studied afterwards, and no dissolution process was
observed. Thus, the term most used to refer to the technique became
voltammetry of immobilized microparticles (VIMP or VMP) [15].

The application of VMP is based on the fact that, according to Faraday's
first law of electrolysis (Equation 2), very small amounts of a solid sample
(between 10-1° and 1012 moles) are sufficient to generate measurable currents
[14,20].
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w= Equation 2[24]

nr

Where:

w: sample mass (Q);

I: generated current (A);

t: time (S);

M: molar mass (g mol?);

n: number of electrons involved in the redox reaction;

F: Faraday constant (s A mol?).

It can be observed that, for instance, 10-1° moles of silver (approximately
108 g) can provide a current increase of 1 pA when silver is oxidized anodically
for 10 seconds [14]. The initial idea of the technique is to transfer small amounts
of the analyzed material simply by abrasion, touching the electrode on the surface
of the sample [14]. In the case of a powdered sample, one of the options of
immobilization on the active surface would be to apply a slight pressure with the
working electrode on a glass support where the substance of interest is collected
[3].

VMP solves two experimental problems in the study of solid state
electrochemistry, as it requires small amounts of solid sample and brings the
sample as close as possible to the electric field. It overcomes the limitations
presented by other electroanalytical methods, such as the extremely complicated
procedures for electrode preparation, the high currents of voltammograms when
the working electrode is the sample itself, and the dilution of the solid sample with
an inert substance [25].

Different types of electrodes have been developed for application in solid
state electrochemistry since the beginning of studies in the area. In many cases,
the studied component is present in the electrode, mixed with graphite powder,
in the so-called compact electrodes and carbon paste electrodes. Many
researchers used this type of electrode to study the electrochemistry of solids
[26—29]. However, their preparation is complex and time-consuming [18]. In VMP,

the sample is not added to the working electrode, but immobilized on its surface.
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Several electrodes were tested for the immobilization of solid particles, but the
initial choice of graphite electrodes impregnated with paraffin (PIGE - Paraffin
Impregnated Graphite Electrode), made from graphite billets of different sizes,
was the one that provided the best results [15,20].

Graphite has become the most used electrode in VMP due to its chemical
inertness, wide potential window, low price and ease of processing. In addition,
PIGE proved to be quite suitable for fixing small amounts of solid particles on the
electrode surface [20]. If the graphite has no external insulating coating, it is
necessary to pay attention to the effective active area of the electrode in contact
with the solution so that the measurements are reproducible. As graphite is
microporous, penetration of the electrolyte into the graphite may occur, resulting
in a high background current [15,20]. Furthermore, electrolyte penetration can
lead to electrode contamination[15]. These problems are circumvented by
impregnating graphite with paraffin.

VMP was developed for the study of solid materials, regardless of their
physical and chemical properties [15]. Thus, it can be applied in the analysis of
metals, metallic alloys, superconductors, minerals, oxides, organic compounds,
pigments, soil and rock samples, and drugs [15,20,30]. It is highly sensitive in
detecting species with low electrical conductivity, as well as samples that are
weakly magnetic, with amorphous phases, or that are micro or nanocrystalline
[30]. In addition, VMP can expand the perception of the relationship between
structure and reactivity of solid compounds, making electrochemistry a versatile
tool for the characterization of solids [15].

Compounds and solid materials must meet only two requirements to be
analyzed by VMP: insolubility in the electrolyte and electroactivity. There are no
restrictions on electronic conductivity, and even insulators can be studied, as the
electrochemical reaction at the three-phase interface
compound/electrode/solution can generate sufficient charge to produce

measurable currents [20].

3.4.1. Mechanisms

The vast majority of configurations in classical electrochemistry exhibit
electrodes with well-defined two-phase interfaces. In VMP, the electrode is

always a multiphase system, consisting in the simplest case of a liquid phase and
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two solid phases [15]. These are called “three-phase electrodes”, since the three
phases are together [20]. One of the phases is the solid support (working
electrode), which holds the immobilized particles of the solid sample and works
as a conductor. The second solid phase is the sample itself. The third phase is
the electrolyte solution, necessary for the exchange of ions that follows every
electrochemical reaction, guaranteeing the neutrality of charges in the phases
[15].

The electronic conductivity of the sample determines the potential
difference between the solid phase and the electrolyte solution. If the conductivity
is very high, the potential difference will be equal to that existing between the
working electrode and the solution. In this case, the reaction can occur on the
entire surface of the sample particles, at the reagent/electrolyte interface (if there
is no other impediment). This will happen for metal particles and alloys. If the
conductivity is very low, however, a direct electronic transfer from the graphite to
the solid reagent can only occur at the limit where the three phases (electrode,
sample and electrolyte) are in contact with each other (Figure 5), so that the
electronic transfer between electrode and sample occurs simultaneously to the
ionic transfer between solid sample and electrolyte solution [14,15]. In Figure 5,

the arrows represent ionic and electron transfers occurring simultaneously.

Figure 5 - Schematic drawing of the three-phase system, with the electrode/compound/solution
interface.
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[20]

Although the possible applications of VMP are diverse, in all of them the

electrode with immobilized electroactive particles presents transfers of electrons
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and ions occurring simultaneously [20]. Considering that the sample particle
contains neutral molecules and ions with negative and positive charges in the
same amount, the exchange of electrons between the electrode and the sample
must be accompanied by the exchange of ions between the sample and the
solution, to guarantee the electroneutrality of the particle. The redox reaction
starts at the boundary between the three phases, and progresses across the
surface and into the body of the crystal [15,20]. The theoretical treatment of the
simplified model of the three-phase boundary (Figure 5), which exists when the
sample crystal is incorporated into the surface of a solid electrode, allows the
following assumptions:

« the boundary of the three phases is always the starting point of the

reaction, regardless of particle geometry or conductivity [15];

« the reaction will be limited to the surface if diffusion of ions through the

crystal is impossible or too slow [15];

« normally, the net current is the sum of the surface current and the current

in the bulk [15];

» if surface and bulk reactions occur at similar rates, the reaction expands

beyond the three-phase boundary [15];

« the surface current will be negligible in cases where the bulk reaction is

dominant [15].

Unlike other voltammetric applications, only the circular end of the working
electrode comes in contact with the electrolyte in VMP, ensuring that redox
reactions occur only at the junction of the three phases [20]. The greatest difficulty
in interpreting the mechanisms arises from the great variety in electrode
reactions, including the possible formation of additional solid phases through the
direct conversion of one phase into another, resulting in the variation in the
number of solid phases during the electrochemical reaction. And so, instead of
well-defined interfaces, it is possible to have a continuous transformation from
one phase to another, with the formation of mixed phases. This transformation
does not always proceed along a continuous series of mixed phases in the
crystal, which only happens when the initial and product phase systems exhibit a
miscibility gap. When mixed crystals do not exist, there is a range of immiscibility

of the solid phases, which can lead to a separation of the cathode and anode
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peaks in cyclic voltammetry because there is no “solution pathway” through which
the reaction can proceed [15].

The possible reactions of immobilized particles in the three-phase system
are seen in Figure 6 [20], namely: (1) reduction of an insoluble metallic salt to a
metal (like silver chloride (AgCIl) to silver (Ag), releasing chloride ions (CI") that
diffuse to the electrolyte); (2) oxidation of a metallic salt with the release of metal
ions; (3) oxidation of the metal and formation of an insoluble metallic compound
(this reaction can proceed via a supersaturated solution of MX metal halides, as
in the case of the oxidation of silver to silver bromide (AgBr) and silver iodide
(Agl)); (4) anodic oxidative dissolution of a metallic particle; (5) electrochemical
insertion of a particle, when ions are exchanged between the solid particle and
the electrolyte solution, and electrons are exchanged between the particle and
the electrode; (6) electrochemical reaction confined to the surface layer; (7)
electrochemical reaction via dissolution of an already existing solid particle; and
(8) complete electrochemical dissolution of a particle resulting from its oxidation

or reduction [20].

Figure 6 - Scheme of possible electrochemical reactions of solid particles at the three-phase
boundary.

Source: de Carvalho, Hilgemann, Spengler, do Nascimento and Bohrer (2010)[20]
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3.4.2. Advantages and disadvantages of VMP

At first, it seems that a major disadvantage of VMP is that the amount of
sample deposited on macroscopic electrodes cannot be controlled [14,17].
Studies carried out with the technique, however, show that this does not prevent
the extraction of quantitative information, through the currents and potentials of
the obtained peaks [14].

Another problem for theoretical treatment is the morphology of particles
distribution on the electrode surface. Due to the immobilization processes, the
deposited microcrystals have a certain size distribution and may present a
preferential orientation, exposing different faces to the solution and to the
electrode. Thus, polycrystallinity can decisively influence the electrochemical
properties [15]. However, the deposition of isolated particles on microelectrodes
has already been performed using a micromanipulator [31], allowing to precise
the amount of sample deposited and removing the influence of defective sample
geometries on the electrode [17].

One more obstacle related to the distribution of particles in the electrode
is observed in the identification of minerals. A mineral can be identified based on
characteristic peak potentials, specific signals under fixed chemical and
electrochemical conditions (electrolyte, electrode conditioning, electrochemical
parameters). However, the peak potential and peak profile also depend on the
shape, size and distribution of the microparticles deposited on the electrode. The
degree of hydration and the crystallinity of the solid can also affect the
voltammetric response. Therefore, it is important to use different analytical
strategies in the electrochemical identification of solid analytes (or analytes in
solids), using shape-dependent parameters, in addition to peak potential, for
identification [16].

Electrochemical experiments for determining a given analyte can be
affected by interfering species (whose analytical signal distorts or overlaps the
analyte signal) and matrix effects (species affecting the analyte signal by
complexation or adsorption), but some analytical strategies can be used to get
the wanted information [16]. Strategies include, in addition to varying
electrochemical conditions (technique, parameters such as speed rate in cyclic

voltammetry or frequency in square wave voltammetry) the sequential use of
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different electrolytes or the application of constant polarization before
electrochemical measurements. The combination of these strategies allows
identifying different compounds with similar responses [16].

Compared to commonly used atomic techniques such as X-ray
fluorescence (XRF), VMP has the advantage of allowing identification of minerals
and assessment of oxidation states. However, VMP cannot provide information
about some elements, in particular ultra-trace elements. Compared to molecular
techniques such as infrared and Raman spectroscopy, VMP offers the advantage
of making it possible to determine minor components in the presence of
substrates, such as calcareous supports in frescoes, exhibiting signals of
considerably higher intensity (compared to infrared spectroscopy) without the
disadvantage of being hindered by significant fluorescence (compared to Raman
spectroscopy) [21].

Finely particulate samples (including nanocrystals and amorphous
phases) are very advantageous for electrochemical analysis due to their high
reactivity. In techniques such as X-ray diffraction (XRD), long-range ordering in
solids is required, and therefore virtually no significant signals can be obtained in
amorphous phases. This also complicates quantitative XRD analysis of
crystalline analytes in an amorphous matrix. In many cases, voltammetry can
detect both phase composition and elemental composition, which could only be
achieved by combining two different techniques (such as XRD and electron
microprobe analysis) [17].

The abrasion method is the least laborious technique for preparing a solid
for electrochemical measurements and is suitable for compact and powdered
samples. Microparticles from solid samples can be directly deposited on the
surface of an appropriate electrode without the need for additives, such as the
binders needed for composite electrodes. Despite providing information about the
solid state redox process, experiments based on thick film deposits have
disadvantages such as high currents and resistance effects. In contrast, the VMP

procedure requires only sample traces to be deposited [17].

3.4.3. ldentification of metals and alloys

Among the applications of VMP, the simplest one is the identification of
metals. Pure metals can be unequivocaly identified by their anodic peaks, as
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demonstrated by Scholz et al. [32] for copper, cadmium, tin, lead and antimony.
Knowing the potential of the anodic peaks of each pure metal, it becomes
possible to identify the metals present in unknown samples, using the same
experimental parameters. VMP is widely used for the identification of metallic
objects of cultural heritage, especially silver, copper, lead and gold, as well as
their alloys (particularly bronze). Alloys are one of the most interesting parts of
this application, and the analysis of the results can provide qualitative
identification and quantitative determination of the alloy constituents, qualitative
identification of the alloy by its voltammetric fingerprint, and identification of
corrosion processes [11].

According to Cepria et al. [33], VMP proves to be efficient in the analysis
of brass, and can be applied in the quality control of the alloy or in the
characterization of artifacts, pipes, heat exchangers and other engineering
pieces. The work also demonstrated that the technique enables the differentiation
of the a and B phases of brass. Another of the main copper alloys, bronze, was
analyzed by Elia et al. [34], who compared the voltammograms obtained with
standard copper, lead, tin, and copper-lead-zinc alloys and were able to identify
the constituents of two bronze archeological objects and their corrosion products.

Cepria et al. [25] analyzed silver, copper and alloys containing these two
metals with different compositions, verifying the change in peak potentials as the
composition of the alloy varied. In this work, two earrings and a pendant were
also analyzed, and by comparing the voltammograms obtained with those
observed for the patterns of metals and alloys, it was possible to identify the
composition of the jewels, with one earring presenting an alloy richer in silver than
the other earring and pendant (alloys with higher copper content).

Ottenwelter and Costa [22] verified the efficiency of the technique in
identifying not only the main metallic alloys of archaeological artifacts, but also
the metals used in the coating of the pieces, analyzing iron alloys coated with tin-
lead solder and with the presence of silver, and copper alloy with the presence of
tin and antimony. They verified that the technique allowed selective and local
analysis, and running voltammograms on several areas of the samples resulted
in the identification of the different metals present in the surface.

When the sample is covered with corrosion products, the identification of

these compounds might be achieved through the analysis of the cathodic peaks,
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which allow the differentiation of the formed compounds [35-37]. After applying
a negative potential and reducing the species found in the corrosion product, it is
possible to identify the metal that makes up the sample with an analysis of the
anodic peaks, observed in a scan in the positive direction [38]. Costa et al. [38]
carried out the analysis of two Roman fibulae showing greenish areas, indicating
probable copper corrosion (and therefore leading to assume that the fibulae were
made of bronze or brass) with grayish regions of some other alloy applied for
decoration. Through VMP, it was observed that the anodic peak obtained for the
metal in the grayish region corresponded to silver. In the greenish regions, the
presence of copper, tin and lead was detected.

Fabrizi et al.[39] used a combination of non-destructive techniques (XRD,
SEM, micro-Raman and VMP) in the analysis of medieval Roman silver coins,
and the voltammetric analysis allowed to identify the presence of copper and
silver compounds in the patinas. VMP was also used by Di Fazio et al. [40] in the
analysis of Roman coins made with silver and copper alloys, identifying
differences in the composition of the patinas and in the corrosion process.

Doménech-Carb6 and Bernabeu-Auban [41] used VMP in the analysis of
copper artifacts from the archaeological site of La Vital (Gandia, Spain), which
holds evidence of the beginning of copper metallurgy in the Iberian peninsula.
The variation in the intensity of the current response of the copper corrosion
products was considered as an indication for the different forms of manufacture,
and the samples were grouped accordingly. Using this same principle,
Domenéch-Carbé et al. [42], Di Turo et al. [23] and Di Fazio et al [43] grouped
silver, brass and bronze coins from different archaeological sites in Europe,
according to their coinage, based on the composition of the patina.

There are different electrolytes and voltammetric techniques used in the
identification of metals and their alloys by VMP. Table 1 shows a compilation of
the voltammetric techniques used to identify the metals investigated in this work,
while Table 2 shows the electrolytes. Considering that different electrolytes were
used in the literature, in the present investigation, all the solutions presented in
Table 2 were tested in order to choose the one that would allow the identification

of electrochemical processes in the highest number of metallic samples.
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Table 1 - Voltammetric techniques used in the identification of metals and their references.

Cyclic voltammetry Square wave voltammetry Differential pulse
voltammetry
Silver [22,44] [42,45-48] [25,49]
Copper [33,34,52—
[3,22,44,50] 55,37,42,43 45 47,48,50,51] [25,32]

Iron [56,57] [58-60]

Zinc [3,44] [43]

Tin [3,22,44] [34,47] [32,49]

Lead [3,22,44,57] [34,36,37,42,47,51,52,54,55,61] [32]

Source: The author.

Table 2 - Electrolytes used in the identification of metals and their references.

Oxalic acid HCI KCI NaOH Acetate buffer H,SO
(OA) (HAc/NaAc)
Silver  [22,25,38,44,49]  [44,46]  [44] [42,45-48] [62]
Copper [33,37,53-
3222532333 [33445 4y B384 55614043 4547,485 10°
8,44] 6] 4] 3]
0-52]
Iron [56,58— [64—
[60] 60] [57] 66]
Zinc [3,38,44] [44] [44] [3,44] [43]
Tin [3,22,32,34,38,4 [3,34,4
4,49] 4] [47] [67]
Lead [3,22,32,34,38,4 [44,5 [36,37,42,47,51,52,54, [36,6
4] [44] 77 344 55,61,68] 6]

Source: The author.

3.4.4. Identification of pigments

The identification of organic dyes and pigments used in paintings and
fabrics plays an essential role in the fields of archaeometry, conservation and
restoration of artifacts [20]. VMP can be applied in their analysis, especially in the
study of the nature of pigments. Such a study can provide useful information
about the preparation technique and the type of colors and materials used in a
given historical era or location, or it can help to determine the historical period
and provenance of a work that has not yet been characterized, through
comparison with historical registers. It is also possible to diagnose more recent
interventions in the works, with the addition and mixture of more modern pigments
and/or with different composition than the original work. Finally, the study of

possible processes of alteration and degradation of the pigments over time can
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provide important information on the state of conservation of the work, and on the
possible need for a restoration intervention [69].

VMP can help to identify inorganic pigments, organic dyes and pigment
species in ceramic materials, as well as their alteration products. In more
favorable situations there is only one (or just a few) electroactive species and,
even in the second case, different species may present different electrochemical
responses. In these cases, peak potentials and shape-dependent voltammetric
parameters can be used to characterize different species [2]. Inorganic pigments
with different metallic ions represent typical cases of clearly discernible
voltammograms. One example is the electrochemical analysis of vermilion (HgS)
and minium (PbsOa), two red pigments used in medieval paintings. They present
different electrochemical signals, corresponding to the reduction of the metallic
salt to the metal and to the oxidation of the different metals [2]. In cases where a
pigment presents two different metallic ions, such as lead-tin yellow, different
peaks for the oxidation of each metal can be observed [21], resulting in a
voltammetric pattern that works like a fingerprint for that specific pigment.

The differentiation of pigments of the same metal must be done through
the analysis of their cathodic scanning, and the identification of pigments within
the same family requires the use of other parameters such as half-width
potentials and onset potentials [2]. For instance, Doménech-Carbo et al. [2] found
that the voltammetric profiles for different commercial azurite pigments were
essentially identical, and that the distinction between azurite and other copper
pigments required the analysis of shape-dependent parameters.

The electrochemical response varies slightly with the particle size of the
material and the type of supporting electrolyte, with the average particle size
affecting the peak potential and particle distribution affecting the peak width [70].
A cooperative work between different universities showed that iron oxide
pigments can be successfully differentiated using VMP and, despite the variation
encountered when comparing the voltammograms from different laboratories, the
results were very similar [70].

A complication that appears in several paint samples is due to the
presence of binding media accompanying pigment particles. Proteins and amino
acids present in the composition of the binders can form complexes with metallic

cations, and this complexation interferes with the chromatographic determination
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in paint samples. However, VMP allows the identification of the compounds due
to the redox activity of the chromophores of the organic dyes and pigments
present in the sample [20]. If necessary, it is possible to use chemical strategies,
such as changing the composition of the electrolyte, changing the pH and/or
adding a complexing agent to the electrolyte. The complexant can change the
voltammetric response of selected analytes, increasing the difference between
one compound and another or, eventually, blocking or promoting some

voltammetric signals [2].
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4. METHODOLOGY

4.1. Samples

The samples analyzed in this work were divided in three categories:

« Commercial samples of metals and alloys donated by different
laboratories, namely: silver (Figure 7a), copper (Figure 7b), cast iron
(Figure 7c), zinc (Figure 7d), tin (Figure 7e), lead with antimony (Figure
7f), lead with aluminum (Figure 7g), tungsten (Figure 7h). Their
composition was determined by Energy Dispersive X-ray Spectroscopy
(EDS), as presented in section 5.3.1.

Figure 7 - Commercial samples of silver (a), copper (b), cast iron (c), zinc (d), tin (e), lead with
antimony (f), lead with aluminum (g) and tungsten (h). Scales bars represent 1 cm at full scale.

A B C D

Source: The author.

« Two samples of metals, denominated “Green sample” (Figure 8a) and

“Brown sample” (Figure 8b), of unknown provenance and covered with a
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thick layer of corrosion products. These were collected on a beach as

detached pieces of metal.

Figure 8 - Metallic samples called “Green sample” (a) and “Brown sample” (b). Numbers indicate
the regions from which samples were collected for the different analyzes. Scales bars represent
1 cm at full scale.

A B

Source: The author.

o Five pigments (PrO9Pig03 (Figure 9a), PrO9Pigl15 (Figure 9b), Pr11Pig03
(Figure 9c), Pr11Pig07 (Figure 9d), Pr11Pigll (Figure 9e)) belonging to
the collection of German artist Eleonore Koch, currently under the care of
Pinacoteca de Sao Paulo. The designation of the pigments is based on
the shelves (Pr) and position (Pig) in which they were stored.

« Three commercially available pigments (by Sennelier) under the
denominations Green Earth (Figure 9f), Burnt Umber (Figure 9g) and Mars
Yellow (Figure 9h). All the pigments were lent to us by Professor Dr.
Méarcia de Almeida Rizzutto from Laboratério de Arqueometria e Ciéncias
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Aplicadas ao Patrim6nio Cultural (LAPAC), in the Physics Institute of

Universidade de Sdo Paulo.

Figure 9 - Pigment samples PrO9Pig03 (a), PrO9Pigl5 (b), Pr11Pig03 (c), Pr1l1lPig07 (d),
Pr11Pigl1 (e), Green Earth (f), Burnt Umber (g), Mars Yellow (h).

A B C D

E F G H

Source: The author.

4.2. Characterization techniques

All samples were characterized by Scanning Electron Microscopy (SEM)
and their elemental compositions determined by Energy Dispersive X-Ray
Spectroscopy (EDS) using a FEG - Inspect 50 scanning electron microscope,
with secondary and backscattered electron detectors (EBSD — TEAM). Metallic
samples like silver, zinc, tin, lead and tungsten were small enough and did not
need any preparation, while copper and iron were cut from the original samples
and embedded in Bakelite, sanded and polished. Their surfaces were cleaned
with an alcohol swab prior to the introduction in the SEM chamber.

For the samples covered with corrosion products it was necessary to cut
small representative pieces, and they did not receive any pre-treatment, whereas
powder pigments were immobilized in carbon tape.

Corrosion products and pigments were also characterized by Raman

Spectroscopy, performed with a Renishaw Invia Reflex, Raman Microscope at a
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radiation wavelength of 532 nm (for the pigment samples) and 633 nm (for the
corroded metal samples) from a diode LASER, with a power of 1 mW, focused
with an Olympus 80x/0.75 objective. The spectra were obtained with an
integration time of 20 seconds and 3 accumulations. A diffraction grating of 1800
lines/mm was used in the range of 100 to 3500 cm™. The analyses of the
pigments were performed by placing the samples in a glass plate, whereas the
“‘green sample” and “brown sample” were positioned directly on the Raman

microscope base.

4.3. Preparation of the working electrode and immobilization
of the microparticles

The graphite used to prepare the PIGEs are commercially available by
Faber Castell, HB, with 2.0 mm diameter. First, using a closed vessel, paraffin
(with a melting point between 70 °C and 80 °C) was melted in a water bath [15].
Graphite rods were then put inside the vessel, which was connected to a vacuum
pump. Following, the vacuum pump was turned on until no gas bubbles evolved
from the graphites surface, which happened after about 2 to 3 hours [14]. After
re-establishing ambient pressure, the rods were removed from the vessel and left
in filter paper until the paraffin cools and solidifies [15]. The lower end of the
electrode, where the solid particles will be immobilized, was then carefully
polished by gently making the movement of the infinity symbol (o) in a smooth
white paper [15].

The immobilization of the microparticles was achieved through an abrasive
method, by gently rubbing the polished cross-section end of the PIGE to the
surface of the sample, as described in the literature [14,15,20,71]. This procedure
has the advantage of not altering the nature of the solid particles [15]. After
immobilizing the microparticles, the electrode was inserted into the
electrochemical cell.

After the experiments, the working electrode (PIGE) was cleaned and
polished by gently rubbing its cross-section on smooth white paper, avoiding
passing it at the same spot more than once (as multiple rubbing at the same place
can lead to contamination of the electrode). However, when changing samples,
the PIGE was rubbed on 1200 grit sandpaper and subsequently polished on white

paper, as previously described.
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The cleaning of the PIGE electrode was checked with voltammograms
performed without samples (blank voltammograms), ensuring that the electrode
was completely clean and increasing the reliability of the results.

In some cases, solid compounds may dissolve in the solution during the
experiments, which will result in the contamination of the electrolyte. When this
happens, the electrolyte must be replaced, however, it has been observed that
this interference only occurs after a great number of experiments [15], which can

be explained by the small amount of sample collected for each experiment.

4.4. Preparation of the electrochemical cell

The electrochemical cell, with approximately 200 mL, was composed by a
three-electrode arrangement, as shown in Figure 10. The reference electrode
(RE) was an Ag|AgCl (KCl sat.), the auxiliary electrode (CE) was a platinum plate
and the working electrode (WE) was the PIGE with the immobilized patrticles in
its extremity. A metallic pencil was used to give mechanical support for the PIGE,

also providing electrical contact with the potentiostat.

Figure 10 - Electrochemical cell and its representation. The formed meniscus is indicated in the
cell representation.

RE
WE

A

!

CE

Source: The author.
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For the mounting of the experiment, the electrochemical cell was placed
on a Lab Jack and the PIGE dipped into the solution. Then, the cell is slightly
lowered so that only the cross section of the graphite remains in contact with the
solution, forming a meniscus between the tip of the PIGE and the electrolyte
(indicated in the scheme of Figure 10). This procedure guarantees that the active
electrode surface area is reproducible in all experiments [15]. It also reduces the
capacitive background current and increases the signal to noise ratio [20].

4.5. Electrolytes

The chosen electrolytes are presented in Table 3, with the references from
works that have previously used them in VMP analysis. Choosing a support
electrolyte will depend on the nature of the studied compound. Mostly, for VMP
measurements, aqueous solutions are used as electrolytes. However, organic
solvents can also be used, as long as they have dielectric constants that allow
the dissolution of salts in order to obtain the necessary conductivity [20]. The
most important matter to observe when choosing an electrolyte, however, is the
low solubility of the sample in the solution [20]. Usually, the same solution can be
used for several measurements [15]. In order to determine the ideal potential
window for each of these solutions, cyclic voltammetry was performed with the
PIGE electrode without sample (blank experiment), using a scan rate of 100 mV

st

Table 3 - Electrolytes, their concentrations and references.

Electrolyte Concentration Reference
Oxalic acid (OA) 0.1 mol L [3,22,34,38,44,49]
HCI 1% [33,44,56]
KCI 0.1 mol L? [44]
NaOH 0.1 mol Lt [3,34,44]
HAc/NaAc buffer 0.25 mol L [37.42,68,43,48,50-
55]
H2S04 0.5 mol L [36,63—67,72,73]

Source: The author.
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4.6. Electrochemical experiments

The potentiostat used for the electrochemical experiments was an Autolab
PGSTAT30. Initially, open circuit potential (OCP) was recorded during a
stabilization period of 120 seconds, determined immediately after the cell
adjustement, as previously described (4.4). In all the cases, the voltammograms
started with a cathodic (negative going) scan, which was immediately followed by
the anodic (positive going) scan. This procedure assures that most of the
immobilized species would be reduced to their metallic state, allowing a better
definition of the anodic (oxidation) peaks.

Unless otherwise stated, cyclic voltammograms were acquired with a scan
rate of 100 mV st (selected after an analysis of the effect of the scan rate on the
peaks resolution, as presented in section 5.2). When necessary, square wave
voltammetry (SQW) was performed with a potential increment of 4 mV, amplitude
of 25 mV and frequency of 5 Hz, in agreement with parameters previously used
in the literature [36,37,53,55,58,59,61,42,43,45,47,48,50-52].

All the voltammetric measurements were performed considering the
potential window for each electrolyte. To determine this parameter for a particular
electrolyte, a blank voltammetric experiment was performed; the electrolyte
potential window corresponds to the potential range at which the current remains
sufficiently low, so it does not interfere with the observation of the sample peaks.
It usually corresponds to a potential range at which no faradaic reaction ascribed
to the electrolyte occurs (mainly H2 and Oz evolution for the cathodic (negative
going) and anodic (positive going) scans, respectively).

VMP experiments were performed in aerated conditions, and all
voltammograms were repeated at least 3 times. Each experiment was carried out
by immobilizing new particles in a PIGE cleaned tip according to the procedure
described in section 4.3, and the reproducibility was confirmed through relative
standard deviation (RSD), calculated using Equation 3.

RSD = standard deviation 100 % Equation 3[13]

|larithmetic mean of the replicates|
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Expected RSD for VMP measurements is between 3 % to 15 % [17,74],
and all RSD values are presented in Appendix 1.

Considering that the amount of immobilized particles on the PIGE tip is
small, and that the current response is proportional to the amount of sample, the
current resultant from a VMP experiment may be only slightly higher than that
registered in the blank experiment for a given electrolyte. Hence, the
voltammograms were corrected with the electrolyte baseline (determined in the
blank experiment), and only the peaks resulting from oxidation or reduction of the
samples will be shown. Also, since it is difficult to control the amount of
immobilized sample, VMP is not considered a quantitative technique; therefore,
peak currents were normalized from O to 1 and are presented in arbitrary units

(a.u.). All potentials are presented vs Ag|AgClI (KCI sat.).
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5. RESULTS AND DISCUSSION

5.1. Determination of the potential window for the different
electrolytes (blank voltammograms)

First, the potential window was determined for each of the chosen
electrolytes using a PIGE with no immobilized particles (blank experiment). The
voltammograms were acquired after 120 seconds of OCP stabilization. The
chosen scan rate was 100 mV s1. The results for the different electrolytes and a
table with the potential windows determined for each one of them are presented

in Figure 11 and Table 4, respectively.

Figure 11 - Potential windows for the different electrolytes. Standalone PIGE (blank experiments).
Cyclic voltammetry: 100 mV s,

500
400 4
300
200 A
100 J //
3 0 -
-100 - // —OA
200 - — HCI
) — KCI
-300 - —— NaOH
1 HAc/NaAc
-400 - H,SO,
-500 T v T v T Y T T T v T v T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

E/V vs Ag|AgCl (KCl sat.)

Source: The author.
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Table 4 - Potential window for the different electrolytes. Standalone PIGE (blank experiments).
Cyclic voltammetry: 100 mV s

Potential window (V vs Ag|AgCl

Electrolyte (KCl sat.)

OA (0.1 mol L) -1.2to+1.4
HCI (1.0 %) 1.1t0 +1.4

KCI (0.1 mol L) -1.5t0 +1.6
NaOH (0.1 mol L) -1.6 to +0.9
HAc/NaAc (0.25 mol L) -1.4to +1.7
H2S04 (0.5 mol L) -1.0to +1.7

Source: The author.

As previously described, the criterion adopted to determine the potential
window was that the increase in current caused by the electrolyte reactions
(oxygen and hydrogen evolution) should not be high enough to interfere with the
observation of the oxidation peaks from the analyzed samples. The blank tests
revealed that KCIl and HAc/NaAc presented the widest potential windows: 3.1V,
with current increasing at similar potentials both in the negative (cathodic) and
positive (anodic) going scan directions. HCl as well as H2SO4 showed reduced
limits in the negative going scan, and, therefore, may not be ideal for analyzing
active metals, as, for instance, zinc. NaOH, on the other hand, presented a
reduced potential limit in the positive direction, which may hinder the analysis of
nobler metals. Finally, the potential window determined for OA was 2.6 V, with
current increasing at less negative and less positive potentials than KCI and

HAc/NaAc in the negative and positive going scans, respectively.

5.2. Influence of the scan rate in the oxidation and reduction
peaks

The next step for choosing the standard procedure was evaluating the
effect of the scan rate on the intensity, position and shape of the current peaks.
For this, a PIGE with silver sample was tested in a sodium acetate buffer solution
(HAc/NaAc). This solution was selected because it is one of the most cited in
VMP works found in the literature (as seen in Table 2). Figure 12(a) shows
representative voltammograms for the entire potential window of this electrolyte
obtained with the following scan rates: (5, 10, 25, 50, 100 and 200) mV s;

whereas Figure 12(b) presents the region of the voltammograms displaying the
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relevant anodic and cathodic peaks. Figure 12(c) presents the voltammograms

normalized and in arbitrary units.

Figure 12 - Cyclic voltammograms for silver in HAc/NaAc 0.25 mol L at different scan rates: a)
the entire potential window; b) region of the voltammograms with the relevant peaks; c) current
intensity normalized and presented in arbitrary units.
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Source: The author.

The voltammograms reveal that the higher the scan rate, the higher the
current response, resulting in improved peak resolution, which is an expected
outcome for voltammetric analyses, as seen in the Randles-Sevcik equation
(Equation 1). However, the current response is also proportional to the amount
of sample, and the abrasion method for microparticle immobilization does not
allow controlling the amount of sample collected at the PIGE cross-section
[14,17]. Considering this latter feature, and the fact that the present work aims to
use VMP as a tool for qualitative identification of samples containing metallic

elements, the currents of the voltammograms were normalized and presented in
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arbitrary units (a.u.), as demonstrated in Figure 12(c). Also, it is possible to
observe that the peak potential shifts with different scan rates, which goes
according to the literature [11,17,75].

The results in Figure 12 also show that voltammograms acquired at lower
scan rates (5 mV s, 10 mV s? and 25 mV s) do not present good current
resolution, making it difficult to identify the peak corresponding to silver oxidation.
Conversely, the voltammogram at 200 mV st presents a considerable
contribution of the capacitive current, which also hinders the identification of the
current peaks. Considering all these features, the best response was obtained
with 100 mV s1, which presented more discernible oxidation and reduction peaks.

The same procedure was adopted for the cast iron sample, and the results
are depicted in Figure 13. Just as observed for the silver sample, voltammograms
obtained with lower scan rates (specially 5 mV st and 10 mV s*) present low
current response and lower peak resolution. Besides, the voltammogram
obtained at 200 mV s is also strongly influenced by the capacitive current. It is
important to notice, however, that the number of peaks in the positive going scan
changes with the scan rate. The peak close to -0.25 V becomes more noticeable
when using a scan rate of 50 mV s or higher, as well as the peak in +0.31 V.
This shows that the scan rate can influence the analysis in many ways, like
influencing the peaks shapes, influence of capacitive current and number of
identifiable electrochemical processes. The reactions of the cast iron sample will

be further explored in section 5.3.2.
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Figure 13 - Cyclic voltammograms for cast iron in HAc/NaAc 0.25 mol L.at different scan rates:
a) the entire potential window; b) region of the voltammograms with the relevant peak; c) current
intensity normalized and presented in arbitrary units.
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Source: The author.

The results presented in this section show that peaks resolution improves
at higher scan rates; however, optimized conditions must be searched, according
to the metal. In most of the experiments performed in the present investigation,
the chosen scan rate was 100 mV s, which showed, in most of the cases, to be
a good compromise between good peak resolution and speed to perform the
experiments; however, other value for this parameter can be adopted for better

peak definition, which, when adopted, will be specified and justified.

5.3. Analysis of metals and alloys, and electrolyte selection
5.3.1. Characterization of metallic samples

The metallic samples used in this work came from different sources, and,

therefore, determining their composition was the first step. With this goal, all of
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them were submitted to SEM-EDS analysis. The micrographs can be seen in
Figure 14 and a compilation of the EDS analyses results is presented in Table 5.
Copper, zinc and tungsten consisted of pure metals. On the other hand, iron
presented C and Si, and its micrograph shows that it is a cast iron sample, which,
for the sake of simplicity, will be denominated as “iron” hereafter. Silver and the
lead sample with aluminum contained less than 3% wt. of other species, while
the lead sample with antimony is made of 94.4% wt. Pb and 5.6% wt. Sb.
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Figure 14 - SEM imaging of metallic samples: a) silver, b) copper, c) cast iron, d) zinc, e) tin, f)
lead with antimony, g) lead with aluminum and h) tungsten.
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Source: The author.

Table 5 - EDS analyzes of the metallic samples.

Element Silver sample (% wt.)
Ag 98.92
Al 0.70
Mg 0.38

Element Copper sample (% wt.)
Cu 100.00

Element Cast iron sample (% wt.)
Fe 87.80
C 11.90
Si 0.30

Element Zinc sample (% wt.)
Zn 100.00

Element Tin sample (% wt.)
Sn 98.71
Pb 1.29

Element Lead with antimony (% wt.)
Pb 94.38
Sb 5.62

Element Lead with aluminium (% wt.)
Pb 97.01
Al 2.99

Element Tungsten sample (% wt.)
wW 100.00

Source: The author.
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5.3.2. VMP analysis of metallic samples and
electrolyte selection

After SEM-EDS characterization, experiments were performed in order to
choose the best electrolyte for the VMP analysis. All metals were tested in
different solutions used in previous VMP studies, as shown in Table 2. The criteria
for choosing the best electrolyte were peaks definition, the identification of the
largest possible number of metals with the same electrolyte, as well as a better
differentiation between the different analysed samples. Considering that the
identification of metals is done through their oxidation peaks, in the present item,
only the anodic scans will be shown. In all voltammograms current scales are

presented in arbitrary units.

a) NaOH
The window displaying the relevant peaks observed during the VMP
anodic scans in 0.1 mol L't NaOH for the set of metallic samples is shown in
Figure 15 and the peaks potentials are displayed in Table 6. In this electrolyte,
only three of the eight samples presented oxidation peaks. Although no studies
have been found analyzing silver in NaOH solution, it has been observed that
metallic silver will oxidize to Ag20 in basic solutions at +0.38 V [76], via reaction

exhibited in Equation 4.

Ag + 20H— Ag20 + H20 + 2e- Equation 4 [76]

Oxidation of copper is characterized by two peaks corresponding to the
oxidation of metallic copper to Cu* and Cu?* [34], which have been previously
observed at -0.38 V and -0.18 V [34]. Oxidation of lead is usually characterized
by two [3] or even more [34] peaks, due to the formation of Pb?*, Pb** or of other
intermediate oxides. However, in the experimental voltammograms, only one
peak was observed, probably attributed to the oxidation of metallic lead to Pb?*.

This peak has been previously reported at -0.60 V [77].
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Figure 15 - Anodic (positive going) scan window displaying the relevant peaks for the metallic
samples in 0.1 mol L1 NaOH. Cyclic voltammetry. Scan rate: 100 mV s1. A cathodic (negative

going) scan was applied beforehand. Current in arbitrary units.
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Source: The author.

Table 6 - Peaks potentials (Ep) for the metallic samples in 0.1 mol L' NaOH. Cyclic voltammetry.

Scan rate: 100 mV s,

Ep/V vs Ag|AgCl (KCI sat.)

Sample
Ag +0.36
-0.32
Cu 0.11
PbSb -0.56
Source: The author.
b) KClI

The samples were then studied in KCI 0.1 mol L1. The window displaying

the relevant peaks observed during the VMP anodic scans is depicted in Figure

16, and the peaks potentials displayed in Table 7.
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Figure 16 — Anodic (positive going) scan window displaying the relevant peaks for the metallic
samples in 0.1 mol L1 KCI. Cyclic voltammetry. Scan rate: 100 mV s1. A cathodic (negative going)
scan was applied beforehand. Current in arbitrary units.
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Source: The author.

Table 7 - Peaks potentials (Ep) for the metallic samples in 0.1 mol L't KCI. Cyclic voltammetry.
Scan rate: 100 mV s,

Sample Ep/V vs Ag|AgClI (KCI sat.)
Ag +0.15
+0.06
cu +0.40

Source: The author.

Although it was possible to observe the electrochemical processes of the
two lead samples (PbSb and PbAl) using cyclic voltammetry, the voltammograms
were noisy and the peaks did not have good resolution. Using square wave
voltammetry facilitated the observation of the two Pb oxidation peaks for both
samples, and the anodic scan window for these samples is presented in Figure

17. The peaks potentials are shown in Table 8.
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Figure 17 — Anodic (positive going) scan window displaying the relevant peaks for PbSh and PbAl
samples. Square wave voltammetry in 0.1 mol L1 KCI. Potential step increment 4 mV; square
wave amplitude 25 mV; frequency 5 Hz. A cathodic (negative going) scan was applied
beforehand. Current in arbitrary units.
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Table 8 - Peaks potentials (Ep) for the metallic samples in 0.1 mol L KCI using square wave
voltammetry. Potential step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

Sample Ep/V vs Ag|AgCl (KCI sat.)
-0.67
PbSb 20.39
-0.67
PbAI 20.39

Source: The author.

Although in our literature survey it was not possible to find works at which
silver has been analyzed in KCI using VMP, it has been reported that silver will

oxidize at +0.19 V and form silver chloride (Equation 5) [78].
Ag + CI'— AgCl + e Equation 5 [78]

No works were found in the literature that analyze copper in KCI, but it has
been observed that copper in neutral chlorine media presents two oxidation
peaks. The first one, reported at approximately +0.14 V [79] or +0.12 V [80], can

be attributed to the formation of CuCl (Equation 6); whereas, the second one,
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observed at approximately +0.32 V [79] or +0.44 V [80] can either represent the
formation of Cu?* ions in solution (Equation 7) [79] or the oxidation of copper (I)
oxide to copper (ll) oxide (Equation 8) [80].

Cu+ClI'— CuCl + e Equation 6 [79,80]
CuCl2 "— Cu?* + 2CI~ +e~ Equation 7 [79]
Cuz20 + H20 — 2CuO + 2H" + 2e- Equation 8 [80]

According to the literature, the oxidation of Ph° to Pb?* in chlorine media
occurs via two different pathways [57,75]. This has been reported as a result of
different reduction processes, with the peak at more negative potentials being
attributed to the oxidation of Pb° originated from metallic Pb, and the more
positive peak attributed to the oxidation of Ph° originated from the reduction of
PbO [57,75]. In 1 mol L* KCI, with cyclic voltammetry and with a scan rate of 50
mV s, these peaks have been reported at -0.53 V and -0.40 V [57].

c) Oxalic acid (OA)

Next tested electrolyte was 0.1 mol Lt OA. The window displaying the
relevant peaks observed during the VMP anodic scans of cyclic voltammetry in
this electrolyte is shown in Figure 18, and the peaks potentials are presented in
Table 9. OA was a better electrolyte than NaOH and KCI, allowing the observation
of the oxidation processes of five out of the eight samples. However, the
electrochemical responses for lead and tin were too close to differentiate between
them. Silver presented one oxidation peak, in agreement with previous studies
analyzing silver in alloys. It has been observed at +0.45 V [22,25], and has been
attributed to the formation of silver oxalate (Equation 9) [25]. The peak observed
for copper is attributed to the oxidation of metallic copper to Cu(ll) oxalate
(Equation 9) [25] and has been previously reported at +0.04 V [25] or +0.11 V
[34]. Tin also presented one peak ascribed to its oxidation to Sn(ll) oxalate [34]

(Equation 9), previously reported at -0.46 V [3,22].

2Me + C204% — Me2C204 + 2 € (Me = Ag, Cu or Sn) Equation 9 [25]
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Lead samples also presented one oxidation peak, close and
indistinguishable from tin oxidation peak. Some previous works have also
reported just one peak for the oxidation of lead in oxalic acid, at -0.48 V [3] or -
0.41 V [22]. Other works, however, reported two oxidation peaks, at -0.48 V and
-0.40 V [34].

Figure 18 — Anodic (positive going) scan window displaying the relevant peaks for the metallic
samples in 0.1 mol L'* OA. Cyclic voltammetry. Scan rate: 100 mV s1. A cathodic (negative going)
scan was applied beforehand. Current in arbitrary units.
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Source: The author.

Table 9 - Peaks potentials (Ep) for the metallic samples in 0.1 mol L1 OA. Cyclic voltammetry.
Scan rate: 100 mV s,

Samples Ep/V vs Ag|AgClI (KCI sat.)
Ag +0.52
Cu +0.08
Sn -0.42
PbSb -0.43
PbAI -0.41

Source: The author.
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d) H2SOa4
Another tested electrolyte was 0.5 mol L't H2SO4. The window displaying
the relevant peaks observed during the VMP anodic scans of cyclic voltammetry

is presented in Figure 19, and the peaks potentials are displayed in Table 10.

Figure 19 — Anodic (positive going) scan window displaying the relevant peaks for the metallic
samples in 0.5 mol L1 H2SO4. Cyclic voltammetry. Scan rate: 100 mV s. A cathodic (negative
going) scan was applied beforehand. Current in arbitrary units.
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Table 10 — Peaks potentials (Ep) for the metallic samples in 0.5 mol L' H2SOa4. Cyclic
voltammetry. Scan rate: 100 mV s,

Samples Ep/V vs Ag|AgCl
Ag +0.38
Cu +0.11
PbSb -0.42
PbAI -0.46

Source: The author.

When analyzing the metallic samples in this electrolyte, but using a more
sensitive technique (square wave voltammetry), it became possible to observe
the electrochemical response for tin as well. The anodic scan window of tin
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compared to lead samples, both obtained with this technique, is depicted in

Figure 20. The peaks potentials are displayed in Table 11.

Figure 20 — Anodic (positive going) scan window displaying the relevant peaks for the metallic
samples. Square wave voltammetry in 0.5 mol L-* H2SOa. Potential step increment 4 mV; square
wave amplitude 25 mV; frequency 5 Hz. A cathodic (negative going) scan was applied
beforehand. Current in arbitrary units.
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Table 11 - Peaks potentials (Ep) for the metallic samples in 0.5 mol L* H2SO4 using square wave
voltammetry. Potential step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

Samples Ep/V vs Ag|AgClI (KCI sat.)
sn -0.50
-0.23
PbSb -0.43
PbAI -0.43

Source: The author.

Although it was necessary to use a different technique, H2SO4 also allowed
the identification of five out of eight metallic samples. The advantage in
comparison with OA, however, was the differentiation of tin and lead. Silver
presented one oxidation peak, previously reported at +0.44 V [62]. The oxidation
of copper has been observed at +0.14 V [40]. When looking at previous works

studying tin in H2SO4, it has been reported that stripping oxidation of metallic tin
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to Sn?* in solution occurs at -0.50 V [67], but the second peak observed at -0.23V,
detected with square wave voltammetry, has not been previously reported in the
literature. Our literature survey did not identify a report on the anodic behavior of
lead in H2SO4; however, the peak potential is close to what is expected for the
oxidation of PbP® to Pb?* in acid media (-0.48 V [3] or -0.41 V [22] in oxalic acid,
and -0.45 V [51], or -0.48 V [54] in sodium acetate buffer (pH 4.5)).

e) HCI

Next, the samples were analyzed in 1.0 % HCI. The window displaying the
relevant peaks observed during the VMP anodic scans is presented in Figure 21.
The peaks potentials are shown in Table 12. HCI presented the advantage of
identifying five of the eight samples, like OA and H2SO4, and also differentiating
tin and lead. In this case, however, only one technique was enough for
differentiating them. Silver oxidation in HCI has been reported at +0.11 V [63].
The voltammogram for copper shows two oxidative processes. The first one is
related to copper oxidation in HCl media (Equation 10), expected to occur at -
0.02 V [81], while the second one is attributed to the oxidation of metallic copper

to Cu*, previously reported at +0.38 V [81].

Cu+3ClI—>CuClz+2e Equation 10 [81]

The peak observed for tin can be attributed to the oxidation of Sn?* to Sn**,
previously reported at -0.34 V [82], which can indicate the formation of tin oxides
which were not reduced during the cathodic scan. Lead sample presented two
oxidation peaks. As it was discussed for the KCI solution, the oxidation of Ph° to
Pb?* in chlorine media occurs via two different pathways [57,75]. In 0.1 mol L
HCI, the two peaks have been reported at -0.42 V and -0.26 V [75].
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Figure 21 — Anodic (positive going) scan window displaying the relevant peaks for the metallic
samples in 1.0% HCI. Cyclic voltammetry. Scan rate: 100 mV s1. A cathodic (negative going)
scan was applied beforehand. Current in arbitrary units.
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Table 12 - Peaks potentials (Ep) for the metallic samples in 1.0% HCI. Cyclic voltammetry. Scan
rate: 100 mV s2.

Sample Ep/V vs Ag|AgClI (KCI sat.)

Ag +0.11
+0.04

cu +0.37
Sn -0.38
-0.45

PbSb 20.36
-0.46

PbAI 20.36

Source: The author.

f) Sodium acetate buffer (HAc/NaAc)

Lastly, the samples were analyzed in 0.25 mol L* HAc/NaAc. The window
displaying the relevant peaks observed during the VMP anodic scans with cyclic
voltammetry is presented in Figure 22, with peaks potentials displayed in Table
13.
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Figure 22 — Anodic (positive going) scan window displaying the relevant peaks for the metallic
samples in 0.25 mol L? HAc/NaAc. Cyclic voltammetry. Scan rate: 100 mV s1. A cathodic
(negative going) scan was applied beforehand. Current in arbitrary units.
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Table 13 - Peaks potentials (Ep) for the metallic samples in 0.25 mol Lt HAc/NaAc. Cyclic
voltammetry. Scan rate: 100 mV s,

Sample Ep/V vs Ag|AgCl (KCI sat.)
Ag +0.60
Cu +0.14

-0.56

-0.25

Fe +0.04
+0.31

Sn -0.58
-0.44

PbSb 012
PbAI -0.47

Source: The author.

When using square wave voltammetry, oxidation of Zn and W were also
observed. The anodic scan window of these samples is presented in Figure 23,

and the peaks potentials are shown in Table 14.
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Figure 23 - Anodic (positive going) scan window displaying the relevant peaks for the metallic
samples. Square wave voltammetry in 0.25 mol L't HAc/NaAc. Potential step increment 4 mV;
square wave amplitude 25 mV; frequency 5 Hz. A cathodic (negative going) scan was applied
beforehand. Current in arbitrary units.
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Table 14 - Peaks potentials (Ep) for the metallic samples in 0.25 mol L-* HAc/NaAc determined
using square wave voltammetry. Potential step increment 4 mV; square wave amplitude 25 mV;
frequency 5 Hz.

Sample Ep/V vs Ag|AgClI (KCI sat.)
Zn -1.04
-0.58
w -0.36
+0.24

Source: The author.

HAc/NaAc allowed the identification of all metallic samples investigated in
the present study as well as the differentiation between tin and lead. Hence, it
was the best electrolyte and it was chosen for the next steps in this work. Silver
presented one oxidation peak at +0.60 V, which is the standard potential for the
oxidation of metallic silver to Ag* [83]. What has been reported in the literature,
however, is that silver can present peak splitting at +0.20 V (attributed to the

oxidation of silver to Ag(l)) [45] and +0.45 V (attributed to the oxidation of silver
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to silver acetate) [45]. Other works show just one peak for the oxidation of silver,
at +0.30 V [42], +0.44 V [84] or +0.50 V [85]. The oxidation of copper (+0.14 V),
coincident with the standard potential for the pair Cu/Cu(ll) [83], has been
previously observed at +0.20 V [23,50] or 0.00 V [45,54,84]. Oxidation of iron
produces four different peaks: -0.56 V, -0.25 V, +0.04 V and +0.31 V. The peak
at -0.56 V can be attributed to the oxidation of metallic iron do Fe?*, reported
previously at -0.53 V [86], while the peak at +0.31 V can be attributed to the
oxidation of Fe?* to Fe®*, reported in the literature at +0.32 V [86]. These two
peaks can be used for the identification of the electrochemical processes of iron,
but considering the complexity of iron oxidation process, with the possibility of
forming different polymorphs, other anodic processes may occur. This is shown
by the other two peaks observed, at -0.25 V and +0.04 V, attributed in the
literature to the oxidative dissolution of iron compounds (and reported at  -0.29
V and +0.09 V, respectively [86]).The oxidation of tin (-0.58 V), previously
observed at -0.50 V, can be attributed to the oxidation of metallic tin to Sn?* [47].
The oxidation of metallic lead to Pb?* (here reported at -0.47 V and -0.44 V) has
been observed at -0.35 V [36], -0.45 V [51], -0.48 V [54]. The peak at -0.12 V,
observed for the PbSb sample, is tentatively attributed to the oxidation of
antimony, since it has been previously reported at -0.20 V [54] in the same
electrolyte . Finally, the oxidation peak for zinc (-1.04 V) was observed at a
potential lower than those reported in the literature (-0.80 V [43] or -0.96 V [87]).

Even though no works were found analyzing tungsten in sodium acetate
buffer, its electrochemical behavior has been widely analyzed (including in
relation to solution pH). However, these analyses are often contradictory [88],
and the electrochemistry of tungsten is hard to precise due to the different types
of oxides formed, and the great variety of compounds given by these oxides [89].
The oxidation of metallic tungsten can either form passive oxides, which will then
stop the metal from further oxidizing, or ions like WO4?". The first peak (-0.58 V)
can be attributed to the oxidation of metallic tungsten to tungsten (IV) oxide
(Equation 11).

W+2H0 >WO2+4H"+4¢e Equation 11 [88]

Considering the electrolyte’s pH, this reaction is expected to occur at -0.57
V [88] or -0.59 V [90]. The next peak (-0.36 V) can be ascribed to the oxidation of
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WOz to tungsten (V) oxide (Equation 12), which should occur at -0.40 V [91]. The
oxidation potentials for W (1V), W (V) and W (VI) are close [92], and the oxidation
of WO2 to ions WO4?* (Equation 13) can also occur in this potential range.

2WO2+H20 > W20s5+2H"+2e Equation 12 [88]
WO2 + 2 H20 > WO4> +4H" + 2 e Equation 13 [88]

The nobler peak (+0.24 V) occurs in a region where nonstoichiometric
tungsten oxides will form WQOs, a stable oxide, which halts the oxidation of the
sample [89,91].

g) Comparison between electrolytes

The peaks potentials of the samples in all the electrolytes, as well as the
technique used to indentify them, are consolidated and presented in Table 15.
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Table 15 - Peak potentials and techniques used to identify the samples in all tested electrolytes.

Ag Cu Fe Zn Sn PbSb PbAI W
NaOH -0.32,
+0.36 -0.56
(0.1 mol -0.11
(CV) (CV)
) (CV)
+0.06, -0.67, -0.67,
KCI (0.1 +0.15
+0.40 -0.39 -0.39
mol L?) (CV)
(CV) (SWV)  (SWV)
OA (0.1 +0.52  +0.08 -0.42 -0.43 -0.41
molL?Y) (CV)  (CV) (CV) (CV) (CV)
H2S0, -0.50,
+0.38  +0.11 -0.42 -0.46
(0.5 mol V) V) -0.23 V) V)
) (SWV)
+0.04, -0.45,  -0.46,
+0.11 -0.38
HCI (1%) +0.37 -0.36 -0.36
(CV) (CV)
(CV) (CV) (CV)
-0.56,
HAc/ -0.58,
-0.25, -0.44,

NaAc  +0.60 +0.14 -1.04 -0.58 -0.47 -0.36,
(0.25mol  (CV)  (CV) +0.04, (SWV)  (CV) 012 (V) 0.24
. mo +0.

+0.31 (CV)
L) (SWV)
(cv)

Source: The author.

5.4. Analysis of metals covered with corrosion products

In order to evaluate the efficiency of VMP in the analysis of corrosion
products and their respective metals, two metallic samples of unknown
provenance covered with corrosion products were studied. As previously
informed, they were found on a beach as detached pieces of metal, and there
was no information about their previous exposure conditions. They were
denominated “green sample” (Figure 8a in section 4.1.) and “brown sample”
(Figure 8b in section 4.1.). With the intention of thoroughly investigating their
whole surface, five points were selected for analysis in the green sample and

three points in the brown sample, as indicated in Figure 8.
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5.4.1. Green sample

Aiming to identify the composition of the green sample, a representative
region was initially analyzed by SEM-EDS. Considering the size of the sample, a
piece was cut out for the analysis, and, therefore, the micrograph cannot be
associated with one of the regions shown in Figure 8a. The micrograph (Figure
24) shows that there are two characteristic regions: one covered with a thick
corrosion product layer, while the other is relatively corrosion product free, which
are identified, respectively, as A and B in the Figure. EDS analysis (Table 16)
shows that region A contains mostly copper and oxides, with the presence of
other elements such as CIl, Mg and Ca, while region B is mostly composed of
metallic copper, with less than 7 % of Cl and O.

Figure 24 - SEM micrograph of the green sample, showing two different surface features: A and
B.

W

“s

det HV spot| mag O VVD V J—T ' —_—
vCD |20.00 kV]| 4.5 | 150 x |10.0 mm

Source: The author.
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Table 16 — EDS analysis of regions A and B of the green sample (wt. %).

Element Region A (% wt.) Region B (% wt.)
C 7.11 -
©) 31.76 4.80
Si 0.72 -
Mg 1.56 -
Al 0.91 -

S 0.96 -
Cl 4.49 1.83
K 0.21 -
Fe 0.46 -
Cu 50.50 93.37

Source: The author.

Next, Raman spectroscopy was used to investigate the compounds
present in the corrosion product layer. Spectra were collected at points 1 to 4
(presented in Figure 8a), and the results are presented in Figure 25. Point 5
represents an area where metallic copper is exposed, so the spectrum only
showed fluorescence and, therefore, will not be presented. The exact
composition of the corrosion product layer could not be determined, but some
characteristic bands associated with Cu corrosion products were observed, which
are indicated by the arrows. The spectrum of region 1 shows a band at
173 cm?, and the spectrum for region 4 presents a band at 133 cm, both of
them being attributed to OCuO bending and indicating the presence of copper
oxides [93,94]. Spectrum of region 4 also shows a band at 533 cm™ attributed to
CuO stretching vibration [94], and at 614 cm™ attributed to aqueous sulfate
tetrahedral oxyanion vibration [95]. The band at 390 cm, seen in the spectrum
number 2, arises from CuCl stretching [95], and it could be related to the presence
of atacamite. The band observed at 1069 cm?, in the spectrum number 3,
represents sulfate symmetric stretching [95], which can be related to the
presence of brochantite.
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Figure 25 - Raman spectra of the green sample, with samples collected at a) region 1, b) region
2, ¢) region 3 and d) region 4 of Figure 8. Relevant peaks are indicated by arrows.
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Source: The author.

For the electrochemical analysis, cyclic voltammetry was used. The scan
started at +1.7 V, going in the negative direction until -1.4 V, and then returning
to the starting potential. The window displaying the relevant peaks observed
during the VMP cathodic (negative going) scans for the samples collected at the
five points indicated in the green sample is shown in Figure 26, with the peaks
potentials displayed in Table 17. Peak I, observed close to -0.15 V, can be
attributed to the reduction of copper compounds like cuprite (Cu20)
[23,45,53,96,97]. Peak Il, close to -0.70 V, can be assigned to the reduction of
compounds like tenorite (CuO). The reduction of cuprite and tenorite,

respectively, are represented in Equations 14 and 15 [97].
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Cu20 + 2H* + 2e" — 2 Cu +H20 Equation 14

CuO + 2H* + 2e" — Cu +H20 Equation 15

The presence of Cu20, indicated by the reduction process in peak |I,
suggests a layer of primary copper patina. This is the first layer of corrosion
product formed when copper is exposed to ordinary atmospheric conditions
[23,45,53,96-98]. If the metal is exposed to more corrosive environments, a
secondary patina layer may be formed [23,97]. This layer is composed of
minerals such as tenorite (CuO), malachite (Cu2CO3(OH)2), brochantite
(CuaS0O4(OH)s) or atacamite (Cu2CI(OH)s). The reduction of these minerals is
indistinguishable from that of tenorite, taking place at similar potentials
(represented by peak II) [23,97,98]. Tenorite is formed at the expense of cuprite
in the primary layer, and competes with the formation of the other minerals [98],

which result from the processes of hydrolysis and ion exchange [23].

Figure 26 - Cathodic (negative going) scan window displaying the relevant peaks for the samples
collected at the five areas of the green sample indicated in Figure 8. Cyclic voltammetry in 0.25
mol L' HAc/NaAc buffer. Scan rate: 100 mV s

l/a.u.

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
E/N vs Ag|AgCl (KClI sat.)

Source: The author.
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Table 17 - Peaks potentials (Ep) identified in the cathodic (negative going) scans for the samples
collected at the five areas of the green sample indicated in Figure 8. Cyclic voltammetry in 0.25
mol Lt HAc/NaAc buffer. Scan rate: 100 mV s-1.

Area Ep/V vs Ag|AgClI (KCI sat.)
1 -0,19
-0,75
-0,14
2 -0,70
-0,17
3 -0,68
-0,16
4 -0,69
5 -0,14

Source: The author.

The window of the anodic (positive going) scans showing the single peak
of the samples collected at the different regions of the green sample, compared
to the scan of a pure copper sample, is shown in Figure 27, and peaks potentials
assignments are shown in Table 18. The single peak observed around +0.10 V
corresponds to the oxidative dissolution of metallic copper, which was formed in

the previous reduction of the corrosion products [23,50,53].
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Figure 27 — Anodic (positive going) scans window displaying the relevant peak for the samples
collected at the five areas of the green sample indicated in Figure 8. Cyclic voltammetry in 0.25
mol Lt HAc/NaAc buffer. Scan rate: 100 mV s, After cathodic reduction of the corrosion
products. As a reference the result obtained with a pure copper sample was also added.

l/a.u.

-1.0 | -0'.5 | 0?0 | 0.5 | 1.0
E/V vs Ag|AgCl (KCl sat.)

Source: The author.

Table 18 - Peaks potentials (Ep) identified in the anodic (positive going) scan for the samples
collected at the five areas of the green sample indicated in Figure 8. Cyclic voltammetry in 0.25
mol L1 HAc/NaAc buffer. Scan rate: 100 mV s1. As a reference the peak observed for a pure
copper sample is also given.

A

q
D

a Ep/V vs Ag|AgClI (KCI sat.)
+0.11
+0.06
+0.11
+0.09
+0.14
u +0.14

G WNPEF

@)

Source: The author.
5.4.2. Brown sample

The same characterization protocol applied to the green sample was
adopted for the brown sample. A representative SEM micrograph is presented in
Figure 28, showing corrosion products exhibiting two distinct morphologies,
which were labeled as A and B. The results of the EDS analyses of these two

regions are displayed in Table 19. They indicate that the corrosion products are
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mostly composed of iron oxides with other minor elements such as C, Na and Cl.

A is a chloride-richer zone, while B is primarily iron oxides.

Figure 28 - SEM micrograph of the brown sample, showing corrosion products with different
morphologies. EDS analyses of A and B are displayed in Table 19.

det| HV |spot|mag O1| WD 500 um
vCD [20.00 kV| 4.5 | 150x |10.1 mm

Source: The author.

Table 19 - EDS analysis of regions A and B of the brown sample (wt. %).

Element Region A (% wt.) Region B (% wt.)
C 3.56 4.79
©) 39.58 22.53
Na - 2.57
Mg - 1.00
S 0.27 0.25
Cl 3.02 0.25
Fe 54.57 68.61

Source: The author.
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Then, Raman spectroscopy was used to investigate the chemical
composition of the corrosion product layer on the three regions of the brown
sample identified in Figure 8(b). The spectra are presented in Figure 29. As for
the green sample, it was not possible to determine the exact composition of the
corrosion products; however, some peaks associated with iron compounds could
be determined and are identified by arrows in each diagram. The peaks at
275 cm™? and 380 cm™ in the spectrum of region 1 (Figure 29(a)), can be
associated with the presence of lepidocrocite (y-FeOOH) [8]. The spectrum
obtained for region 2 (Figure 29(b)) shows that the main corrosion product in this
region is akaganeite (3-FeOOH), associated with the peaks at (308, 397 and 719)
cm? [8]. In region 3 (Figure 29(c)), the main corrosion product is probably
hematite (a-Fe203), identified by the peaks at (222, 282, 391 and 1290) cm [8].
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Figure 29 — Raman spectra of the brown sample obtained at: a) region 1, b) region 2 and c) region
3 indicated in Figure 8(b). Relevant peaks are indicated by arrows.
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Source: The author.

The electrochemical window of the VMP cathodic (negative going) scans
displaying the relevant peaks for the powder collected at the three different
regions of the brown sample identified in Figure 8(b) is presented in Figure 30.
The peaks potentials are presented in Table 20. The cathodic peaks for the three
samples are broad, which can be a consequence of the heterogeneous
composition of the corrosion products in each region [58]; moreover, their
potential are similar, despite the fact that Raman spectra have indicated that a
different iron compound is predominant in each analyzed region. Even though
studies analyzing iron synthetic pigments in different laboratories have shown

that VMP can be used to distinguish between poorly crystalline and well-
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crystalline iron oxides [70], it has been previously reported that the identification
of iron corrosion products is not straightforward due to the presence of complex
mixtures of compounds, and the fact that peaks are observed at similar potentials,
slightly changing with crystallinity and hydration [58]. According to the literature,
reduction of solid species in solution, like hematite or goethite, to metallic iron can
be observed through a cathodic peak close to -0.81 V [99], which is not far from
the broad peak observed for the samples collected in the three different regions
of the brown sample.

Figure 30 — Cathodic (negative going) scan window displaying the relevant peaks for the samples

collected at the three areas of the brown sample indicated in Figure 8(b). Cyclic voltammetry in
0.25 mol L't HAc/NaAc buffer. Scan rate: 100 mV s1.

I/a.u.

-1.1 -1.0 -0.9 -0.8 0.7
E/V vs Ag|AgClI (KClI sat.)

Source: The author.

Table 20 - Peaks potentials (Ep) identified in the cathodic (negative going) scans for the samples
collected at the three areas of the brown sample indicated in Figure 8(b). Cyclic voltammetry in
0.25 mol L't HAc/NaAc buffer. Scan rate: 100 mV s2.

Area Ep/V vs Ag|AgCl (KCI sat.)
1 -0.92
2 -0.89
3 -0.89

Source: The author.

Figure 31 depicts the window of the anodic scans displaying the relevant

peaks obtained in the VMP analysis of the samples collected in the three regions
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of the brown sample indicated in Figure 8(b), which are compared with the
voltammetric profile of a sample collected from metallic iron. Table 21
summarizes the peaks potentials. Peaks | and 1V, characteristic of iron oxidation
and attributed to the oxidation of metallic iron to iron (Il) and of iron (ll) to iron (I11),
respectively (as discussed in section 5.3.2.), are observed for all samples in
potentials close to those reported in the literature (-0.53 V and +0.32 V,
respectively [86]). Peak Ill, attributed to the oxidation of iron compounds, is also
observed in a potential close to what has been previously reported (+0.09 V [86]).
Peak II, also associated with the oxidation of iron compounds (see previous

discussion in section 5.3.2.), was not verified for the corrosion products samples.

Figure 31 — Anodic (positive going) scan window displaying the relevant peaks for the samples
collected at the three areas of the brown sample indicated in Figure 8(b). Cyclic voltammetry in
0.25 mol Lt HAc/NaAc buffer. Scan rate: 100 mV s1. The scan was carried out from -1.4 V to
+1.7 V. After cathodic reduction of the corrosion products. As a reference the result obtained for
a sample collected from metallic iron is also given.

l/a.u.

-1.0 ' -0|.5 . 070 | 0.5 ' 1.0
E/V vs Ag|AgClI (KCl sat.)

Source: The author.
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Table 21 - Peaks potentials (Ep) identified in the anodic (positive going) scans for the samples
collected at the three areas of the brown sample indicated in Figure 8(b). Cyclic voltammetry in
0.25 mol L' HAc/NaAc buffer. Scan rate: 100 mV s'1. As a reference the peaks for a sample
collected in metallic iron is also given.

Area Ep/V vs Ag|AgClI (KCI sat.)
-0.55 (1)
1 +0.09 (1)
+0.34 (1V)
-0.57 ()
2 +0.11 (111)
+0.33 (IV)
-0.54 (1)
3 +0.08 (Il
+0.33 (IV)
-0.56 (1)
-0.25 (1)
+0.04 (111)
+0.31 (IV)

Fe

Source: The author.

5.5. Analysis of pigments

The pigments analyzed in this work were divided in two categories:
commercially available pigments sold by Sennelier, namely: Green Earth, Burnt
Umber and Mars Yellow, and pigments belonging to the collection of German
artist Eleonore Koch, which is currently under the care of the “Pinacoteca de Séo
Paulo”. They were all donated from Laboratério de Arqueometria e Ciéncias
Aplicadas ao Patriménio Cultural (LAPAC), from the Physics Institute of
Universidade de Sao Paulo. Independently of their origins, pigments were

grouped according to the main metallic ion present in their composition.

5.5.1. Copper-based pigments

Three pigments from the Pinacoteca collection (PrO9Pig03, Pr11Pig07 and
Pr11Pigll) were made of copper compounds. Initially, they were analyzed by
SEM-EDS. SEM micrograph of PrO9Pig03 (Figure 32a) shows faceted geometric
particles bigger than the other pigments, with a mean size of about 200 um. EDS
analysis (Table 22) shows that the pigment is composed of copper, oxygen and
carbon. SEM imaging of Pr11Pig07 (Figure 32b) shows particles with irregular
shapes, most of them smaller than 20 pum. According to the EDS analysis, they
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are composed of copper, carbon and nitrogen. The particles of pigment
Pr11Pigll (Figure 32c) are similar to those observed for Pr11Pig07, and contain
copper, carbon, nitrogen and oxygen (Table 22). The high amounts of C detected
in the EDS analyzes can be attributed either to the presence of carbon-based
compounds in the pigments composition or the carbon tape used for the

immobilization of the samples.

Figure 32 - SEM micrograph of pigments: a) PrO9Pig03, b) Pr11Pig07 and c) Pr11Pigl11.

Source: The author.

Table 22 - EDS analyzes of pigments: PrO9Pig03, Pr11Pig07, Pr11Pigll (wt. %).

Element Pro9Pig03 Pr11Pig07 Pr11Pigl1
(% wt.) (% wt.) (% wt.)
C 28.89 69.91 65.21
O 29.29 - 3.52
N - 14.09 17.24
Cu 41.83 16.00 13.93

Source: The author.

Raman spectroscopy was performed for identifying the compounds
present in each pigment. The spectrum for PrO9Pig03 (Figure 33a) shows typical
acetate bands at (703, 943, 1418, 1440, 2941, 2981 and 3029) cm* and Cu-O
stretches at (229 and 321) cm, which can be attributed to copper acetate
[9,100]. Pr11Pig07 and Pr11Pigl1l spectrum (Figure 33b) show the same bands,
indicating that they are made of the same compound. Bands at (680 and 746)
cm® represent deformation vibrations of the phthalocyanine macrocycle, and the
band at 232 cm represents the bond between the metal ion and nitrogen [10].

These bands can be attributed to copper phthalocyanine [10,101].
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Figure 33 - Raman spectra for a) PrO9Pig03, b) Pr11Pig07 and Pr11Pigll. Relevant peaks are
indicated by the arrows.
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Source: The author.

For the voltammetric analysis the pigments were first reduced through a
cathodic (negative going) scan from +1.7 V to -1.4 V. The scan window with the
relevant peaks for the three samples is shown in Figure 34, and the peaks
potentials are presented in Table 23. PrO9Pig03 shows two cathodic peaks: at
-0.14 V (peak I) and at -0.32 V (peak Il). Peak | represents the process of two-

electron reduction of verdigris [50], shown in Equation 16.

{Cu(Ac)z2} + 2H* + 2e- —» Cu + 2HAC Equation 16

Considering that the literature about the voltammetric behavior of verdigris
did not show a second reduction peak (-0.32 V), it is suggested that peaks’
separation could be related to the kinetics of the reduction reaction, i.e., the
chosen scan rate (100 mV s™) could be too fast to reduce all the Cu?*. Therefore,
the same experiment was repeated with lower scan rates ((50, 25 and 10) mV
s1), and the potentials windows with the relevant peaks are shown in Figure 35.
It was observed that, lowering the scan rate, the two peaks progressively merge

into one, until, at 10 mV s, only one peak was observed at -0.16 V. Pr11Pig07
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and Pr11Pigl1 present only one cathodic peak, attributed to the reduction of the
phthalocyanine ring [102,103], which, nevertheless, were displaced from each

other, appearing at -0.47 and -0.38, respectively.

Figure 34 - Potential window displaying the relevant peaks for pigments PrO9Pig03, Pr11Pig07
and Pr11Pigl11 revealed in the cathodic (negative going) scans. Cyclic voltammetry in 0.25 mol

L1 HAc/NaAc buffer. Scan rate: 100 mV s.

l/a.u.

PrO9Pig03
— Pr11Pig07
— Pr11Pig11

-1.0 ' -0[.8 ' -0I.6 ' -0|.4 ' -0l.2
E/V vs Ag|AgCl (KCI sat.)

0.0

Source: The author.

Table 23 — Peaks potentials (Ep) identified in the cathodic (negative going) scans for pigments
Pr09Pig03, Pr11Pig07 and Pr11Pig11. Cyclic voltammetry in 0.25 mol L' HAc/NaAc buffer. Scan

rate: 100 mV s?.

Ep/V vs Ag|AgCl (KCI sat.)

Sample

. -0.14
PrO9pPig03 2032
Pr11Pig07 -0.47
Pr11Pigll -0.38

Source: The author.
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Figure 35 — Potential window displaying the relevant peaks for the cathodic (negative going) scans
for pigment Pr09Pig03 at different rates. Cyclic voltammetry in 0.25 mol L1 HAc/NaAc buffer.

I/a.u.

—— 100 mV s’
——50mV s’
——25mVs’
——10mVs'

-0.6 . -0|.4 | -0|.2 . 0.0 0.2
E/V vs Ag|AgClI (KClI sat.)

Source: The author.

After the cathodic scan, the scan direction was immediately reversed until
reaching the starting potential (+1.7 V). The potential window displaying the
relevant peaks for PrO9Pig03, Pr11Pig07 and Pr11Pigll compared to a sample
collected from metallic copper is depicted in Figure 36, and the peaks potentials
are shown in Table 24. The anodic peak is attributed to the oxidative dissolution

of metallic copper, formed in the previous reduction process [23,50,53].
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Figure 36 - Potential window displaying the relevant peaks for pigments PrO9Pig03, Pr11Pig07
and Pr11Pigl1 revealed in the anodic (positive going) scans. Cyclic voltammetry in 0.25 mol L
HAc/NaAc buffer. Scan rate: 100 mV s. For comparison, the result of a scan for a sample
collected from metallic copper is also presented.

Pro9Pig03
Pr11Pig07
Pr11Pig11
- --Cu

l/a.u.

-1.0 ' -0|.5 ' 0.0 | 0.5 | 1.0
E/V vs Ag|AgClI (KCl sat.)

Source: The author.

Table 24 - Peaks potentials (Ep) identified in the anodic (positive going) scans for pigments
PrO9Pig03, Pr11Pig07 and Pr11Pigll. The peak obtained from a sample collected from metallic
copper is also presented. Cyclic voltammetry in 0.25 mol Lt HAc/NaAc buffer. Scan rate: 100 mV
st

Sample Ep/V vs Ag|AgClI (KCI sat.)
Pro9rig03 +0.13
Pr11Pig07 +0.10
Pr11Pigl1l +0.06

Cu +0.14

Source: The author.

5.5.2. Iron-based pigments

As for the copper-based pigments, the three pigments by Sennelier were
initially characterized by SEM-EDS. SEM imaging of Green Earth (Figure 37a)
shows small irregular particles with varying sizes, with all of them lower than 20

pum. According to EDS analysis, presented in Table 25, this pigment presents a
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heterogeneous composition; besides Fe, C and O, it also presents Si, Al, Ca and
S. This goes according to what is expected for Green Earth pigments, mostly
represented by glauconites (K(Fe,Al)2(Si,Al)a010(OH)2) and celadonites
(K(Mg,Fe,Al)2(Si,Al)a010(OH)2) [104-107]. The SEM micrograph of Burnt Umber
(Figure 37b) shows small irregular particles with varying sizes, which, as for the
Green Earth sample, do not surpass 20 um. However, a greater quantity of
powdery material was also identified. EDS analysis shows that it has a
heterogeneous composition, similar to Green Earth in its main constituents, but
with lower amounts of other elements. Notably, it presents higher amounts of Ca
and S, and lower amount of Si. Finally, SEM imaging of Mars Yellow (Figure 37c)
shows even smaller particles mixed with the powdery material; EDS results show
a similar composition to Green Earth and Burnt Umber with the presence of
elements like Ba, Ti or Cu. It is noteworthy that, even though those are iron-based
pigments, the amount of this element detected in the samples was relatively low.
Part of this can be attributed to the complex nature of some minerals containing
iron, like glauconite and celadonite, but it is also due to the fact that commercial
pigments can be made of a blend of several compounds [108]. It has been noted
that the pigments’ names provided by the suppliers are more related to the hue
or colour, and not the mineral composition of the material [106]. Compounds like
calcium sulphate, for instance, are added to pigments in order to give paintings a
smoother, brighter finish [109], and other compounds can be added to create

deeper hues [108].

Figure 37 - SEM micrographs of pigments: a) Green Earth, b) Burnt Umber and c) Mars Yellow.

Source: The author.
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Table 25 - EDS analyzes of pigments: Green Earth, Burnt Umber and Mars Yellow (wt. %).

Element Green Earth Burnt Umber Mars Yellow
(% wt.) (% wt.) (% wt.)

C 7.10 7.44 33.02
N - - 4.81
O 45.74 4451 37.18

F - - 4.75
Na 1.76 - -
Mg 2.21 1.11 1.47
Si 13.92 1.63 1.66
Al 6.20 1.39 0.96

S 5.54 19.27 -

K 0.34 - -
Ca 13.73 22.33 8.08
Ba - - 3.12
Cu - - 0.83
Fe 3.48 2.33 4.11

Source: The author.

Raman analysis was performed to identify the composition of the Fe-based
pigments, and the spectra can be seen in Figure 38. When analysing the Green
Earth sample in the optical microscope, it is possible to observe particles mostly
with two different colors: green and white. Raman spectra acquired for particles
with each of these colors can be observed in Figure 38a. The spectrum obtained
for the white particles shows a strong band at 1008 cm, which together with
bands at (414, 491, 668 and 1133) cm™ suggests the presence of gypsum
(CaS04-2H20) [108,109], which is coherent with the Ca and S detected in the
EDS analysis. The spectrum obtained for the green particles shows bands at
(280, 710 and 1087) cm, suggesting the presence of calcite (CaCOs) [108],
which could be associated with the compounds with C and Ca detected in the
EDS analysis. The regions between 1200 and 1600 cm-! for both green and white
particles show similar profiles, which are close to what is reported for green earths
in the literature [106,108,110], and they are basically the same as those present
sometimes in the ferroceladonite spectra [104]. The peaks do not coincide with
those reported in the literature for lower Raman shifts, which can be ascribed to
an interference of the gypsum and calcite peaks.

Raman spectrum for Burnt Umber (Figure 38b) shows bands at (406 and

481) cm, which can be attributed to iron oxides pigments such as burnt Sienna
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[111]. The bands observed at (271, 708 and 1081) cm, however, suggest the
presence of ankerite [112], a mineral containing Fe, Ca and Mg.

The Raman spectrum obtained for Mars Yellow (Figure 38c) shows
several peaks, which can be attributed to a mixture of different compounds
(identified by letters a-f in the spectrum). Iron compounds like goethite (a) [8,113]
and lepidocrocite (b) [8,113] can be found in the sample, as well as copper
compounds like malachite (c) [114,115], dioptase (d) [115] and brochantite (e)
[115]. Barium sulfate (f) was also identified [116].

Figure 38 - Raman spectra for pigments: a) Green Earth white and green particles, b) Burnt Umber
and c) Mars Yellow. Peaks identified in c) are: goethite (a), lepidocrocite (b), malachite (c),
dioptase (d), brochantite (e) and barium sulfate (f). Relevant peaks are indicated by the arrows in

(a) and (b) and by letters in (c).
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Source: The author.

For the voltammetric analysis the pigments were first reduced through a

cathodic (negative going) scan from +1.7 V to -1.4 V. No cathodic peaks were
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observed, which can be explained by the relatively low amount of Fe detected in
the EDS analyzes. Also, considering the complexity of the samples, it is possible
that more than one species is reduced at close potentials, which makes it difficult
to observe specific cathodic processes. After the cathodic scan, the scan
direction was immediately reversed until reaching the starting potential. The
potential window displaying the relevant peaks of the anodic (positive going)
scans for the three commercial pigments compared to the sample obtained from
metallic iron is shown in Figure 39; peaks potentials are presented in Table 26.
Peaks | and IV, characteristic peaks of iron oxidation and already discussed in
previous sections, are observed in potentials close to those reported in the
literature (-0.53 V and +0.32 V, respectively [86]). A third peak was observed for
Mars Yellow (peak 111*). Peak IlI* differs from peak Il (present in the metallic iron
sample) by 0.10 V, but it coincides exactly with the potential observed for the
oxidative dissolution of metallic copper in this work. Considering that EDS and
Raman spectroscopy showed the presence of copper in the sample, it is fair to
assume that peak IlI* is actually related to the oxidation of copper, not iron.
However, this is just a hypothesis and must be further investigate; as the Raman
spectrum for Mars Yellow sample also identified several iron oxide compounds,
this particular peak may also represent the oxidative dissolution of iron

compounds, as previously discussed.
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Figure 39 — Potential window displaying the relevant peaks for pigments Green Earth, Burnt
Umber and Mars Yellow revealed in the anodic (positive going) scans. Cyclic voltammetry in 0.25
mol L+ HAc/NaAc buffer. Scan rate: 100 mV s1. For comparison, the result of a scan for a sample

collected from metallic iron is also presented.

—— Green Earth
Burnt Umber
Mars Yellow

I/a.u.

-1.0 -0.5 ' OTO ' 0.5 ' 1.0
E/V vs Ag|AgCI (KCI sat.)

Source: The author.

Table 26 - Peaks potentials (Ep) identified in the anodic (positive going) scans for pigments Green
Earth, Burnt Umber and Mars Yellow and for metallic iron. Cyclic voltammetry in 0.25 mol L

HAc/NaAc buffer. Scan rate: 100 mV s,

Ep/V vs Ag|AgCl (KCI sat.)

Sample
-0.57 ()
Green Earth +0.28 (1V)
-0.57 ()
Burnt Umber +0.26 (V)
-0.58 (1)
Mars Yellow +0.14 (I11*)
+0.35 (IV)
-0.56 (1)
-0.25 (Il
Fe +0.04 (1)
+0.31 (IV)

Source: The author.
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5.5.2. Tin Pigments

One of the pigments (Prl11Pig03) from the Pinacoteca collection was
composed mostly of cobalt and tin, a combination that forms a pigment known as
cerulean blue. SEM imaging (Figure 40) of the sample shows some bigger
geometrical particles (A), with dimensions close to 20 um, and a lot of smaller
powdery particles (B). EDS analysis (Table 27) shows that A is mainly composed
of aluminum, carbon and oxygen, with tin and especially cobalt. B, however, is

mainly composed of tin and cobalt.

Figure 40 - SEM micrograph of pigment Pr11Pig03. The two different particles analyzed by EDS
are identified as A and B.

¢ ' |l 21 2 - 63
aét pot
ETD 4.5

Source: The author.
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Table 27 - EDS analysis of areas A and B, identified in Figure 40, for pigment Pr11Pig03 (wt. %).

Element A (% wt.) B (% wt.)
C 32.10 -
©) 27.85 6.13
Mg 3.55 7.73
Al 18.10 0.72
Sn 2.61 63.80
Co 15.79 21.62

Source: The author.

Raman spectroscopy was then performed in order to identify the
compounds present in the sample. The spectrum is shown in Figure 41, with the
characteristic bands at (484, 522 and 660) cm™ being attributed to cerulean blue

(CoO-nSn0O2) [117,118].

Figure 41 - Raman spectra for pigment Pr11Pig03. Relevant peaks are indicated by the arrows.

Intensity/a.u.
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Raman shift/cm™”

Source: The author.

Cerulean blue did not present any relevant peak when analyzed by cyclic
voltammetry. Hence, square wave voltammetry was used as a more sensitive
option. The window of the cathodic (negative going) scan performed with this
latter technique with the relevant peaks is shown in Figure 42, and the peaks
potentials presented in Table 28. Pr11Pig03 displays two reduction peaks: | at



99

-0.07 V and Il at -0.58 V. They represent the reduction in two steps of Sn** to
metallic tin, with the reaction attributed to peak I in Equation 17 and reaction

attributed to peak Il in Equation 18 [47].

SnO2 + 2 H* + 2 e — xSnO + (1- X)Sn?* + H20 (peak |) Equation 17
Sn?* + 2 e — Sn (peak Il) Equation 18

Peak | and Il have been previously reported in the literature at -0.14 V and

at -0.50 V [47], respectively.

Figure 42 — Potential window displaying the relevant peaks of pigment Pr11Pig03 revealed in the
cathodic (negative going) scan. Square wave voltammetry in 0.25 mol Lt HAc/NaAc buffer.
Potential step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

I/a.u.

-1.0 | -0|.5 | 0!0 | 0.|5 | 1.0
E/V vs Ag|AgCl (KClI sat.)

Source: The author.
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Table 28 - Peak potentials (Ep) identified in the cathodic (hegative going) scan for pigment
Pr11Pig03. Square wave voltammetry in 0.25 mol L' HAc/NaAc buffer. Potential step increment
4 mV; square wave amplitude 25 mV; frequency 5 Hz.

Sample Ep/V vs Ag|AgClI (KCI sat.)
. -0.07
Pr11Pig03 058

Source: The author.

The potential window displaying the single relevant peak of the anodic
(positive going) scan for pigment Pr11Pig03 compared to metallic tin is presented
in Figure 43; peaks potentials are shown in Table 29. The observed peak
corresponds to the oxidation of metallic tin to Sn?* ions [47,67], which has been
previously reported at -0.55 V [47] or -0.56 V [38]. Although cobalt pigments have
been previously studied in phosphate buffer [119] and HCI + NaCl [120], neither
in the cathodic nor in the anodic scan, peaks that could be ascribed to Co could
be identified in the acetate buffer solution, independently of the employed

voltammetric technique.

Figure 43 — Potential window displaying the relevant peak of pigment Pr11Pig03 revealed in the
anodic (positive going) scan. Square wave voltammetry in 0.25 mol L-1 HAc/NaAc buffer. Potential
step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz. For comparison, the result
of a scan for a sample collected from metallic tin is also presented.

, Pr11Pig03
- --8n

l/a.u.

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04
E/V vs AglAgCl (KCI sat.)

Source: The author.
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Table 29 - Peaks potentials (Ep) identified in the anodic (positive going) scan of Pr11Pig03 and
metallic tin. Square wave voltammetry in 0.25 mol L't HAc/NaAc buffer. Potential step increment
4 mV; square wave amplitude 25 mV; frequency 5 Hz.

Sample Ep/V vs Ag|AgClI (KCI sat.)
Pr11Pig03 -0.57
Sn -0.58

Source: The author.

5.5.3. Tungsten Pigment

Another of the pigments from the Pinacoteca collection (PrO9Pigl5) is
mainly composed of tungsten. In accordance with the previous investigation
protocols, it was initially analyzed by SEM-EDS. SEM micrograph (Figure 44)
shows particles with irregular shapes and sizes, but with dimensions lower than
100 um. The EDS analyzes on different particles showed that the percentage of
the elements may vary, but the pigment is mainly composed of tungsten with

carbon and oxygen. The EDS for a representative particle is shown in Table 30.
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Figure 44 - SEM micrograph of pigment PrO9Pig15.
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Source: The author.

Table 30 - EDS analysis of pigment PrO9Pig15 (wt. %).

Element Pro9Pig15 (% wt.)
C 27.0
O 20.4
W 52.6

Source: The author.

Then, Raman spectroscopy was used for identifying the compounds
present in the pigment. The spectrum is shown in Figure 45. The peaks observed
in the region from (120 to 1000) cm can be attributed to tungsten oxides. Peak
at 124 cm is related to lattice modes [121,122] or vibrational modes of (W202)n
[123]. The peak at 224 cm™ can be attributed to vibrational modes of W-O-W
[121,122] or W-W [124], and the peak at 797 cm™ is also related to vibrational
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modes of W-O-W [124]. Vibration and deformation modes of O-W-O are
associated to the peaks at 336 cm™ [121-124], 623 cm™ [122], 662 cm™ [121],
697 cm™ [121], 740 cm™* [121,122], and 797 cm™ [121,122]. The band in the (947
to 1026) cm range can be attributed to vibrational modes of WO2 and W=0
[124]. Peaks at (425, 525, 623, 740 and 797) cm! can be related to the presence
of WOz [123,125], and at (336, 837 and 908) cm can be related to WO4? [125].
The peak at 425 cm™ has also been attributed to the deformation of W-O [124] or
vibrational modes of W-OHz [121]. In the region above 1000 cm?, the peaks can
be attributed to carbon interactions with other carbon atoms (like the peaks at
(1073 and 1128) cm [126]) or with oxygen (peaks between 1420 cm* and 1590
cm? attributed to COO- vibrational modes [126], and peaks at (1073, 1358 and
1387) cm™ attributed to COs? stretching [127]).

Figure 45 - Raman spectrum for pigment PrO9Pig15. Relevant peaks are indicated by the arrows.

Intensity/a.u.
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Source: The author.

Pigment PrO9Pig15 did not present any relevant peak when analyzed by
cyclic voltammetry. Hence, square wave voltammetry was used as a more
sensitive option. The window of the cathodic (negative going) scan with the
relevant peaks is shown in Figure 46. The peaks potentials are presented in Table

31. Two reduction peaks are observed for pigment PrO9Pigl5. Considering that
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the electrochemistry of tungsten can be confusing due not only to the different
types of oxides but also to the variety of compounds based on those oxides [89],
there are different possibilities of reduction processes. The peak at -0.53 V can
be attributed to the reduction of W20s5 to WOz or from WO:2 to metallic tungsten,
previously reported at -0.59 V and -0.50 V [92]. According to Pourbaix diagram
for tungsten [128], in pH values similar to that of the acetate buffer solution (4.5)
the reduction of WO4? to WOz and W20s occurs at -0.49 V, so it could also be
related to the first reduction peak. Also according to Pourbaix diagram, the
second reduction peak could be attributed to the reduction of WO4? to metallic

tungsten, which should happen at -1.0 V [128].

Figure 46 — Potential window displaying the relevant peaks of pigment PrO9Pig15 revealed in the
cathodic (negative going) scan. Square wave voltammetry in 0.25 mol L+ HAc/NaAc buffer.
Potential step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

l/a.u.

T T T T T T T

-1.0 0.5 0.0 0.5 ' 1.0
E/V vs Ag|AgClI (KCl sat.)

Source: The author.

Table 31 - Peaks potentials (Ep) identified in the cathodic (negative going) scan for pigment
Pro9Pig15. Square wave voltammetry in 0.25 mol L' HAc/NaAc buffer. Potential step increment
4 mV; square wave amplitude 25 mV; frequency 5 Hz.

Sample Ep/V vs Ag|AgCl (KCI sat.)
. -0.53
PrO9Pig15 0.92

Source: The author.
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The potential window of the anodic (positive going) scans displaying the
relevant peaks of pigment PrO9Pig15 compared to metallic tungsten is shown in
Figure 47, and peaks potentials are displayed in Table 32. The first peak, close
to -0.60 V, could represent the oxidation of metallic tungsten to WOz and from
WOz2 to W20s, a reverse reaction from the first reduction peak. This last reaction,
however, has also been reported at -0.40 V [91], and so it could be attributed to
the second oxidation peak. The oxidation of WOz to WO4% has also been
observed previously at -0.27 V, and so it could also be a possibility for this second
oxidation peak [92]. The next oxidation peaks, at (+0.27, +0.63 and +0.90) V,

occur in a region where nonstoichiometric oxides are oxidized to WOs [89,91].

Figure 47 — Potential window displaying the relevant peaks for pigment PrO9Pig15 revealed in the
anodic (positive going) scan. Square wave voltammetry in 0.25 mol L+ HAc/NaAc buffer. Potential
step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz. For comparison, the result
of a scan for a sample collected from metallic tungsten is also presented.

Pro9Pig15
---W

I/a.u.

0.5 ' 0.0 ' 0.5 ' 1.0
E/V vs Ag|AgCI (KClI sat.)

Source: The author.



106

Table 32 - Peaks potentials (Ep) identified in the anodic (positive going) scan for pigment of
Pro9Pig15 and metallic tungsten. Square wave voltammetry in 0.25 mol L'* HAc/NaAc buffer.
Potential step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

Sample Ep/V vs Ag|AgClI (KCI sat.)

-0.59

-0.39

Pro9rPig15 +0.27
+0.63

+0.90

-0.58

w -0.36
+0.24

Source: The author.

5.5.4. Differentiation of pigments based on their
metallic components

Considering that one of the aims of this work is to propose VMP as a micro-
invasive technique that can be used to identify metallic elements present in
pigments in artifacts, and to use this technique to diferentiate between them, a
comparison between the position of the oxidation peaks obtained in the anodic
(positive going) scans performed with samples collected both from metals and
pigments is presented in Figure 48. Pr11Pig07 was selected as representative of
copper pigment, and Burnt Umber of iron pigment. The chosen technique was
square wave voltammetry, considering that only this technique allowed to
investigate Sn and W-containing pigments. The Figure evidences that, even
though the tungsten-containing pigment presents more oxidation peaks than the
metallic sample, the anodic behavior of the pigments matches quite well those of
their respective metals. Also, each metal (and their respective pigment) presents
a different electrochemical response, and so VMP was successfully used to
differentiate and identify pigments containing copper, iron, tin and tungsten. To
facilitate visualization, Figure 49 shows the comparison between the

voltammograms of each metal and its respective pigment in evidence.
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Figure 48 - Comparison between the anodic behavior of metallic and pigment samples containing
different metals verified in the VMP experimens. Square wave voltammetry in 0.25 mol L1
HAc/NaAc buffer. Potential step increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

T
Cu Fe Sn W
> - —
"_{E |— Cu Pigment—— Fe Pigment—— Sn Pigment: W Pigment
0 1

E/V vs Ag|AgCl (KCI sat.)

Source: The author.
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Figure 49 - Comparison between the anodic behavior of metallic and pigment samples of each
metal, highlighted, with: a) copper, b) iron, c) tin and d) tungsten. Square wave voltammetry in
0.25 mol L't HAc/NaAc buffer. Potential step increment 4 mV; square wave amplitude 25 mV;

frequency 5 Hz.

I/a.u.

T
a | Sn W,
I—Cu Pigment Fe Pigment Sn Pigment - - - - W Pigment| | = [ -+ -+ Cu Pigment—— Fe Pigment Sn Pigment - - - - W Pigment
-1 -1 0 1
E/V vs Ag|AgCI (KCl sat.)
T
--------- Cu Fe Sn W
C d
g S —,I — i g U EERRRT AR AT
= |f--- Cu Pigment Fe Pigment Sn Pigment-- -~ W Pigment| = ||} Cu Pigment Fe Pigment Sn Pigment—— W Pigment

E/V vs Ag|AgCI (KCl sat.)

Source: The author.

E/V vs Ag|AgCI (KCl sat.)
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6. CONCLUSIONS

In the present work VMP was used to create reference database for metals
identification and then used to identify the presence of such elements in complex
compounds like corrosion products and pigments. From the obtained results we

can conclude that.

e Considering the set of selected metals (silver, copper, iron, tin, lead,
zinc and tungsten) the sodium acetate buffer solution was the more
universal electrolyte for the VMP experiments, allowing to
determine specific oxidation peaks to all studied metals and also to
differentiate between them by means of peaks potentials;

e Square wave voltammetry proved to be a more sensitive technique
than cyclic voltammetry for identifying the diferente metallic
elements and was systematically employed in cases where cyclic
voltammetry was not effective;

e By means of VMP it was possible to identify the different metallic
elements present in the composition of corrosion products and
selected pigments obtained both from reference (Pinacoteca
collection) and commercial (Sennelier) sources;

e The agreement between the positioning of the oxidation peaks for
the corrosion produts and pigments samples and those determined
for the reference metals proves the importance of creating a
reference database as an effective tool to expand the use of VMP
in the sciences of conservation and restoration of cultural heritage;

e The results also revealed that the use of tailormade conditions may
help to enhance the results of the VMP experiments. In the present
work, changing the scan rate and also the technique from cyclic to
square wave voltammetry helped in the interpretation of the curves
and also in the disclosure of oxidation peaks not present with the
more standard experimental conditions adopted.
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7. FUTURE PERSPECTIVES

VMP has shown its efficiency in identifying metallic pigments in powdered
form. Some suggestions for future works in this area of research would be:

e evaluating the electrochemical response of pigments collected directly
from works of art;

e analyzing the interference of binders, coatings and other additives
used in the making of paintings;

o further studying the electrochemical processes in iron samples;

e expand the database creation for other metals and alloys not
investigated in the present study;

e testthe methodology in real cases studies, for instance, for differentiate
inorganic pigments presenting the same or similar colors, which,

nevertheless, are obtained from different metallic ions.
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APPENDIX 1 - RSD VALUES

Voltammetric analysis of metals and alloys

Sample Electrolyte Method 1st 2nd ard Mean Staf?d‘?“d RSD
scan scan scan deviation
Ag Cyclic 0,36 0,36 0,37 0,36 0,01 1,81
cu NaOH voltammetry -0,27 -0,30 -0,30 -0,29 0,02 5,97
anodic -0,09 -0,09 -0,09 -0,09 0,00 0,00
PbSb -0,58 -0,57 -0,57 -0,57 0,01 1,01
Ag Cyclic 0,14 0,15 0,15 0,15 0,01 3,94
cu voItammetry 0,06 0,06 0,06 0,06 0,00 0,00
anodic 0,40 0,40 0,38 0,39 0,01 2,94
PbSb KCI Square -0,69 -0,67 -0,67 -0,68 0,01 1,71
wave -0,39 -0,39 -0,41 -0,40 0,01 2,91
PbA voltammetry -0,67 -0,67 -0,69 -0,68 0,01 1,71
anodic -0,38 -0,40 -0,39 0,01 3,63
Ag 0,52 0,52 0,52 0,52 0,00 0,00
Cu Cyclic 0,08 0,08 0,07 0,08 0,01 7,53
Sn OA voltammetry -0,43 -0,42 -0,43 -0,43 0,01 1,35
PbSb anodic -0,43 -0,43 -0,42 -0,43 0,01 1,35
PbAl -041 -04 -042 -041 0,01 2,44
Ag 0,40 0,39 0,38 0,39 0,01 2,56
Cu Cyclic 0,12 0,09 0,10 0,10 0,02 14,78
PbSb voltammetry -0,44 -0,44 -0,44 -0,44 0,00 0,00
anodic 0,06 0,06 0,07 0,06 0,01 9,12
PbAI H2S04 -0,46 -0,45 -0,43 -0,45 0,02 3,42
Sn Square -0,50 -0,50 -0,50 -0,50 0,00 0,00
wave -0,22 -0,22 -0,22 -0,22 0,00 0,00
PbSb voltammetry -0,44 -0,44 -0,44 -0,44 0,00 0,00
PbAI anodic -0,44 -0,43 -0,44 -0,44 0,01 1,32
Ag 0,12 0,11 0,10 0,11 0,01 9,09
cu 0,03 0,04 0,03 0,03 0,01 17,32
Cyclic 0,43 0,42 0,37 0,41 0,03 7,90
Sn HCl voltammetry -0,37 -0,37 -0,38 -0,37 0,01 1,55
PbSb anodic -0,46 -0,45 -0,45 -0,45 0,01 1,27
-0,36 -0,38 -0,36 -0,37 0,01 3,15
PbAI -0,46 -0,45 -0,46 -0,46 0,01 1,26
-0,37 -0,36 -0,36 -0,36 0,01 1,59
Ag 0,61 0,60 0,60 0,60 0,01 0,96
Cu Cvelic 0,12 0,16 0,16 0,15 0,02 15,75
Sn voltaﬁmetry -0,61 -0,6 -0,58 -0,60 0,02 2,56
PbSb anodic -0,45 -0,44 -0,46 -0,45 0,01 2,22
HAC/NaAC -0,11 -0,10 -0,11 -0,11 0,01 5,41
PbAl -0,48 -0,47 -0,47 -0,47 0,01 1,22
Zn Square -1,06 -1,05 -1,07 -1,06 0,01 0,94
wave -0,59 -0,57 -0,58 -0,58 0,01 1,72
W voltammetry -0,36 -0,37 -0,36 -0,36 0,01 1,59
anodic 0,23 0,22 0,23 0,23 0,01 2,55
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Voltammetric analysis of corrosion products for the areas of the Green Sample

indicated in Figure 8a

Sample Method 1st 2nd 3rd Mean Star_ldqrd RSD
scan scan scan deviation

Green 1 -0,17 -0,18 -0,22 -0,19 0,03 13,70

-0,75 -0,71 -0,78 -0,75 0,04 4,69

Green 2 -0,14 -0,14 -0,12 -0,14 0,01 7,52

Cyclic -0,78 -0,64 -0,68 -0,70 0,08 10,77

Green 3 voltamm_etry -0,16 -0,19 -0,17 -0,17 0,02 9,83

cathodic -0,64 -0,72 -0,69 -0,68 0,04 6,08

Green 4 -0,17 -0,14 -0,19 -0,17 0,02 13,65

-0,67 -0,69 -0,71 -0,69 0,02 3,19

Green 5 -0,16 -0,13 -0,14 -0,14 0,02 12,21

Green 1 0,12 0,10 0,10 0,11 0,01 10,83

Green 2 Cyclic 0,07 0,08 0,07 0,07 0,01 7,87

Green 3 voltammetry 0,12 0,12 0,14 0,13 0,01 9,12

Green 4 anodic 0,11 0,12 0,11 0,11 0,01 5,09

Green 5 0,14 0,14 0,14 0,14 0,00 0,00
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Voltammetric analysis of corrosion products for the areas of the Brown Sample

indicated in Figure 8b

1st 2nd 3rd Standard

Sample Method Mean L RSD
scan scan scan deviation

Brown 1 Cyclic -0,93 -0,92 -0,89 -0,91 0,02 2,41

Brown 2 voltammetry -0,90 -0,91 -0,96 -0,92 0,03 3,53

Brown 3 cathodic -0,9 -0,89 -0,90 -0,89 0,01 0,91

-0,52 -0,53 -0,53 -0,53 0,01 1,10

Brown 1 0,11 0,07 0,13 0,10 0,03 29,57

0,35 0,35 0,34 0,35 0,01 1,67

Cyclic -0,53 -0,54 -0,54 -0,54 0,01 1,08

Brown 2 voltammetry 0,08 0,09 0,13 0,10 0,03 26,46

anodic 0,27 0,26 0,30 0,28 0,02 7,52

-0,52 -0,52 -0,54 -0,53 0,01 2,19

Brown 3 0,10 0,08 0,09 0,01 15,71

0,35 0,33 0,34 0,01 4,16
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Voltammetric analysis of pigments — Peaks reproducibility (each experiment

was performed with a different sample)

1st

2nd

3rd

Standard

Sample Method Mean L RSD
scan scan scan deviation
. . 0,2 0,14  -014  -0,16 0,03 21,65
Progpfg% Volgﬁ%"etry 032 032 029 -031 0,02 5,59
Pri1pigo7 0 Sie 0,47 045 043  -0,45 0,02 4,44
PrilPigll 0,34 034 038 0,35 0,02 6,54
Pro9Pig03 Cyclic 0,16 0,14 0,13 0,14 0,02 10,66
Pr11Pig07  voltammetry 0,09 0,13 0,11 0,11 0,02 18,18
PrilPigll anodic 0,07 0,06 0,08 0,07 0,01 14,29
Green 055 058  -056  -056 0,02 2,71
Earth 0,31 0,33 0,32 0,01 4,42
Burnt Cyclic 055  -055 056  -055 0,01 1,04
Umber  voltammetry 0,33 0,31 0,30 0,31 0,02 4,88
Vare anodic 053  -056 058  -0,56 0,03 4,52
Vellow 0,13 0,15 0,14 0,01 10,10
0,37 0,37 0,37 0,00 0,00
Square wave -0,07 -0,07 -0,07 -0,07 0,00 0,00
voltammetry o0 58 0,6 -0,59 0,01 1,97
Pr11pigos . cathodic

Square wave

voltammetry ~ -057  -057  -058  -0,57 0,01 1,01
anodic

Square wave  -052 052  -053  -0,52 0,01 1,10

voltammetry
o 0,94  -089  -0,92 0,04 3,86
. 059  -060 059  -059 0,01 0,97
Pro9Pigld>  guarewave  -038 034 036 -0,36 0,02 5,56
voltammetry 0,28 0,25 0,23 0,25 0,03 9,93
anodic 0,64 0,66 0,62 0,64 0,02 3,13
0,89 0,93 0,90 0,91 0,02 2,30




