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ABSTRACT: Solid-state voltammetry is used for studying the composition of corrosion products in a series of sculptures from the
Contemporary Sculpture Collection of the Universidad Politécnica de Valencia (Spain). Upon attachment to paraffin-impreg-
nated graphite electrodes, well-defined voltammetric responses were obtained upon immersion in 0.10 M HCI. A hematite with a
variable degree of hydration and crystallinity, accompanied by FeO(OH) forms, is identified as the main corrosion product.
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INTRODUCTION

Corrosion of metals in contact with atmospheric environments is a
major cause of deterioration of sculptures, panels, and decorative
pieces of artistic value. Iden tification of corrosion products, comple-
mented with an environmental analysis, provides useful information
as regards to the deterioration mechanism. Corrosion products are
usually identified by means of X-ray diffraction (XRD), Fourier-
transform infrared spectrometry (FTIR), Mdssbauer spectroscopy
and microscopical examination of the surfaces and cross sections of
the corrosion layers by scanning electron microscopy/energy disper-
sive X-ray detection (SEM/EDX), and several electrochemical tech-
niques involving the determination of polarisation resistance, impe-
dance spectroscopy and electrochemical noise (Morcillo, 2004).

In addition to existing techniques, the voltammetry of microparticles
can be used to analyse corrosion products and deterioration proces-
ses in metal artefacts. This methodology, developed by Scholz et al.
(Scholz et al., 1998; Grygar et al, 2002), provides information on
the chemical composition, structure, and granulometry of sparingly
soluble solids, and uses very few micrograms, or even nanograms,
of the sample.

‘We herein report the first results obtained by applying this metho-
dology to a series of samples from three Corten steel Contemporary
sculptures included in the collection of the Universitat Politécnica de
Valencia (Spain). Samples were taken in December 2006 as part of
the annual conservation programme of the collection. The sculptures
are exposed to atmospheric corrosion in different locations of the
university campus (see Fig. 1), at ca.1 km from the Mediterranean
sea. Corrosion of Corten steel has been studied in contact with diffe-

rent wet and dry environments (Jasswicz, 1968; Exel, 1977; Han et
al., 2003). B-and y-FeO(OH) have been identified as corrosion pro-
ducts in contact with MgCl, solutions (Li et al. (2006), while hemati-
te (a-Fe,0,) and a-FeO(OH) were identified in atmospheric environ-
ments by Damian and Fako (Damian and Fako, 2000).

Solid-state voltammetry has been applied to the study of iron oxi-
des (Mouhandess et al., 1982, 1984; Mancey et al., 1993; Encinas et
al., 1994; Grygar, 1996, 1997). This voltammetry is directly related
with that of iron oxide pigments (Doménech et al., 2001; Grygar et
al., 2002) and iron-containing ceramic materials (Doménech et al.,
2002).

EXPERIMENTAL

Iron(IIT) oxide (Aldrich), consisting essentially of crystalline hemati-
te, was taken as a reference material.

Samples (ca. 100 mg) from the sculptures: a) “Vuelo” (V1; author
José Luis Sanchez, 1996; dimensions: 310 x 175 x 120 cm), b) “In-
tegracion” (I1 to 16; author Marcel Marti, 1991; dimensions 400 x
460 x 270 cm), and, c) “Obelisco” (O1 to O5; author Frechilla, 1990;
dimensions 540 x 60 x 40 cm) were taken from different areas of the
sculptures with the help of a scalpel.

Paraffin-impregnated graphite electrodes (PIGEs) were used in the
voltammetry procedure of microparticles experiments. PIGEs con-
sisted of 5 mm diameter cylindrical rods prepared as described by
Scholz et al. (1998). The samples (5-10 mg) were powdered in an
agate pestle and mortar, and then placed on a glazed porcelain tile
forming a spot of finely distributed material. Then the lower end of
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Figure 1. “Integracion” (Marcel Marti, 1991). Image
taken in 1999. Calcareous crusts caused by direct irri-
gation with tap water can be seen in the basis of the
sculpture
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Figure 3. CV of a Ol-modified PIGE immersed into 0.10 M HCI. Potential scan rate 50 mV/s

the graphite electrode was gently rubbed over that spot of sample and finalty
cleaned with tissue paper.

All electrochemical experiments were performed at 298 K after the immer-
sion of the modified electrodes in deaerated solutions using the CH 1420 equi-
pment. A conventional three-electrode arrangement was used with a PIGE
working electrode, a Pt-wire auxiliary electrode and an AgCl (3 M NaCl)/Ag
reference electrode. Cyclic and square wave voltammetries (CV and SQWYV,
respectively) were used as detection modes.

RESULTS AND DISCUSSION

Prior experiments by means of optical microscopy (see Figure 2) and x-ray
diffraction evidenced the major content in hematite as well as goethite as
the main corrosion products on the steel surface. Interestingly, significant
amounts of calcite were identified in the diffractograms, which is formed as a
consequence of the deposition of calcium carbonate precipitated from the tap
water used to irrigate the grass gardens.

A typical CV of samples is shown in Fig. 3, corresponding to sample O1.
In the initial cathodic scan voltammogram, a reduction peak appears ca. -50
mV, followed by a prominent reduction wave initiated at ca. -350 mV, and

Figure 2. Microphotograph of the corrosion products formed in the sculpture “Integracion”
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Figure 4. SQWVs of sample O1 in contact with 0.10 M HCI. Potential scan initiated at +650
mV in the negative direction. Potential step increment 4 mV; square wave amplitude 25 mV;
frequency, A: 2, B: 5, C: 15, and D: 25 Hz

overlapped with the solvent discharge occurring at -700 mV. In the subsequent
anodic scan, no well-defined anodic counterparts were observed for the above
electrochemical processes, so that an unique weak oxidation peak at-170 mV
was recorded.

SQWYV provides a more structured voltammetric profile. As shown in Fig. 4
for sample O1, cathodic peaks at ca. +380, +60, -150, 400 and -500 mV are
recorded on initiating the potential scan at +650 mV in the negative direction.
The peaks at +380, -150 and 400 mV are enhanced at the expense of the
peaks at +50 and -500 mV when the square wave frequency is increased.

Following the previous literature on the electrochemistry of iron oxides and
hydroxy-oxides (Grygar, 1996, Doménech et al., 2001; Grygar et al., 2002),
the electrochemical reduction of iron oxide-based materials can be described
in terms of reductive dissolution processes resulting in the formation of Fe?*
ions in solution, which further reduced to iron metal at potentials ca. -750 mV.
The overall reduction process can be represented as follows for hematite:

3HY e 2e
1/2 Fe,0, (solid) — Fe** (aq) — Fe (solid) (1)
-3/2H,0
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Figure 5. SQWVs of PIGEs modified with sample O1 immersed into 0.10 M HCI. Potential
scan initiated at: A: -750 mV; B: -250 mV, in the positive direction. Potential step increment 4
mV; square wave amplitude 25 mV; frequency 5 Hz

In principle, the advance of the electrochemical reaction is determi-
ned by the pH and the presence of other chemisorbing ions and/or
complexant species. The kinetics of the electrochemical process can be
described on the basis of the models described by Grygar (1996, 1997).
Accordingly, the rate of reductive dissolution is driven by the deta-
chment via the ion diffusion or the complexation reaction of metal
centres from the reduced metal sites on the surface of solid particles.
The position and shape of the voltammetric peaks depend on the ave-
rage particle size and the homogeneity of the particle size distribution,
so that the wider peaks correspond to less consolidated and probably
more heterogeneous iron oxide materials.

On scanning the potential in the positive direction, the voltammetric
profile is seen to be highly dependent on the initial potential. As seen
in Fig. 5, peaks at -480, -90, +50, and +440 mV are recorded if the
potential is initiated at -750 mV. In contrast, the prominent peak at -90
mV disappears entirely if the potential is initiated at -250 mV. These
features indicate that this last process can be attributed to the oxidative
dissolution of iron metal previously deposited, yielding Fe?* ions in
solution.

A comparison of the SQWVs for hematite and samples is shown in
Fig. 4. Here, the voltammetric curves for: a) hematite, and samples, b)
V1, c) 12, d) O2, are depicted. Voltammograms of samples from each
sculpture were similar to those represented in Fig. 6, although some
minor differences appear, depending on the location of the corroded
region in the sculpture.

The most relevant feature was recorded for samples 11 to 16, for which
the quotient between the peak currents of processes at -480 and -540
mV = ip(-480 mV)/ ip(—540 mV)) varied significantly from the portion
of the sculpture in the E direction (I = 0.79) to the remaining faces (I
ranging between 0.59 and 0.62). This difference can be attributed to
the influence of the marine atmospheric influence so that the hydra-
tion degree of the iron oxide was larger in the area of the sculpture
exposed to sea winds.

As shown in Fig. 4-A, only one prominent peak at -480 mV, preceded
by a weak peak at -10 mV, is recorded in the case of hematite. Samples
V1 and 12 exhibit a similar profile with a peak at +380 mV and over-
lapping peaks at -480 and -540 mV. These last two peaks are attribu-
table to the reductive dissolution of hematite and hydrated hematite,
whereas the peak at +380 mV must correspond to highly hydrated iron
oxide forms. In the case of sample O2 however, the abovementioned
peaks are accompanied by overlapping peaks at +130 and -200 mV. In
agreement with prior data on iron oxide materials (Doménech et al.,
2001), such peaks can be attributed to FeO(OH) forms.
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Figure 6. SQWVs of: a) hematite, and sam-
ples: b) V1, ¢) 12, d) O2, immersed into 0.10
M HCI. Potential scan initiated at +650
mV in the negative direction. Potential step
increment 4 mV; square wave amplitude 25
mV;, frequency 5 Hz

On scanning the potential from -750 mV in the positive direction, sig-
nificant differences appear between hematite and the different sam-
ples. Thus as shown in Fig. 7a, hematite displays only weak peaks at
-540 and -150 mV. A similar response was obtained for samples I1 to
I5, asillustrated in Fig. 7b, but an additional peak at +410 mV appears.
In contrast, sample V1 and samples O3 to O6 exhibit two overlapping
peaks at -150 and -200 mV (see Figs. 7c,d). The appearance of such
peaks can be attributed to the oxidative dissolution of any Fe(II) spe-
cies in the corrosion layer.

Figure 7. SQWVs of: a) hematite, and samples:
b) V1, ¢) 12, d) O2, immersed into 0.10 M HCI.
Potential scan initiated at -750 mV in the posi-
tive direction. Potential step increment 4 mV;
square wave amplitude 25 mV; frequency 5 Hz

These features can be rationalised on the basis of models for steel co-
rrosion. Following classical corrosion models, when steel surfaces are
exposed to humid environments, certain surface points experience an
anodic behaviour which can be represented as:

Fe (solid) — Fe** (aq) +2e (2)

Lepidocrocite (y-FeO(OH)) is produced under the action of oxygen
which can subsequently form and consume magnetite (Skerry et al.,
1988):

4Fe> (aq) + O, + 6H,0 — 4FeO(OH) (solid) + 8H* (aq) (3)

Fe?*(aq) + 8FeO(OH) (solid) + 2e- — 3Fe,0, (solid) + 4H,0 (4)

Recent data reported by Morcillo (2004) for a wide variety of environ-
ments indicate that lepidocrocite and goethite (o-FeO(OH)) appear in
lamellar and acicular structures of corrosion layers whereas magnetite
is absent. This is consistent with the results of Misawa et al. (1974)
who proposed a mechanism based on the redissolution of lepicocro-
cite and the subsequent precipitation of a hydrated oxide-hydroxyde,
further converted into goethite via solid-state transformation:

v-FeO(OH) (solid) = FeO (OH),, (solid) — a-FeO(OH) (solid) (5)

3-2x
In the presence of high chloride concentrations however, it has been
reported (North and Pearson, 1977; Stahl et al., 2003) that FeOCl and
akaganeite (Fe ,,,(OH), ,.Cl ) are formed to eventually form hema-
tite. Similarly, Walker (2001) reported that iron sulphides become uns-
table on recently excavated artefacts.

In the studied samples however, hematite appears as the main corro-
sion product. This situation parallels that described by Damian and
Fako (2000) for the corrosion of Corten steel in atmospheres of vario-
us degrees of pollution in Romania.

ARCHE. PUBLICACION DEL INSTITUTO UNIVERSITARIO DE RESTAURACION DEL PATRIMONIO DE LA UPV - Num. 1 - 2006



170 Antonio Doménech Carbo, José Luis Roig Salom and Maria Teresa Doménech Carbo

FINAL CONSIDERATIONS

Solid-state voltammetry of samples from corrosion layers in steel
sculptures in the collection of the Universidad Politécnica de Valencia
provides well-defined responses. The main component of corroded la-
yers is hematite with a variable degree of hydration, accompanied by
FeO(OH) (goethite and possibly lepidocrocite).

Identification of corrosion products via solid-state voltammetry pro-
vides a rapid and efficient method for analysing the composition of
corroded layers in iron and steel sculptures, and may be used in future
research to monitor the degree of alteration and the conservative/res-
torative strategies used in the study of such pieces.
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Version espaiiola

TITULO: Estudio de la corrosion en las esculturas de acero por medio de la voltamperometria de estado sélido con elec-

trodos de grafito impregnados de parafina

RESUMEN: La voltamperometria de estado sélido se ha utilizado para estudiar la composicion de los productos de corrosion en
una serie de esculturas de la Coleccion de Escultura Contemporanea de la Universitat Politecnica de Valéncia (Espaia). Utili-
zando electrodos de grafito impregnados de parafina, se obtuvieron respuestas voltamperomeétricas utilizando como electrolito una
disolucion 0.10 M HCI. La hematita con grado variable de hidratacion y de cristalinidad se identifica como el producto principal

de corrosion, acompaiiado por las especies hidratadas FeO (OH).

PALABRAS CLAVES: voltamperometria de estado solido, corrosion, hierro, acero, escultura, arte contempordaneo
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