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a b s t r a c t

This study was carried out to elucidate the causes of irregularities and discolorations on the surface of
parts of a weathering steel sculpture which had been in contact with wood pallets. Non-destructive
analysis of the samples by Raman spectroscopy revealed the presence of iron oxalates and calcium ox-
alates. Thermodynamic modeling suggested that the detected oxalates were produced by the reaction of
oxalic acid, a potential metabolite excreted by microorganisms, and elements present in the steel surface
such as iron. Carotenoids including b-carotene and astaxanthin, biomarkers for a large number of pro-
karyotic and eukaryotic microorganisms, were also detected in samples.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that weathering steel, in spite of being a high
strength alloy, can be affected by the surrounding environment
(Arroyabe and Morcillo, 1995; Oesch, 1996; Wang et al., 1997;
Kamimura et al., 2006; Chiavari et al., 2012.) The effects of acid
gases (CO2, SO2 and NOx) which produce H2CO3, H2SO4 and HNO3

react with the iron and the other elements present in the steel, as
well as with the particles that are deposited on the steel surface,
have been extensively investigated (Aramendia et al., 2013). The
products of these reactions can generate physical stress due to the
volume changes of the different reaction products (Aramendia
et al., 2013, 2014a). These compounds have higher solubility con-
stants than their respective oxides and they are easily leached by
the precipitation runoff. Severe consequences of this leaching
process include the material loss, visual alteration of the surface,
environmental problems if heavy metals are leached, etc. In addi-
tion, the presence of silicates can retard the normal evolution of the
weathering steel protective corrosion layer (Aramendia et al.,
endia).
2012). In the case of weathering steel used in Cultural Heritage
there is no consensus about the main factors in the acceleration of
decay. Some authors blame acid rain and pollution in general, but
others state that biological activity is the most important agent in
the degradation process (Dornieden et al., 2000). Therefore, bio-
logical degradation should be studied thoroughly in order to obtain
a more precise description of decaying processes.

The interest in microorganisms has greatly increased due to the
problems of degradation they produce (Chertov et al., 2004). For
example, biodegradation processes in wood, wall-paintings,
buildings and in other carbonaceous matrices have been thor-
oughly studied (Mandrioili et al., 2003; St. Clair and Seaward, 2004;
Sterflinger, 2010; Kozirog et al., 2014). Biofilms lead to discoloration
and/or changes in characteristics such as brightness, smoothness,
hydrophobicity, etc. In addition, the biofilm can retain water,
(Gaylarde et al., 2011) which can produce further damages. Apart
from aesthetical and chemical problems, some fungi can insert
their hyphae deeply into the substrate. This fact can generate a
severe physical stress, (Laiz, 2015) resulting in a reduction of the
durability of the material.

The consequences of biological activity in iron or steel are
diverse, ranging from pitting, crevice formation, under-deposit
corrosion to stress corrosion cracking (Yuan and Pehkonen,
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2007). However, regarding the steel world, the most studied pro-
cess related to biological activity has been the Microbiologically
Influenced Corrosion (MIC) (Javaherdashti et al., 2006; Basheer
et al., 2013). MIC in steel and iron alloys is a process promoted,
produced or accelerated by the action of microorganisms (Miranda
et al., 2006; R�emazeilles et al., 2010). The heterogeneous biofilm
and the associated bacteria develop complex biological systems
that can cause several chemical changes at the metal/biofilm
interface, such as producing gradients in pH, dissolved oxygen,
chloride and sulphate (Yuan and Pehkonen, 2007). In fact, one of
the most known phenomena is the production of sulfide induced in
anoxic environments by sulfate-reducing bacteria (SRB) (Miranda
et al., 2006; R�emazeilles et al., 2010).

In contrast to other matrices (Castro et al., 2008; Hernanz et al.,
2008; Prinsloo et al., 2008; Perez-Rodriguez et al., 2011; Tourni�e
et al., 2011) such as stone surfaces, frescoes and cave paintings,
oxalate biomineralization has not been yet reported on steel. Ox-
alates are produced by the biochemical activity of some lichens,
algae, fungi or bacteria whose metabolic processes excrete oxalic
acid (H2C2O4), which reacts with substrates including stones, pig-
ments or mortars, (Castro et al., 2008; Rosado et al., 2013) and the
biomineralization can cause structural and aesthetical problems
(Rosado et al., 2013).

In this work, a weathering steel sculpture which was in contact
with a wooden pallet during the transportation of the artwork was
studied since it presented a very irregular surface and some
discoloration areas that affected the visual appearance of the
artwork. The Protective Ability Index (PAI), used for assessing the
conservation state of weathering steel structures and calculated by
the ratio of the active iron phases present in the protective rust
layer and the stable ones (Aramendia et al., 2014b), was the ex-
pected one for the artwork's exposition time (Aramendia et al.,
2014b). Moreover, there was not a high concentration of soluble
salts present on the surface. Therefore, it was hypothesized that
some factors related to the contact between wood and the steel
surface were producing surface deterioration agents in this sculp-
ture perhaps induced by biologic activity such as oxalates.

2. Material and methods

The samples were taken from a weathering steel sculpture
exhibited outdoors and exposed to the environment of Bilbao city.
The artwork is called Plow and it was created in 1992 by the
sculptor Richard Serra. It is exhibited in the Guggenheim Museum
of Bilbao since 2008. For its transportation to the museum some
wooden pallets were used. As it can be observed in Fig. 1, in the
place where the pallets were in contact with the steel, some dis-
coloured and irregular stripes appeared. For the study of these
areas, some samples were collected from the steel surface. As it can
be seen in Fig. 1C, the protective layer of this weathering steel
structure was detaching from the surface as little steel chips or
flakes. Micro-samples corresponding to the minimum material
needed for the analysis (around 1 mg of corroded steel) were
collected with a scalpel. Signs of biological activity such as spider
nests and little insects were observed at the sampling sites. The
visual observation of the samples was performed with an Olympus
optical microscope BX51 (Tokyo, Japan) under various magnifica-
tions (5� to 50�).

For structural characterization, the samples were analyzed by
Raman spectroscopy, a non-destructive and non-invasive tech-
nique that allows analysis of the sample directly, without any pre-
treatment. An additional advantage of this technique is the possi-
bility of storage of the samples for future additional examinations,
thus avoiding the necessity of sampling the sculpture again and
consuming more material.
For the Raman analysis, a LabRam HR800 (Horiba Jobin Yvon
company, Villeneuve d'Ascq, France) spectrometer was employed
at the MONARIS lab. This equipment is characterised by a focal
length of 800 mm, equipped by a Peltier cooled CCD detector and
coupled to an ionised argon Laser from Coherent (Ie90C-6). Ana-
lyses were performed using the 514.5 nm line and the Rayleigh
filtering was achieved using Ultra Low Frequencies (ULF) BragGrate
Notch Filter. Using a 600 lines/mm grating (allowing the recording
in one acquisition of the whole spectral range of our interest) the
spectral resolution of the equipment was around 3 cm�1 and it was
calibrated daily with a silicon chip at 520.5 cm�1. The measure-
ments were performed with the 50� and 100� objectives of an
Olympus microscope BX41 (Tokyo, Japan) coupled to the spec-
trometer providing analysis diameters of about 3 mm and 1 mm. The
latter objective and the confocality of the system allowed the
analysis of the biological compound alone avoiding the iron oxide
signals that were quite intense in these samples. In order to avoid
thermodecompositions and mineral phase changes, the laser po-
wer was modulated (power supply and density filters), always
maintaining it below 150 mW at the sample using the 100�
objective. This fact was important for example for the iron oxalate
since it can be thermally decomposed at moderate temperatures
(Diefallah et al., 2002). Acquisitions were performed with LabSpec
software (Jobin Yvon-Horiba, Villeneuve d'Ascq, France). The
spectra interpretation was performed by comparison with pure
standard compounds contained in an in-house database (Castro
et al., 2005), in the RRUFF online database (Downs, 2006) and in
the literature.

pH and Redox were measured in 20 ml of dripping water
collected from the sculptures during rain. The parameters were
measured in-situ using different electrodes: Crison 52-02 (Barce-
lona, Spain) electrode for pH measurements and Crison 52-61
(Barcelona, Spain) for the redox potential.

3. Results and discussion

Translucent filaments with star-shaped structures at the edges
were observed in the part of the sculpture surface that was in
contact with the wood (Fig. 2).

Several carotenoids were detected by Raman spectroscopy on
the Plow surface (Fig. 3). These compounds are biomarkers for
lichen and moss since they occur in the pigmentation of these or-
ganisms (Edwards et al., 1997). Moreover, algae and cyanobacteria
biosynthesize carotenoids as a mechanism to increase their resis-
tance to extreme environments, like those with high UV radiation
and/or acid gases (Maguregui et al., 2012). These carotenoids can be
easily detected by Raman spectroscopy using a green laser because
these wavelengths fall in the absorption band of these molecules,
generating a resonance effect. Consequently, Raman signatures are
significantly enhanced and some resonant Raman bands are also
present in the spectra. These additional bands permit the identifi-
cation of the different types of carotenoids (Edwards et al., 1997;
Maguregui et al., 2012; Rivera and Pena-Diaz, 2012).

In this work, b-carotene (C40H56) and astaxanthin (C40H52O54)
were detected in the surface of Plow (Fig. 3). b-carotene was
identified by its three main Raman bands located at 1521 (n1 C]C),
1154 (n2 CeC), and 1001 (n3 CeH) cm�1 and by its overtones at
2314 cm�1 (2n2) and combination-tones at 2516 cm�1 (n1n3) and
2673 cm�1 (n1n2)) (Fig. 3a) (Edwards et al., 1997). Astaxanthin was
identified through its three main Raman bands located at 1512 (n1
C]C), 1156 (n2 CeC), and 1006 (n3 CeH) cm�1 (Fig. 3b) (Rivera and
Pena-Diaz, 2012).

The presence of astaxanthin is of special interest due to the fact
that it is the most oxidized species and it has been proposed as
bio-indicator of high SO2 concentration in the atmosphere.



Fig. 1. A) Plow sculpture photograph. B) Detail of the steel part in contact with the wooden pallet. C) Detachment process detail.
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Astaxanthin is produced by microorganisms as a self-protective
mechanism, which is based on the synthesis or transformation
(oxidation) of certain carotenoids to protect themselves from the
oxidative damage of air pollution. This compound detected on the
Fig. 2. Microscopic images of biological st
Plow sample could be related to the high concentration of SO2 in
Bilbao atmosphere. In previous works carried out using a 785 nm
laser (Aramendia et al., 2012, 2013, 2014a), no signal from bio-
logical markers was detected. For some organics, especially the
ructures present on the steel surface.



Fig. 3. Raman spectra (baseline corrected) of a) b-Carotene and b) Astaxanthin found in Plow where (HMC) is High Magnesium Calcite, (Ax) is Astaxanthin and (Car) Carbon. c)
Microscopic photograph of a carotenoid in Plow steel surface.
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ones with long carbon unsaturated chains, the use of a green
excitation often induces some resonance effects which enhance
the Raman scattering allowing its detection even with some
fluorescence or low amounts of compounds. The selection of the
correct excitation wavelength (514 nm in this case) increases
significantly the detection limit for compounds associated with
biological activity since it increases their Raman signal. These
molecules were not detected with the 785 nm laser. Raman
scattering intensity is proportional to l�4 where l is the laser
wavelength. Moreover than getting out of resonance conditions,
an infra-red laser thus results in a decrease in scattering intensity
by a factor of 15 or more, when compared with blue/green visible
lasers.

At the same time, Raman results revealed that Plow was seri-
ously affected by biological activity. One of the main metabolites
detected on the steel surface was oxalate (Fig. 4). These oxalates
had different composition depending on the substrate where the
microorganisms were settled. On the one hand, two different cal-
cium oxalates were identified; mainly whewellite (CaC2O4$H2O)
and sporadically weddellite (CaC2O4$2H2O) (Fig. 4) (Edwards et al.,
1997; Frost and Weier, 2003).

In addition to calcium oxalates, the iron oxalate humboldtine
(Fe(C2O4)$2H2O) was identified by Raman spectroscopy (Fig. 5)
(Edwards et al., 1997).

Oxalates were detected only in the samples collected from
those areas that had been in contact with the wooden pallet. In
contrast, only in those places which were not in contact with the
wood, calcite particles were detected. This could mean that in the
locations with wood contact, almost all calcite reacted with the
oxalic acid excreted by microorganisms to form different
oxalates.

Oxalates are subproducts of the metabolism of microorganisms
that are on the steel surface. Actually, in a lichen biodeterioration
study calcium oxalate has been reported as the major metabolite
(Edwards et al., 1997). It is well known that the calcium oxalates are
formed by reaction of calcite and the oxalic acid excreted by the
microorganisms (Reactions 1 and 2) (Edwards et al., 1997;
Maguregui et al., 2012). In this case, calcite is provided by exoge-
neous particle deposition on the steel surface and it was also
detected in the steel surface by Raman spectroscopy through its
main Raman band at 1085 cm-1. Calcium oxalate dihydrate is
metastable at ambient temperatures and its formation is favored
under acidic conditions, but it can change to the monohydrate form
(Edwards et al., 1997). Therefore, the main problem of the presence
of these biological metabolites is based on the physical stress that
they could generate on the steel surface. Depending on the hu-
midity conditions whewellite or weddellite could be formed. In
addition, with humidity changes in the atmosphere, these com-
pounds could be transforming one into another. As occurs with the
different calcium sulphate hydration forms (Irazola et al., 2011), the
volume difference between both hydration forms of calcium oxa-
late (Molecular weight of whewellite: 146.11 g/mol and 164.13 g/
mol for weddellite) can generate stress on the structure favoring
the detachments of steel chips in some areas of the surface.

H2C2O4 þ CaCO3/CaC2O4$H2Oþ CO2 (1)

H2C2O4 þ CaCO3 þ H2O/CaC2O4$2H2Oþ CO2 (2)



Fig. 4. a) Whewellite Raman spectrum identified through its main Raman bands located at 143 cm�1 (m (medium), lattice modes), 898 cm�1 (m, n(CeC)), 1464 cm�1 (vs (very
strong), n(C]O)), 1492 cm�1 (s (strong), n(C]O)) and 1633 cm�1 (w (weak), n(C]O)) and b) Weddellite Raman spectrum identified through its main Raman bands at 190 cm�1 (m,
t(HeC]O)), 504 cm�1 (s, d(CO2), 908 cm�1 (m, n(CeC)), 1475 cm�1 (vs, n(C]O)), and 1633 cm�1 (m, n(C]O)). All the spectra were baseline corrected. On the top, a micropho-
tograph of the analyzed area where a microorganism can be observed.
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However, the formation mechanism of humboldtine has not
been reported in the literature for steel surfaces, therefore, a
thermodynamic modeling was carried out using the MEDUSA
(Make Equilibrium Diagrams Using Sophisticated Algorithms)
software (Puigdomenech, 2004) to elucidate the reactions occur-
ring on the weathering steel surface. SO2 was considered in the
thermodynamic simulation because of its important role in the
development of the weathering steel corrosion layer (Aramendia
et al., 2013). In Bilbao city, SO2 is one of the main pollutants pre-
sent in the atmosphere. According to literature (De la Fuente et al.,
2011) there is a deposition rate of 81 mg SO2$m�2 per day, that is,
almost 300 gm�2 all along a single year. Assuming a rainy day, with
a rainwater accumulation of 0.1 mm over the surface, there would
be 0.1 L (100 g of water) per square meter. The solubility of SO2 is
940 mg in 100 g of water. This means that the deposited 81 mg of
SO2 are completely soluble. Taking into account that Bilbao pre-
sents 3000 h of wetness (125 days), there is an accumulative effect
10 g of SO2 per 100 g of water per year or 1500 mM, only of dis-
solved SO2. Taking this data in main, for the thermodynamic
Fig. 5. Raman spectra of humboldtine identified on Plow surface by its main peaks at 203 c
1468 cm�1 (s, n(C]O)) and 1479 cm�1 (vs, n(C]O)).
simulation it was assumed a concentration of 200 mM, trying to
resemble a reliable accumulative effect of SO2 on the surface of the
steel. The Redox potential and pHwere assumed to be 90mV and 6,
respectively (experimentally measured values). The simulationwas
carried out as a function of the oxalic acid concentration, from 0 to
40 mM.

The formation of iron oxalate depends on the presence of calcite
(Fig. 6). As the concentration of calcite decreases the fraction of
formed humboldtine increases (Fig. 6, from the top to the bottom).
This means that calcite competes for the oxalic acid with iron. Iron
oxalate would not be formed at high concentration values of calcite
(60 mM, Fig. 6 first on the top). This thermodynamic modeling
suggests that the formation of iron oxalate would take place as a
direct reaction between iron (oxides) in the steel surface and mi-
croorganisms, unless calcite was present on the surface. Hum-
boldtine is formed from any iron oxide (Fig. 6). However, in our
samples magnetite (Fe3O4) was the most likely iron oxalate pre-
cursor, since it is a mixed oxide of iron II and III and in the steel
surface the iron (II) oxalate was found. However, due to the action
m�1 (m, n(FeeO)), 519 cm�1 (w, d(CCO)), 590 cm�1 (w, d(CCO)), 910 cm�1 (m, n(CeC)),



Fig. 6. MEDUSA diagrams for humboldtine formation at different concentrations of
calcite. On the top the conditions used for all the diagrams.
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of SO2, some iron (III) phases can be reduced to iron (II) becoming
also precursors for iron (II) oxalate. It is worthy to point out that in
the special case of this sculpture, the surface was not sandblasted
and the black patina formed during the rapid cooling of the ma-
terial, which is composed by magnetite, still remained. Therefore
the massive presence of magnetite could promote the formation of
Fe(C2O4)$2H2O on this material. The formation reaction of hum-
boldtine would be that shown in Reaction 3 where hematite would
be generated. Apart from the this compound, other iron oxalate
species can be formed in the chemical system (see Figs. 6 and 7b)
like the trioxalate complex of Fe(III), following Reaction 4. However,
they were not identified by Raman spectroscopy because only the
neutral humboldtine is present when it precipitates (the mea-
surements were done on solid phases). Notice that iron (II) sulphate
is also formed in the system (Fig. 7b). In fact, rozenite (FeSO4$4H2O)
was also detected by Raman spectroscopy in the steel samples,
surely coming from the precipitation of that iron sulphate
(Aramendia et al., 2013).

Regarding the calcium fraction, at the oxalic concentration
necessary to form humboldtine, the predominant calcium sulphate
is anhydrite and calcite does not appear in the thermodynamic
diagram (Fig. 7a). This fact can support the absence of calcite in the
surface affected by microorganisms and the presence of anhydrite.

H2C2O4 þ Fe3O4 þ H2O/FeC2O4$2H2OþþFe2O3 (3)

Fe3þ þ 3H2C2O4/FeðC2O4Þ�3
3 þ 6Hþ (4)
Fig. 7. a) Fraction of calcium species and b) fraction of iron species during the for-
mation of humboldtine onweathering steel surface. The chemical condition to perform
the simulations are written in the top.
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The presence of different hydration forms of calcium oxalates
can generate a physical stress due to their volume difference. The
transformation from one into another can be the cause of the
detaching processes that the sculpture is suffering. For example, if
one oxalate is located in a surface crack and this oxalate, due to
changes in moisture, is transformed into another more voluminous
hydration form of that oxalate, with the time and after several
wetedry cycles the crack development could form a flake of
corrosion layers that can be detached from the sculpture body. The
presence of humboldtine is indicative of a different form ofmaterial
deterioration. The formation of this compound starts from
magnetite that is a component of the protective rust layer in this
material. Therefore, the consumption of this iron oxide implies iron
consumption in the material. The formation of the trioxalate
complex of Fe(III) has as a consequence the acidification of the
surface (see Reaction 4), which would increase the deterioration of
the protective rust layer and the appearance of the steel surface
underneath. In the same way, the formation of that complex pro-
motes the loss of material due to the run-off process of soluble
compounds by rain water.
4. Conclusions

Oxalates were detected by Raman spectroscopy only in the place
where the pallet was in contact with the steel that was used for the
transportation of the sculpture. Therefore, the oxalate formation
and the presence of wood must be linked. Its presence exerts two
kinds of effects in the weathering steel. On the one hand, the physic
stress induced by calcium oxalates can be the responsible for the
irregularities in the protective layer produced by the detachment of
steel flakes. On the other hand, iron oxalate can be exerting the
color changes in the surface since humboldtine is yellowish. The
presence of oxalates has not been reported in these contexts in the
literature. Besides, only in the same areas where oxalates were
found, that is, the areas in contact with the pallet, b-carotene and
astaxanthin were found. These compounds are biomarkers for a
large number of prokaryotic and eukaryotic microorganisms, sug-
gesting biological activity on a weathering steel surface, affecting
the stability and chemical integrity of the surface.
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