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Abstract
The degradation of synthetic oil paint �lm specimens containing indigo and Prussian blue pigments and
pictorial samples from the Sant Francesc de Paula painting from the museum of Cardedeu (Catalonia,
Spain) has been studied by voltammetry of immobilized particles. This technique, combined with SEM-
EDX, ATR-FTIR and CG-MS techniques permits to propose a dual scheme for the degradation of the
pigments when submitted to natural, UV and UV solar light aging. Under ‘ordinary’ conditions, Prussian
blue acts as a radical scavenger moderating the production of ROS produced in the binding media by the
action of UV radiation, resulting in the formation of Berlin green and indigo adducts with radicals. In the
case of localized areas of the Sant Francesc de Paula paint, strong degradation occurs where Prussian
blue acts as a promoter of the indigo oxidation to isatin, thus resulting in a considerable chromatic shift.

1. Introduction
The deterioration of oil paintings is a complex problem due to the variety of organic and inorganic
materials constitutive of pictorials layers and the action of different types of external agents, including
the light, humidity, microorganisms and mechanical and thermal stress [1–4]. The deterioration of oil
�lms is associated to crosslinking reactions, oxidation of unsaturated acids and hydrolysis of glyceride
bonds releasing free fatty acids. The role of pigments in such deterioration processes has received
considerable attention due to their possible role as inhibitors or catalysts of oil drying [2, 5–7], formation
of metal soaps [8–12], and mineralization [9, 12].

In order to study oil paints degradation processes, a variety of analytical techniques have been used,
including, among others, image analysis [13], infrared spectroscopy [5, 11, 14, 15], scanning electron
microscopy image analysis [12], Raman spectroscopy [16].

The interaction between pigments and oils has been subject of different studies, concentrated in lead
pigments [12, 13, 17, 18] and Prussian blue [19], the role of the mutual pigment-oil interactions being to
some extent controversial [20–22].

In this context, the voltammetry of immobilized particles (VIMP), a solid state electrochemistry technique
developed by Scholz et al. [23–25], can be applied due to its sensitivity to different redox states and its
ability to work with samples at the level of few nanograms. These characteristics prompt the application
of VIMP in the �elds of archaeometry, conservation and restoration, as summarized in different reviews
[26–28]. In previous works, we have described the use of VIMP to characterize the biodegradation of
cadmium yellow [29] and verdigris [30] pigments in reconstructed egg tempera and egg-linseed oil
emulsion paint �lms. Here, we present a VIMP study, complemented by optical microscopy, scanning
electron microscopy coupled with X-ray spectrometry (SEM-EDX), nanoindentation-atomic force
microscopy (AFM), attenuated total re�ectance–Fourier transform infrared spectroscopy (ATR-FTIR), and
gas chromatography-mass spectrometry (GC-MS) of the interaction between two blue pigments, indigo
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and Prussian blue, and linseed oil in paintings, comparing the results for arti�cially aged specimens and
a painting showing peculiar degradation features.

This multi-technique approach was developed with the aim of providing a broader view, and hence, to
attain a deeper understanding of the formation mechanism of the alterations exhibited by the oil painting,
Sant Francesc de Paula, of anonymous author, 18th century, which is currently included in the painting
collection of the Tomàs Balvey Arxiu Museum (Cardedeu, Spain) with reg nº 2258 [31]. As it can be seen
in Fig. 1a, the painting surface showed signi�cant chromatic alterations in several light-blue parts of the
background painting mainly from the sky, as well as in some of the areas of trees and vegetation. During
the conservation treatment and the cleaning process carried out at the Laboratori de Conservació-
restauració de l’O�cina de Patrimoni Cultural de la Diputació de Barcelona, it was suspected that the
darkened layer did not belong to an applied coat of varnish or other resin, but was possibly due to a
transformation of the original materials. The painting technique appears to be oil on canvas applied over
a thick preparatory red earth layer, following the characteristic techniques used in this period. Vertical
�ssures and loss of paint indicate that, at some point, the canvas was rolled up, and later on was
mounted with cotton lining applied with animal glue onto a wooden stretcher. These vertical �ssures were
caused by mechanical abrasion removing some of the dark colored super�cial layer. The conservation
process possibly also included some facing, cleaning and re-varnishing of the surface, although the work
was un�nished leaving an irregular surface of decoloration over the blue and green paint layers [32].

Figure 1b,c shows details of the altered and unaltered blue areas of the painting in which samples were
taken for the analysis. Our analytical data (vide infra) indicated the presence of a mixture of indigo,
Prussian blue and lead white in this light blue area of the sky, thus providing opportunity for studying the
possible interactions between these pigments and the organic binder. This study exploits the electroactive
character in solid state of both Prussian blue [33–35] and indigo [36–39], whose photochemical
degradation has claimed considerable attention [40–43].

2. Experimental

2.1. Instrumentation
A Leica DM2500 P microscope (Leica Microsystems. Heidelberg, Germany) was employed using
polarised re�ected light at x25 to x400 magni�cation for the morphological examination of the cross
sections prepared from the paint samples. Digital images were acquired using a Leica Digital FireWire
Camera (DFC), controlled by the Leica Application Suite (LAS) software.

Morphological examination and elemental analysis of the cross-sections of the paint samples, previously
carbon-coated, were performed using a JEOL JSM 6300 scanning electron microscope operating with an
Oxford Instruments Link Isis X-ray microanalysis system. The analytical conditions were an accelerating
voltage of 20 kV, a beam current of 2 × 10− 9 A and a working distance of 15 mm. Qualitative analysis was
performed mainly in punctual and area modes. Quantitative microanalysis was carried out using the ZAF
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method, which is based on the correction of the matrix effect in multielement analysis that takes place in
the simultaneous determination of the concentration of each element present in a multielement material.
This theoretical method provides a correction of the X-ray intensity of each element present in the
material by means of the application of a series of correction factors for the atomic number effect (which
describes the depth of electron penetration and the fraction of electrons that backscatter from the
sample), the absorption correction (which describes the absorption of X-rays in the matrix as a function
of the composition and depth of electron penetration) and the �uorescence of one elementby the others
present). In this study, the counting time was 100 s for major and minor elements. Concentrations were
calculated by stoichiometry from element percentages generated by ZAF software used with the Oxford
Instruments Link Isis EDX instrument.

Nanoindentation-atomic force microscopy (NI-AFM) is an advanced instrumental technique that allows
the determination of the elastic modulus (EM) in the microsamples of the original paintings. In this study,
a Multimode AFM (Digital Instruments VEECO Methodology Group, USA) with a NanoScope IIa controller
was used, which was equipped with a J-type scanner (max. scan size of (150 × 150 × 6) mm). The EM of
each sample was obtained in the scan asyst peak-force quantitative nanomecanical mode (QNM) with a
tip Scan Asyst (Bruker) (k = 3N.m−1). The EM values were calculated by the Bruker Nanoscope 1.40
Analysis software. This process was carried out using the Derjaguin, Muller, Toropov (DMT) model [<link
rid="bib42">42</link>], The tip radius R is calculated by an indirect method using a polystyrene sample
with a known EM of 2.7 GPa. The indirect method includes the prior determination of de�ection by
pressing the tip onto a Sapphire disc, and the spring constant of the cantilever by performing a thermal
tune. A value of 0.3 was used for the Poisson’s ratio. This value is recommended for samples with an EM
that falls within the 1 GPa < Es<10 GPa range. EM value was collected automatically by the instrument for
each pixel of the image. Images with scan sizes of (10 × 10) µm that consisted of 256 lines by pixels, and
taken at a scan rate of 0.4–0.5 Hz, were created for each sample during one same scan, which allowed
the morphological data in high (2D and 3D) and peak force modes and EM to be collected. EM was
calculated as the average value of the individual EM measured in each pixel of an image. At least three
images were acquired in each sample. Repeatability was at ca. 5%.

ATR-FTIR spectra of the paint samples and the reconstructed paint �lms were recorded using a Vertex 70
Fourier-transform infrared spectrometer with an FR-DTGS (fast recovery deuterated triglycine sulphate)
temperature-stabilized coated detector and a MKII Golden Gate Attenuated Total Re�ectance (ATR)
accessory. A total of 32 scans were collected at a resolution of 4 cm− 1 and the spectra were processed
using the OPUS/IR software.

A gas chromatograph Agilent 6890N (Agilent Technologies, Palo Alto, CA, USA) coupled to an Agilent
5973N mass spectrometer (Agilent Technologies) was used for the identi�cation of the binding media of
the painting. A capillary column HP-5MS (5% phenyl–95% methylpolysiloxane, 30 m, 0.25 mm i.d.,
0.25 µm �lm thickness, Agilent Technologies) was used to adequately separate components. Polar and
non-polar compounds were separately analysed by the hydrolysis procedure, followed by derivatisation
with ethyl chloroformate, as described elsewhere [43]. 1.5 µL of the chloroformic solutions of amino acid
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or fatty acid derivatives obtained were injected into the GC–MS system in the split mode (split ratio 1:20).
Chromatographic conditions for the amino acid derivatives were initial temperature of 100ºC increased
with an initial ramp of 5ºC.min− 1 up to 155ºC and then a �nal ramp of 15ºC-min− 1 up to 300ºC held for
10 min. For the fatty acid derivatives the chromatographic conditions were: initial temperature of 50 °C
held for 2 min, increased by 20 °C.min− 1 up to 300 °C and held for 10 min. The helium gas �ow was set
at 1.3 mL.min− 1. Electronic pressure control was set to the constant �ow mode with vacuum
compensation. Ions were generated by electron ionisation (70 eV). The mass spectrometer was scanned
from m/z 20 to m/z 800 in a 1-second cycle time. Mass spectrometer tuning was checked using
per�uorotributylamine. EI mass spectra were acquired by the total ion monitoring mode. The interface
and source temperatures were 280 °C and 150 °C, respectively. Agilent Chemstation software G1701CA
MSD was used for the GC–MS control, peak integration and mass spectra evaluation. Wiley Library of
Mass Spectra and NIST were used to identify compounds.

Electrochemical experiments were performed in a three-electrode cell at 298 K using 0.25 M sodium
acetate buffer (Panreac) at pH 4.75 as a supporting electrolyte. In order to reproduce the conditions for
optional analysis in �eld, no deaeration of the electrolyte was carried out. A CH I660C potentiostat
(Cambria Scienti�c, Llwynhendy, Llanelli UK) was used. Sample-modi�ed commercial para�n-
impregnated graphite bars (Alpino HB type, 68% wt graphite, diameter 2 mm) were used as working
electrodes completing the three-electrode arrangement with a platinum wire counter-electrode and an
Ag/AgCl (3 M NaCl) reference electrode. Optionally, semi-derivative convolution of data was carried out in
order to enhance peak resolution. Prior to each measurement, the graphite electrode was polished with
alumina, rinsed with water and polished by pressing over paper. Then, the electrode was pressed onto the
sample deposited on the plane surface of an agate mortar. Sample-modi�ed graphite electrodes were
then dipped into the electrochemical cell so that only the lower end of the electrode was in contact with
the electrolyte solution.

2.2. Samples and test specimens
Two paint samples from the unaltered light-blue and the altered greenish areas from the sky were taken
using a scalpel (Fig. 1b,c). For the optical and scanning electron microscopy studies, both samples were
embedded in a transparent polyester resin (Synolite 0328-A-1, DSM Composite Resins AG, Switzerland).
Embedded samples were left to set overnight in laboratory conditions (21ºC, 50% R.H) for the
polymerization of the resin. Grinding and polishing were carried out using a rotating wet grinder (Labopol
20, Struers, Erkrath, Germany) with different grades of silicon carbide grinding papers (220, 500, 2400) to
obtain the corresponding cross-sections.

Reconstructed paint �lms were prepared by mixing indigo (I), Prussian blue (P) and a 50% wt mixture of
indigo and Prussian blue (IP) with linseed oil supplied by (Kremer Pigmente). Pure pigments and their 1:1
mixture were mixed with the appropriate amount of linseed oil until suitable consistence (30% weight
composition of pigment) (IO, PO and IPO reconstructed paint specimens). After this the paint was spread
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on glass slides in order to form a thin �lm. The reconstructed paint �lms were dried and naturally aged at
room temperature for 2 years (21ºC, 50% RH). Thickness of the �lms was in the range 0.3–0.5 mm.

2.3. Accelerated aging tests
Pure pigments and their 50%wt mixture as well as a the reconstructed paint specimens were subjected to
UV light exposure by irradiating them in a QUV-Basic chamber with UV lamps UVA-351 nm (Q-Lab
Corporation, Cleveland, USA), that emits 25 W.m−2 mostly at 300–400 nm, simulating the sunlight
spectrum (series UVA). Temperature in the ageing chamber was maintained at constant value of 45 °C.
Specimens were exposed to UVA light for 200 h.

3. Results And Discussion

3.1. Optical, scanning electron and atomic force
microscopy
Figure 2a shows the image of the sample excised from an altered blue area of the painting. It can be seen
that the paint layer exhibits a notable darkening in the surface as consequence of the alteration
processes that took place on the painting.

The examination of the cross-section of the altered and unaltered paint samples under the optical
microscope allowed the recognition of the layered structure and the morphological features. The
stratigraphic distribution of the paint samples examined comprises two light-blue paint layers and two
reddish ground layers (Fig. 2b). The upper blue paint layer is thinner (at ca 15 µm) than the lower one (at
ca 55 µm) and is composed of blue pigment. In the upper blue paint layer can be seen microparticles and
dark-blue aggregates with variable sizes (1–5 µm) of blue pigments. In the inner paint layer can be seen
heterometric rounded lead white particles distributed heterogeneously throughout the light-blue
microcrystalline matrix. Interestingly, the chromatic alteration observed in the painting is observed in the
outer 5 µm of the upper blue paint layer in the cross-section (Fig. 2b), suggesting that the alteration
process is a surface phenomenon as con�rmed in other studies [19, 44]. The lower red ground layer
presents a heterogeneous texture in which translucent, white and red-ochre small grains are dispersed in
a reddish matrix and the upper red ground layer shows similar characteristics but a thinner texture. Some
other morphological features can be seen in the cross-section, such as microcracks across the paint
layers, partial loss of the outer paint layer, cavities between the ground and the paint layers, and a
disjunction between both ground layers, which highlight the deterioration of this paint sample.

Backscattered electron (BSE) images and analysis performed by energy dispersive X-ray spectrometry
(EDX) on this sample revealed in the lower paint layer well-de�ned light gray particles (highly scattering)
where lead is detected, corresponding to lead white (2PbCO3·Pb(OH)2), as can be seen in Fig. 2c.
Furthermore, dark-grey (less scattering) amorphous areas and small particles are also identi�ed in the
upper paint layer in which iron is detected in signi�cant proportion, along with potassium (Fig. 2d). The
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abundance of iron in most part of the upper layer together with potassium suggest the presence of
Prussian blue (FeIII

4[FeII(CN)6]3 or KFeIII[FeII(CN)6].xH2O, depending on the preparation procedure). On the
other hand, the presence of iron together with aluminium, sulphur and potassium appear to be
characteristic of the original method of Prussian blue preparation in which dried blood or another animal
matter and alum (aluminium potassium sulphate) as extender are ingredients, following the procedure
reported by Woodward [45]. However, in some of these dark grey amorphous areas the absence of iron is
evident (results not shown) and this feature could suggest the coexistence of an organic pigment such as
indigo, precipitated in alum for shading, and/or a deterioration of the Prussian blue pigment due to a
lixiviation of the iron ions/solubilization of the Prussian blue. Finally, ground layers show a typical pro�le
of a red earth pigment due to the identi�cation of aluminum, silicon, magnesium, potassium, calcium and
iron (results not shown), but the abundance of lead indicates the possible addition of red lead or the
diffusion of lead-compounds (such as lead soaps) from the paint upper layers.

Figure 3 shows the AFM topographic images (10 × 10) µm obtained in samples excised from altered
(Fig. 3a) and unaltered (Fig. 3b) areas of the painting. It can be seen that the micromorphology in both
cases is similar with pigment grains protruding the surface resulting in Δhigh in the range of 1 µm. It
results more interesting the comparison between the elastic modulus obtained for paint samples excised
from unaltered and altered areas of the painting which are summarized in Table 1. It is �rstly worth of
mention that the EM values obtained in this research were in the same order as those for the 19th -
century oil paintings reported in other studies that focused on changes in nanomechanical properties
while aging oil paintings. [46]. The higher values obtained for the EM in the altered sample were
associated with increased stiffness due to the alteration processes taking place in the painting. As
described in sections thereafter, these alteration processes undergone by the painting have resulted in the
hydrolysis of the drying oil and the concomitant depolymerisation and loss of the cross-linking of the oil
network. Consequently, the paint �lm has undergone an increase of stiffness.

Table 1
Values of the elastic modulus obtained by means of NI-AFM in
microsamples of unaltered and altered paint �lm excised from

the “San Francesc de Paula” painting.
Elastic modulus Unaltered blue paint

(GPa)

Altered blue paint

(GPa)

Mean Value 6.9 10.2

Minimum value 6.0 6.3

Maximum value 9.4 20.4

3.2. FTIR spectroscopy
The results of the FTIR analysis of the altered paint sample (Fig. 4) evidenced the predominance of
absorption bands ascribed to lead carbonate in the basic or hidrocerussite form (2PbCO3.Pb(OH)2)



Page 8/28

(absorption bands at 3536, 1393, 1045 and 679 cm−1). On the other hand, the absorption bands
appearing in the region between 3000 − 2900 cm−1 are related to stretching vibrations of methyl and
methylene groups from fatty acid chains, demonstrating the presence of an organic material of lipidic
type as binding media. This organic material exhibits an advanced state of degradation, as con�rmed by
the identi�cation of a carboxylic acid band related to the free fatty acids at about 1703 cm−1, as well as
by the spectral region between 1650 − 1500 cm−1, with characteristic bands attributed to metal
carboxylates, mainly lead carboxylates (band at 1506 and shoulder at 1537 cm−1) formed between the
free fatty acids and the lead ions of the pigment, and oxalates of calcium (weddellite and whewellite at
1643 and 1620 cm−1) and lead (1651 cm−1) [14]. In this sense, it should be pointed out that calcium
oxalates are more abundant in the altered paint sample than in the unaltered one (results not shown) and
these compounds can contribute to the chromatic alterations showed in the painting. Other inorganic
compounds were also identi�ed in the infrared spectrum such as calcite (CaCO3: 1400, 871 cm−1),

siliceous minerals ascribed to earth pigments (1166, 1026, 797 and 767 cm−1) and alum (1094 cm−1).

A low intensity absorption band with a maximum at 2089 cm−1 related to the stretching vibration of CN
group con�rms the presence of Prussian blue in accordance with the results of SEM/EDX. The
broadening of this band and the shoulder at 2050 cm−1 suggest the coexistence of different species with
variated oxidation states formed through redox reactions of this pigment [47]. However, the considerable
overlap between the absorption bands of the organic and inorganic compounds present in the pain
samples due to the complexity of this matrix make di�cult the con�rmation of the coexistence of other
pigments such as indigo.

Figure 5 shows the IR absorption spectra of the reconstructed pain specimens made with Prussian blue
(PO) (Fig. 5a), indigo (IO) (Fig. 5b) and the mixture 1:1 indigo-Prussian (IPO) (Fig. 5c). The IR spectrum of
Prussian blue + oil paint �lm is dominated by strong band at 2082 cm−1 ascribed to the stretching
vibration of CN group. Indigo + oil paint �lm exhibits abundant IR bands in the �ngerprint region
dominated by the band at 1069 cm−1 and moderate bands at 1625 and 1610 cm−1 ascribed to the
stretching vibration of C = O group in indigoid molecules present in natural indigo. Linseed oil is
recognized in both IR spectra by sharp bands at 2924 and 2853 cm−1 associated with the stretching
vibrations of methyl and methylene groups in triacylglycerol molecules and by the band at 1738 cm−1

ascribed to the carbonyl bond in the ester groups of triacylglycerol molecules. The IR spectrum of the
indigo-Prussian blue + oil reconstructed paint �lm is a combination of the IR spectra of both pigments
plus the drying oil. This last spectrum is dominated by the Prussian blue band of CN groups at
2082 cm−1. Moderate bands of carbonyl stretch at 1738 cm−1 and C-O stretch vibrations at 1240, 1158
and 1097 cm−1 ascribed to the linseed oil are also present. Interestingly a shoulder at 1705 cm−1,
ascribed to stretching vibrations of free fatty acids released by the hydrolysis reaction undergone by the
triacylglycerol molecules of the linseed oil is exclusively observed in reconstructed paint �lms containing
Prussian blue.
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Figure 6a shows the IR spectra of the indigo-Prussian blue + oil reconstructed paint �lm (IPO) (IR
spectrum a) after ageing and the reconstructed paint �lms (IPO-N, IPO-UVA) after natural (IR spectrum b)
and UV solar light (IR spectrum c). It can be recognized changes in spectral region I (1800 − 1600 cm−1)
and spectral region II (1100 − 1000 cm−1). These changes in IR bands can be seen in detail in Fig. 6b.
Interestingly a new band at 1610 cm−1 ascribed to carbonyl band in indigoid molecules as well as a new
band at 1073 cm−1 ascribed to stretching vibrations of OH groups occurs in both natural and UV solar
light aged paint �lms.

3.3 Gas chromatography-mass spectrometry
With the purpose of completely characterizing the organic material used as binding media in the painting,
and thus, complementing the results obtained by ATR-FTIR, representative fragments of the altered and
unaltered paint samples were analyzed by means of GC-MS. In Fig. 7 is shown the chromatogram
obtained for the altered paint sample that revealed the presence of monocarboxylic even-numbered
saturated fatty acids (peaks 4–5) containing 16 and 18 carbon atoms, with stearic acid (18:0) as the
most abundant, and short-chain dicarboxylic acids with 8, 9 and 10 carbon atoms (peaks 1–3) in a
signi�cant proportion formed due to oxidation process undergone by the unsaturated fatty acids (oleic,
linoleic and linolenic). A similar chromatographic pro�le was obtained for the paint sample from the
unaltered area (results not shown).

The occurrence of these compounds con�rms the presence of an organic material of lipid type as binder.
On the other hand, taken into account these results, the P/S ratio (chromatographic peak area of palmitic
acid versus chromatographic peak area of stearic acid) obtained is 0.6–0.7, which is not adjusted for the
expected values for linseed, walnut, poppy or mixtures of them, commonly used in oil paintings [48]. This
deviation indicates signi�cant variations in the content of fatty acids constituent of the drying oil as a
consequence of the high degree of degradation of the binding media, which has undergone an extensive
hydrolysis process and the subsequent formation of metal soaps between the free-fatty acids of the oil
and the metal ions of the pigments, as well as oxalates, as shown in the results obtained by the ATR-FTIR
analysis.

3.4. Voltammetric pattern
Figure 8 shows the square wave voltammograms of microparticulate deposits of a) indigo and b) isatin
abrasively transferred onto the surface of graphite electrodes in contact with 0.25 M HAc/NaAc aqueous
buffer at pH 4.75. These are accompanied by the voltammograms corresponding to c) unaltered and d)
altered layers of the Sant Francesc de Paula paint. Upon scanning the potential in the negative direction,
indigo (Fig. 8a) displays two well-de�ned peaks at −0.30 (I) and 0.45 V vs. Ag/AgCl (II) corresponding,
respectively, to the reduction of indigo (IND) to leucoindigo (LEU) and the oxidation of indigo to
dehydroindigo (DHI). These two proton-assisted solid-state processes are summarized in Scheme 1 and
can be represented as [36–38]:

{IND} solid + 2H+ aq + 2e− → {LEU} solid (1)
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{IND} solid → {DHI} solid + 2H+ aq + 2e− (2)

In turn, isatin produces a unique, intense cathodic peak at ca. −0.70 V (III) (Fig. 8b), corresponding to the
proton-assisted reduction to hydroxylated derivatives (see scheme 1) [39, 49].

The unaltered blue submicrosample (Fig. 8c) yields the indigo-localized peaks I and II accompanied by
broad peaks at −0.15 (IV) and 0.80 V (V), which can be unambiguously attributed to Prussian blue
centered processes on the basis of abundant literature on the electrochemistry of this compound [33–35]
and our blank experiments in synthetic specimens (vide infra). These processes correspond, respectively,
to the reduction of Fe(II) centers and the oxidation of Fe(III) ones coupled to the entrance/issue of
electrolyte charge-balancing cations [33–35]. Signals attributable to lead white were recorded only in
positive-going voltammograms appearing as weak anodic signals at ca. −0.50 V, in agreement with prior
studies [50, 51]. The voltammetric peaks IV and V can be represented as [33–35]:

KFeIII[FeII(CN)6] solid + K+ aq + e− → K2FeII[FeII(CN)6] solid (3)

KFeIII[FeII(CN)6] solid → FeIII[FeIII(CN)6] solid + K+ aq + e− (4)

Interestingly, the voltammograms of submicrosamples extracted from the altered regions of the paint
show intense signals III and IV while the indigo signals and the Prussian blue signal V vanish (Fig. 8d).
These features suggest that there is an oxidation of indigo to isatin and Prussian blue to Berlin green
responsible for the chromatic change of the paint.

3.5. Degradation pathways
In order to study the possible mechanisms of degradation, specimens of indigo, Prussian blue, 50%wt
mixture of these pigments and reconstructed model paint �lms containing either indigo, Prussian blue,
50%wt mixture of these pigments dispersed into linseed oil (see experimental section), were submitted to
two aging protocols, natural ageing for 2 years and accelerated ageing with UVA (UV solar light) for
200 h. The most relevant voltammetric features are summarized in Figs. 9 and 10. The former
superimposes the negative-going potential scan voltammograms of indigo, Prussian blue and o 50% wt
mixture of both components, clearly showing the indigo-centered signals I and II and the Prussian blue
centered peaks IV and V.

In Fig. 10a, the electrochemical response of the parent pigment blue mixture is superimposed to those of
the mixture submitted to natural and UV aging, while Fig. 10b compares the voltammograms of a paint
�lm specimen and those submitted to natural and UV solar light aging. The voltammetric features of
pigments and paint specimens after natural and UV solar light aging were essentially identical. The most
relevant features can be summarized as:

a) In the pure pigments, as well as in the pigment mixtures, natural aging determines a decrease of the
indigo signal II without concomitant decrease of the signal I, a light increase in the Prussian blue signal IV
without variation of the signal V, all these features being accompanied by the appearance of a new
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voltammetric peak at 1.05 V (VI). Upon natural and UV solar light aging, the decrease of the indigo signal
becomes more pronounced while the peak VI becomes clearly enhanced. This last signal can tentatively
be attributed to a species resulting from the hydroxyl addition to the indigo molecule (see Scheme 1)
whose electrochemical oxidation should occur at high potentials.

b) The paint oil specimens show the Prussian blue signal V clearly depleted relative to the indigo signals.
Natural aging determines the same features described for the pure pigments, but here the Prussian blue
signals become enhanced. Under UV aging, the peak VI is considerably enhanced whereas both indigo
peaks I and II are depleted.

c) In all indigo-containing specimens, the isatin signature (peak III) appears upon aging, being particularly
enhanced when UV aging was employed.

These voltammetric data are consistent with infrared features. As can be seen in Fig. 5b, appearance of a
new stretch band of C = O groups in indigoid molecules at 1605 cm−1 on UV and UV solar light ageing
suggests diversi�cation of indigoid molecules on ageing. Similarly, the new indigo IR band at 1073 cm−1,
which has been tentatively ascribed to OH groups, also suggests a diversi�cation of indigoid molecules
as result of the alteration processes that have taken place. Appearance of the carbonyl signal at
1705 cm−1 only in reconstructed paint �lms that contain Prussian blue (PO and IPO), suggests that the
hydrolysis process undergone by the linseed oil is promoted by the Prussian blue pigment.

These features can be interpreted on the basis of studies on the degradation of indigo and Prussian blue
pigments. In regard to indigo, its degradation is in principle promoted by oxidants [41], the degradation by
light being, however, particularly intense [42]. According to Iuga et al. [43], there are two (main) indigo
degradation pathways catalyzed by hydroxyl (•OH) and hydroperoxyl (•OOH) radicals. In turn, the
hydroxyl-catalyzed degradation can lead to dehydroindigo via intermediate formation of an indigo radical
anion after proton abstraction, or via OH addition to the central C = = C indigo bond. Ultimately, indigo
photodegradation yields isatin, isatoic anhydride and anthranilic acid [41–43, 52] whereas indigo
degradation by ozone yields isatin and isatoic anhydride [53].

In regard to Prussian blue, Samain et al. [20] have reported that it can be partially oxidized to Berlin green
(KFeIII[FeII(CN)6])x(FeIII[FeIII(CN)6])1−x. The degradation process appears to be facilitated in the presence of

linseed oil binder and lead white, leading to the reduction of Prussian blue to Berlin white, K2FeII(FeII(CN)6,
at the exposed paint surface and an oxidation to Berlin green in the bulk of the paint layer [20]. Then, the
combination of isatin and other indigo degradation products and Berlin green can be responsible for the
observed chromatic alteration in the Sant Francesc de Paula painting.

On the other hand, the polymerization of drying oils produces free radicals (alcoxyle, •OR, peroxyle, •OOR)
derived from hydroperoxides [21], able to promote the above oxidation reactions. Accordingly, the
formation of isatin, and hence, the orange-brownish hue acquired by the degraded zones of the Sant
Frances de Paula paint, can be attributed to the oxidation of indigo promoted by free radicals generated
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in the oil binding. As previously noted, this situation is mainly reproduced in paint specimens prepared
from indigo without Prussian blue. To interpret the minor presence or even the absence of isatin in aged
specimens containing both Prussian blue and indigo can be rationalized on considering the peculiar
characteristics of the interaction of Prussian blue with reactive oxygen species (ROS). This compound
acts as catalyst for H2O2 reduction under electrochemical conditions [54, 55] where it appears to be

partially dissolved releasing Fe2+ (aq) and ferrocyanide associated to local production of HO−, so that
Fe2+ (aq) ions initiate the Fenton reaction with H2O2 generating hydroxyl radicals [56]. On the contrary, it
has been reported that under ‘chemical’ conditions, Prussian blue nanoparticles act as radical
scavengers, in particular abstracting •OH radicals mimicking the activity of peroxidases [57, 58].

On the basis of the foregoing set of considerations, the different degradation pathways observed in
synthetic paint �lm specimens and localized areas of the Sant Francesc de Paula paint can be interpreted
taking into account that the grain size and the nature of the local binding environment can affect
signi�cantly the stability of the pigments [52, 59]. Under ‘ordinary’ conditions of degradation, as is the
case of the prepared paint �lm specimens, Prussian blue which exerts an effect of moderator, acting as
radical scavenger [57, 58], being slowly oxidized to Berlin green and leading indigo degradation to the
formation of adducts with the radicals, as schematically depicted in Scheme 1.

In the case of the Sant Francesc de Paula paint, since the canvas was rolled up and re-mounted onto a
wooden stretcher and subsequently re-varnished [32], the produced �ssures provided opportunity for a
reinforced action of light and humidity on the pigment layers. Here, Prussian blue acts as an initiator of
the Fenton reaction [56] rather than a radical scavenger and promotes the oxidation of indigo to isatin.
This process formally results from the reaction of indigo with O2, or, possibly, with H2O2 formed, in the
absence of radical scavenging, by condensation of hydroxyl radicals. Scheme 2 shows an idealized
scheme of the possible processes involved in pigment degradation.

4. Conclusions
The degradation of oil paints containing indigo and Prussian blue pigments has been studied by solid
state electrochemistry aided by optical, scanning electron and atomic-force microscopies, SEM-EDX, ATR-
FTIR and CG-MS. Voltammetry of immobilized particles data on sub-microsamples from synthetic oil
paint specimens and samples from the Sant Francesc de Paula painting from the museum of Cardedeu
permit to detect the presence of isatin and Berlin green in highly degraded areas of the paint, resulting in
a signi�cant chromatic �t respect to unaltered light-blue areas.

Voltammetric data on samples from paint specimens submitted to natural, UV and UV solar light aging
can be interpreted on the basis of a dual reaction scheme in which the action of ROS produced in the
binding media interact with indigo and Prussian blue. Under ‘ordinary’ conditions, this compound acts as
a selective radical scavenger determining the preferential addition of ROS to the C = C central bond of
indigo. Under drastic conditions of degradation, as is the case of localized areas of the Sant Francesc de
Paula painting, Prussian blue acts as an oxidation promoter of the indigo oxidation to isatin. Conjointly
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considered, the reported data illustrate the capabilities of the voltammetry of immobilized particles to
acquire information on complex systems.
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Figure 1

Photograph of the “Sant Francesc de Paula” painting (a). The arrows mark the points were the paint
samples were taken from altered (b) and unaltered (c) areas.
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Figure 2

a) Microphotograph of the sample from the blue altered paint; b) microphotograph of the cross section of
the sample from the blue altered paint; c,d) FESEM-EDX analyses performed in the altered sample of
Figure 1: c) X-ray spectra acquired in a white grain of lead white located in the lower paint layer (upper)
and in a blue area located in the lower paint layer (below); d) backscattered electron image of the the
cross-section of the sample.
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Figure 3

a) sample from blue altered paint (X and Y scale bar = 10 µm, Z = 742.4 nm); b) sample from blue
unaltered paint (X and Y scale bar = 10 µm, Z = 1.1 µm). For both samples is shown AFM topographic
images in: a) peak force amplitude mode; b) peak force height mode; c) height 3D map.
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Figure 4

IR absorption spectra of the paint layer of the altered pain sample.

Figure 5

IR absorption spectra of: a) Prussian blue+linseed oil (PO); b) Indigo+linseed oil (IO); c) Prussian
blue+indigo+linseed oil paint �lm (IPO).
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Figure 6

IR absorption spectra of reconstructed paint �lm specimens indigo+Prussian blue+oil (IPO) a) Entire IR
spectrum (4000-600 cm 1) b) Detail of the 1800-600 cm 1 region For each �gure: a) IR spectrum of
naturally aged paint �lm; b) IR spectrum of paint �lm after UV solar light aging; c) IR spectrum of paint
�lm after UV aging.
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Figure 7

Chromatogram of the altered paint sample. Peaks: octanedioic acid diethyl ester (1), nonanedioic acid
diethyl ester (2), decanedioic acid diethyl ester (3), palmitic acid ethyl ester (4) and stearic acid ethyl ester
(5).
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Figure 8

Square wave voltammograms of microparticulate deposits of a) indigo, b) isatin, and submicrosamples
extracted from c) unaltered and d) altered layers of the Sant Francesc de Paula paint, all attached to
graphite bar immersed into air-saturated 0.25 M HAc/NaAc aqueous buffer at pH 4.75. Potential scan
initiated at 1.05 V in the negative direction, potential step increment 4 mV, square wave amplitude 25 mV,
frequency 5 Hz.
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Figure 9

Square wave voltammograms of microparticulate deposits of indigo (green), Prussian blue (black), and a
50% wt mixture of indigo and Prussian blue (red), attached to graphite bar immersed into air-saturated
0.25 M HAc/NaAc solution at pH 4.75. Potential scan initiated at 1.05 V in the negative direction,
potential step increment 4 mV, square wave amplitude 25 mV, frequency 5 Hz.
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Figure 10

Square wave voltammograms, after semi-derivative convolution, of sample-modi�ed graphite electrodes
in contact with air-saturated 0.25 M HAc/NaAc aqueous buffer at pH 4.75. a) 50 %wt indigo plus
Prussian blue mixture (labeled as bl) before and after natural and UV solar light aging; b) indigo plus
Prussian blue paint �lm specimens before and after natural and UV solar light aging. Voltammograms in
conditions such as in Fig. 9.
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Figure 11

Square wave voltammograms of microparticulate deposits of a) indigo, b) isatin, c) indigo paint �lm
specimen after natural aging, d) indigo plus Prussin blue paint specimen after natural aging. Electrolyte:
air-saturated 0.25 M HAc/NaAc solution at pH 4.75. Potential scan initiated at 1.05 V in the negative
direction, potential step increment 4 mV, square wave amplitude 25 mV, frequency 5 Hz.

Figure 12

Scheme 1: Molecular representation of the electrochemical (green arrows) and chemical (black arrows)
processes involving indigo-related compounds balanced in this study.
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Figure 13

Scheme 2: Schematic representation of the degradation processes in indigo plus Prussian blue oil paints.


