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1. INTRODUCTION

During the two experiments we have investigated the effect of
metallic silver (Ag’) on the darkening of the yellow-orange
pigments orpiment (As,S;) and realgar (AssS4). The phenomenon

has been observed in micro-samples taken from “Madonna |55

Enthroned with the Child and Two Angels” attributed to Cimabue
(1240-1302) (Figure 1). Based on previous studies, we have
proposed that both/one of the following pathways is the cause of
darkening:

1) a photochemical reaction between As,S3/As4S4, oxygen and
moisture entrapped in the surrounding organic binder and/or
arising from the environment, which may lead to the formation of
As,0s5 (arsenolite)/H3As,O3 and SOz/SO4'2/thioarsenite species;
acidic environmental conditions might then promote the
solubilization and oxidation of As,Os/arsenites (As+3) to arsenates
(As™) [1-6]. The parallel oxidation of Ag’ to Ag" might occur
locally, followed by the precipitation of AgS-based materials and
of AgzAsOy4 and/or Ag;AsOs.

2) a photo-dissolution of Ag" cations in the As,S; paint matrix,

involving the direct photo-oxidation of Ag”to Ag" as a first step of o

reaction, leading to in situ formation of Ag,S and subsequent
production of various Ag-As-S ternary compounds as final products
[7-8].

With the aim to gaining insights into which between the two above
mechanisms actually is the most probable one, we have performed
u-XRF and p-XANES analysis at S K-/Ag Ls-edges (ID21) and at
As K-edge (ID16b) on a series of artificially aged model samples
and on historical paint-samples (Figure 1).

Figure 1. Photomicrograph of a selection of the analyzed

cross-sections obtained from “Madonna Enthroned with the
Child and Two Angels” attributed to Cimabue (Bologna,
Italy). (top) fragment taken from a darkened area; (bottom)
sample obtained from a not-darkened region.

2. EXPERIMENTAL
The list of samples that we have analyzed at beamlines ID21 and ID16b is reported below:

a) Arsenic sulfide-based model samples (ca. 30 in total) mixed either with egg or linseed oil and in presence
or absence of metallic silver before and after exposure to different aging conditions (of light and relative
humidity);

b) Original paint micro-fragments (4 in total) obtained from selected (un)darkened regions of the painting
“Madonna Enthroned with the Child and Two Angels”.

c) set of S-, Ag- and As-reference powders (ca. 15 in total).

All paint samples (models and historical ones) have been investigated in the form of embedded resin cross-
sections both at ID21 and ID16b beamlines. Only at ID21, additional measurements have been carried out at
the surface of not-embedded resin fragments of the model samples.

Each reference powder has been analyzed as a thin film (thickness< 50 pm) fixed on sulfur-free tape.

o [D2[-experimental set-up. n-XRF and p-XANES measurements at S K-edge (2.4720 keV) and Ag L;-edge
(3.3511 keV) were performed at the scanning X-ray microscope (SXM) end-station by means of a fixed exit
double-crystal Si(111) monochromator.

The incident beam was focused with Kirkpatrick-Baez (KB) mirrors down to a diameter of ca. 0.6x0.4 pm?
(hxv). The energy calibration was performed at the S K-edge and Ag Ls;-edge by setting the position of the
peak maximum of the first order derivative spectrum of gypusm and of a metallic silver foil at 2.4829 keV
and 3.3547 keV, respectively.

XREF signals were collected in the horizontal plane and at 69° with respect to the incident beam direction by
means of a single energy-dispersive silicon drift detector (Xflash 5100, Bruker).

Single point u-XANES spectra were acquired in XRF mode by scanning the primary energy around the
S K-edge (2.46-2.53 keV; energy step: 0.17 eV) and Ag Ls-edge (3.34-3.42 keV; energy step: 0.25 eV).
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u-XRF mapping experiments were performed using a monochromatic primary beam of fixed energy around
the S K-edge. Maps of the same region of interest were collected by employing 100 ms/pixel at the three
following energies: (i) 2.4718 keV and (ii) 2.4827 keV to favor the excitation of the S™- and S"'-species,
respectively and (iii) 3.4 keV to obtain the XRF intensity of all S- and Ag-species.

o [D16b-experimental set-up. n-XRF and p-XANES investigations at As K-edge (11.8667 keV) were
performed by means of a fixed exit double-crystal Si(111) monochromator. KB mirrors were employed for
focussing the incident beam down to a diameter of ca. 0.1x0.1 um? (hxv). XRF signals were collected by
means of a Si drift-diode array detector.

Single point p-XANES spectra were recorded in XRF mode by scanning the primary energy across the
As K-edge (11.78-12.16 keV; energy step: 1 eV). u-XRF maps of the same region of interest were collected
using 100 ms/pixel at the three following energies: (i) 11.8715 keV and (ii) 11.8786 keV to favor the
excitation of the As"-sulfides and As,0; /As"-species, respectively and (iii) 12.0 keV to obtain the XRF
intensity of all As-species.

Fitting of the u-XRF spectra and elaboration of the elemental maps at the different energies recorded at both
beamlines were performed using the PyMca sofware, while further processing of the different elemental
distribution maps was done by means of the XRDUA sofware package. [9] ATHENA [10] was employed to
perform the normalization of the XANES spectra.



3. RESULTS
3.1. Artificially aged arsenic sulfides-based model paints.

As an example the SR p-XRF and p-XANES results obtained from a UVA-Visible light exposed egg paint
mock-up, prepared by mixing orpiment (As,S;) and metallic silver (Ago) (in a 3:1 weight ratio), are shown in
Figure 2.

Before aging (results not reported), S-, Ag- and As-speciation investigations reveal that only As,S; along
with metallic silver particles are present in the sample.

As a result of the light exposure, a strong darkening is visible at the paint surface (Figure 2A-B). As- and S-
speciation maps (Figure 2C,E) along with u-XANES investigations (Figure 2D,F,G) reveal that the dark layer
visible in the uppermost side of the paint is composed of As,Os (Figure 2D: pts 0145-0445), Ag,S (Figure 2G:
pts 014,-024,), As>S3 and minor abundances of sulfates (Figure 2F: pts 015-03s). In the bulk-yellow paint
underneath, As,S; is the dominant component (Figure 2D,F: pts 0545-1145; pts 045-055), along with localized
spots of Ag,S, Ag” (Figure 2G: pt 03 Ag> 044,), and sulfates (Figure 2F: pt 035).
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Figure 3. (A) Photographs of egg paint models composed of a mixture of orpiment and metallic silver (left) before and (right) after UVA-Visible light
exposure. (B) Photomicrograph of a cross-section obtained from a fragment of the aged paint shown in (A). (C) Composite RG As-speciation maps
(step size: 0.1x0.1 pm? exp. time: 100 ms/pixel) and (D) selection of the corresponding As K-edge p-XANES spectra compared to those of reference
compounds (data recorded at ID16b). (D) Composite RGB SR p-XRF maps of S™/SV/Ag (step size:: 1x1 pm?, exp. time: 100 ms/pixel) and selection of the
corresponding (F) S K-edge and (G) Ag Ls-edge u-XANES spectra compared to the profiles of a set of reference compounds (data collected at ID21).

Comparable results were obtained from the equivalent egg paint prepared with the pigment realgar and aged
using similar conditions. In the absence of metallic silver and after exposure to light, the “pure” orpiment and
realgar egg paints revealed the formation of localized spots of sulfates and As,Oj; at the surface (results not
shown).

Regardless to the presence of Ag’, we have also found that the tendency of arsenic sulfide-based pigments
towards degradation increases, when linseed oil is used as binding medium (data not reported). At this
regard, the measurements have revealed that a superficial degradation layer composed of As,O3, As"-species
and sulfates, is already present in the paints before artificial aging.
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3.2 Original paint micro-samples taken from “Madonna Enthroned with the Child”.

Figure 3 shows the S-, Ag- and As-speciation results recorded from an original paint micro-sample taken
from a darkened region of the painting “Madonna Enthroned with the Child and Two Angels” (as an
example, only the results of one of the analyzed cross-sections are reported).

S-speciation measurements performed in the darkened Ag-rich layer (Figure 3A-C) reveal that variable
amounts of sulfides (S™) and sulfates (S"") are present. The Ag Ls-edge XANES spectra recorded from
selected spots of the same layer, strongly resemble that of Ag,S (Figure 3D). In addition, As-speciation
investigations (Figure 3E,F) permitted to identify both As"- and As"-compounds, the latter likely arising
from a degradation process of the original arsenic-sulfide based pigment.
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Figure 3. (A) Photomicrograph of a cross-section of a fragment taken from a darkened region of the painting “Madonna Enthroned with the Child and Two
Angels” (Bologna, Italy). (B) Composite RGB SR p-XRF maps of S™/SY/Ag [step size (vxh): 0.5x0.7 um®, exp. time: 100 ms/pixel] and selection of the
corresponding (C) S K-edge and (D) Ag Ls-edge n-XANES spectra compared to the profiles of reference compounds (data collected at ID21). (E) Composite
RG As-speciation maps (step size: 0.1x0.1 um’, exp. time: 100 ms/pixel) and (F) selection of the corresponding As K-edge p-XANES spectra compared to
those of a set of reference compounds (data recorded at ID16b).

Overall the results obtained from the study of artificially aged model paints and historical paint-samples
reveal that Ag’ plays a key role in the darkening process of arsenic sulfide-based paints, giving rise to Ag,S
as secondary compound. At the same time, the formation of additional degradation products, including
sulfates, As,O3 and/or As'-compounds, may take place.

The data acquired during the experiments also permitted to reveal that the tendency towards degradation of
arsenic-sulfide pigments strongly depends on the nature of the binding medium, being more pronounced in
the presence of linseed oil instead of egg.

The results obtained from this experiment are expected to be published soon.
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