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Abstract

A folio fragment attributed to the Fatimid period in Egypt was found to bear tufts of white crystals associated with

the orange-brown and yellow paints. Raman spectroscopy identified a mixture of arsenic sulfide-based pigments in
the orange-brown and yellow areas, along with vermilion in the outlines of the figures. X-ray microdiffraction, Raman
spectroscopy, and energy-dispersive X-ray spectrometry identified the white crystals as hornesite [Mg;(AsO,4),-8H,01.
Synthesis of this compound at ambient temperature and elevated relative humidity over a period of 3 years, on paper
painted with arsenic sulfide pigments and treated with magnesium carbonate, suggests the possibility that a mag-
nesium-based deacidification treatment may have contributed to the formation of this phase on the folio fragment.

documents.

This work highlights the potential damage that may be sustained by arsenic sulfide-based media through expo-
sure to deacidifying suspensions such as the ones often used in the past to treat works of art on paper and historic
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Introduction

The chemistry of the arsenic sulfides and, in particular,
the photodegradation of realgar (a-As,S,) as found in
works of art and mineral collections have been exten-
sively studied [1-8]. These studies have indicated the
transformation of realgar to proceed stepwise through
the intermediate x-phase to the yellow polymorph of
realgar, pararealgar (As,S,) and, ultimately, to arseno-
lite (As,O;). In the effort to explain the mechanism for
this transformation, it has been proposed that incident
light breaks As—As bonds in realgar, in preference to the
stronger As—S bonds, thereby liberating free arsenic that
is then intercalated in the rearranged cages of the parar-
ealgar structure [7]. What has been shown to be the spe-
cific photosensitivity of realgar to wavelengths of visible
light between 500 and 670 nm presents an intractable
issue by itself where the display of works of art or mineral
specimens is a concern. The physical alteration associ-
ated with the chemical degradation of arsenic-containing
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pigments, often seen as cracking and crumbling of paint
layers and surfaces, poses a major conservation challenge
[1,9,10].

However, beyond the structural breakdown of real-
gar and the consequent change in color, further effects
are implied as a result of the dissolution of arsenolite in
aqueous media, its oxidation to arsenic pentoxide and
reaction with cations to form insoluble arsenates [1, 11].
As a possible example of one of these effects, we report
here an occurrence of the magnesium arsenate mineral,
hornesite [Mg;(AsO,),-8H,0], that illustrates yet another
potential alteration product of arsenic sulfide pigments.

This occurrence was discovered on a rare, double-
sided folio attributed to the Fatimid period in Egypt
(969-1171 CE) and that is now held in the Department of
Islamic Art at The Metropolitan Museum of Art (MMA
acc. no. 54.108.3; Fig. 1a, b). Considered to be one of the
earliest works in the Islamic collection, the folio was pur-
chased by the museum in 1954 together with three other
paintings on paper, all of which were reportedly found
at the excavation site of Fustat in Old Cairo [12]. These
works belong to a small group of surviving folios and
their fragments that may once have been pages in bound
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Fig. 1 a Recto of Fatimid folio depicting a lion. b Verso of same showing a hare. The Metropolitan Museum of Art, New York, Purchase, Rogers Fund,
1954 (54.108.3)
.

manuscripts, of which no intact examples are believed to
remain [12, 13].

On the page considered here, one side, labeled as the
recto on the Museum’s website [14], depicts a lion in
broad, brush-worked passages of what appears to be a
muted and darkened yellow and orange paint, with out-
lines, details and verses of text rendered in black ink
(Fig. 1a). The other side, labeled as the verso, depicts a
hare with elongated ears and turned head, poised as if
ready to jump. The features on this side appear to have
been executed by the same hand, in the same style, and
with the same palette as those on the side depicting the
lion (Fig. 1b). Interpretations of the authorship and origi-
nal context of the folio vary according to how the frag-
mentary Arabic inscriptions and literary associations
are to be understood. One opinion emphasizes the text
on the side bearing the lion, with a translation that reads,
“In the name of God, the Merciful, the Compassionate/
Ka’b al-Ahbar narrated and... through the speech of wild

gesting an association with a didactic tradition of fable
literature [15]. Other views point to the text on the side
with the hare and its partial translation as “Book on the

speech of wild animals”, suggesting it to belong to Arab
literary practices related to the classical Greek tradition
of scientific handbooks and zoological treatises [12];
still other researchers have doubted whether the folio
belonged to a book at all, citing the possibility that the
inscriptions may well have been added at a later date [16].
Whatever its original context, the folio appears to be
derived from or otherwise related to a manuscript titled,
The Speech of Wild Animals, by the early author Ka'b
al-Ahbar (d. 652/3) that was copied and expanded by
Muslim scholars for centuries [17, 18]. As such, the folio
belongs to the traditions established by Fatimid rulers,
whose patronage of decorative arts and scientific inquiry
led to novel figural forms that relied heavily on naturalis-
tic animal motifs, featuring winged birds, spritely hares,
and powerful lions [19]. Leaving aside the interesting
issue of original purpose, our concern here is the present
condition of the folio and, specifically, the discovery of an
apparent alteration product affecting the orange and yel-
low pigments on both its surfaces.

The folio fragment was examined and analyzed by non-
invasive techniques first to identify the pigments and the
white crystals. The need to firmly identify these crystals
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and further characterize them prompted the removal
of microsamples. To test whether paper deacidification
treatments with Mg-based reagents may be responsible
for the formation of the white crystals observed, experi-
ments were carried out on paper samples painted with
a mixture of As-based pigments in an aqueous gum
arabic medium, followed by treatment with a MgCO,
suspension.

Experimental

A preliminary examination of both sides of the folio
under low-power magnification revealed tufts of white
acicular crystals superimposed on and exclusively asso-
ciated with striated laths of orange and yellow pigment
particles suggestive of arsenic sulfides (Fig. 2). To charac-
terize the furnish of the paper, a microscopic fiber sam-
ple was removed from an edge of the folio and examined
by polarized light microscopy (PLM), first as wetted with
water and subsequently with Graff “C” stain, at 100x,
200x, and 400 x magnifications.

Raman spectra of the orange and yellow pigments were
acquired in situ, while samples of the white crystals were
removed for analysis. A Renishaw System 1000 coupled
to a Leica DM LM microscope was employed. A 785 nm
laser excitation was chosen to avoid degradation of arse-
nic sulfide pigments that is known to occur when these
pigments are exposed to light between 500 and 670 nm
[7]. A 1200 lines/mm grating and a thermoelectrically
cooled CCD detector were used. The laser beam was
focused on the sample areas using a 50x objective lens
with the power at the sample surface set to 0.2—-1 mW

Fig. 2 Photomicrograph of white crystals associated with
arsenic-containing pigments found on the Fatimid folio as viewed

with a binocular microscope
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using neutral density filters. Spectra were recorded with
integration times between 60 and 240 s.

Using a tungsten needle under high magnification,
samples of the white crystals found on the folio were
also removed for analysis by energy-dispersive X-ray
spectrometry (EDS), Raman spectroscopy and X-ray
microdiffraction (XRD). No usable sample of the orange
pigment could be removed for XRD analysis without
risking damage to the surface of the folio. For this rea-
son, only a few particles were sampled, and analyzed by
SEM-EDS.

Scanning electron microscopy-energy dispersive X-ray
spectrometry analyses (SEM—EDS) were performed with
a Zeiss Sigma field emission-scanning electron micro-
scope, equipped with an Oxford Instruments X-MaxN 80
SDD detector. Backscattered electron (BSE) images were
acquired and EDS analyses were performed on uncoated
samples mounted on carbon stubs under low vacuum
(ca. 60 Pa) with an accelerating voltage of 20 kV. X-ray
microdiffraction analyses were performed using a Rigaku
Dmax/Rapid instrument. The analyses were conducted
with Cu Ka radiation, an 800 um collimator, and a graph-
ite monochromator on the incident beam. Specimens
were mounted on glass fibers with Ambroid® nitrocellu-
lose binder and oscillated about two axes of the goniom-
eter during 15-min exposures. Patterns were interpreted
with Jade 9.0 software from Materials Data, Inc. and the
ICDD PDF-4+ database.

Strips of Whatman® filter paper were painted with
a ground mineral specimen containing a mixture of
orpiment, realgar, and pararealgar (Ward’s Scientific)
dispersed in an aqueous gum arabic medium. Subse-
quently, a MgCO; suspension was applied drop wise to
the painted surfaces. The paper strips were then placed
in sealed vials with sufficient water to insure a high rela-
tive humidity and allowed to age at room temperature
with exposure to ambient laboratory lighting. These
paper strips were examined monthly using a binocular
microscope.

The mixture of yellow-orange arsenic-based pigments
used to prepare the laboratory samples was determined
by XRD to be predominantly a mixture of orpiment
(As,S;) with realgar (a-As,S,) and pararealgar (As,S,).
The magnesium carbonate suspension used was prepared
by adding 5 g of MgCO; (Fisher Scientific) to 100 mL of
distilled water and allowed to stand overnight.

Results and discussion

The paper support and the orange-yellow pigments

The microscopic examination of the paper sample by
PLM revealed the furnish to consist of 80% bast and
20% cotton fibers, with protein and carbohydrate con-
stituents. The absence of associated cellular material in
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Fig. 3 Backscattered electron images of samples of the
orange-yellow pigment (top, x 2850), and of the white crystals
(bottom, x 1500) obtained from the recto of the folio. The letters refer
to the locations where the spectra shown in Fig. S1 (Additional file 1)

and Fig. 5 were acquired
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the sample also suggested that the paper was not made
directly from plant material, but rather from second-
ary or tertiary forms of recycled cloth or other material.
A photomicrograph of the stained fibers is included in
Additional file 1: Figure S2.

EDS analysis of the orange-yellow crystals removed
from the folio (Fig. 3, top) identified As and S as major
elements in an approximate atomic ratio of 1:1. A few
small particles that appear brighter in the BSE image
(Fig. 3, top) were found to contain Hg and S. The cor-
responding EDS spectra are included in the Additional
file 1: Figure S1A, B. Raman spectra acquired in situ
from the orange-yellow and vyellow pigment parti-
cles used to paint the bodies of the lion and hare gave
bands at ca. 172, 187, 191, 201, 220, 234, 273, 318, 331,
344, and 361 cm™! that are consistent with frequencies
reported for mixtures of pararealgar and the orange
X-phase (Fig. 4) [5]. The shoulders at ca. 183 cm™! and
at 211 cm™! in this spectrum may indicate the pres-
ence of realgar [5]. Other bands reported for realgar
overlap those of pararealgar and/or the x-phase, while
additional bands observed at ca. 137 and 149 cm™*
cannot be firmly assigned. Strong and medium-strong
Raman bands expected for orpiment at ca. 292 and
309 cm™! are not observed in the spectra acquired in
the orange-yellow and yellow paint areas. A strong
feature is expected at ca. 353 cm™! for orpiment, and
a maximum at this frequency is visible in the spec-
trum shown in Fig. 4; however, the x-phase and realgar
also give strong bands at this frequency. In the spectra
recorded from the yellow areas, a relatively weak band
was also observed at ca. 1087 cm™?, likely due to cal-
cium carbonate [20]. This band is above the range of

©
I

i~

Raman intensity

Wavenumber/cm-1

T T T T
150 200 250 300 350 400 450

Fig. 4 Raman spectrum (\,=785 nm) representative of those obtained from the yellow-orange pigment particles on the Fatimid manuscript folio

T T T T
500 550 600 650 700 750 800




van Dyke et al. Herit Sci (2018) 6:54

the spectrum presented in Fig. 4. Arsenolite was not
detected by Raman spectroscopy in the painted areas of
the folio. Analysis of the red outlines seen on figures,
such as those delineating the head and upper part of the
lion’s back (Fig. 1a), showed characteristic Raman bands
for vermilion (a-HgS) at ca. 252, 282 and 343 cm™.
These results suggest that the figures in the Fatimid
folio were originally painted red—orange with realgar
and possibly other arsenic sulfides, and that their pre-
sent, less intense hue is due to photodegradation.
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The white crystalline overgrowth

EDS analysis of samples of the white crystals removed
from the folio (Fig. 3, bottom) found As and Mg as prin-
cipal elemental components (Fig. 5a). Raman spectra
acquired from these crystals showed main bands at ca.
810 and 880 cm ! that are consistent with data reported
for the AsO,*>” ion (Fig. 5b) [21]; the feature expected
at ca. 365 cm ™! for this ion is within the signal to noise
ratio in the spectra obtained. X-ray microdiffraction
analysis of the white crystals yielded a well-defined pat-
tern with numerous sharp lines. An unrestricted search
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of the entire ICDD PDF-4+ database matched the pat-
tern of hornesite [Mgs(AsO,),-8H,0] with a very high
level of confidence. The file pattern for this mineral effec-
tively accounts for the entire pattern of the unknown
with excellent matches for all d-values and intensities. No
other phases, including arsenolite, were detected (Fig. 6).
A table listing the XRD data is included in the Additional
file 1: Table S1. The XRD results are consistent with the
EDS and Raman results discussed above as well as with
the observed texture and morphology of the material,
which compare favorably with published images of the
mineral as found in nature [22].

Hornesite belongs to the so-called vivianite group that
includes several other arsenate and phosphate members
with the structural formula, M;(XO,),-8H,0, where M
represents a divalent cation and X is either As or P. In
other contexts, hornesite is reported as a common As-
bearing species in arsenic-contaminated soils, where it is
thought to be formed by the reaction of As with mobile
Mg ions [23-25]. The mineral has also been found in
underground cave settings in association with other
arsenates [26], and mineral specimen images have been
published showing hornesite as an overgrowth on arsenic
sulfides [27].

It has been proposed that when orpiment and realgar
photodegrade, arsenic trioxide is formed, which, if water
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is present, may dissolve and further oxidize to arsenic
pentoxide; the latter species may then react with ions pre-
sent such as lead, calcium and others, and become depos-
ited in the paint system as an arsenate [1, 11]. Whether
such is the mechanism in the present case remains a
topic for further study. However, the results recall the
widespread use of Mg-based reagents for the deacidifi-
cation of paper documents and works of art and prompt
the question as to the origin of this occurrence. These
treatments have been developed to address the acid
hydrolysis of cellulose, the major component of paper,
that can lead to severe degradation of its mechanical
properties [28]. Sources of acid in papers include organic
acids that may form from the decomposition of residual
lignin during the natural ageing of the paper [29, 30], as
well as environmental pollutants, such as sulfur dioxide,
nitrous oxide and nitrogen dioxide. Housing and mount-
ing materials and artistic media, such as inks, paints, and
adhesives, also present a risk [31-33]. Various deacidifi-
cation methods have been proposed to remove or reduce
the acidity of paper (see, for example, [29, 31, 34-36]).
Treatments that involve immersion of the paper in aque-
ous alkaline solutions were introduced at the end of the
nineteenth century, and basically consist in the use of
reagents such as calcium hydroxide, calcium bicarbonate
and magnesium bicarbonate to neutralize the acidity and
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Fig. 6 Integrated XRD pattern of the white crystals found on the Fatimid folio with line pattern of hérnesite
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Fig. 7 a Photomicrograph of white crystals grown after 3 years on a mixture of orpiment, realgar and pararealgar applied on Whatman® filter paper
and treated with a MgCOj; suspension. Visible illumination, original magnification x 10. b Integrated XRD pattern of the white crystals formed on the

sample shown in a, with line patterns of arsenolite and hérnesite
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reportedly provide an alkaline reserve that may protect
the paper against further acidic attack [29, 31, 36-38].
While it has been reported that the calcium-containing
compounds give better results compared to magnesium-
containing ones due to an increased bond strength of the
cellulose, both types of reagents have been widely used
[33, 36, 39].

Synthesis of the white crystals

To explore the possibility that paper deacidification treat-
ments with Mg-based reagents might lead to reaction
with arsenic sulfide pigments to produce hornesite, strips
of filter paper painted with a mixture of orpiment, real-
gar, and pararealgar, in an aqueous gum arabic medium,
were treated with a MgCO, suspension and allowed to
age at a high relative humidity and room temperature
as described in the Experimental section. After 3 years,
tufts of a white material were observed to have formed
on their painted surfaces (Fig. 7a). X-ray microdiffrac-
tion analysis of the white material yielded a well-defined
pattern with more than forty sharp lines in the front-
reflection region. An unrestricted search of the ICDD
PDF-4+ database resolved the pattern with a high level
of confidence as representing predominantly arsenolite
with strong evidence of hornesite (Fig. 7b). A table listing
the XRD data is included in Additional file 1: Table S2.
These results suggest both the relative ease with which
the arsenate may be formed as well as the conditions of
time and/or environment necessary for the transforma-
tion to hornesite, which appear to have been achieved
completely on the folio but only partially on our synthetic
example.

Conclusions

The white crystalline material found associated with,
and seemingly derived from, the yellow-orange arse-
nic sulfide pigments on the Fatimid folio fragment was
determined to be the magnesium arsenate hornesite,
[Mg;(AsO,),-8H,0]. While we have no record of treat-
ment or other direct evidence to support an assignment
of cause for this occurrence, the common usage of Mg-
based reagents for the deacidification of art and archival
works on paper—especially in archaeological fieldwork—
suggests the possibility that in this instance the hornesite
may be a reaction product of such treatment. This conjec-
ture may be supported by the apparent ease with which
we have been able to synthesize hornesite by aging, at
high relative humidity and ambient temperature, a mix-
ture of orpiment, realgar, and pararealgar applied on filter
paper and treated with a MgCO; suspension, as well as
by the well-documented sequestering of As by mobile Mg
ions in As-bearing soils to form the arsenate. This work
highlights the potential damage that can be sustained by
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works bearing arsenic sulfide-based pigments through
exposure to aqueous deacidifying suspensions often used
to treat works of art on paper and historic documents in
museums and other institutions. Ultimately, in the case
of the Fatimid folio, no conservation intervention was
undertaken. The hornesite presently exists on a scale that
does not interfere with the aesthetic reading of the work
of art, nor does it appear to present cause for concern
with respect to long-term physical or chemical stability.

Additional file

Additional file 1: Figure S1. EDS spectra acquired, respectively, in the
areas indicated by the letters A and B in the top image of Fig. 3 (main text).
Figure S2. Photomicrograph of Graff C-stained sample removed from

the paper substrate, in the edge of the folio, showing a mixture of mostly
bast with some cotton fibers, taken with an Olympus BX41 Polarized

Light Microscope (PLM) at a 200 x magnification. Table S1. Diffraction
data for the integrated pattern of Fig. 6. Table S2. Diffraction data for the
integrated pattern of Fig. 7.
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