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Abstract

This work follows the recent discovery of a zinc-bearing Egyptian blue (EB) pigment widely used for the production of the early
medieval mural paintings cycle in Santa Maria foris portas Church at Castelseprio (Lombardy Region, Italy). The inclusion of
zinc in the synthesis of EB has been studied for the first time trying to evaluate whether its addition could be casual or deliberate.
Historical reconstructions of the pigment have been carried out with a special focus on the use of zinc besides copper, using the
different production methods. The influence of zinc on the pigment’s NIR photoluminescence and VIS-NIR reflectance has been
characterized using FORS spectroscopy, X-ray diffraction, optical microscopy, and scanning electron microscopy-energy
dispersive X-ray spectroscopy. A comparison of the production methods including salt-flux, solid-state, and Zn-rich syntheses
showed that the solid-state synthesis results in particularly efficient NIR photoluminescence and VIS-NIR reflectance. Modern
replicas were compared with an ancient sample in order to understand the zinc environment inside the structure of the Zn-
enriched EB. Zn was found to be concentrated in a glass-based matrix surrounding cuprorivaite crystals, the main mineral
associated with the EB pigment, and not included in a hypothetical Zn-doped cuprorivaite with formula CaCu;_,Zn,SizO1.
The Zn-rich synthesis opens up the possibility of producing EB from brass and demonstrates that EB used in Castelseprio’s mural
paintings could have been produced in this way. The relationship between the microstructure and the NIR photoluminescence of
cuprorivaite-like pigments is of interest also for applications in modern and future technologies.
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Introduction

>< Maurizio Aceto

maurizio.aceto @uniupo. it The Church of Santa Maria foris portas in Castelseprio is

located almost 50 km northwest of Milan. Since 2011, it is
listed in the UNESCO World Heritage Sites, as a part of the
entry “Longobards in Italy: Places of the Power (568-774
A.D.)”. Inside the eastern apse of the church, there is an
exceptional cycle of wall paintings depicting scenes from
the Infancy of Christ taken from the Protoevangelium of
James and from the Gospel of Pseudo-Matthew. Some
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scholars consider these paintings as a product of Western
art, and others as an artwork belonging to a Byzantine
Middle Eastern tradition. The different chronological attri-
butions vary between the sixth and tenth century CE
(Bertoni 2003). In 2013, the ante-quem term for the paint-
ings has been more accurately established by the '*C
wiggle-match dating (WMD) of the main timber beam,
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dating the paintings between the end of the ninth and the
first half of tenth century CE (Brogiolo 2013; Gheroldi
2013; Gheroldi 2017; Martinelli and Pignatelli 2013). One
of the most important technical features concerning these
paintings is the abundance of use of the pigment Egyptian
blue (EB thereafter) (Nicola et al. 2018a) that is so wide-
spread that seems unlikely (even if not impossible) that it
could come from reuse of an older recycled pigment. In the
recently published work (Nicola et al. 2018a) regarding the
aforementioned cycle of paintings, the presence of a never-
reported kind of zinc-rich EB (Cu:Zn about 4:1) was dem-
onstrated, and a non-traditional manufacturing of EB using
brass as a starting material was suggested. However, a pre-
cise knowledge of the raw materials, procedure, and condi-
tions to produce that ancient pigment remains an open area
of research. A similar kind of zinc-containing EB was very
recently reported also on the fragments of painted plaster of
analogous period, found in the Church of St. Philip in
Hierapolis of Phrygia (Turkey) (Vettori S et al. 2019). EB
containing minor amounts of zinc (0.5-1.2%) was also re-
ported in other few archeological contexts (Ingo et al. 2013;
Katsaros et al. 2010), but due to the limited amount regis-
tered, both Ingo et al. 2013 and Katsaros et al. 2010 stated
that in those cases, it is more likely that zinc is present as a
casual adding (e.g., a minor alloying element present in
metals or ores used in the production). In modern applica-
tions, the presence of a zinc-containing cuprorivaite/
gillespite is mentioned in US patent 2014/0072790
(Salguero et al. 2014) filed in concomitance with recent
studies on EB and other metal-silicate nanosheet produc-
tions (Johnson-Mcdaniel et al. 2013; Johnson-McDaniel
and Salguero 2014). Furthermore, zinc doping of
cuprorivaite was studied by Li et al. (2014). Still, there is
an inconsistency regarding the localization of Zn** ions
within the structure. In the abovementioned patent
(Salguero et al. 2014) indeed, Zn" is indicated as replacing
the alkaline earth A®* in the general formula A, ,C,B;
D, 814010, where A = Ca, Sr, or Ba; C =Zn, Ti, or lantha-
nide element; 0 <x < 1; B=Cu, Cr, or Fe; D = alkali metal;
0<y< 1. A different conclusion was drawn by Li et al.
(2014) stating instead that Zn** ions, due to similar ionic
radius, are expected to be substituting for Cu>* without
changing the crystal field environment significantly (Li
et al. 2014). Zn>* is anyway seldom reported in square
planar 4-fold coordination, as this geometry is unfavorable
for Zn** which lacks the Jahn—Teller effect distortion that
characterizes the Cu®* ion (Greenwood and Earnshaw
1997). The research that is presented below is the most
complete technical study of Zn incorporation into EB pig-
ment. Regardless if the presence of zinc is intentional or
unintentional both in ancient and modern samples, a de-
scription of zinc-bearing EB inner structure and the locali-
zation of Zn is important for the knowledge of historical
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and modern production technologies and for a better con-
servation of this kind of pigments. Among other aspects, a
special focus has been put on the effects of the presence of
zinc on the characteristic NIR photoluminescence of EB.
This feature can help to improve non-destructive character-
ization techniques and also is fundamental for modern and
future applications of this kind of materials.

Egyptian blue history and structure

Used since the third millennium BCE (Riederer 1997) and
before (Corcoran 2016), EB is considered the first true syn-
thetic pigment (Riederer 1997). Its production is linked to the
development of pottery and of materials such as Egyptian
faience, glass, and bronze (El Goresy et al. 1996;
Kaczmarczyk and Hedges 1983). The Egyptians called it zsbd
iryt, which means artificial lapis lazuli (Giménez et al. 2017).
It was by far the most common blue pigment in the ancient
Europe, West Asia, and North Africa (Gaetani et al. 2004),
but, after the collapse of the Western Roman Empire, it grad-
ually disappeared (Riederer 1997). Quite seldom, occurrences
are reported in the Middle Ages (Bensi 1990; Mairinger and
Schreiner 1986; Lazzarini 1982; Lluveras et al. 2010; Nicola
et al. 2018a) and exceptionally in Renaissance (Bredal-
Jorgensen et al. 2011; Chiari 2018). The reasons why its use
was abandoned are still debated (Gaetani et al. 2004).

At the beginning of nineteenth century, while searching for
a cheap, deep-blue, inorganic pigment (Berke 2007), a new
interest in EB arose. Some samples from Pompeii were stud-
ied in 1809 by Chaptal (1809) and in 1815 by Sir Humphry
Davy (1815) making EB one of the first materials from antiq-
uity to be examined by the modern scientific methods (Tite
et al. 1984). Subsequently, many successful attempts to repro-
duce it were done (Riederer 1997; Warner 2011) by (1) scien-
tists interested in trying to reproduce the ancient pigment for
historical purposes, (2) technicians who wanted to reintroduce
EB as a modern pigment, and (3) mineralogists who
experimented with the synthesis of cuprorivaite to understand
its crystallographic properties. To avoid confusion, in this
work, the term “Egyptian blue” will refer to both
archeological specimens and modern products obtained by
artificial synthesis (containing also amorphous phases or other
minerals different from CaCuSizO,¢), while “cuprorivaite”
will be used referring to the natural or artificial pure
CaCuSiyOq crystalline compound.

Cuprorivaite has a phyllosilicate structure described for the
first time by Pabst (1959). It is analogous in structure to
SrCuSis0;¢ (wesselsite) and BaCuSi4O, (effenbergerite),
the latter being the main constituent of the ancient pigment
Han blue (Johnson-McDaniel and Salguero 2014). All three
minerals are members of the gillespite (BaFeSi4O,() group,
having the form ABSi4,0,¢ (A =Ca, Sr, or Ba and B =Fe, Cu,
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or Cr) (Johnson-McDaniel and Salguero 2014; Salguero et al.
2014). The deep blue color of cuprorivaite, wesselsite, and
effenbergerite is primarily due to the Cu®* ion in square planar
coordination (D4h) (Garcia-Fernandez et al. 2015). The exact
color coordinates of EB are influenced also by particle dimen-
sions (i.e., smaller particles make the pigment clearer) and by
other factors such as the unbalance in the constituents and the
presence of impurities (Hatton et al. 2008; Johnson-McDaniel
and Salguero 2014; Riederer 1997). All three minerals have
strong luminescence yield in the 800—1100 nm NIR region
(Berdahl et al. 2018), with emission at ca 950 nm with increas-
ing wavelength in the Ca, Sr, and Ba series (Chen et al., 2016)
when excited with red light between 600 and 630 nm (Accorsi
et al. 2009; Pozza et al. 2000; Verri 2009b). Their
photoluminescence is based on the Cu®* ion located on the
fourfold axis, where it links four SiO, tetrahedra in a square
planar coordination (Chiari 2018). The discovery of the near-
infrared (NIR) photoluminescence of EB and related materials
(Accorsi et al. 2009; Pozza et al. 2000; Smith et al. 2009) has
led to several advancements in cultural heritage science (Dyer
et al. 2013; Kakoulli et al. 2017; Verri 2009a, b) and in other
disciplines such as optics (Borisov et al. 2013), nanotechnol-
ogies (Johnson-McDaniel and Salguero 2014; Salguero et al.
2014, Chen et al. 2016), and forensic science (Errington et al.
2016). The bacteriostatic effect of EB recently investigated is
also promising in biomedicine (Tian et al. 2016). All these
recent advancements increased the prospective of EB to be
exploited as an outstanding paleo-inspired system (Bertrand
et al. 2018).

The production of EB in ancient times was performed
through a process of the salt-flux synthesis (Pradell et al.
2006), using fluxes such as plant ashes (Jaksch et al.
1983) or natron, a naturally occurring salt from salt lakes
(e.g., Wadi El Natrun in Egypt) consisting mainly of
Na,CO;5-10H,O (Etcheverry et al. 2001; Giménez et al.
2017; Riederer 1997; Shortland et al. 2006). Though it
is more difficult to obtain due to higher temperature re-
quirements, the solid-state synthesis was likely also pos-
sible in antiquity (Delamare 1997; Etcheverry et al. 2001);
however, pigment obtained in this way is a pale blue
instead of deep blue (Johnson-McDaniel and Salguero
2014). The archeological use of this kind of synthesis
remains debated (Pradell et al. 2006). In archeology-
inspired EB production during the nineteenth and twenti-
eth centuries, a finely ground, almost stoichiometric
(Johnson-McDaniel and Salguero 2014; Mazzocchin
et al. 2004; Warner 2011) mixture (4:1:1) of SiO,, CaO
(typically from CaCOs;), and CuO (from a copper-bearing
material) was heated with a small amount of a flux (e.g.,
Na,CO3) to about 800-900 °C (Riederer 1997).
Depending on the procedure, the temperature needed to
be maintained for 10-392 h (Riederer 1997). The ancient
recipe is described by Vitruvius in De Architectura, Book

VII, Chapter 11-1 (Vitruvius 1999). He describes that
sand, probably containing both SiO, and CaCO; in the
proper ratio (Mazzocchin et al. 2004), natron (flux), and
filings of metallic copper were mixed with some water to
create a paste and shaped in the form of small spheres.
Such prepared spheres were then air dried and fired in
terracotta vessels (Riederer 1997; Warner 2011).

There is some debate about the source of copper used
for the production of ancient EB. Recent recipes generally
use Cu,(CO3)(OH), (malachite) or CuO as a source
(Johnson-McDaniel and Salguero 2014; Mazzocchin
et al. 2004; Riederer 1997; Tite et al. 1984; Warner
2011). The direct use of copper ores such as malachite
was probable in antiquity (Tite et al. 1984) due to the
wide availability of that mineral (e.g., from copper mines
in the Sinai desert). Vitruvius, however, mentions metallic
copper filings (Warner 2011), and modern analysis of
archeological EB and Egyptian Faience samples show a
characteristic, univocal relationship between metallurgy
development and sample composition (ElI Goresy et al.
1996; Kaczmarczyk and Hedges 1983; Nicola et al.
2018b). In ancient EB samples, it is possible to distin-
guish minor amount of elements likely derived from ar-
senical bronze (from the Ancient Kingdom to the middle
of the fifteenth century BCE), Sn bronze (from 1479 to
1425 BCE), and on later samples Sn—Pb bronze (Fenoglio
et al. 2012; El Goresy et al. 1996; Kaczmarczyk and
Hedges 1983). Recently, the presence of considerable
amount of Zn together with Cu in the Castelseprio EB
suggests also the use of a copper/zinc alloy in late pro-
ductions of EB, supporting this correlation (Nicola et al.
2018a). The alloy used can be identified with orichalcum,
a famous ancient alloy normally considered to be a copper
alloy containing a consistent amount of zinc (Caley 1964;
Caponetti et al. 2017). Currently, this kind of alloy is
termed brass. The concentration of zinc with respect to
copper (in average 21.2%) is consistent with the values
normally obtained with the cementation process that is the
method of producing these alloys in antiquity (Bourgarit
and Bauchau 2010; Caponetti et al. 2017).

Zinc-enriched EB

In this work, we explore the ancient Zn-enriched cuprorivaite-
based technology in order to reverse engineering the material
from direct, in-depth physico-chemical, morphological, and
compositional analysis. The entire process includes the fol-
lowing steps: understanding the composition and structure of
the ancient material, reverse engineering its production routes,
and comparing the newly produced materials’ properties with
those of the ancient samples.
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Experimental
Ancient Zn-rich Egyptian blue sample

The sample was a detached fragment picked up during the
2012 campaign of analyses (Nicola et al. 2018a). It came from
the Adorazione dei Magi scene (Fig. 1) and more specifically
from the blue decorative ribbon in the lower part of the paint-
ing. The sample was embedded in polyester resin and polished
perpendicularly to the surface to obtain a cross section. The
cross section was first abraded with carbon papers (800—1200
mesh) and then polished using diamond pastes (0.25 wm). The
cross section was observed under different microscopes (see
below for further details) and compared with powdered artifi-
cial samples embedded in polyester resin and polished in the
same way.

Artificial samples

The artificial samples of EB were produced in a ceramic kiln
WLF 2000 Light & Power regulated by a Pixsys ATR243
controller (see Fig. 2 left). Three powders of brass with a
different ratio Cu:Zn were chosen to evaluate the effect of
Zn concentration. An experimental archeology approach was
used (Mathieu 2002), so the powders of brass were collected
from true ancient brass object (see Fig. 2 top right). Before the
synthesis, the brass used was characterized with SEM-EDS to
accurately evaluate Cu:Zn ratio and to identify the presence of
other elements.

As suggested by Mazzocchin et al. (2004) and Warner
(2011), the main syntheses were carried out in self-made
terracotta crucibles (shown in Fig. 2). The clay used to pro-
duce terracotta crucibles was purchased from Colorobbia and
was of the quality “Argilla Rossa.” Prior to the syntheses, the
crucibles were heated at 1000 °C for 12 h, naturally cooled
down to 20 °C and accurately washed in water.

Si0O, and CaCOs; used were of commercial grade and were
purchased from Chimica Strola in Turin. Prior to the synthesis,
they were tested with SEM-EDS to check for detectable im-
purities (e.g., K and Al) that can play a role in the production
process. They resulted with trace concentrations of those spec-
imens, quite close to the detection limit. The other reactants
(HCl, Na,CO3, CuO, and Cu metal) were purchased from
Sigma-Aldrich (Milwaukee, USA). Commercial Egyptian
blue was purchased from Kremer Pigmente (Aichstetten,
Germany).

Physico-chemical characterization
Microscopy

Optical microscopy and scanning electron microscopy-energy
dispersive X-ray (SEM-EDS) measurements were carried out
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Fig. 1 The Adorazione dei Magi scene with the indication of the sample
location

to characterize ancient and newly produced EB. For the opti-

cal microscopic analyses, a UV/optical microscope Olympus

BX-41 was used, equipped with the fiber optic illumination

system Optika Microscopes, UV lamp UV Olympus U-RFL-

T and filter cube Olympus U-MWU (330-385 nm).
Different SEM-EDS instrument were used:

1. XVP-SEM ZEISS EVO 50 scanning electron micro-
scope equipped with a microanalysis system (EDS)
INCA Energy 250 (Oxford Instruments), using a lan-
thanum hexaboride (LaB¢) filament as electron source
at 20 keV. It was used in variable pressure mode in
order to avoid sample metallization (beam current,
200 x 10" A; pressure: 55 Pa; air type: room air;
stub: aluminum (diameter 12.5 mm, sample attached
with conductive carbon tape); quantification tech-
nique, semiquantitative analysis (INCA Suite version
4.14)).

2. Further SEM-EDS data were collected using a TESCAN
RISE scanning electron microscope. All samples were
imaged in low vacuum (30 Pa) with an acceleration volt-
age of 20 keV (beam current: 493 x 10—12 A; air type: N»;
stub: aluminum (diameter 12.5 mm, sample attached with
conductive carbon tape); quantification technique,
Linemarker PB-ZAF (Bruker Esprit 2.1 Software)).
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Fig. 2 The top loading kiln used
for the synthesis (left), the sources
of brass (top right), and the self-
made terracotta crucibles (bottom
right)

UV-visible diffuse reflectance spectrophotometry (fiber optic
reflectance spectroscopy)

Fiber optic reflectance spectroscopy (FORS) analysis was
performed with an Avantes (Apeldoorn, The Netherlands)
AvaSpec-ULS2048XL-USB2 model spectrophotometer
and an Avalight-HAL-S-IND tungsten halogen light
source; detector and light source were connected with
fiber optic cables to an FCR-7UV200-2-1.5 x 100 probe.
In this configuration, both the incident and detecting an-
gles were 45° from the surface normal, in order not to
include specular reflectance. The spectral range of the
detector was 200—-1160 nm; the overall operational range
of the device (combination of lamp-+detector) was 375—
1100 nm. Depending on the features of the monochroma-
tor (slit width 50 um, grating of UA type with 300 lines/
mm) and of the detector (2048 pixels), the best spectrum
resolution was 2.4 nm calculated as FWHM. Diffuse re-
flectance spectra of the samples were referenced against
the WS-2 reference tile provided by Avantes and guaran-
teed to be reflective at 98% or more in the spectral range
investigated. The investigated area on the sample had a 1-
mm diameter. The probe was inserted into an aluminum
block, in order to exclude external light and to hold firmly
the probe in place. In all measurements, the distance be-
tween probe and sample was kept constant to 2 mm. To
visualize the investigated area on the sample, the probe
contained a USB endoscope inserted as well in the block.
The instrumental parameters were as follows: 10-ms inte-
gration time and 100 scans for a total acquisition time of
1.0 s for each spectrum. The whole system was managed
by means of AvaSoft v. 8 dedicated software, running
under Windows 7™.

Type A

Type B

X-ray powder diffraction

For the X-ray powder diffraction (XRPD) analyses, a
SIEMENS D5000 X-ray powder diffractometer was used with
Brag Brentano geometry (Cu K« radiation, A= 1.54056 A;
Department of Earth Sciences, University of Torino). The
single-crystal data were collected with a Gemini R Ultra dif-
fractometer with graphite-monochromated Mo-K« radiation
(A=0.71073 A) for cuprorivaite sample (synthesis ZA4) by
the w-scan method. The cell parameters were retrieved with
the software CrysAlis PRO 1.171.38.46 (Rigaku 2015), and
the same program was used to perform data reduction with
corrections for Lorenz and polarizing effects. Scaling and ab-
sorption corrections were applied through the CrysAlisPro
multiscan technique. The structure has been solved with the
direct methods by using SHELXS-97 (Sheldrick 2008). All
the structure has been refined with full-matrix least squares
techniques on F2 with SHELX1.-97. All non-hydrogen atoms
were refined anisotropically. The possible replacement of Cu
with Zn in the site of Cu has been tested, but no definable
percentage has been found. The graphics of the crystal struc-
ture has been generated using Vesta (Momma and Izumi
2011). CCDC codes 1882695 contain the supplementary crys-
tallographic data for cuprorivaite. These data can be obtained
free of charge via http://www.ccdc.cam.ac. uk/conts/
retrieving.html or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK fax: (+44)
1223-336-033 or e-mail: deposit@ccdc.cam.ac.uk.

Visible-induced luminescence

Visible-induced luminescence (VIL) was used for a prelimi-
nary characterization of EB formed in the syntheses (Dyer

@ Springer


http://www.ccdc.cam.ac

5382

Archaeol Anthropol Sci (2019) 11:5377-5392

et al. 2013). The images acquired were taken using a digital
camera EOS 400D from which the IR filter had been removed.
The sensitivity of the camera is up to 1000 nm. VIL images
were produced using a B+W IR (093) BW72487 filter which
allows the passage of not more than 1% of the radiation at
800 nm up to 88% at 900 nm. A LED lamp (YONGNUO
YN300) with a very low emission in the infrared (IR) range
was used as light source. It is important to note that the small
amount of IR light emitted by the lamp can be used in this
specific kind of VIL technique to give an enriched informa-
tion: in black are visible IR absorbing materials and in gray are
shown reflecting materials while the emitting materials (e.g.,
cuprorivaite) glow in white.

Results
Artificial sample production

Zn-enriched EB syntheses using brass as the source of copper
have been performed in order to understand the structure and
properties of the final product and correlate them to those of
the conventional EB produced via salt-flux and solid-state
syntheses. The samples have then been analyzed by means
of FORS to describe their color and photoluminescence then
by means of optical microscopy, SEM-EDS, and XRPD to
describe the inner structures.

First of all, two preliminary experiments were performed to
assess the best operative parameters to be used in the synthe-
sis. The type A object has a content of zinc of about 42.4%.
Such a concentration is typically obtainable with a speltering
process, a technology developed later and commonly avail-
able in Europe only since the nineteenth century. The concen-
trations of zinc in the type B and type C objects were of about
22.2% and 17.6%, respectively, and are similar to the ones
typically obtainable with the cementation production process
(Bourgarit and Bauchau 2010; Craddock et al. 1990) even in
the Middle Ages. Concentrations of iron in the range 0.7—
0.9% were detected in all the brass investigated while lead
was detected in an amount of 0.9-2.4% in the three objects,
being type B the richer in this element. The three objects were
part of furniture produced in Europe during the eighteenth—
nineteenth centuries. After a surface cleaning, the samples
were collected with tools (files and drill) that can produce
particles analogous to the ones obtainable in the Middle Ages.

The brass powders were used to prepare different samples
of Zn-enriched EB and to compare them with regular EB
samples obtained via salt-flux and solid-state syntheses. It is
noteworthy that we chose to use SiO, and CaCO; of commer-
cial grade because their impurities could match quite well with
the one expected for ancient productions (Pradell et al. 2006),
as determined with SEM-EDS.
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Table 1 Reactants used in preliminary experiments

Sample  SiO, (g) CaCO;(g) Cusource Na,CO; (g)
SAl 0.38 0.16 0.10 g brass type A 0.06
SA2 0.28 0.12 0.10 g brass type A 0.06
SA3 0.42 0.18 0.10 g brass type A 0.06
SB1 0.38 0.16 0.10 g brass type B 0.06
SB2 0.28 0.12 0.10 g brass type B 0.06
SB3 0.42 0.18 0.10 g brass type B 0.06
SC1 0.38 0.16 0.10 g brass type C  0.06
SC2 0.28 0.12 0.10 g brass type C ~ 0.06
SC3 0.42 0.18 0.10 g brass type C  0.06

The weights of reactants used in the preliminary experi-
ments are shown in Table 1. In each synthesis, the respective
reactants were finely ground and mixed in a ceramic mortar
then put in porcelain crucibles and heated. The flux (Na,CO5)
was added only in this series of experiments.

In the first preliminary experiment, samples of powders of
brass of types A, B, and C were used for syntheses analogous
to the traditional salt-flux method described by Vitruvius with
the only variation of using brass instead of copper metal
(Vitruvius 1999). As suggested in literature (Johnson-
McDaniel and Salguero 2014; Mazzocchin et al. 2004,
Riederer 1997; Warner 2011), SiO, and CaCO; were added
in 4:1 stoichiometric ratio instead of sand. Na,CO; about 10%
w/w was added as a flux in place of natron. The mixtures
obtained were initially heated with a rate of 2 °C/min until
875 °C and then held at 875 °C for 12 h. At the end, the
temperature was cooled down to 20 °C with a cooling rate
of 2 °C/min.

In the second experiment, similar mixtures of brass, SiO,,
and CaCOj; were heated in the same way, but no flux was
added and the temperature was raised to 975 °C. The condi-
tions chosen for the second experiment are similar to those
proposed in literature for the solid-state synthesis (Johnson-
McDaniel and Salguero 2014). Once at room temperature, the
crucibles of both preliminary experiments were photographed
with the VIL technique to detect the presence of cuprorivaite-
like materials formed.

Once determined that the 975 °C synthesis was the most
effective in producing cuprorivaite-like materials from brass,
some samples were prepared and refined. For this purpose,
each of the 9 mixtures of reactants shown in Table 2 was finely
ground in a ceramic mortar and put in a terracotta crucible.
Then, they were heated with parameters analogous to the ones
used in the second preliminary experiment. It may be worth
remarking the fact that with the exception of the sample ZO,
no fluxes were added in any mixture.

Once at room temperature and after VIL photography, so-
lidified masses were removed by the crucibles and were
crushed. Later, as suggested in literature, the samples were
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Table 2 Reactants used in the

main synthesis. The column on Sample SiO, (g) CaCOs (g) Cu source Na,CO; Comments

the left shows arbitrary names

given to the mixtures. In the ZA 3.19 133 1.07 g brass type B - Excess Zn

column on the right end, there are 7B 3.19 1.03 137 gbrasstypeB — Excess Zn and Cu, low Ca

sorpe notes on the.stmchlom'etry ZC 3.19 1.11 1.29 g brass type C — Excess Zn and Cu, low Ca

ratios of elements in comparison . . Lo

with the ones of pure cuprorivaite M 3.19 1.33 0.85 g brass type A - Zn instead of Cu in cuprorivaite
ZN 3.19 1.33 0.85 g brass type B - Zn instead of Cu in cuprorivaite
Z0 3.19 1.33 0.85 g brass type B 0.10 g Zn instead of Cu in cuprorivaite
Zp 3.19 0.96 1.08 g brass type B - Zn instead of Ca in cuprorivaite
ZR 3.19 1.33 0.84 g Cu - Cu metal standard
ZE 3.19 133 1.05 g CuO - CuO standard

washed to remove badly reacted material (Johnson-McDaniel
and Salguero 2014; Warner 2011), soaking them in 50 ml of
HCI1 1 M for 48 h. Afterward, each powder was washed with
50 cc of distilled water and was filtered and dried. Three
analogous cycles of reheating and crushing were then per-
formed in order to improve the quality of the final products
(Johnson-McDaniel and Salguero 2014; Riederer 1997,
Warner 2011). However, other two samples were also used
as references. The first was EB produced via the salt-flux
synthesis analogous to the one used in the first preliminary
experiment using CuO as the source of copper, washed in HCI
for 48 h, and reheated and crushed other 3 times. To refer to
this sample, the tag R4 was used. The second (referred as KR)
was commercial EB purchased from Kremer Pigmente.

VIL imaging was used to visually identify any cuprorivaite
produced (i.e., cuprorivaite glow in white). Results are shown
in Fig. 3. From the results, it seems that the parameters com-
monly used in the standard salt-flux synthesis are not well
suitable to produce EB from brass. Indeed, white luminescing
areas are only clearly visible in the second experiment (Fig.
3b) that was carried out at 975 °C, i.e., at a temperature higher
than the one commonly used for the standard salt-flux synthe-
sis and at which the solid-state synthesis of cuprorivaite can
occur (Delamare 1997; Etcheverry et al. 2001; Johnson-
McDaniel and Salguero 2014).

The increase of luminescence going down in the rows of
samples in Fig. 3b suggests that modern brass richer in zinc
(SA series) is less suitable to produce EB than ancient brass
with a lower zinc content (SB and SC series). The maximum
of brightness seems however to be associated with the stan-
dard produced using straight copper metal. It seems that there
are no appreciable differences among samples in the same
row. A more comprehensive discussion of compositional fea-
tures and a more detailed analytical characterization are fur-
ther discussed above using refined samples produced in the
main syntheses.

The artificial samples listed in Table 2 were produced in the
main syntheses. By an optical inspection, we observe that after
the first cycle of heating at 975 °C, all the samples with the

exception of ZE and ZR were blackish and cast in solid hard
masses that copy the shape of the bottom of terracotta cruci-
bles in the form of little shrunk blocks (see Fig. 4 left). To
crush the blocks, a mortar was needed. An analogous behavior
was observed in the production of R4 (i.e., using salt-flux
synthesis) after the first cycle at 875 °C. ZE and ZR samples
were instead observed as grayish soft solid friable material
that can be crushed simply using a spatula (see Fig. 4 right).

After washing in HCl and the second cycle of reheating and
crushing, all samples got markedly blue with different shades
and deepness of hue, improving further their tone in the next
two cycles. After each annealing, all the powdered samples
changed again to hard blocks with the exception of ZE and ZR
samples. ZA4 and ZN4 are the deepest blue color obtained
and are quite similar in color to the salt-flux synthesis stan-
dards R4 and to the commercial one KR (see Fig. 5), while ZR
and ZE where the lighter blue obtained.

Since the end of the first cycle, all the samples produced
showed some brightness in VIL images being ZR, ZE, ZA,
and ZN the brightest and ZM one of the least bright. ZE was
indeed brighter even than commercial Egyptian blue KR and a
lot more than R4. A more accurate evaluation of luminescence
and colors will be discussed in the next paragraph using FORS
spectra.

Color and photoluminescence of the samples

As it is shown in Fig. 6a, the two main Zn-enriched EB pro-
duced (ZA4 and ZN4) have hue and intensity of reflectance
that are very similar to the ones owed by the commercial EB
purchased from Kremer Pigmente (KR). They have also a
similar NIR reflectance and photoluminescence.

The most interesting data is however the outstanding behav-
ior of cuprorivaite produced via solid-state synthesis ZE4 that
shows a reflectance much higher than any other sample and a
NIR total output (reflectance plus photoluminescence) higher
than 95% in correspondence of the peak of VIL emission. Also
ZRA4, the other sample produced via the solid-state synthesis
has a high NIR reflectance output if compared with the low
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Fig. 3 VIL image of first (a) and
second (b) preliminary
experiment performed at 875 °C
(a) and 975 °C (b). In both
experiments, a standard was
added. In the first preliminary
experiment, two grains of R4
standard, and in the second, an
internal standard produced using
copper instead of brass (0.38 g
Si0,, 0.16 g CaCO;, and 0.10 g
Cu)

reflectance in the blue region. This is likely due, again, to the
absence of any glassy phase on the surface of cuprorivaite
crystals formed via the solid-state synthesis. The blue tone of
ZE4 and ZR4 is definitely lighter than that of samples pro-
duced via the salt-flux synthesis. It is well known that a de-
crease in grain size can impart a lighter tone to EB (Delamare
1997; Riederer 1997; Warner 2011). Even if a smaller grain
size is indeed observable (see Fig. 7 and Fig. 9), in particles
produced via the solid-state synthesis, the effect may likely be
increased by the higher scattering of light due to the lack of the
quenching effect imparted by a glassy matrix. The comparison
among the two samples produced via the solid-state synthesis
(ZEA4 and ZR4) indicates a great difference between them prob-
ably due to the fact that in ZR4 there is a widespread presence
of unreacted copper metal grains (see Fig. 7 and Fig. 9b) that
somehow could be responsible for the decrease in reflectance
(Fig. 6a). The low degree of reaction is probably the cause of
the shift in color to green likely due to the presence of CuO
and/or metal particles and other Cu-containing silicates. This
indicates that unless copper metal particles are very thin, CuO
is more effective than copper metal as a reactant to produce
cuprorivaite via the solid-state synthesis. This is consistent
with what was concluded by Pradell et al. (2006) suggesting
that in antiquity, a method such the one described by Vitruvius
(i.e., using copper filings) but without the use of natron was
difficult to perform because if it turns in a solid-state synthesis,
the final product is of very poor quality (i.e., too pale color and
a lot of unreacted material).

A further consideration can be made regarding the salt-flux
synthesis standard (sample R4). Even if it shows a very

Fig. 4 Image of ZP (left) and ZE
(right) sample after the first cycle
of heating at 975 °C
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intense deep-blue hue, it has indeed a quite week NIR
photoluminescence likely due to the presence of a high
amount of glass around the particles (see Fig. 9a).

In Fig. 6b, a comparison is shown between the samples of
Zn-enriched EB produced. In general, if we exclude ZA4 and
in a minor extent ZN4, all other samples show a slight shift to
green in comparison with KR and with Egyptian blue pro-
duced via the standard salt-flux and solid-state synthesis.
The reason can be an unbalance in calcium vs copper molar
concentration. A higher value of calcium can indeed impart a
green shade (Hatton et al. 2008; Pages-Camagna et al. 1999;
Riederer 1997). This behavior can explain the results obtained
for ZM4 and ZO4 that indeed are the greenest samples of this
group. In these two cases, the presence of a very high amount
of Zn in sample ZM4 (and a very low Cu) or the presence of
some Na from the flux in the sample ZO4 that can somehow
compete with Ca can explain the greater green shift of these
two samples in comparison with ZN4. The other samples are
characterized by excess of both Cu and Zn that likely can
account for the formation of silicates and glasses that can have
a green or turquoise hue. Micro photographs of some samples
produced are shown in Fig. 7.

The sample ZA4 produced with brass and without any
added flux looks very similar to the sample of pigment KR,
supporting the notion that such a pigment can be indeed anal-
ogous to the one used in Castelseprio where a substitute of
conventional EB was likely used. However, also ZN4 and the
salt-flux standard sample R4 (not shown in Fig. 7) have a very
similar aspect, with some sporadic green particles only ob-
servable in ZN4. ZM4 has instead a significant number of
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Fig. 5 Images of samples
obtained in the main syntheses

green particles. The XRPD data reported in Fig. § clearly
show that the only appreciable difference between the samples
ZA4 and ZM4 is a relevant amount of silica that is present
only in ZM4. It is very likely that analogously to what happen
in Egyptian green, a green glassy phase can locally trap Cu®*
ions and silica (Hatton et al. 2008; Pages-Camagna and
Colinart 2003), both likely formed due to the unbalance in
the Ca/Cu and by the high amount of Zn present. This result
is also consistent with the observation made in the preliminary
experiment (Fig. 3) showing that modern brass now common-
ly available seem to be a very poor choice for the production
of Zn-enriched EB. Also samples ZO, ZP, and ZC show such a
kind of green particles even if in a minor amount in respect to
ZM4.

The micrographs in Fig. 7 show also clearly that samples
ZEA and ZR4 produced via the solid-state synthesis have a
lighter shade and thinner particles than any other sample.
Unreacted metal copper particles are clearly visible in the
sample ZR4, where also green particles are observable. This
is likely due to the unbalance in the reaction that was deter-
mined by the temporary unavailability of the copper fixed in
the bulk of the metal particles.
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—ZE4
—7ZR4
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Synthetic routes and microstructure

Samples of powder embedded in polyester and lapped were
observed and analyzed with SEM-EDS to show structure,
shape, and nature of the particles produced during the synthe-
sis and to better understand the process involved. In the first
image (Fig. 9), particles produced via the salt-flux synthesis
(sample R4) and solid-state synthesis (sample ZE4) are
compared.

The salt-flux synthesis of cuprorivaite is dominated by
the process of nucleation and growth of the cuprorivaite
crystals within a liquid or glass phase (Delamare 1997,
Pradell et al. 2006). If we observe and analyze with EDS
some grains of sample R4 (Fig. 9a), we can indeed clearly
recognize large crystals of pure cuprorivaite with a peculiar
elongated rectangular shape that are surrounded by a glassy
matrix. Cuprorivaite crystals in such an environment grow
around a nucleus of crystallization that is often a grain of
silica (Delamare 1997). In the solid-state synthesis, instead,
the only process involved is that of surface diffusion of ions
of the three components (Delamare 1997; Pradell et al.
2006). They generally take place into the surface of a grain
of silica (Delamare 1997). Such phenomena can be clearly
seen in Fig. 9b where some grains of ZR4 are shown. In
particular, a big grain of unreacted copper in contact with a
silica grain shows perfectly the growing cuprorivaite on the
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—Z7B4
40 —ZC4
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Fig. 6 a FORS spectra of standard EB produced via salt-flux synthesis and solid-state synthesis compared with spectra of samples of Zn-enriched EB
produced from brass. b Comparison of FORS spectra of samples of Zn-enriched EB produced with stoichiometric and non-stoichiometric component
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Fig. 7 Images acquired through
optical microscopy on samples

1000 pm

KR, ZA4, ZM4, ZE4, and ZR4
after the embedding of the
powder particles in polyester resin
and lapping

KR

surface of contact; arrows in the figure indicate reaction
interfaces. Cuprorivaite is also present on the surface of
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Fig. 8 XRPD diffractograms of samples ZA4 (right) and ZM4 (left)

@ Springer

ZA4 | ZM4 | ZE4 | ZR4

any silica grain, recognizable in the photo as a thin lighter
layer surrounding the silica particles. It is important to note
the lack of a substantial glassy phase and the direct contact
of the cuprorivaite formed with the surrounding environ-
ment. Such grains are undoubtedly smaller than the ones
formed by the salt-flux synthesis. They retain about the
same size of silica grains (Delamare 1997).

Observing the sample ZA (produced with brass and no
added fluxes) after the first cycle of heating (Fig. 10a), it is
clearly recognizable the same structure of cuprorivaite formed
via the salt-flux synthesis.

As shown in EDS spectra reported in Fig. 10, crystals of
pure cuprorivaite are surrounded by a matrix rich in zinc. The
nature of the matrix is likely a glass, being however not ob-
servable any zinc mineral in XRPD data (see Fig. 8). It is
important to note the presence of a small amount of aluminum
and potassium registered generally in EDS spectra of the
glassy matrix. These elements present in the starting reactants
as trace elements can also derive from potassium aluminum
silicates in the terracotta crucibles surface such as orthoclase.
Zinc is a secondary flux whose fluxing action starts at around
1000 °C (Casasola et al. 2012; Moezzi et al. 2012), i.e., at a
temperature analogous to the one used for the synthesis. At
this temperature, it can interact with the potassium aluminum
silicate and form a glassy phase (Casasola et al. 2012). Minor
amounts of lead are also observable in the matrix. They come
from the small amount of Pb commonly present both in mod-
ern and ancient brass and contained in the range 0.9-2.4% in
the brass used. Also, lead can act as a flux and can further
promote the formation of a glassy matrix (Casasola et al.
2012). A week peak at 6.4 keV is also observable in the glass
matrix and can be related to the iron present in the starting
brass samples.
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Fig. 9 SEM-EDS images
showing particles produced via
(A) salt-flux synthesis and (B)
solid-state synthesis

Figure 10b shows some grains of ZA4 that are obtained
after washing ZA1 and having 3 more cycles of reheating and
crushing. Figure 11a and b show similar results on ZN4 sam-
ple. In salt-flux-synthetized samples, each reheating phase is
indeed an annealing in which crushed grains can be sintered
(Delamare 1997) as macroscopically observed also by the
formation of solid casts at the end of each cycle. As a conse-
quence of annealing, the glassy residual phase can fill narrow
spaces (Fig. 10b), the cuprorivaite crystals can grow further
(Fig. 11b), and other minerals can be formed as can be ob-
served in the upper lighter part of the grain in Fig. 11a where a
Zn—Ca silicate compound can be identified via SEM-EDS and
can be argued to be clinohedrite. To further demonstrate the

300pm

0O 1 2 3 4 5 6 7 8

absence of any Zn substitution in the crystalline cuprorivaite,
the crystal structure has been re-determined via XRD from a
single crystal obtained by ZA4 synthesis (see supporting in-
formation), and no proof of this phenomenon has been found
with respect to the crystal structure of literature
(Chakoumakos et al. 1993).

Comparison with ancient Zn-rich Egyptian blue
sample

This section compares the sample of ancient blue pigment
from Castelseprio (CS) with the previous results presented

9 10 11 12 13 14 15 16 17 18 19 20
keV

ﬂ

9 10 11 12 13 14 15 16 17 18 19 20
keV

1 2 3 4 5 6 7 8

Fig. 10 Top: SEM-EDS images showing ZA sample particles produced a after the first cycle of heating and b after the fourth cycle of heating. Bottom:

corresponding EDS spectra of cuprorivaite (left) and zinc-rich glass (right)
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Fig. 11 SEM-EDS images
showing ZN4 sample particles

60pm

on modern replicas. Figure 12 highlights the results from op-
tical microscopy and SEM-EDS.

The particles of the ancient pigment reach a maximum size
of about 40 um. Figure 12a clearly shows the presence of blue
pigment in the sample. In the BSE image (Fig. 12b), the grain
of EB is selected for further analysis. In the BSE image of the
grain (Fig. 12c¢), an inner structure is recognizable. It includes
darker, almost rectangular zones of cuprorivaite (Fig. 12d)
surrounded by a lighter matrix rich in zinc (Fig. 12f). By
mapping the elemental composition across the ancient grain
(Fig. 12d), the gradation of the copper-rich cuprorivaite phase
into the zinc-rich glass phase is seen. Pockets of the copper-
rich phase are seen surrounded by the zinc-rich glass. Even if
the dimensions of the cuprorivaite crystals seems to be smaller
and the border seems to be less narrow, the structure is con-
sistent with the one observed for artificial samples of Zn-
enriched EB (e.g., Fig. 12g, h). In comparison, the EDS map
of the modern reproduction, ZA1 (Fig. 12h), shows similar
gradation between copper-rich and zinc-rich phases; however,
instead of pockets of the copper-rich phase within the zinc-
rich glass, we instead see clasts of the zinc-rich phase forming.

The elemental distribution confirms that a heterogeneous
interleaving of phases is favored over a homogenous incorpo-
ration of zinc into the EB. The differences probably depend on
some parameters such as a thinner grinding of the pigment
between the cycles of reheating or differences in time of
heating and cooling. However, the data demonstrate that the
production method proposed is a viable route to obtain an
analogous, newly produced Zn-enriched EB pigment, very
close to the ancient one present in Castelseprio Early
Medieval mural paintings.

Discussion

Zn-enriched EB syntheses using brass as the source of copper
were performed in order to understand the structure and prop-
erties of the final product and correlate them to those of the
conventional EB produced via the salt-flux and solid-state
syntheses. Apart from the general interest in trying to

@ Springer

calcium zinc silj% -3
Rk

200pm

understand the ancient technology used, a better understand-
ing in structure, properties, and process of formation of
cuprorivaite crystals could contribute to enlarge the family
of NIR photoluminescent materials. Zn-enriched EB pro-
duced resulted similar to the one used in Castelseprio during
the Early Middle Ages whose production technology is lost
(Nicola et al. 2018a).

Archeology-inspired Zn-enriched EB production was nev-
er reported before. In a series of samples artificially produced
from brass and from standard copper (both copper metal and
copper oxide), color and intensity of photoluminescence have
been put in relationship with composition, mechanism of for-
mation, and inner structure. At this purpose, different synthe-
ses have been performed to evaluate the effect of parameters
like the nature of the main constituents, their concentration,
temperature, and time of heating. After a detailed description
of sample production done also with the help of the VIL im-
aging technique, FORS spectra have been used to describe
color and photoluminescence of the samples produced while
optical microscopy, SEM-EDS, and XRPD have been used to
describe the inner structures.

The observed unsuitability of modern standard brass type
A that contains 42% of Zn for the production of Zn-enriched
EB is consistent with Li et al. (2014), which stated that a
concentration of Zn higher than 30% is above the solid solu-
bility of Zn** in the cuprorivaite. However, our results on
samples in which by concentration and stoichiometry Zn**
could have substituted Cu®* indicate that a possible zinc-
doped cuprorivaite having a formula CaCu,_,Zn,Si4O,
where x is in the order of 0.1 or higher, seems not to form.

Similarly in any of the syntheses tested with SEM-EDS, it
is not possible to observe any crystal of Ca;_.Zn,CuSi,O,
even when there was a lack of Ca®* in the reactants that could
be replaceable by Zn**(Salguero et al. 2014). Thus, we can
argue that the existence of a significant zinc substituted
cuprorivaite has still to be confirmed.

In all the samples prepared from brass, a structure was
observed that is very close to the one of conventional EB
produced via the salt-flux synthesis. It was observed even if
neither Na* nor K* bearing flux was added at all. The zinc was
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a Optical Image: CS

g BSE Image: ZA1
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Fig. 12 a Optical image of the ancient CS sample. b BSE image of the
same area showing the position of the EB grain. ¢ BSE image of the
ancient EB grain. d EDS spectrum of cuprorivaite in the EB grain. e
EDS map of the EB grain showing Zn and Cu distribution. f EDS

in general present in all the glassy matrices formed, and some-
times it crystallizes in other minerals or seems to hide in very
narrow cracks and structures in annealed specimens. It has to
be noted that Zn itself can act as a secondary flux starting to

b BSE Image: CS

Ph Ph
Pb  Pb PhBr PoBr P

In

h EDS Map: ZA1

spectrum of the Zn-rich glassy phase in the ancient EB grain. g BSE
image of modern reproduction sample ZA1l. h EDS map of sample
ZA1 showing distribution of Zn and Cu

work at temperature close to 1000 °C (Moezzi et al. 2012),
and that likely it can improve the effect of small amount of
fluxes contained in the reactants or maybe even stripped from
the crucible walls (e.g., orthoclase) if it is made in terracotta or

@ Springer



5390

Archaeol Anthropol Sci (2019) 11:5377-5392

ceramic materials. This fact could have permitted to produce
EB in the Middle Ages even if the very rare and expensive
flux natron was not available. Indeed, during the seventh—
ninth centuries, a general crisis in the supply of natron hap-
pened (Shortland et al. 2006), which is almost at the same time
when the Castelseprio frescoes were painted (Nicola et al.
2018a). We can, therefore, formulate the hypothesis that the
development of this kind of production of EB requiring higher
temperatures but no addition of fluxes could have been a re-
sponse to a lack of natron supply. The need to shift from a
well-known flux (natron) to other kind of fluxes (i.e., plant
ashes) that maybe were used in the far past but are probably
widely forgotten and lost implies a research step and to modify
ancient recipes. While this seems to have happened for glass-
making during the seventh—ninth centuries (Shortland et al.
2006), for some reasons, it seems that a similar technological
evolution had not happened in EB production. Our hypothesis
is that the development of Zn-rich EB production is a step in
this technological struggle to go beyond conventional EB pro-
duction with natron. Eventually, while the use of plant ash is
the final answer to the crisis in glassmaking, a similar result
was probably never reached for EB production. Its technology
of production seemingly has been lost and forgotten during
this period while Zn-enriched production only developed at
local area (Byzantine area—probably Turkey) as a secret that
in a certain moment got lost.

This may have been also favored by the increased avail-
ability of brass (Craddock et al. 1990) that started with the
first centuries of the Common Era; however, we are not
able to state whether ancient artisans used brass prepared
at the purpose or reused previously prepared brass. This
technique may have allowed to produce a deep-blue pig-
ment analogous to the ancient “artificial lapis lazuli” EB
without the use of the expensive natron. The advent of the
very expensive blue pigment made by natural lapis lazuli
seems to have eventually substituted EB (Gaetani et al.
2004). The reason why it happened is not fully understood,
but the availability of Zn-enriched EB only at small scale
and likely as a result of a well-kept secret recipe may have
in the end caused a lack of knowledge that resulted in the
loss of this technology. As a support for this hypothesis, it
has to be pointed out that Zn-enriched EB was found only
in Castelseprio (Nicola et al. 2018a) and St. Philip of
Hierapolis (Vettori et al. 2019) that are both early medieval
Byzantine culturally influenced productions. It may be ex-
pected that in the future, new findings of Zn-enriched
Egyptian blue may occur in similar contexts.

We can however observe that the use of the experimental
archeology approach has allowed obtaining interesting data
that possibly would have not been observable using a more
standard approach. The small contribution of primary fluxes
from reactants and maybe from the crucible would have been
indeed not observable using a more conventional approach.
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From the point of view of the present and future appli-
cations of cuprorivaite as a NIR photoluminescent class of
materials, we can observe that the results obtained in the
present work add a viable route of synthesis for a new
kind of Zn-enriched glass material. More in general, the
results obtained on conventional and Zn-enriched EB sug-
gest that with the aim of improving the quality and
amount of NIR emission and reflection, a key factor
should be the internal structure and process of synthesis
employed. Indeed, the presence of glassy matrix around
the crystals of cuprorivaite can decrease dramatically the
efficiency as IR photoluminescent emitter and overall NIR
reflecting material also because copper-containing glassy
phases like amorphous Na,CuSizO;¢ (Kawamura and
Kawahara 1977), whose presence in EB was suggested
by Onoratini et al. (1987), can be strong IR absorbers.
On the other hand, the lack of glassy phase around
solid-state-produced crystals can improve drastically their
IR reflectance (much more than in the visible region) and
if well managed can help to produce better NIR
photoluminescent materials.

Conclusions

In this work, apart the salt-flux and solid-state syntheses of
standard EB, a new route of synthesis of Zn-enriched EB
pigments is presented. The possibility to produce Zn-
enriched EB from brass was inspired by the recently un-
covered zinc-bearing EB found on the early medieval mu-
ral paintings of Santa Maria foris portas Church at
Castelseprio. Both ancient samples and modern replicas
were analyzed in order to pinpoint the zinc environment
inside the pigment microstructure. Zn was found to be
concentrated in a glass-based matrix surrounding
cuprorivaite crystals, indicating that a possible zinc-
doped cuprorivaite of the formula CaCu,-,Zn,Si40,
(where x is in the order of 0.1 or higher) seems not to form
at indicated conditions of synthesis. The relationship be-
tween the microstructure and the NIR photoluminescence
of this important class of pigments was investigated with
the objective of verifying whether the use of such a non-
traditional source for synthesis of EB had been intentional
or not. The results of the investigation apparently point to
an intentional, highly skillful technology. Considering the
actual scarceness of diagnostic evidences of Zn-enriched
EB, further investigation is needed to verify where this
technology comes from and whether—or not—it was typ-
ical of one geographic source, one culture, or one period
only.

Besides this, it is interesting to explore how an ancient
technology could be exploited for possible modern applica-
tions. Variations of EB prepared through the solid-state
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synthesis resulted in a pigment with particularly efficient NIR
photoluminescence emission and VIS-NIR reflectance, com-
pared with the standard EB salt-flux synthesis.
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