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Abstract: We report on the restoration of a XVII century’s predella reliqguary, which is a part of a
larger setup that includes a wall reliquary and a wooden crucified Christ, both belonging to the
church of “Madre Maria SS. Assunta”, in Polizzi Generosa, Sicily, Italy. The historical /artistic and
paleographic research was flanked successfully by the scientific objective characterization of the
materials. The scientific approach was relevant in the definition of the steps for the restoration of
the artefact. The optical microscopy was used for the identification of the wood species. Electron
microscopy and elemental mapping by energy-dispersive X-ray (EDX) was successful in the iden-
tification of the layered structure for the gilded surface. The hyperspectral imaging method was
successfully employed for an objective chemical mapping of the surface composition. We proved
that the scientific approach is necessary for a critical and objective evaluation of the conservation
state and it is a necessary step toward awareness of the historical, liturgical, spiritual and artistic
value. In the second part of this work, we briefly describe the conservation protocol and the use
of a weak nanocomposite glue. In particular, a sustainable approach was considered and therefore
mixtures of a biopolymer from natural resources, such as funori from algae, and naturally occurring
halloysite nanotubes were considered. Tensile tests provided the best composition for this green
nanocomposite glue.

Keywords: reliquary; electron microscopy; wood; restoration; halloysite nanotubes

1. Introduction

Among tangible cultural heritage, wooden artworks are very common due to the
availability and workability of this material and its suitability for generating tools or
decorative elements.

Wood conservation represents an open task for scientists and conservators to work
synergistically to properly solve a specific issue. An advanced physico-chemical approach
can be very helpful in the evaluation of the conservation state [1-5], as well as to formu-
late new materials used in restoration protocols that, nowadays, are tailored to specific
artworks [6-13].

Knowledge of the physico-chemical state of the object, and particularly of any visible
alteration products that form during display or in storage environments, is also essential to
preventive conservation.

This article is about the restoration work of a XVII century predella reliqguary and of
four reliquary busts that date back to the XVII century from an unknown artist (Figure 1).
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These goods belong to the church of “Madre Maria SS. Assunta”, in Polizzi Generosa in
Sicily (Italy).

Figure 1. Photos of the predella reliquary and four busts from the church of “Madre Maria SS. Assunta”,
in Polizzi Generosa, Sicily, Italy.

The exact year of the predella reliquary’s completion is not known. However, the
priest Giovanni Malatacca prepared a detailed drawing showing the complete reliquary
setup, including this predella, before his death in 1722. Thus, it is likely this artwork was
completed no later than the end of the 1600s. The work is a Baroque ornament sumptuously
carved with flowers, leaves and repetitive geometric patterns, typical of this period.

With respect to the four busts, their creation dates, their artists and their original posi-
tions are unknown. The four busts are also contained in some wooden shrines. According
to their technique with which they were made, these shrines were probably realized for a
larger structure, such as, for example, a wall reliquary, into which every shrine was a kind
of moving drawer.

However, they should be dated back to the XVII century, which is the same period of
predella reliquary.

Here, we report the identification of wood species, as well as a detailed view of the
surface treatment and materials used for decoration. Electron microscopy with elemental
mapping (energy-dispersive X-ray; EDX) will be used for the investigation of the layered
structure in the gilded surface while hyperspectral imaging will provide an objective view
of the conservation state and execution technique, providing the necessary information for
a conservation action and for a correct historical interpretation of this artwork. Microscopy
is a powerful tool in cultural heritage and historical studies, allowing for investigation
of minute features [14]. In addition, image processing software was employed for the
enhancement of historical drawings and engravings [15].

Moreover, we investigate the application of an advanced nanocomposite glue system
based on Halloysite nanotubes and Funori. Both components can be considered sustainable
materials, bringing a novel approach to the conservation protocol. Halloysite is a nan-
otubular clay with the chemical structure of kaolinite and a rolled-up morphology that is
considered an emerging material in a wide range of application [16-25]. It should be noted
that halloysite exhibits low toxicity as proved by in vitro and in vivo tests [26,27]. The
characteristic sizes are 20-100 nm for diameter and up to 2 um for the length and depend
on the deposit [28,29]. The anisotropic shape typically enhances the mechanical perfor-
mances of bionanocomposites and it can also function as a smart container for bioactive
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species [30-34]. Funori is a polysaccharide mucilage from algae, extracted from seaweed,
composed primarily of galactose, used as a weak water-soluble adhesive [35]. Although
the adhesive strength of funori is far below that for synthetic adhesives, its use is justified
in conservation protocols due to the reversibility of the application. We believe that the
combination of the polysaccharide and halloysite nanotubes can show synergistic effects
in mechanical materials, as well as glue composite materials, similar to other nanocom-
posite systems [36,37]. With this in mind, tensile measurements have been carried out to
evaluate the best biopolymer/halloysite nanotubes ratio based on the adhesive strength.
It should also be noted that natural product-based binders, such as polysaccharides, could
be subjected to biological attack; therefore, the addition of hollow nanotubular fillers can
be further evaluated for biocide vehiculation with slow release.

2. Materials and Methods

Halloysite nanotubes were purchased from Sigma-Aldrich (Italy). Funori was obtained
from CTS srl (Italy).

Tensile Analysis: Tensile properties of glued wood samples were determined by means
of a DMA Q800 instrument (TA Instruments, Milan, Italy). Tensile tests were performed on
rectangular samples obtained by gluing two identical pieces (length x width x thickness,
ca. 10 x 5 x 3 mm; glued surface: 5 x 3 mm) under a stress ramp of 1 MPa min~!
at 25.0 + 0.5 °C. We determined the stress at which the material fractures (or) and the
corresponding maximum deformation from the stress vs. strain curves. The reproducibility
was assessed by repeating the experiment at least three times.

Identification of wooden species: wood species were identified by means of a dichotomous
keys method, by observing the microscopic anatomical features of the samples using a
Leica DMLM stereoscopic microscope equipped with a Dinolite DinoEye camera using
Dinoscope software. Wood sections were prepared by cutting wood slides directly from the
artworks by hand, using a razor blade after the surface had been softened by wetting (see
figure in supporting information). This was carried out in order to minimize the amount of
material required for identification.

SEM-EDX: Scanning electron microscopy (SEM) was performed using an Auriga
CrossBeam microscope (Carl Zeiss, Jena, Germany), as described elsewhere [14]. The speci-
mens were coated with ca. 20 nm carbon layer using a Quorum Q150T ES sputter-coater.
SEM images were obtained in secondary electron imaging mode (20 kV, 700 pA). For energy-
dispersive X-ray (EDX) spectroscopy data and elemental surface mapping, an INCA X-Max
EDS-spectrometer (Oxford Instruments, High Wycombe, UK) was used.

Hyperspectral images: Bright-field reflected light microscopy images and reflected light
spectra in visible-near infrared range were obtained using an Olympus BX51 (Olympus)
upright microscope equipped with a 150 W Fibre-Lite DC-950 halogen light source (Dolan-
Jener) and a ProScan III motorized stage (JH Technologies, Fremont, CA, US) [38]. Optical
images were obtained using Exponent 7 (Dage-MTI) image acquisition software [39].
Spectra were recorded using a Specim V10E spectrometer (Spectral Imaging LTD) and a
Pixelfy.usb CCD camera (PCO) in 400-1000 nm range. Hyperspectral data were analyzed
using ENVI v. 4.8 software (Harris Geospatial Solutions, Broomfield, CO, USA) [40].
All HSI data obtained were corrected for the spectral contribution of the light source.

Preparation of nanocomposite glue: The funori solution was prepared by adding ca.
40 g of Funori to 500 g of water and was kept at 80 °C under magnetic stirring for 2 h.
A yellowish viscous solution was obtained that was vacuum filtered through a 0.45 um
cellulosic filter. The final funori concentration in the stock solution was 7.3 + 0.2 wt%
(estimated from gravimetric method after solvent evaporation at 120 °C).

The funori/halloysite nanotube (HNT) composite glue was prepared by adding vary-
ing amounts of HNTs to 10 g of funori stock solution. The glue composition is expressed in
terms of halloysite mass percentage referring to the funori + halloysite total dried mass.
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3. Results and Discussion

This work reports on the characterization of the XVII century predella reliquary and
four reliquary busts. Firstly, the identification of wood taxon and the finishing layers
are reported. The rigorous physico-chemical characterization of the artefacts helps to
define the degradation level, design the conservation protocol, but also contributes to
the understanding of the early technologies. Secondly, the conservation action, with a
particular focus on the use of an advanced nanocomposite glue that was designed in our
laboratories, is described.

3.1. Identification of the Wood Species and Microscopy Analysis

The external predella wooden sample was observed by optical microscopy (Figure 2).
The images indicate a coniferous wood without resin canals. Tangential and radial sections
highlight that the tracheid walls have no spiral thickenings. The rays are homogeneous
with small pits in the cross-fields, and are without tracheids. Based on the observed charac-
teristics, one can identify the wood species belonging to the Abies genus. According to the
literature, it is impossible to distinguish between the different species of this genus [41].
The identification of this genus could indicate the use of the species Abies nebrodensis. Nowa-
days, this is classified as critically endangered by the International Union for Conservation
of Nature, but was widespread in Sicily in the past as an endemic species [42].

Figure 2. Optical images of the cross-section (a), tangential section (b) and subradial section (c) of the
wood constituting the external structure of the predella reliquary.

The little frame structure is a hardwood with diffuse porosity and multiseriate homoge-
neous rays (Figure 3), two to four cells wide, with vessels showing spiral thickenings. Rays
flare along growth ring boundaries. It can be concluded that it is lime wood, specifically
Tilia cordata Mill.

As the busts are fully gilded, only tangential sections have been observed due to the
sampling. The observable features—spiral thickening of the vessels, mutiseriate homoge-
neous rays—further indicate that the wooden species is likely to be lime wood.

The bases of the busts consist of different wood species. Microscopic observation of
tangential sections, the only available for sampling, revealed homogeneous uniseriate rays,
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vessels with simple perforation and without spiral thickenings (Figure 4). According to
these features, the most likely wood species is poplar, Populus nigra L.

Figure 3. Optical image of the cross-section (a), tangential section (b) of the wood constituting the little frame structure of

the predella reliquary.

o

tlr:‘

= OODROEY,

Figure 4. Optical image of the tangential section: (a) vessel and (b) rays of the wood, constituting the basements of the busts.

Mixing several wood species in a single work is not peculiar. In fact, the carvers knew
very well the materials they used and the selection was based on the physico-chemical
characteristics. For example, lime wood, having a fine texture and a low degree of hardness,
was more suitable for carving as an excellent degree of detail could be achieved. Poplar
has a strong tendency to chip, but being available at low cost, it is more suitable for parts
that do not require carving.

Concerning the preparation layer and decorative surface, from the optical micrographs
one can already see evidence of red bole (a soft fine clay typically with a reddish-brown
color also used as a pigment) layers appearing below a gilded surface. To shed more
light on this aspect, SEM imaging and EDX mapping have been carried out on the predella
reliquary (Figure 5). The elemental analysis clearly identified the gold layer of ca. 7 pm
(Figure 5d,h). It should be noted that modern gold leaf is very thin (below 200 nm) [43]
and therefore we might conclude that this is an original gilded surface. The preparation
layer located between the gold foil and the wood has a thickness of ca. 40 um and it is
composed of O (34%), Si (23%), Fe (17%), Al (16%) and Ca (10%). The obtained composition
is consistent with red bole clay [44]. The use of clay in the preparation layer to paste a gold
leaf was largely used by Italian artists and it is also reported for gilded wooden artworks
from Giotto [43].
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Figure 5. Optical photo of the sampling area (a) and optical microscopy (b) of the cross-section for the decorative surface.
Scanning electron microscopy (SEM) images (c¢,d) and elemental mapping (e-h) for the same cross-section from the predella

reliquary.

The decorative surface was also imaged by means of hyperspectral microscopy. This
methodology is based on full spectrum collection from the specimen surface, providing
more detailed chemical information on the surface composition. The reflected light mi-
croscopy images and spectra are shown in Figure 6. The spectra obtained from the “lacuna”
and the gilded surface are very different. In particular, the surface plasmon resonance (SPR)
peaks at the characteristic wavelengths for gold thin layers are evidenced [45]. On this
basis, the reflected light hyperspectral mapping can be used as a valuable tool to clearly
identify the gold lacuna on an analytical basis. Moreover, as the surface plasmon resonance
peaks is sensitive to the gold layer thickness, it should be efficient in evidencing modern
gold leaf from recent restorations.
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Figure 6. Reflected light optical microscopy images sampling area at lower (a) and higher magnifica-
tion (b) of the surface for the decorative surface. Reflected light spectra (c) and spectral mapping (d)
for the same sample from the predella reliquary.

3.2. Application of an Advanced Nanocomposite Glue

The restoration was carried out with a conservation approach aimed at restoring the
cultural aesthetic harmony. The treatments were based on the principle of minimal inter-
vention not to predominate with respect to “normal” aging. Diagnostic investigations, with
the aim to recognizing the woody species of the support, the materials of the preparatory
and pictorial layers and the stratigraphy have allowed us to study the cultural asset in
its totality. Although a full description is out of the scope of this manuscript, herein we
provide a brief outline of the work. The restoration was carried out in several steps: dusting
with the aid of microaspirator and brushes with soft bristles; disinfestation of the support
with an insecticide based on permethrin; consolidation of the support was carried out with
an acrylic resin; restoration of the mechanical capacities of the structure; restoration of
wooden inserts using Balsa wood; grouting of erosions with cellulose pulp and cellulose
ether; treatment of metal parts, with rust converter. After this, we moved on to the pro-
cess of the preparatory layers and gilding consolidation, a thermoplastic polymer (poly
(2-ethyl-2-Oxazoline), Mw = 500 kg mol '), applied punctually and sintered with the aid
of slight heating. Then, we progressed to cleaning with a water in oil emulsion at neutral
pH and to the reconstruction of the missing frames, with two-component epoxy-based
putty after making the casts with silicone rubber. We then proceeded to the intermediate
painting with retouching paint using watercolors.

During the restoration it was necessary to fix some fragments that had become de-
tached. Within this issue, we investigated the possibility of using a weak water-based glue
(based on funori) in combination with natural nanotubes (halloysite HNTs). Therefore, the
adhesion was tested by measuring the stress vs. strain curves of glued wooden samples
(Figure 7). A systematic trend was observed by increasing the percentage of halloysite
nanotubes in the HNT/funori mixture (Cynr) and, in particular, the response appears
more rigid to deformation in the geometry that is sketched in Figure 7.
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Figure 7. Stress—strain curves for funori/halloysite nanotube glue at variable composition. The
scheme shows the geometry for the carried tensile tests.

For a quantitative assessment, the ultimate stress and deformation at detaching, as
well as the slope of the linear deformation region (Young’s modulus) were calculated
and are provided in Figure 8 for the wood glued with pure funori and funori with in-
creasing percentages of HNTs (Cynr). The ultimate stress was improved by halloysite
nanotubes up to a concentration of 10%; additional nanotubes did not further improve this
parameter. This behavior could be explained considering the percolation threshold that
predicts clustering effects above 10% of halloysite in polymeric matrices [32]—namely, at
ca. 10% the contact distance between nanotubes is approached and clustering effects might
reduce the efficacy as reinforcing agents. Furthermore, the ultimate elongation and elastic
modulus reports a monotonic change with the increase in halloysite nanotube contents.
In particular, the glue appears more rigid (increase in the modulus and decrease in the
ultimate deformation) in the presence of halloysite. Based on the above arguments, we
considered the mixture at Cynt = 10% as the best compromise for the actual application.

07 E [ ‘
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Ultimate Stress / MPa

03 | 3
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Figure 8. Tensile parameters for funori/halloysite nanotubes glue at variable composition.
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4. Conclusions

In this work, we briefly report on the characterization and restoration of a num-
ber of wooden artifacts. We used advanced imaging methods for the evaluation of the
conservation conditions as a preliminary step toward the restoration protocol and for a
comprehensive understanding of the ancient methodology and material selection.

Finally, a nanocomposite glue has been designed by using natural nanotubular par-
ticles and a biopolymer extract from algae, funori. We, therefore, report a sustainable
approach for the preparation of consolidant materials with a functional nanoarchitecture
that can be further developed to target specific needs such as biocide or smart responsive
features by filling the nanotubular lumen with proper active molecules.
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