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Abstract

This work approaches the challenging cleaning problem of fragile ancient ethnographic artefact crafted
using lignocellulosic fibers, which undergo different and concomitant degrading reactions (oxidation,
hydrolysis, depolymerization) over time. Here, the fundamental wavelength and second harmonic of
QSwitched Nd:YAG laser were comparatively tested for the removal of deposits (soot, dirt, aluminum
silicates, carbonaceous material) from an woven-fibers “angaréb, which is exhibited at the Africa Hall of
the National Geographic Society Museum (Cairo, Egypt). Besides fiber identification, laser
inducedeffects were assessed on “angaréb fibers and fresh, naturally and artificially aged doum palm
(Hyphanae Thebaica) reference samples by means of stratigraphic examination, UV-induced Vis
fluorescence emission, Raman spectroscopy, ESEM-EDX analysis and optical microscopy observations.
Irradiation at 532 nm affected color appearance and structural integrity of the fibers. Bond-
breaking/depolymerization and bleaching occur at this wavelength, due to the significant absorption of
lignin/phenolic-carbohydrate and lignin-quinonoid complexes. In contrast, laser irradiation at 1064 nm
did not induce any detectable discoloration or structural alteration, either in the short or long term
diagnostic assessments. Raman spectroscopy allowed revealing a slight dehydration of cellulose moieties
soon after the laser treatment, which was recovered in the long term ageing tests, which re-established
the moisture equilibrium. Thus, the results achieved using 1064 nm, in term of chemical and structural
integrity, highlight the possibility of using this wavelength for recovering the original surface of soiled
ethnographic artefacts made of vegetable fibers, which are otherwise untreatable.

1. Research aim

The maintenance of artefacts crafted using vegetable fibers represents a very difficult task because of the
serious deterioration phenomena they typically present. Besides the need of controlled exhibition
conditions, the main conservation aspect concerns the removal of soot accumulated through the fibers,
whose brittleness makes very armful any chemical or mechanical action. Exogenous materials
incorporated during the use of the objects, their storage or museum exhibition affect the legibility of the
manufacturing details and accelerate the deterioration processes. Here, we aimed at thoroughly
investigating the laser ablation approach for safe contactless cleaning of such a class of ethnographic
artefacts. The potential of the laser approach was explored for the first time on sample of a typical
Sudanese bed (*angaréb) of 19" century from the National Geographic Museum of Cairo made of palm
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fibers. Irradiation tests using the fundamental wavelength (1064 nm) and the second harmonic (532 nm)
of Nd:YAG laser were carried out on both authentic and prepared samples in order to optimize the
treatment and achieve general criteria, which could be exploited for the broad class of palm fiber objects.

2. Introduction

Ethnographic objects of a given cultural group include various types of household items crafted using
vegetable fibers, such as basketry, matting, ropes, brooms, brushes, textiles, sleeping mats, and many
others. For their production, many grass-like plant species (reeds, palms, cereals, and other) have been
used among the various cultures along the centuries. Parts of the plants (leaves or leaflets, branches,
culms, stem) were and, in some cases, still are (living traditions) accurately selected and then processed
using different techniques, such as drying, retting, beating, cooking, and combing. Depending on the
final use of the object, twisting, spinning, plating and weaving methods were then used to process fibers
in form of yarns, strands, and then ropes [1][2][3][4][5]. Furthermore, very coarse materials such as
striped leaves, stems, or other have often been employed for producing emergency cordage or
construction rope without any specific preparation [6].

This type of the handicraft production represents a fundamental part of the material culture of population
groups of the past, which enrich the ethnographic and anthropological knowledge on their technologies
and customs and must hence be preserved for the future generations. However, considering the relatively
high perishable nature of lignocellulosic materials, the conservation of the mentioned objects represents
a challenging task even when their macroscopic morphology is apparently preserved. Several aspects
must be taken into account whenever restoring rare ethnographic findings because of the various and
complex deterioration phenomena which are often encountered. The most common are related with the
presence of moisture, air pollutants, acid and oxidative agents, trace of transition metal ions, long light
exposure, and microorganisms (fungi and erosion bacteria) [7][8][9][10]. Cellulose and hemicellulose
moieties and in lesser extent lignin undergo different and concomitant degrading reaction (oxidation,
hydrolysis, depolymerization) leading to brittleness of the fibers and overall fragility of the object, which
get hence easily alterable during cleaning treatments based on wet methods and alkali [11]. It was found
that the drying process from an aqueous medium in air alters the cellulose structure irreversibly [12].
Similarly, the cleaning of aged woven plant fibers by means of mechanical actions using scalpel, air flow,
brush, needle, and micro-aspirator can often be time-consuming and invasive, although in the long term
dry cleaning is safer than wet technique for easily hydrolisable carbohydrates.

This picture shows the present conservation problem is substantially open. An effective dry cleaning
treatment should not involve relevant mechanical actions and be able to remove exogenous materials
contributing to the deterioration dynamics (ex. loss of hydrolysable carbohydrates components and other
oxidation processes catalyzed by iron ions). At the same time it should not increase the acidity of the
fibers, which should be lowered using suitable deacidificants when needed.

Within this framework, the exploration of laser ablation potential appears very motivated. As shown in
many studies (see for example [13] and references therein), this technique, if accurately optimised, can
be very selective and self-limiting even when used for uncovering incoherent surface layers. However,
works dealing with the study of laser interaction with wooden artefacts are relatively a few
[14][15][16][17], whilst those regarding archeological plant fibers are decidedly very rare [10, 18].

In the present work, the potential of nanosecond laser ablation for de-soiling ancient plant fiber artefacts
was explored for the first time. The fundamental wavelength and second harmonic of Q-Switched
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Nd:YAG laser, were comparatively tested in order to remove brown-dark crusts (soot, dirt, aluminum
silicates, carbonaceous material) from twisted fiber samples taken from an ancient “angaréb, a wooden
framed bedstead, from the Africa Hall of the National Geographic Society Museum (Cairo, Egypt).
Significant efforts were dedicated and to identify the fiber type constituting the present bedstead and to
characterize soiling material in order to optimize the irradiation parameters and cleaning procedure for
its restoration. Laser induced effects at both wavelengths were hence thoroughly investigated through
irradiation test of authentic “angaréb rope samples and doum palm (Hyphanae Thebaica) fibers prepared
samples. UV-induced Vis fluorescence, Raman spectroscopy, thin sections, ESEM-EDX analysis, and
optical microscopy were the main techniques used in order to characterise material composition and
assess the laser treatments. Finally, the long term stability of laser treated fibers was also investigated.

3. Materials and Methods

3.1 The artefact

The wooden framed bedstead "angaréb (Fig. 1) is a traditional piece of furniture with long history in
Sudan dated back to the ancient Kerma culture 1750-1550 BC [19][20]. Nature plant fibers, especially
palm leaves which were easily available and relatively inexpensive, were geometrically woven in order
to craft the bedstead.

According to the available historical information, the low sleeping rest-place with no headboard [21]
under study (“angaréb, Cat. No 351, L ~180cm x W ~80cm x H ~35c¢m) belonged to the King Munza of
Mangbetu who visited Cairo in 1870. The object is composed of connected wooden frame mounted on
four legs with a strong network of two-stranded ropes stretched across the bed frame in order to craft a
sort of fresh mattress [19]. In particular, any single string or rope is constituted of two bundles of twisted
fibers (2 plies) woven in S-twist shape. Four rope fragments of the mentioned artefact of about 4-6 cm
each were set available for the present study by the mentioned responsible institution.

3.2 Preparation of Doum Palm samples for systematic irradiation tests

Fresh and natural-dried leaves harvested from mature doum palm (Hyphaene thebaica, Arecaceae family)
[1], were selected in order to prepare a set of reference samples for systematic irradiation tests. Physical
and chemical modification were investigated both on adaxial surface of the leaves, which did not undergo
any processing, and on leaves with epidermis stripped off. In detail, the latter were individually
handwashed several times in distilled water in order to remove most of the mineral particles on the surface
and to soften the mineralised tissue. After this pre-treatment, the leaves were scraped off and their fibers
manually extracted using a wooden tool. These fibers were then left to dry at room temperature before
being cut to the desired length, bundled, placed on a glass slide, and glued at their edges with double
sided adhesive tape. Afterwards, a set of the leaf and fiber samples was artificially aged according to
UNI ISO 5630-3 (6 days, 80 °C, RH 65%, absence of light) [8].

This aging treatment was selected in order to induce bond breaking via hydrolysis mainly to cellulose
moieties, although also those of lignin may be affected as well [7],[22],[23],[24]. The different types of
samples prepared are listed in Table 1.

Artificial ageing was also used in order to evaluate long-term side effects after laser irradiation. In this
case slightly softer conditions were used: 6 days, 60 °C, RH=50%.



3.3 Analytical samples

Transverse and longitudinal thin sections (TS and LS, respectively) were prepared, according to the well-
established procedure for treating the present vegetable samples [25]. 12 single fibers taken by the an
‘angaréb rope were accurately selected, cut along the transverse direction into small portions (3 mm
length) and fixed for 12 h at 4°C in a solution of 3% (w/v) glutaraldehyde in phosphate bufter at pH 7.1.
They were then dehydrated in an ethanol series, and embedded in Epon/Araldite epoxy resin, which was
polymerized for 24 h at 60 °C. Afterwards, samples T and L sections were cut from embedded material,
using an ultra sliding microtome.

Surface and cross-section microscopic appearance was also examined with environmental scanning
electron microscopy (ESEM Model: Quanta-200 FEI) by using single fibers (long 3 mm), which were
frozen using a Peltier prior to be cut and analyzed. Gold coated samples of reference natural plant fibers
such, as Asbestos, Coir, Cotton, Linen, Papyrus, Hemp, Jute, Silk, Sisal, straw and wool were also
prepared for microscopic investigation (SEM Philips XL 30, accelerating voltage 30 kv, resolution 3.5
nm) in order to aid the identification of “angaréb fibers.

3.4 Chemical and physical characterizations

UV-induced Vis fluorescence (UV-Vis-Fluo), Raman and FTIR spectroscopies, and ESEM-EDX
microanalysis were used to characterize molecular features and composition of plant fibers and soiling
before and after laser irradiation. Furthermore, a compact digital microscope (DM) with 500 x video
magnification was constantly used during the tests for directly monitoring the sample surface under laser
irradiation.

A suitable setup including a standard epi-fluorescence microscope (Nikon Eclipse E400) equipped with
a mercury arc lamp,V-2A filter cube (EX: 380—420 nm; DM: 430 nm; BA: 450 nm), and a co-axial fiber
optic spectrometer (200-1100 nm, grating 300 lines/mm) was assembled to measure UV-Vis-Fluo
spectra. The blue excitation range includes the line at 404.7 nm of mercury, which mostly excites the

fluorescence of epidermis but also that of mesophyll cells. A 200 objective lens (field of view 1 mm),
ND density filters, integration time of 500 ms and 3 averaging corresponded to the optimal condition for
avoiding self-quenching. In order to determine the area, width, and Amax of fluorescence band, a Gaussian
fit was applied to each spectrum. To improve the signal to noise ratio 10 points of SG smoothing filter
was also applied.

A homemade Raman system (exc. 1064 nm) equipped with a deep-cooled (-60°C) spectrometer (InGaAs
array detector) covering spectral range between 165-1825 cm™ was used. This instrument includes an
automated control of the laser energy release to the target in order to prevent undesired overheating
effects within the irradiated volume [26],[27]. Three different spots in each irradiated area were
measured.

3.5 Laser irradiation tests

The fundamental wavelength (1064 nm) and the second harmonic (532 nm) of a Q-Switched Nd:YAG
laser (pulse duration of 11 ns) were used to irradiate the samples through optical fiber and imaging lens
[9]. Laser irradiation tests aimed at determining the ablation threshold (Fi) of the encrustation distributed
on authentic rope samples were preliminary performed using both the mentioned laser wavelengths. Fin
was defined as the lowest fluence at which ablation texturing of the stratification layer was observable
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under the optical microscope and ESEM. Afterwards, areas of 505 mm? were systematically irradiated
at Fu, 2Fm, and 4Fm, respectively, using laser pulse trains and by step-by-step translation (with a minimal
overlapping) of the sample under the laser beam. Two alternative time exposure and pulse repetition rates
were used for achieving each cleaning spot (0 1.4 mm): 10s,2 Hz and 2 s, 10 Hz, respectively. The same
methodology was applied to the prepared samples listed in Table 1, in order to study possible chemical
or physical changes induced by laser irradiation. Leaf samples were irradiated only on adaxial surface.
Energy meter (Lab Max, Coherent) and neutral density filters were used to finely select the desired
fluence.

4. Results

4.1 Identification of the vegetable fibers

The "angaréb fragments analyzed were seriously deteriorated, brittle and soiled. No decorative marks or
pigment applications were detected by visual and microscopic investigations. In order to identify
vegetable fibers used, a preliminary electron microscopy comparison with coir, hemp, jute, sisal, straw,
and asbestos fibers was carried out. However, no morphological matches were found and the presence
of deposits did not allow achieving more detailed information on the authentic ancient fiber.

Deeper anatomical examinations were possible after the early cleaning tests according to the
methodology described below. Figure 2 reports ESEM images of single TS and adaxial ‘angaréb fiber.
showing some peculiar details which allowed identifying the plant. The diameter of the fiber was
approximately 300 um and embedded silica bodies, ranging between 10 and 25 um, were located beneath
the outer epidermis. Closer ESEM inspections revealed spherical phytoliths with pointed and rounded
spinules, flat apex and regular distribution in length. These features are ascribable to the Doum palm
(Hyphaene thebaica), a desert palm native to Egypt, sub-Saharan Africa and West India [28]. This along
with date palm L., Cyperus papyrus L., and D. bipinnata were and are still used today in manufacture of
ropes, baskets, and bags [28], [29].

TS microphotographs of lamina taken under transmitted light and fluorescence microscope are reported
in Fig. 3, which show the anatomy of the fiber. The mesophyll, a part of the inner tissue (parenchyma)
of a leave containing many chloroplasts, was not well differentiated into palisade and spongy layers,
according to the literature [5]. The lamina, formed by two superimposed layers of epidermis cells
forming a undulate profile, enclosed the multicellular fibrovascular bundles, the thick-walled lignified
sclerenchyma cells [30][31]. Vascular bundles, in doum palm are organized perpendicularly to the
longitudinal axis of the leaf [32], [33]. Intermediate fiber bundles, which cover around % of the distance
across the mesophyll, are adaxial. Under violet excitation, the epidermal layers together with vascular
bundles are characterized by intense light blue-green fluorescence due to phenolics (i.e. mostly
hydroxicinnamic acids) bound to cell walls of epidermal cells and fiber vascular bundles, while the
mesophyll is not longer fluorescent [34].

4.2 Chemical characterization of the ancient fibers

FT-IR analysis of raw fibers showed a broad and intense band at 3000 - 3500 cm ™! indicating the material
was strongly degraded by acidic compounds containing OH groups. Stretching vibrations of —CH and
—CH: groups of cellulose were detected at 2920 and 2852 cm! , whereas typical minor bands associated
with the symmetrical deformation of —CH in lignin and a-cellulose were no longer detectable [31]. Lignin
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likely provided the main contribution to the bands at1650 and 1518 cm™ (conjugated C=0 and C=C of
the aromatic ring), although the former also included the contribution of the HOH bending vibration of
adsorbed water. The high amount of lignified cells in detriment of cellulose and hemicellulose moieties
due to the advanced degradation were testified by the reduced intensity of the bands at 1383 and 1318
cm!, which are assigned to CH bending and wagging of cellulose and CO stretching of guaiacyl, and
syringyl lignin [35] , respectively.

A significant presence of lignin-derived aromatic compounds was detected in Raman spectra through
u(C=C) vibration. In particular, the most intense peak observed at 1609 cm™! and related shoulder at 1635
cm! were ascribed to phenyl ring stretching and alkene structures present in lignin [36], [37], [38]. The
bands observed at 1172, 1125, 1098 cm™! were mainly associated to CH and CO stretching vibrations in
cellulose moieties [39][40].

Local EDX analysis of the encrustation allowed pointing out the soiling was composed of sodium,
aluminum silicates along with Fe, ClL, K, S, Mg, which are the typical elemental markers of the Egyptian
soil [10], [41].

Finally, the fluorescence of the inner fibers of the “angaréb rope, where no significant presence of soiling
was observed under the DM, was at about 548 nm. In contrast, the fluorescence of external encrusted
fibers was blue-shifted at 492 nm, thus suggesting the presence of exogenous organic components.

4.3 Laser irradiation effects on reference samples

Once "angaréb fibers were characterized and identified, chemical and physical modifications induced by
1064 and 532 nm laser irradiations were preliminary assessed on reference leaf samples by means of UV-
Vis-Fluo measurements along with DM and ESEM examinations. The irradiation parameters were those
used for cleaning soiled areas of “angaréb ropes. Figure 4 shows UV-Vis-Fluo spectra of FL and HAL
samples collected from the same test area before and after laser irradiation. As shown, remarkable
increases in intensity of fluorescence signal associated with narrowing were noticed in laser irradiated
spots using 532 nm, 2Fwu and 4Fu fluences, and prr 10 Hz. The increase of fluorescence emission
observed at the highest fluences was also associated with visible bleaching without any microstructural
change of adaxial surface. Very surprisingly, chromatic recover of bleached spots was observed in all the
irradiated areas after a few weeks. In contrast, no evidence of such changes was observed at 1064 nm
(Fig. 4c-d).

The structured low-energy bands with maximum centered at 680 nm and relative shoulder at about 720
nm of the spectra displayed in Fig. 4, are ascribable to the chlorophyll a, which was still present and
detectable in some extent in FL samples in spite of the significant epidermal screening [42], [43]. In NAL
and NALHA samples the chlorophyll a was no longer detectable (Fig. 5). It is worth noting that the laser
treatment did not affect the chlorophyll fluorescence, although in laser damaged areas at 532 nm it
appeared slightly quenched. Spectra of HAL samples (Fig. 4e-h) exhibited similar intensities but they
were rather broadened and red-shifted with respect to those of FL.

NAL and NALHA samples exhibited slightly lower increases of UV-Vis-Fluo (Fig. 5) than those
recorded for FL and HAL samples (Fig. 4).

Evident laser induced effects start to take place after laser irradiation at 532 nm, 2Fwm, and 10 Hz prr,
which got more pronounced at 4Fm. As previously found, no evidence of microstructural changes was
observed. A similar trend was observed for NAF and NAFHA samples, although they were relatively
more sensitive. Irradiation at 532 nm, 4Fw, and 2-10 Hz produced increasing of the fluorescence,
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followed by photobleaching of the fibers. In contrast to 532 nm, none of these surface alterations were
instead observed at 1064 nm.

4.4 Laser irradiation tests on "angaréb fibers

4.4.1 Microscopy

Laser tests on “angaréb rope fragments were performed by irradiating 0.5x0.5 cm?. On the basis of ESEM
inspections, the Fi needed for the complete removal of soiling was found to be about 200 mJ/cm? at 532
and 600 mJ/cm? at 1064 nm. These values were slightly dependent on the morphology of the site under
irradiation as well as on other physical properties of the encrustation layer. With the aim of properly
defining safe operative fluence ranges, systematic removal tests on original fibers were carried out at the
following fluences: Fin, 2F, and 4Fun. DM images of the irradiated areas are displayed in Fig. 6. Although
the physical condition of the fibers beneath the crust was formerly unknown, the examination provided
evidence that irradiation at 532 nm at Fin and 2-3 Hz prr did not affect the integrity of the fibers, whereas
at 2Fm (and 4Fw), and 10 Hz prr mechanical damages and peeling of the residual leaf epidermis and
hypodermis were observed. Closer inspections at ESEM revealed that epidermis layers were
mechanically and thermally affected by laser radiation and in some cases the veins were uncovered.
Conversely, irradiation at 1064 nm produced very respectful uncovering results. Complete and selective
removal of the stratification was achieved at Fin (0.6 J/cm?), 2Fm and 4Fu (prr: 2-10 Hz) and the natural
chromatic and morphological features were safeguarded. Damage threshold at 1064 nm was above the
tested fluences.

As regards the surface composition of laser-treated fibers, EDX analysis confirmed the effectiveness of
both the laser wavelengths in the removal of the main elements constituting the soiling, including iron,
which is known as one the most efficient catalyst for accelerating oxidation and hydrolysis reaction in
acidic environment.

4.4.2 UV-induced Vis fluorescence

UV-Vis-Fluo spectra of "angaréb fibers treated at 532 and 1064 nm, respectively, are displayed in Fig. 7.
Generally, intensity of fluorescence emission in treated/cleaned fibers with both the laser wavelengths
tended to increase up to 20-25 pwW/cm?/nm (close to the emission of non-soiled inner fibers of the ropes)
due to the gradual removal of soiling, An opposite trend was instead measured in fibers treated at 532
nm with 4Fm and 10 Hz. The decrease/quenching of the fluorescence at increasing fluences may be
associated with the onset of charring, in accordance with what observed in reference NAFHA samples.
Most importantly, FWHM of fluorescence bands of areas treated at 532 nm was reduced of about 20 nm.
The observed shortening of the fluorescence was due to the modification of alkene/aromatic compounds
(carotenoids like B-carotene, lycopene and quinoid structures) in non-aromatic compounds. This change
is also associated with a visible bleaching of the fibers. Irradiation at 1064 nm did not induce any
modifications to fluorescence spectra, neither in peak positions nor in shape. Furthermore, ageing after
1064 nm laser treatment did not induce relevant changes in fluorescence spectra (Fig. 7e-f), thus
strengthening the evidence of effectiveness.

4.4.3 Raman spectroscopy
Raman spectra of non-exposed and laser-exposed ‘angaréb samples are compared in Fig. 8. Expectedly,

upon irradiation at 532 nm remarkable changes were observed. The bands ascribed to v(C=C) in lignin

7



and related aromatic units (phenols), as well as those of the v(C-C and C-O) bonds in cellulose gradually
disappeared at increasing fluences due to photobleaching. At 4Fwu with 2 and 10 Hz any (data not shown)
spectral features was completely lost. On the other hand, laser-induced cleavage by photolysis or
overheating may affect seriously lignin/phenolic—carbohydrate complexes leading to their fragmentation
and depolimerization, in accordance with what argued using UV-Vis-Fluo spectra.

Conversely, at 1064 nm intensities of Raman bands increased with fluences thus returning similar spectra
as those of the inner non-soiled fibers, which were selected as a reference of the final goal of the laser
treatment. Specifically, bands related to cellulose at 1172, 1125, 1098 ¢cm™ [39] increased in intensity
while those assigned to lignin went closer to non-soiled reference. In order to better clarify the
enhancement in cellulose band intensity and more importantly, to assess long-term stability of “angaréb
fibers after treatment at 1064 nm, samples were exposed to a cycle of hydrothermal ageing (6 days, T=60
°C, R.H=50%).

In non-soiled ‘angaréb fibers further ageing produced negligible modification of bands related to
cellulose moieties, which are more easily hydrolysable. In turn, long-term ageing effects on fibers treated
at 1064 nm demonstrated the benefits of laser treatment at the highest fluence tested (4Fw). Basically,
areas treated at 1064 nm at Fu exhibited lower signals with respect to those irradiated at 2Fwm and 4Fw
(Fig. 8d-e). The latter was very similar to non-soiled fibers, although cellulose peaks showed lower
intensities. For a better comparison, the intensity ratio between 1608 (assigned to lignin) and 1098 cm’!
(assigned to cellulose) peaks is reported in table 2. The drastic reduction of the Raman bands after
accelerated ageing of samples treated at Fu is reasonably attributable to the insufficient removal of the
crust, which was associated to a consequently higher surface reactivity. Residual pollutants likely
underwent reactions with water and substrates, as well as redistribution driven by hydration and
exudation of waxy material. As a matter of fact, after hydrothermal ageing, the area previously treated at
Fu appeared relatively darker under optical microscope with respect to those uncovered using 2Fw and
4Fm. The latter fluence completely removed exogenous materials thus favoring the stability of the fibers
and the detection of their Raman bands.

5. Discussion

5.1 Characterization of "angaréb fibers
Preliminary investigation aimed at analyzing and identifying ‘angaréb fibers pointed out the presence of
silica bodies and lamina anatomical characters ascribable to Doum palm (Hyphaene thebaica).

Although silica bodies of more than one type may be present in a single species, in grass taxonomy
(including palms), the shape, frequency, and distribution of silica bodies of the mature leaf are combined
with other properties of the epidermis for identifying taxonomically subfamily and lower levels [44].
Closer ESEM inspections revealed spherical phytoliths (Fig. 2) with pointed and rounded spinules (called
echinate), flat apex and regular distribution in length. Spherical to elliptical and conical to hat-shaped
phytoliths are usually found in the Arecaceae (palms) and Bromeliaceae [45]. However, in Arecaceae
(palms) the spinules are often very regular in distribution and better defined than in Bromeliaceae.
Furthermore, palm genera have predominantly pointed and rounded spinules with phytoliths size ranging
from about 6 up to 25 um. Bromeliad has phytoliths much smaller, varying from less than 2 um to about
10 um in diameter. At same time, transmitted light and fluorescence microscopies showed not
differentiated mesophyll into palisade and spongy tissues, the presence of peltate hairs and intermediate
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veins with fibrous sheath extensions attached to both surfaces (adaxial and abaxial) forming a girder type
vein [5]. These and other anatomical characters allowed to identify precisely the fibers used to craft the
present “angaréb.

Besides fiber identification, many other important features related to structural and chemical integrity of
the fibers were pointed out. From a conservation standpoint, the "angaréb fragments analyzed were
dehydrated, wrinkled, brittle and soiled. Furthermore, inspections of fibers presenting a longitudinal cut
showed epidermal cells very encrusted, which suggest the fibers were probably dried, cut and then beaten,
before to be assembled as ropes.

Chemically, FTIR spectroscopy of raw fibers showed several overlapping bands because of the
multicomponent nature of lignocellulosic materials. As a consequence, only the contribution of the major
components, among which lignin followed by cellulose, could be appreciated. Moreover, FTIR analysis
evidenced the material was strongly degraded/depolymerized by acidic compounds containing OH
groups. Similarly, Raman showed the strong peaks from lignin-derived aromatic compounds and
cellulose, as the other complex chromophore structures (extractives) present in palm leaves tissue were
difficult to characterize [38],[39].

Among the encrustation elements pointed out by EDX (Fe, Cl, K, S, Mg), Fe ions were the most harmful,
because they easily catalyze via acidic hydrolysis carbohydrates (hemicellulose and cellulose) thus
activating the depolymerization of cellulose chains over time [45].

5.2 Laser irradiation

According to microscopic and spectroscopic assessments of the laser-induced effects, distinct phenomena
occur upon irradiation at 532 and 1064 nm. Laser tests performed on fresh, naturally and artificially aged
reference samples, respectively, either in form of leaves and strips, provided evidence that irradiation at
532 nm produced significant fluorescence increase (Figs. 4-5). Such a chemical alteration was also
associated with photo-bleaching. In contrast, no evidence of such changes has ever occurred at 1064 nm.
Besides the increasing in fluorescence intensity, irradiation at 532 nm of "angaréb fibers also led to a
narrowing of the main band of about 20 nm and, similarly to leaf samples, treated-fibers appeared brighter
than those poorly soiled from the rope core. Such a bleaching phenomenon, which was also observed on
old paper [46] is likely produced by laser induced reaction of chromophores, although its complete
interpretation still need substantial insights.

The main responsible chromophores at 532 nm can be indirectly argued by comparing fluorescence
spectra of NAL and FL samples. In contrast to FL samples (Fig. 4), fluorescence spectra of NAL (Fig.
5) and “angaréb fibers (Fig. 7) did not show any contribution from chlorophyll a (fluorescence bands at
680 and 720 nm). By taking into account that in green plants, including monocotyledons, the fluorescence
of chlorophyll and flavonoids decreases with ageing of leaf tissues, the remaining fluorescence (450-550
nm) could be ascribed mainly to bound phenolics like hydroxycinnamic acids [43]. Among the latter,
bound ferulic acid, which is the precursor of aromatic lignin, is one of the most abundant phenolic
phytochemical found in plant cell walls. In particular, ferulic acid linked to cell wall polysaccharides by
ester bonds is the major fluorophore identified in most plant species showing intense blue-green
fluorescence [47]. Consequently, high concentrations of peripherally located hydroxycinnamic acids
impart UV screening properties on living tissues, especially protecting mesophyll [34], [42]. Further
contribution to fluorescence emission is also due to carotenoids (i.e.f-carotene) and quinonoid structures
which commonly occur in different lignin types [48]. These consideration are crucial as clearly indicate
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that the 532 nm wavelength may induce modification (i.e. photo-bleaching) mainly to epidermis bound
phenolics, and lignin-quinonoid structures. At high fluences, structural damage to hypodermis may take
place. Likewise, Raman spectroscopy highlighted that decomposition of lignin and cellulose takes place
at 532 nm with increasing fluences. At 4Fun with 2 and 10 Hz any spectral feature was completely lost.
On the other hand, lignin/phenolic-carbohydrate and lignin-quinonoid complexes are absorbing
compounds in the visible range. Therefore, direct photolysis and overheating may lead to
fragmentation/depolymerization reaction, in accordance with what pointed out by UV-Vis-Fluo
microspectroscopy. It was demonstrated that lignocellulosic materials are sensitive to irradiation in the
range from 300 to 400 nm and up to 500 nm for some wood species [49]. Color modification of
lignocellulosic materials on UV-Vis light exposure was mainly attributed to lignin, while photobleaching
is detected in the visible region due to the photolysis of quinonoid structures [50]. Moreover,
depolymerization reactions catalyzed by both acid (typically at 0—200 °C) and base (100—300 °C) break
the C—O or C—C linkages between lignin units to produce small segments including monomeric phenols
[51].

Conversely, irradiation at 1064 nm of leaf reference and ‘angaréb samples produced very satisfactory
results in terms of color appearance, chemical and morphological structure. Accordingly to UV-Vis-Fluo,
no remarkable changes in Raman spectra were observed. Intensities of Raman bands increased steadily
with increasing fluences until getting similar to those of non-soiled fibers. Specifically, relative
intensities of bands related to cellulose resulted slightly enhanced if compared to those assigned to lignin
after laser treatment. Although the cellulose bands in all the regions analyzed were similar in terms of
spectral features, intensity variations were observed, which can be attributed to crystalline/amorphous
nature of cellulose and its crystallite size in different location, mean fibril angle [52],[53] as well as to
inhomogeneous ageing effects. Thus, as a consequence of the variability of lignocellulosic fibers, it is
fairly challenging to assess exactly the nature of the intensity increase of C-O and C-C stretching in
cellulose chains. In studies carried out on Whatman paper changes in the C-O stretching, ring stretching,
and C-O-C asymmetric stretching vibrations in DRIFT spectra were associated with formation of intra-
or intermolecular ether bonds [54].

After 6 days of exposure to hydrothermal ageing of the sample cleaned using 1064 nm, no relevant
fluorescence changes were observed regardless from fluences and prr. A drastic decrease in the intensity
of Raman scattering was observed in areas treated at Fth, which evidenced the need to operate at higher
fluences. In poorly cleaned fibers, hydrolysis catalyzed by Fe ions continues, in the long term, to react
with the woody substrate, whereas Fe-free fibers after laser treatment at 2Fth or 4 Fth were instead less
prone to acidic hydrolysis.

6. Conclusions

The present work represents the first investigation on laser cleaning of doum palm Egyptian "angaréb.
Laser induced effects at 532 and 1064 nm were thoroughly studied through cleaning trials of ancient
encrusted rope fragments, systematic irradiation tests of prepared samples, and corresponding analytical
assessments. The former wavelength efficiently removed exogenous materials using relatively low
fluences but it produced narrowing of the main fluorescence band with respect to 1064 nm already at the
cleaning threshold (200 J/cm?) and visible bleaching at higher fluences. This is attributable to undesired
chemical effects (bond-breaking/depolymerization) driven by optical absorption of
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lignin/phenoliccarbohydrate and lignin-quinonoid complexes, as suggested by the disappearance of the
v(C=C) Raman band at increasing fluences.

Alterations of the fluorescence spectrum were also detected after irradiation of prepared doum palm
samples. Significant rises and narrowing of the main fluorescence band were observed when using 532
nm at the maximum fluence of 800 mJ/cm? and prr of 10 Hz.

In contrast, irradiation at 1064 nm did not produce any evidence of discoloration or structural alterations,
either in the short and long term ageing simulation, even when using relatively high fluences (up to 2.4
J/em?). Macroscopic encrustation was selectively removed from “angaréb rope surfaces and residual iron
oxides (catalysts of acidic hydrolysis) were minimized. This result discloses a significant application
perspective of the laser ablation in preservation of an important part of ethnographic heritage. In contrast
to scarcely selective chemical and mechanical methods, optimized laser treatments can represent the most
respectful, repeatable, and efficient cleaning approach to a large variety of artefacts crafted using
vegetable fibers.
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Figure captions
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. 1 The "angaréb and a detail view of one of its ropes.

.2 BSE ESEM images of "angaréb samples. TS (a-c) and adaxial surface (d-f).

. 3 Transmitted light and UV-induced Vis fluorescence overall view of lamina (TS) from the ‘angaréb

rope along with a detailed magnification of vascular bundle cells.

.4 UV induced Vis fluorescence spectra of FL (a-d) and HAL (e-h) samples upon laser irradiation at
532 and 1064 nm (irradiation condition: Fm, 2Fwm and 4Fwn at 2 and 10 Hz, respectively). Dotted

lines indicate the FL emission of the testing area before irradiation.

. 5 UV induced Vis fluorescence spectra of NAL (a-d) and NALHA (e-h) samples upon laser
irradiation at 532 and 1064 nm (irradiation condition: Fu, 2Fm and 4Fwm at 2 and 10 Hz). Dotted

lines indicates the FL emission of testing area prior to be irradiated.

. 6 Comparison among pictures taken before and after laser removal of soiling from “angaréb rope
samples. Irradiation at 532 and 1064 nm with 11 ns pulses at operative fluences Fi, 2Fwm, 4Fn

and prr of 2 Hz and 10 Hz. Images sizes are 0.500.5 cm?.

. 7 UV induced Vis fluorescence changes of "angaréb fibers before (dotted) and after (solid) laser
irradiation at 532 nm (a-b) and 1064 nm (c-d), and after the subsequent hydrothermal ageing (ef)

carried out in order to investigate long-term effects.

. 8 Comparison among Raman spectra of non-irradiated areas (soiled and non-soiled fibers), laser
irradiated areas at Fw, 2Fm and 4Fm, and areas hydrothermally aged after irradiation: a) 532 nm,
2Hz; b) 1064 nm, 2Hz; c) 1064 nm, 10Hz; d) 1064 nm, 2Hz then hydrothermal ageing; e) 1064

nm, 10Hz then hydrothermal ageing.
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Table 1 Prepared samples of doum palm leaves and fibers. UNI ISO 5630-3 ageing refers to 6 days,
at 80 °C and RH 65%.

Sample Description Ageing conditions

FL Fresh leaves One month in laboratory conditions
HAL Hydrothermally aged leaves UNI ISO 5630-3 ageing

NAL Naturally aged leaves One year in laboratory conditions
NAF Naturally aged fibers One year in laboratory conditions

NALHA | Leaves naturally aged then hydrothermally aged| One year in laboratory conditions then
UNI ISO 5630-3 ageing

NAFHA | Fibers naturally aged then hydrothermally aged | One year in laboratory conditions then
UNI ISO 5630-3 ageing




Table 1 1608/1098 cm™! band ratio in “angaréb fibers after soiling removal at 1064 nm and subsequent
accelerated ageing.

Sample condition Non-irradiated Irradiated at 1064 nm_2Hz | Irradiated at 1064 nm_10Hz
Non‘soiled Fth 2Fth 4Fth Fth ZFth 4Fth
Sample as it is 1.14 0.97 1.03 1.10 1.01 1.06 1.15
After ageing 1.13 n.m* 1.20 1.12 n.m 1.10 1.10

n.m*: not
measurable







