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Abstract

Over the last few decades, chemical and physical studies on bowed string musical instruments have provided a better
understanding of their wooden finished surface. Nevertheless, until now only a few of them investigated the effects
of the chemical pre-treatments in the traditional making procedures. Those treatments are believed to affect wood
properties, its interaction with the following treatments (i.e. varnish application) and its vibro-mechanical behav-

iour (that may contribute to the acoustical properties of musical instruments). In this study, two traditional alkaline
treatments were applied to reference samples of spruce wood, the wood commonly used to make violins'sound-
boards. An integrated analytical strategy, which combines infrared spectroscopy, analytical pyrolysis coupled to gas
chromatography-mass spectrometry, and gel permeation chromatography, was employed to investigate the chemi-
cal alterations of lignocellulosic polymers (cellulose, hemicellulose, and lignin). Results have shown that the selected
alkaline treatments induce the partial hydrolysis of the hemicellulose chains and a slight decrease in the crystallinity
of cellulose. We could also prove: (i) the cleavage of lignin-carbohydrate complexes formed by the covalent bonds
between hemicellulose and lignin in spruce wood, and (ii) the partial breaking of the hydrogen bonds network in
cellulose. According to the literature, the alteration of the lignin-carbohydrate complexes is responsible for changes in
wood mechanical behaviour. Hence, future perspectives of this research could outline new knowledge on the vibro-
mechanical behaviour of the violin soundboard and the consequent acoustics.
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Introduction

The manufacturing practice of a bowed string instrument
was developed during the 16th century and reached the
highest grade during the 17th century in Cremona (Italy).
Antonio Stradivari is the most famous proponent of this
Cremonese tradition, and his instruments still represent
the acme of the quality in the bowed string instruments,
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for their unique and unreached aesthetical and acousti-
cal properties. These features still influence contempo-
rary violin makers that try to reproduce and imitate the
masterpieces of ancient makers. The absence of written
sources on the manufacturing practice of bowed string
instruments has stimulated the chemical and physi-
cal study of historical musical instruments with the aid
of analytical methods, to understand the manufactur-
ing techniques used by the old masters. Nowadays, the
results of various researches allow us to have a clear
view of the varnishing, the ground layer and the siz-
ing treatments used by old makers to make the wood
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durable and to enhance the aesthetic and acoustic appeal
of their instruments [1-5]. In addition, it has always been
assumed that wood pre-treatments also contribute to
the mechanical and hence acoustical properties of the
instruments [6, 7]. As reported by Tai et al. in a recent
paper [7], the author supposed that Antonio Stradivari
would deliberately manipulate spruce wood. This tim-
ber was commonly used by historical violin makers for
the soundboard, which is the part that most affects the
acoustical properties of the instrument.

In general, wood is a very complex material, in which
cellulose, hemicellulose, and lignin are packed in a com-
posite matrix. The molecular composition and the way
the components are arranged within the wood cells walls
are known as ultrastructure and it can vary depending on
the wood kind, the condition of growth (i.e., climate, geo-
graphical area) and, all other factors unchanged, its state
of preservation or treatments done on purpose in the
making processes. It determines the chemical, physical
and mechanical properties of a wood species [8]. Accord-
ing to the most accredited wood model, the hemicellu-
lose represents an amorphous area of transition between
cellulose and lignin, thus being a highly reactive site for
chemical and physical agents. The features of hemicel-
lulose and its interface with lignin and cellulose, control
the diffusion of the polar substances in the wood and its
hydrothermal and viscoelastic properties [8, 9].

In the cultural heritage field, studies on the wood ultra-
structure have been done mainly to investigate the state
of preservation, the ongoing alterations, and the ageing
processes of archaeological wooden objects [10-14]. On
the contrary, less effort has been dedicated to studying
the treatments developed by artists and craftsmen, and
their characterization would represent an outstanding
achievement for a deep knowledge of the making practice
of wooden artefacts, in particular historical violins.

From the literature available for wooden objects,
mainly furniture, physical-chemical treatments make
the wood suitable for instruments. Among the physical,
exposing the wood to solar radiation or high temperature
for a certain period was recommended [6, 15]. Also, the
practice of boiling or soaking wood in seawater was pro-
posed by Nagyvary on the scientific evidence [16]. None-
theless, chemical pre-treatments were widespread and
could be acid or alkaline. We do not know so much about
the first one [17], and the most common were the latter.
Among them, the fumigation with ammonia vapour and
the use of a lye-based solution [15-19]. Ammonia fum-
ing is still used to stain the wood through its entire thick-
ness, allowing the vapours to reach even the innermost
structure of wood [20, 21]. The effects of this method are
a wood darkening, a slight increase in anisotropy, which
can then affect the wood shrinkage and swelling [21], and
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a significant increase in the equilibrium moisture con-
tent [22]. On the contrary, the treatment is not expected
to induce any change in the mechanical properties of
wood. The intensity of the wood darkening depends on
the ammonia concentration in the atmosphere, the expo-
sure time, and the wood species [23]. Concerning the lye-
based solution, it is considered a strong alkali. Among the
strong alkali effects, a brownish discoloration is mainly
expected [21, 24].

To the best of our knowledge, the fact that the wood
treatments employed by the violin makers in the tradi-
tional Cremonese practice may affect the aesthetical and
acoustical properties of an instrument is supposed and
specific studies dedicated to the chromatic, chemical,
and mechanical changes assessment have not been car-
ried out yet. This study aims to fill the lack of knowledge
about the effects induced by chemical alkaline pre-treat-
ments. To this purpose, reference wood samples were
treated with the fuming ammonia and the potassium
hydroxide pre-treatments. A multi-analytical strategy
was then used to assess the aesthetic and ultrastructural
transformations of the treated wood. The analytical strat-
egy includes the application of FTIR spectroscopy in
ATR mode (FTIR-ATR), analytical pyrolysis coupled to
gas chromatography-mass spectrometry with in situ hex-
amethyldisilazane derivatization (Py(HMDS)-GC/MS),
gel permeation chromatography (GPC) and X-ray diffrac-
tometry (XRD).

Experimentals

Wood laboratory models

Three laboratory models (listed in Additional file 1:
Table SM1), 10cm (longitudinal direction) x 5cm (radial
direction) x 0.7 cm (transversal direction), were prepared
from the same spruce (Picea abies (L.) H.Karst., 1881)
wood board. They were obtained by cutting the log along
the longitudinal-radial direction. According to the tra-
ditional making procedures, seasoned wood (more than
12years—cut in 2005) was selected from Val di Fiemme
(north of Italy). Before the alkaline treatments, the boards
underwent three months of curing under monitored con-
ditions (RH=50%, T=20°C) to allow the wood to get
in equilibrium with the new environment. The moisture
content (MC) was measured by the electrical conductiv-
ity method [25]. The non-treated wood is referred to as
m.0 (control sample or non-treated wood). The radial
section of the mock-up named m.1K was treated with a
1M aqueous solution at pH=13 of potassium hydroxide
(pellets, Carlo Erba, Italy) applied by brush (to simulate
the lye solution alkaline treatment). Instead, the mock-
up labelled with m.1N was kept in a sealed box satu-
rated with ammonia vapour (NH;) (Ammonia 30% v/v,
Bresciani s.r.l. Italy) for 96 h. After the treatments, and to
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reach the equilibrium condition with the environment,
the specimens were cured under monitored conditions
(RH=50%, T=20°C) in a storeroom for one month to
eliminate the water absorbed during the KOH treatment
and the entrapped ammonia.

Analytical methods

The used techniques are complementary and can dis-
close specific aspects of the wood composition when
combined. The analytical protocol is shown in Fig. 1 and
involves the following steps:

1. Aesthetical feature assessment through colorimetric
measurements.

Non-destructive qualitative evaluation of the overall
wood composition by FTIR-ATR spectroscopy.
Micro-destructive study and semi-quantitative deter-
mination of the holocellulose and lignin fraction
composition by Py(HMDS)-GC/MS analysis.

Study of the LCCs and holocellulose modification by
destructive GPC analysis.

Evaluation of the cellulose crystallinity degree by
XRD analysis.

Steps 1 and 2 do not require any sampling or any sam-
ple pre-treatment, whereas the other steps do. The sam-
pling was performed on the treated radial section surface
of the models, in a variable quantity according to the
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requirement of the analytical technique (for the details
see Additional file 1: Table SM1). Before the examina-
tions, samples were dried and milled, and a peculiar
preparation (described in Sect. 2.2.4) was followed before
the GPC analysis. The protocol can evidence changes in
the wood ultrastructure and gives information on the
reactions occurring in the wood polymers under alkaline
treatments.

Colorimetry

Chromatic variations of the modified wood were meas-
ured using a Konica Minolta CM-2600d portable spec-
trophotometer (Chiyoda, Tokyo, Japan). Data were
collected in the wavelength range 400-740nm (spectral
resolution of 10nm) using a 0.8 mm round target mask.
L* a* and b* coordinates were calculated in SCE mode
(Specular Component Excluded) with a 10 standard
observer and D65 illuminant according to CIELAB 1976
colour space. Fifteen measurements were performed on
the treated radial section. The measurement points were
identified in the centre of the squares of a grid yielding a
total of 5 x 3=15 data before and after the treatments (t,
and t;). The mean value and the standard deviation of the
mean (SDOM) were calculated for each sample. Accord-
ing to the literature, the colour difference AE*,; was cal-
culated to obtain the magnitude of the overall colour
variation [26, 27].

[ KOH and NHs treated wood and reference wood ]

Non-invasive —

Invasive/Micro-destructive —
techniques

FTIR-ATR

Py(HMDS)-GC/MS

Benzoylation
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Sampling
(Drying and milling)
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Acetylation

- J
4 N
Wood Semi quantitative Whole cell wall Free lignin Cellulose
components  evaluation of chemical components (cellulose, moieties and crystallinity
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holocellulose and lignin and LCCs)
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Fig. 1 Scheme of the analytical protocol adopted in this work to evaluate the chemical modifications induced by the alkaline treatments

performed on the wood samples
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FTIR spectroscopy in ATR mode (FTIR-ATR)

Attenuated total reflectance (ATR) measurements were
performed using a NICOLET iS5 spectrometer (Thermo
Scientific, Waltham, Massachusetts, USA) equipped with
iD7 ATR accessory and diamond crystal. All infrared
spectra were recorded within the range of 4000-50cm ™!
with 4cm™? resolution and 32 scans. The sampling area
corresponded to 1.8 mm. Three measurements were per-
formed in the middle of the radial section of each small
board, on the left, centre, and right areas, respectively.
The edges of the boards were not considered to avoid
the effect of the overrated sorption of the treating aque-
ous solution along the longitudinal direction of the fibres.
A first evaluation of the spectra was carried out quali-
tatively by comparing the FTIR spectra of the treated
samples (m.1K and m.1N) with the reference spectra of
non-treated spruce wood (m.0). OMNIC 7.2 software
package was employed for the study of bands produced
by the effect of the treatments on ATR non-corrected
spectra.

Pyrolysis coupled to Gas Chromatography-Mass
Spectrometry with in situ hexamethyldisilazane
derivatization (py(HMDS)-GC/MS)

Before analysis, the samples were previously oven-dried
for 24h at 40-50°C and homogenised through a ball
mill made of zirconium oxide (Pulverisette 23, Fritsch
GmbH, Germany). For the in situ thermally assisted
derivatization of pyrolysis products a silylating agent
1,1,1,3,3,3-hexamethyldisilazane ~ (HMDS, chemical
purity 99.9%, Sigma Aldrich Inc., USA) was used. The
sampling was performed on the upper radial section of
the models. Samples were analysed in triplicate, and the
relative standard deviations associated with the calcu-
lated values were estimated below 10%. The H/L (holo-
cellulose/lignin) ratio was then determined to assess the
loss of polysaccharides or lignin as commonly used in the
case of aging or treatments [28—31].

As described in previous works [11, 13, 32—34], an Agi-
lent 5973 Mass Selective Detector operating in electron
impact mode (EI) at 70eV was directly combined with a
GC equipment (gas chromatograph 6890, Agilent Tech-
nologies, USA) equipped with an HP- 5MS fused silica
capillary column (stationary phase 5% diphenyl- 95%
dimethyl-polysiloxane, 30m x0.25mm i.d., Hewlett
Packard, USA) and with a deactivated silica pre-column
(2m x 0.32mm i.d., Agilent ] & W, USA) able to perform
the chromatographic separation and mass spectrometry
determination of pyrolysis products formed in a micro-
furnace of Multi-Shot Pyrolyzer EGA/Py-3030D (Fron-
tier Laboratory, Japan). The pyrolysis and the interface
temperatures were 550 °C and 280 °C, respectively. Each
wood sample (about 100 pg) was put with 2ul of HMDS
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into a stainless-steel cup, coated with the quartz wool,
and placed in the micro-furnace. The GC oven param-
eters were initial temperature 50 °C, 1min isothermal,
10 °Cmin~"! to 100 °C, 2min isothermal, 4 “Cmin~! to
190 °C, 1 min isothermal, 30 “Cmin~" to 280 °C, 30min
isothermal. The carrier gas was helium (purity 99.995%)
used with a constant flow of 1.0mL min~ ",

Data processing was performed by comparing the
mass spectra with those reported in the NIST2.4 librar-
ies and the literature [31, 33, 35]. Peaks derived from
lignin and holocellulose products were identified and
integrated by AMDIS software. The areas of the peaks
of interest in the chromatogram were normalised to
the sum of the peak areas of all the identified holocellu-
lose and lignin pyrolysis products. Data were averaged
and expressed as percentages for the semi-quantitative
assessment of the components. The percentage areas
were used to calculate the relative abundances of wood
pyrolysis products divided into categories of holocellu-
lose (cyclopentenones, pyrans, furans, hydroxybenzenes
and anhydrosugars) and lignin (monomers, long-chain,
short-chain demethylated, carbonyl and acid) [36, 37],
Additional file 1: Table SM2. Chemical changes in a
single biopolymer were also assessed by analysing cat-
egorised pyrolysis products of holocellulose and lignin
[28-31]. A limitation of the analytical pyrolysis method
is that it does not allow the pyrolysis products of cellulose
and hemicellulose to be distinguished since they form the
same products during the pyrolysis process. The method
is therefore able to detect chemical changes in the over-
all fraction of polysaccharides (holocellulose) of the ana-
lysed wood samples.

Gel permeation chromatography (GPC)

The wood samples (500 mg), were crushed in a blender,
passed through a 1 mm screen and pulverized in a plan-
etary ball mill made of zirconium dioxide 95% (PM100,
Retsch, Germany). After acetylation and benzoylation
of the wood samples in ionic liquid medium (for the
specific procedure see [38—40]) they were solubilized
in THF (1 mgml~') and passed through a 0.45um GHP
Acrodisc syringe filter for GPC analyses at a flow rate of
Imlmin~’. The analyses were performed on an HP1100
series liquid chromatographic system connected to an
ultraviolet UV detector set at 240 or 280nm for benzo-
ylated and acetylated samples. The injection port was a
Rheodyne® equipped with a 20-pul loop. The column sys-
tem was composed of a sequence of an Agilent PL gel
5um, 500 A and a PL gel 5um, 104 A in series.

X-Ray diffractometry (XRD)
X-ray diffractograms were recorded with a D2-PHASER
spectrometer (Bruker, USA). Spectra were recorded in
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the range 20 =4-60 degrees, with a resolution of 0.016
degrees. The CuKa emission at 1.54 A was used as an
X-ray source. Cumulative spectra were obtained by
recording three diffractograms for each sample. The
sample was kept under rotation during each measure-
ment to prevent iso-orientation effects. The spectra were
processed with DIFFRAC (Bruker, USA). Baseline sub-
traction and peak fitting were performed using PeakFit
(Systat Software Inc., USA). Simulated diffraction pat-
terns were used as a reference to establish the appropriate
number of peaks [41]. The crystallinity index (CI) calcu-
lated by the Segal method was used to estimate the crys-
tallinity degree of the cellulose in each sample [41-43].

Results

Colorimetry

Table 1 presents the mean values and the SDOM of L*, a*,
b* coordinates for the two treated samples before (t,) and
after (t;) the treatment application. The AE* and AL* total
variations are also calculated and reported. The variation
of a* and b* coordinates is also displayed in Additional
file 1: Fig. SM1, where circles represent the KOH (red —
m.1K) and the NH; (blue — m.1N) treated wood before
(empty) and after (filled) treatments. In both cases, the
effect of treatments on the aesthetic appearance of the
wood is visible to the naked eye.

For the potassium hydroxide solution treated surface
(m.1K) we assessed a total colour variation (AE*) of 4.1,
together with a decrease in L* of 3.37; the increase in b*
and decrease in a* can be explained as a shift towards
the yellow-green hue. Concerning the ammonia fuming
treatment (mock-up m.1N), its effect on the wood sur-
face is more severe (AE*=16.2) than the one induced by
potassium hydroxide and affects all the surfaces of the
mock-ups (due to the vapour state of the treating agent).
The main effect is a surface darkening, described by the
sharp decrease in L* of 16 and a mild increase in b* of
1.91. The reaction of the ammonia with the tannin in the
wood and atmospheric oxygen is chiefly responsible for
this behaviour [24, 44]. It is here noted that the darkening
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effect induced by the ammonia fuming treatment was
appreciated by traditional violin makers [24, 45] since it
gives a specific nuance to the varnish.

FTIR spectroscopy in ATR mode (FTIR-ATR)

FTIR spectra of the non-treated wood (m.0 in black solid
line), and of the wood after KOH (m.1K in dark grey
dashed line) and NH; (m.1N in grey dotted line) treat-
ments are shown in Fig. 2. A qualitative comparison of
the spectra reveals that the hemicellulose is affected by
the alkaline treatments, whereas lignin and cellulose seem
to be scarcely involved. Strong absorption is recognizable
in correspondence of the hydrogen-bonded stretching
(-OH) and C-H stretching in the broadband peaks cen-
tred around 3300cm™! (1) and 2900cm ™! (2) and, for the
first band, constant absorption intensity before and after
the treatment implying an unaltered behaviour towards
the bond water. The peaks between 1800 and 800cm™?,
commonly used to describe the wood and its degradation
state [31, 46—48], are well defined. The assigned bands
are reported in Table 2. Significant changes can be distin-
guished in Fig. 2, mostly for the NH; treated wood. The
most evident one is the decrease in intensity of the carbo-
hydrate band at 1736 cm ™! and 1230 cm™ ! assigned to the
acetylated galactoglucomannan (C=0 and C-O stretch-
ing respectively, in acetyl units), the major hemicellulose
in softwood, which can constitute up to 20 w/w% of the
dry wood [49]. These modifications are clearly related
to the de-acetylation effect of alkaline treatments. Other
differences are the mild decrease of the peak at 896cm™!
representatives of the cellulose that is better recogniz-
able by observing the increase of the peak centred at
875cm™ L. In addition, slight variations are visible for the
other bands assigned to the holocellulose at 1375, 1244,
1154, 1048, 1024cm™ ' and the lignin at 1597, 1505, 1462,
1425, 1313, 1263 and 1244cm™ . A more significant vari-
ation for the KOH treated wood can be noticed for the
bands assigned to the C-C aromatic skeletal vibration in
lignin at 1597 and 1505cm™?, the strongest and stable
signal of the aromatic vibration. Furthermore, the peaks

Table 1 Color coordinates L*, a* and b* measured before (t;) and after the application of the treatment (t;), LCCs are calculated and
displayed. Each L* a* and b* value is accompanied by its standard deviation of the mean value (SDOM). The error is calculated and
reported also for the total color variation (6E*) and the L* variation (L*) respectively

Before treatment (t,)

After treatment (t,)

Total variation

L* a* b* L* a* b* AE* 73 AL* SL*
m.1K mean 85.01 3.81 2111 81.65 393 2350 4.1 03 337 0.17
SDOM 0.06 0.05 0.1 0.1 0.07 0.12
m.T N mean 81.7 5.0 22.78 65.6 569 24.69 16.2 1.1 16 1
SDOM 0.6 0.3 0.08 0.5 0.07 0.18
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Table 2 Assignments of IR absorption bands for the analysed wood based on the literature [31, 46-48]

n°® Ref Band cm™' Assignment
1 3250 Hydrogen bonded stretching (OH)
2 2800-2900 C-H stretching
3 1736 Unconjugated C=0 in ketones, carbonyl, and aliphatic groups of the xylans (hemicellulose)
4 1650 H-O-H angle vibration of absorbed water and conjugated C-O in the aromatic ring
5 1597 C—C aromatic skeletal vibration in lignin
6 1505 C-C aromatic skeletal vibration in lignin
7 1462 Asymmetric C-H deformation in lignin-xylan
8 1425 Asymmetric C-H deformation in lignin-cellulose
9 1375 C-H deformation in cellulose and hemicellulose
10 1313 Syringyl ring breathing in lignin
1 1263 Guaiacyl ring breathing, C-O stretch in lignin
12 1244 Syringyl ring and C-0 stretch in lignin and xylan
13 1230 C-0O stretching in hemicellulose
14 1154 C-O-Cyvibration in the pyranose ring of the cellulose and stretching C=0 in the aliphatic
groups of the hemicellulose
15 1048 C-0O stretch in cellulose and hemicellulose
16 1024 C-0, C—C and C-H stretching of alcohol, pyranoses ring from glucose
17 896 C-H deformation in cellulose
1516
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at 1313cm™! and 1263cm™?, respectively assigned to
ring breathing of the syringyl and the guaiacyl, seem to
decrease in intensity according to the findings of previ-
ous works about aged wood [47].

Pyrolysis coupled to Gas Chromatography-Mass
Spectrometry with in situ hexamethyldisilazane
derivatization (py(HMDS)-GC/MS)

Analytical pyrolysis allowed us to determine 37 com-
pounds belonging to holocellulose and lignin. The spruce
is a conifer; therefore, the pyrolysis products of the lignin
were mainly of the guaiacyl type. Pyrolytic profiles of all
analysed samples are qualitatively similar and differ in the
relative abundances of some compounds.

The percentage composition of pyrolysis compounds
obtained for reference (m.0) and treated woods (m.1K
and m.1N) are reported in TAdditional file 1: able SM3.
The KOH treated wood (m.1K) shows a very similar per-
centage composition in respect to the non-treated wood
(m.0) —55.1% and 56.5% for the Holocellulose and 44.9%
and 43.5% for the lignin—suggesting that no significant
changes occurred. On the contrary, the ammonia treat-
ment (m.1N) produces a higher relative amount of pyrol-
ysis products derived from the holocellulose (70.2%),
which can indicate the alteration of polysaccharide poly-
meric structure but also cross-linking between hemicel-
luloses and lignin. The pyrolytic holocellulose/lignin ratio
(H/L) calculated for the three replicas of each analysed
sample also again confirms that the ammonia treatment
was more effective than the potassium hydroxide one:
H/L ratio is constant for m.1K (H/L 1,2+0,2) compared
to m.0 (H/L 1,3+0,2) while increases up to 10% in the
m.1N specimen (H/L 2.440,2). More detailed informa-
tion on chemical modifications of the wooden structure
at the molecular level can be obtained evaluating holo-
cellulose and lignin pyrolysis products categorized into
groups, as listed in Additional file 1: Table SM2. Figure 3
(panel a and b) shows the percentage abundances of each
category of holocellulose and lignin pyrolytic products.
Concerning the holocellulose products (Fig. 3a) in the
reference wood (m.0), the most abundant is the cyclo-
pentenones group; the anhydrosugars, pyrans, hydroxy-
benzenes, and furans follow. The poor effectiveness of
the KOH treatment (m.1K) in the modification of the
polysaccharide fraction of the wood is confirmed by
the unchanged holocellulose profile compared to the
untreated wood; differently, the holocellulose in m.1N
specimen undergoes modification. The alteration of the
polymeric structure is proven by the decrease of the
relative abundance of the cyclopentenones (about 40%)
accompanied by the strong increase of the anhydrosug-
ars (about 60%) and by a reduction in the hydroxyben-
zenes formation. A decrease in cyclopentenones and at
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Fig. 3 Percentage abundances of categories of the holocellulose (a)

and the lignin (b) pyrolysis products in the analysed samples

the same time an increase in the relative abundances of
anhydrosugars is related to the depolymerisation of poly-
saccharides. Therefore, we may suggest the reduction of
cross-linking in the structure involving the polysaccha-
rides caused by ammonia treatment (m.1 M) in agree-
ment with literature data [31, 32, 36, 50].

The percentage areas of the six categories of lignin
pyrolysis products (monomers, short-chain, long-chain,
carbonyl, carboxyl, and demethylated/demethoxylated)
are shown in Fig. 3b. In the reference wood (m.0), mono-
mers are the most abundant, followed by short- and long-
chains. On the other hand, the treated samples provided
a lower percentage area of lignin monomers and a higher
percentage area of short and long-chain pyrolysis prod-
ucts. These variations were more evident for m.1N than
for m.1K, again confirming that ammonia fuming was
a more effective treatment than the potassium hydrox-
ide solution. The decrease in the abundance of mono-
mers and the increase of short-chain pyrolysis products
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in archaeological wood is often used as a degradation/
alteration index for this material. The increased yield of
secondary pyrolysis products such as short and long-
chain compounds can be related to a less cross-linked
structure, not only of the lignin polymer but also of the
lignin-hemicellulose network. It is known, in fact, that
lignin with a reduced cross-linking degree is less ther-
mally stable and can undergo further degradation upon
pyrolysis [32].

Gel permeation chromatography (GPC)

GPC analyses at 240 nm after benzoylation and at 280 nm
after acetylation provided information about the whole
cell wall components (cellulose, hemicelluloses, lignin,
and their connections) and the lignocellulosic fractions
only comprising aromatic moieties (mainly LCCs, lignin
carbohydrates complexes), respectively [40, 51]. By com-
paring the results of the reference wood (m.0) and the
treated samples (m.1K and m.1N), any variation ascrib-
able to the molecular weight distribution can represent
a kind of transformation or degradation of the specific
components.

By observing the GPC profiles (Fig. 4) the treatments
seem to affect the molecular weight distributions of the
lignocellulosic components. The profiles after benzoyla-
tion (Fig. 4a), related to the entire wood components, are
almost superimposable, but a partial shift of the profiles
at higher elution times could be detected. This shift can
be ascribed to partial hydrolysis or other degradation
phenomena involving the whole lignocellulosic matrix.
These results are confirmed after acetylation (Fig. 4b)
where a shift of the profiles and a little enrichment in
the low molecular weight area is observed for the acety-
lated m.1K and m.1N (KOH solution and NH; vapour,
respectively). Since these chromatograms account for the
LCCs, we can consider the possibility that the degrada-
tion started from those components. It seems that the
carbohydrate’s chains were partially hydrolysed releasing
low molecular weight LCCs, clearly detected at 22min
(Fig. 4b) [49]. These observations confirm and integrate
the FTIR characterization of milled wood where the band
at 1730cm™! (acetyl) disappeared after NH; and KOH
treatments.

X-Ray diffractometry (XRD)

The XRD spectra obtained for m.0, m.1K and m.1N are
reported in Fig. 5. The diffraction pattern corresponds
to cellulose Ip phase, with diffraction peaks at 26 =20.5°,
22.4° and 23.9°, corresponding to the (201), (002) and
(040) diffraction planes, respectively. Cellulose If is the
most common cellulose allomorph in nature [41, 42]
and it is also expected to show a double diffraction peak
around 20 =16°, corresponding to the (101) and (10—1)
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Fig. 4 GPC profile of the wood samples from m.0, m.1Kand m.1N
after benzoylation (a) and acetylation (b)

diffraction planes. These peaks are not clearly visible in
XRD spectra. This could be due to an iso-orientation
effect of the crystalline phase of cellulose, likely derived
from an insufficient pulverization of the samples. How-
ever, as all samples have been treated in the same way,
a comparison of their diffraction patterns can provide
reliable information on the changes induced by the two
pre-treatments. The intensity of the reflection signals
decreased after treatments, and the effect was more evi-
dent after ammonia fuming (m.1N) than KOH solution
treatment (m.1K). The calculated Crystallinity Indices
(CI) of cellulose shown in Fig. 5 (right upper corner) con-
firm this behaviour. Comparing the obtained values for
reference wood (m.0-0.63) and the samples, the index
decreases for m.1K to 0.57 and further to 0.41 for m.1N.
This evidence suggests that the treatments tend to reduce
the cellulose crystallinity, most significantly after NH,
fuming than KOH application.
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Fig. 5 Diffractograms for samples of spruce wood (m.0) treated with
KOH solution (m.1K) and ammonia (m.1N). The Crystallinity Indices

(Cl) value for each sample is shown

Discussion

Our findings highlighted how the effect of alkaline
treatments are different from those observed in other
similar contexts and believed to produce a milder but
comparable outcome (e.g., delignification and degra-
dation of archaeological wood) [8, 23, 46, 47, 52, 53].
While the effects of the alkaline medium on the aes-
thetical feature are well described and distinguished—
by the darkening and the mild yellowing of the surface
for the ammonia fuming and KOH solution treatments,
respectively—the impact of both considered treatments
on the wood composition is analogous. The FTIR-ATR
experiments showed that most of the changes induced
by the alkaline treatments affected hemicellulose and
lignin, while the signals of cellulose were less affected.
In addition, the Py(HMDS)-GC/MS experiments
showed that the pyrolytic behaviour of both holocel-
lulose and lignin was influenced by the pre-treatments,
confirming the FTIR results. The degradation of holo-
cellulose consisted in the deacetylation of the O-acetyl-
galactoglucomannan moieties, and in partial hydrolysis
of the glycosidic bonds, which led to an increase in the
pyrolytic yields of secondary products such as anhy-
drosugars. The most extensive degradation of hemicel-
lulose compared to cellulose is most likely ascribable
to the less organized structure, which makes hemicel-
lulose more reactive towards the alkaline reactants [8].
The most likely degradation mechanism for hemicellu-
lose is partial hydrolysis of the glycosidic bonds [55].
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The results of the GPC analyses provide further insight
into the degradation mechanisms. The profiles obtained
after benzoylation suggest that the overall effect of the
alkaline treatments on the degree of polymerization of
the wood components is small. This confirms that the
hydrolysis of hemicellulose was only partial. On the other
hand, significant changes were observed in the GPC pro-
files obtained after acetylation, suggesting a more sig-
nificant cleavage of the bonds in lignin and of the LCCs.
LCCs are covalent connections between hemicellulose
and lignin, and most of the LCCs in softwoods involve
the arabinoglucuronoxylan units in hemicellulose [56].
This leads us to conclude that the alkaline treatments
prompt the cleavage of the LCCs and that the hydrolysis
of hemicellulose mainly interests the monomers directly
bound to lignin.

Regarding cellulose, very little information can be
obtained from the adopted techniques, except for the
XRD analysis that specifically estimates the crystallinity
degree. The crystallinity indices of treated samples were
only slightly lower than the untreated one, probably not
enough to hypothesise the hydrolysis of the cellulose
fibres, but suitable to propose a more feasible dissolution
process. The effect of the alkaline treatment on the cel-
lulose can be assumed to be similar to the swelling of the
cellulose fibres network that is obtained by mercerization
[57-61]. The swelling of cellulose fibres leads to a partial
cleavage of the hydrogen bonds network in cellulose and
it could be the reason why a moderate change in crystal-
linity was observed for the treated samples [58, 62—65].

As an overall consideration, the alkaline treatments
seem to mostly affect hemicellulose, which is the most
reactive component of wood towards chemical treat-
ments. Due to its key role in the LCCs that act as a bridge
between cellulose and lignin, even a small degradation
of hemicellulose influences their interactions and there-
fore the ultrastructure of the cell wall [66]. The modifi-
cation of the wood matrix—based on the loss of LCCs
integrity—is expected to change the mechanical prop-
erties of wood [9, 65, 67-69]. Precisely in these circum-
stances, properties like hydrophilicity and the stiffness
of pre-treated wood can play a pivotal role in the inter-
action with the following preparation layer in the violin
making process (e.g., the hydrophilic sizing and ground
coat) likewise the acoustic properties of the finished
instrument.

Conclusions

Understanding the chemical processes occurring during
the pre-treatment of a violin making procedure is fun-
damental to achieving awareness for conservation. We
proved that pre-treatments in alkaline media affect the
wood composition, and thus its chemical and physical
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properties. Particularly, we evidenced LCCs modifi-
cations, responsible for wood mechanical behaviour.
Though further investigations—based on vibro-mechani-
cal tests to measure the variation of the vibro-mechanical
properties of wood—are in progress, we may state that
the observed chemical modifications affect the acousti-
cal properties of modern and historical instruments. The
results herein reported, shed light on the pre-treatments
of wood—the step of the lutherie procedure which is
often cited by the literature but completely unknown—
and its effect on the wood chemistry which has been
only supposed until now. The most recent investigations
on historical bowed string instruments seem to confirm
that the construction procedures and the presence of
specific materials in the coating system (e.g. oil-resinous
varnish) could not alone determine the quality of a violin,
and suggest that the artificial manipulation of the wood
also could be a significative responsible [70]. We strongly
believe that our findings could represent an important
achievement in the literature landscape, able to provide
new useful insights for future research and concretely
point at a new experimental direction to investigate the
acoustic properties of the Cremonese string instruments.
Moreover, the use of reference wood specimens enabled
us to follow the chemical processes which cannot be
evidenced by studying only historical violins. Such new
knowledge could help modern luthiers in choosing the
best making and restoration procedures.
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