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Abstract

environmental conditions.

Wood is usually stable under relatively dry conditions but may still undergo slow deterioration. The type of dete-
rioration and how these processes affect the wood are important questions that need consideration if old wooden
structures are to be studied and properly preserved. The aim of this paper is to establish the main structural and
morphological differences between new and naturally aged European spruce (~ 150-200 years) and silver fir wood
(~ 150 years). Naturally aged European spruce (a) was sourced from an outdoor part of a building constructed in

the seventeenth century and naturally aged European spruce (b) were obtained from a furniture item located in a
historical building from the eighteenth century. The principal age-induced changes in fir are the degradation of C-O
and C=0 groups in hemicellulose, according to the FTIR analysis. Degradation of cellulose and hemicelluloses was
observed for spruce, with a greater effect seen in the indoor aged sample. X-ray photoelectron spectroscopy (XPS)
showed that after aging C—C/C-H peaks were smaller in the spruce and fir samples, while C-O and O-C-0O peaks
were larger. The crystallinity index (Crl) obtained by X-ray diffraction showed that due to weathering the Crl of natu-
rally aged spruce (a) increased compared to the new wood. The Crl of the aged spruce (b) and aged fir was lower than
in the new woods. The ratios for the spruce sample, which aged indoors, were higher than those for the one aged
outdoors. According to the observations made in this study, hemicellulose and cellulose are easily degraded under

Keywords: FTIR spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, Natural ageing, Wood

Introduction

In contrast to most other building and structural materi-
als, wood is a renewable resource available in vast quanti-
ties. It has many favourable properties and features such
as high strength to weight ratio, unique aesthetic and
tactile values and low production cost. Furthermore, it is
easy to shape. However, the high inherent heterogeneity
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and variability imposes certain challenges in predicting
the behaviour of wood in its use as an engineering mate-
rial. Variations in the anatomy, morphology, and chemi-
cal constitution of wood depend on the habitat of trees
and affect the properties in service [1-3].

Knowledge of wood aging and property changes in
old wood compared to recent wood are crucial for the
conservation of wood-based cultural heritage objects
and historic wood-built buildings as well as the reuse of
old wooden buildings [4]. As an organic material, wood
is part of the carbon cycle in nature and its formation
and degradation are essential elements of this cycle.
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Wood degradation processes are numerous. It can be
degraded under extreme conditions such as heat, frost
or high mechanical load. Furthermore, it can be modi-
fied by weathering due to UV radiation-induced surface
degradation or chemical degradation caused by rain, air
pollution or other environmental factors. It can also be
biologically degraded by fungi or insects. These degrada-
tion processes depend on the conditions, where the wood
is stored and used. If the wood is stored in appropriate
conditions, degradation can be avoided. However, a long-
term ageing phenomenon takes place in wood even if it is
kept in most favourable conditions [5-7].

The surface chemistry and wetting properties of
uncoated wood surfaces are directly dependent on the
wood surface morphology resulting from the wood
machining process used as surface processing method. It
also varies greatly with, e.g., the cross section and radial
or tangential sections [8]. Furthermore, the ageing time
of the wood surface is of vital importance for predicting
the performance of various woods. Such ageing of the
material is mainly related to surface inactivation caused
by the migration of extractives from the bulk to the sur-
face and changes in the chemistry due to oxidation of the
extractives at the surface [9-14].

For a better understanding of the wood ageing pro-
cess, some investigations were performed to study the
chemical changes of wood during degradation and envi-
ronmental factors affecting degradation [13-17]. Beyer
et al. [18] studied the chemical composition of samples of
spruce, fir and oak from a variety of naturally aged con-
struction wood. Differences in non-aged wood samples
were observed with respect to lignin and polysaccharide
material, as well as cellulose crystallinity, in particular
in oak wood samples. The composition of wood extrac-
tives from aged and non-ageing wood samples revealed
processes of degradation due to oxidation and slight
hydrolysis. Furthermore, it was observed that the val-
ues of cellulose crystallinity are affected by the content
of extractives. According to the findings of Huang et al.
[19], ageing mostly induces depolymerization in relation
to the control sample, although some results indicate that
repolymerization of lignin may occur at extended ageing
times. X-ray photoelectron spectroscopy (XPS) is one of
several tools that are used to characterize wood surfaces.
Among the advantages of XPS are its surface sensitivity
with an information depth of approximately 5 nm, iden-
tification of nearly all elements and discrimination of
bonding states. XPS, also known as electron spectros-
copy for chemical analysis (ESCA), involves irradiation
of specimens with monochromatic X-rays that cause a
removal of a core electron. Popescu et al. [7] investigated
the characterization of naturally aged lime wood by XPS
and Fourier-transform infrared spectroscopy. They found
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that significant changes occurred during the first age-
ing period, with the nearly 150-year lime wood sample
having the highest percentage of carbon atoms and the
lowest percentage of oxygen atoms and the O/C ratio,
respectively.

Attenuated total reflectance Fourier-transform infra-
red spectroscopy (ATR FTIR) is frequently used to study
changes in the surface chemistry of ageing woods to
monitor carbonyl group formation, vinyl group forma-
tion and changes in crystallinity. The sampling depth of
IR radiation, with several micrometres depending on the
wavelength and studied material, is orders of magnitude
higher than that of XPS. In this study XPS and ATR FTIR
spectroscopy were used as complementary techniques
to monitor changes in the surface chemistry of naturally
aged woods [20, 21].

X-ray diffraction (XRD) is a well-established method
for determining the crystallinity of partially crystalline
materials. The crystallinity of wood is defined as the
weight fraction of crystalline material. Hemicelluloses
and lignin are amorphous, but cellulose has both amor-
phous and crystalline components. The small size of the
cellulose crystallites and a large portion of amorphous
material in wood make the distinction of the crystal-
line cellulose signal from the background caused by the
amorphous phase difficult. It has been observed that
crystallinity and the size of the crystallites are among the
parameters that change during the ageing of wood [22].
Additional structural studies are needed to understand
how to prevent aging of wood products.

The aim of this paper is to establish the main struc-
tural changes between new and naturally aged European
spruce and silver fir woods as well as to compare the
effects of the ageing conditions (indoor and outdoor) on
the chemical structure of spruce and fir wood samples.
FTIR spectroscopy and X-ray diffraction were used to
investigate the relationship between the cellulose struc-
ture and its properties. Furthermore, the effects of age-
ing on the wood surfaces were investigated with XPS to
provide new insights into the chemistry of surface ageing.

Materials and methods

Raw materials

New European spruce (Picea abies) samples were
obtained from Sopron, Hungary, new silver fir (Abies
alba) samples from Rasht, Iran. The samples were cut
from heartwood. Naturally aged European spruce (a) was
sourced from an outdoor part of a building constructed
in the seventeenth century in the Baila Naval Shipyard on
the Danube, Romania. Samples of naturally aged Euro-
pean spruce (b) were obtained from a furniture item
located in a historical building from the eighteenth cen-
tury in Iasi, Romania. The sample was taken from a part
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of the furniture that was not exposed to light. Samples
of naturally aged silver fir were taken from a historical
furniture item from the eighteenth century in the same
building in Iasi, Romania. This sample was located on
an outside part of the furniture and was thus exposed
to ambient light. For both samples there is no data for
the ambient moisture conditions, where the furniture
was stored. The samples were carefully selected to avoid
defects such as knots, cracks or reaction wood and with
an annual growth rings slope less than 5°.

ATR-FTIR analysis

Square samples with an edge length of 5 mm and 1 mm
thickness were cut out of each wood. The ATR FTIR
spectra were recorded on the Bruker Invenio R spec-
trometer equipped with a diamond ATR unit (Bruker
Optik GmbH, Ettlingen, Germany) in the range of 4000—
400 cm™! using 64 scans at a resolution of 4 cm™!. The
samples were pressed on the ATR-crystal with a built-in
applicator to ensure a reproducible and constant force.
Prior to measurements a background spectrum with an
empty specimen compartment was recorded and auto-
matically subtracted from the spectra in the follow-
ing measurements. For each wood, two samples were
analysed, and their spectra averaged. The spectra were
baseline corrected and vector-normalised using the soft-
ware OPUS version 8.2 (Bruker Optik GmbH, Ettlingen,
Germany).

XPS analysis

XPS measurements were performed on the PHI VersaP-
robe II spectrometer (Ulvac-phi, Inc., Osaka, Japan) using
a monochromatic Al-K, source at a photon energy of
1486.6 eV and a base pressure of 2 pPa. The system meas-
ures the Ag 3d;,, peak with a full-width at half-maximum
(FWHM) of 0.6 eV at a pass energy of 23.5 eV. Active
charge compensation was applied during all measure-
ments with a cool cathode electron flood source and low
energy argon ions. The measurements were conducted at
room temperature without prior surface purification of
the sample.

The X-ray power was set to 25 W with a beam diameter
of 100 pm. The electron take-off angle was kept constant
at 45°. A constant analyser energy mode was applied with
a pass energy of 23.5 eV and a resolution of 0.1 eV per
step for detailed spectra in the Cls and Ols region. Sur-
vey spectra were recorded at a pass energy of 187.85 eV
with 0.4 eV per step.

Data processing and analysis were conducted with
the software MultiPak, version 9.9 (Ulvac-phi, Inc.).
The energy scale was corrected using the Cls peak at
285.0 eV as a charge reference [23]. Peak fitting analysis
was achieved using Voigt profiles (lower limit at 80% up
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to 100% Gauss). A Shirley background was subtracted
from all spectra. For peak fitting in the Cls energy level
the binding energy limits have been set according to
Table 1 [23]. Ols energy level spectra were fitted with
two peaks with a fixed separation of 2 eV. Two samples
of each wood were measured and a mean with standard
deviation were calculated.

An oxygenated to unoxygenated

carbon ratio

(Cox/Cunox) Was calculated using the following equation
[24]:
Cox Coxygenated _ C+C+Cy (1)
Cunox Cunoxygenated C
XRD analysis

The mineralogical composition of the samples was ana-
lysed by powder X-ray diffraction using a Philips X'Pert
MPD PW 3040 diffractometer (Netherlands), equipped
with a PW 3050/10 goniometer, divergence slit 0.5°,
anti-scatter slit 0.5°, receiving slit 0.6 mm, second-
ary graphite monochromator, mask 15 mm, operating
at 40 kV and 30 mA with Cu Ka radiation. The range
5-50°26 was scanned in continuous mode with a step
width of 0.02°26. The counting time was 4 s per step,
sample spinning was at 1 rps. All samples were grinded
in a planetary ball mill (P7 premium line, Fritsch) and
prepared by back-loading in 16 mm sample holders.
The assessment of the diffractograms was carried out
with the X'Pert HighScorePlus 4.5 software (PANalyti-
cal). The crystallinity index (CrI) was calculated based
on the following ratio [25]:

1200 - Iam

Crl[%] = x 100, (2)

200
where I,,, is the intensity of the crystalline peak at
20=122.5°, assigned to both crystalline and amorphous
material, and 7, is the minimum intensity between the
200 and 101 peaks at 260 =16.14°, assigned to the amor-
phous phase. Two measurements were performed for
each sample group.
The apparent crystallite size was estimated using the
Scherrer equation (3):

Table 1 Binding energy limits in the C1s energy level

C1s Peak Lower Limit Upper Limit
@ 2848 285.2
(@] 2865 286.9
a 2879 288.3
C4 289.1 289.5
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K

L= Geost’ ®)

where K'is a constant with the value of 0.94, \ is the X-ray
wavelength (1.54 nm for Cu K, radiation), § is the full
width at half maximum of the diffraction band and 8 is
the Bragg angle corresponding to the (200) plane.

Results and discussion

FTIR spectroscopy

FTIR spectroscopy has been applied to identify changes
in the chemical structure of cellulose, hemicelluloses, and
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lignin due to ageing of spruce and fir. The main bands of
naturally aged and new wood samples in this study are
listed in Table 2.

Figure 1 shows the ATR FTIR spectra of new and
the two aged spruce wood samples. It is worth noting
that the value of the standard deviation varies through-
out the spectrum for the aged samples. Relatively high
absorbance is found around bands that are prone to
age-induced change. A small increase in the intensity
around 3329 cm ™! assigned to OH groups is observed in
aged wood. Changes in OH peaks can be caused by the
absorption of moisture from the atmosphere by wood

Table 2 Main bands in FT-IR spectra of the studied wood samples

Spruce

Fir

Wave number  Assignments and remarks

Wave number (cm™")

Assignments and remarks

em™)
3329 OH str 3343 OH str
2933 CH str 1733 C=0 xylan, hemicellulose
2915 CH str 1603 C=Carom:. lignin
1733 C=0 xylan, hemicellulose 1507 C=Carom. lignin
1604 C=Carom. lignin 1420 CH2 bend. cellulose (cryst 1, amorph)
1423 CH2 bend. cellulose (cryst 1, amorph) 1369 CH bend. cellulose
1369 CH bend. cellulose 1335 OH i.p.bend., CH cellulose, CO syringyl derivatives
1335 OH i.p.bend, CH cellulose, CO syringy! derivatives 1263,1398 CO str, lignin, hemicellulose, guaiacyl ring
1265 CO str,, lignin, hemicellulose, guaiacyl ring 1231 syringyl ring vibr
1232 syringyl ring vibr 1157 COC as. bridge, O str. cellulose, lignin, xylan
1156 COC as. bridge, O str. cellulose, lignin, xylan 1030 CO cellulose, hemicellulose
1027 CO cellulose, hemicellulose 897 as. 0.0.ph. ring str. in cellulose
898 as. 0.o.ph. ring str.in cellulose
new spruce new spruce
— naturally aged spruce (a) naturally aged spruce (a) '
---- naturally aged spruce (b) ---- naturally aged spruce (b) H
010+ ot04 T 1] 1 i :
3 E] IR N |
S, S, A : '
i | i i 1106
8 8 S : ;
S S 1733 1645! 1544! 1369! 1156!
2 2 : : ‘ : 1
3 0,05 3 0054 I | : :
2 3 : : : ' 1
© © ' ‘ : i |
A A
0,00 . | ! 0,00 +— . : .
3600 3200 2800 2400 1600 1200
wavenumber [cm™] wavenumber [cm™]
Fig. 1 FTIR spectra of new and aged spruce wood samples. Sample (a) was taken from an outdoor part of a building from the seventeenth century,
sample (b) from a furniture item from the eighteenth century. The semi-transparent area around the data plot indicates the standard deviation of
the two averaged spectra
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samples during measurement. In the area between 3000
and 2800 cm™! the shape of the reference spectrum
differs slightly from the aged samples spectra indicat-
ing changes in the aliphatic part of the molecules that
cause band shifts. The peak at 1733 cm™! belonging to
the C=0 group in hemicelluloses does not exhibit sig-
nificant differences to the reference spectrum. However,
increased standard deviation values are found around
this band, indicating that the age-induced intensity
change of the carbonyl group is not uniform through-
out the sample. At 1645 cm™! the band of adsorbed OH,
B-glucosidic bonds or conjugated C=0 groups display
lower intensity for aged spruce (b). A low intensity shoul-
der at 1544 cm™! indicates C—O in cellulose and hemi-
celluloses. This bond is subject to degradation as the
intensity is somewhat lower for aged spruce (a) and sig-
nificantly for aged spruce (b). A similar development can
be observed in aged spruce (b) around 1369 cm ™!, where
the CH bending vibration of cellulose has an absorption
maximum. At 1156 cm ™! the absorbance band assigned
to COC bridge, O stretching vibration in cellulose, lignin
and xylan is seen. Together with 1106, 1051, 1027 cm ™%,
mainly attributed to CO vibrations in hemicelluloses,
these bands decrease significantly for aged spruce (b);
for aged spruce (a) they exhibit a high standard devia-
tion. These changes can be attributed to the degradation
of cellulose and hemicellulose through ageing processes.
Aged spruce (a) was sourced from an outdoor part of the
building, which was subject to these environmental fac-
tors, unlike sample (b) that was taken from a furniture
located indoors. Ganne-Che’deville et al. [26] studied
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naturally aged and artificially aged spruce wood sam-
ples. They found that natural ageing mostly affected the
hemicelluloses and lignin, as observed from the FTIR-
ATR spectra. Their results were contrary to our findings
in this study. This difference can be due to environmental
conditions and the impact of UV rays during the aging
period. Also, the age of the samples can affect the amount
of wood elements [1].

Figure 2 displays the ATR FTIR spectra of new and
aged fir wood samples. While no significant changes
can be observed for OH and CH above 2800 c¢cm™},
some noticeable age-induced changes are visible in the
fingerprint region between 1800 and 800 cm™!, where
cellulose, hemicelluloses, and lignin have characteristic
absorption peaks. The carbonyl group band in hemicel-
luloses near 1733 cm ™! decreased in intensity for aged
fir. A shoulder at 1231 cm ™! attributed to the guaiacyl
ring in lignin was lower in the aged sample. Apparently,
this part of lignin is degrading over time. The CH bend-
ing vibrations at 1369 cm™!, the OH bending vibra-
tion of adsorbed water at 1335 cm™! and the glucose
ring stretching vibration at 1105 cm™ are associated
with cellulose. These bands do not show any signifi-
cant changes in the aged sample indicating that there
was no detectable degradation of cellulose. The band
at 1030 cm™! assigned to CO in cellulose or hemicel-
luloses showed lower intensity. The decline of this
peak can be attributed to hemicelluloses alone, since
the signals at 1369, 1335 and 1105 cm™?, belonging to
cellulose, do not show any age-induced change. The
observations confirm the well-known fact that in case

{— new fir f
—— aged fir |
0,10 3
El |
9, |
9 J
o 1
C |
© i
el i
[ 1
@ 0054 1
_Q ]
© i
0,001 . . .
3600 3200 2800

wavenumber [cm™]

averaged spectra

2400

1— new fir ; : ; : :
——aged fir P b
: R R )
o104 | AR
3 : I
S, | e :
g I R
g 1733 1369 ' 1231! | 1105!
Neo) ' c 1 1
° ! 1335! ! f
» 0,05 | 1. '
e} ' [ '
© : - i
0,00 | ! - H !
1600 1200 800

wavenumber [cm™]

Fig. 2 FTIR spectra of new and aged fir wood samples. The semi-transparent area around the data plot indicates the standard deviation of the two
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of degradation of polysaccharides in wood, hemicellu-
loses are usually the first component to be degenerated
[17]. Traoré et al. [27] have examined archaeologi-
cal oak and pine wood from a ship. According to their
results, the lignin content in the recent beam wood
was significantly lower than in the old wood samples.
Such variations can be due to differences in species
between the two wood samples (oak and pine respec-
tively). The researchers argue that the effect of envi-
ronmental factors on the FTIR fingerprint has possibly
been expressed in increased oxidation of lignin under
aerated conditions (beam wood) and carbohydrate
hydrolysis under submerged-anoxic conditions (ship-
wreck wood). The effect of environmental factors on
the FTIR fingerprint has possibly been demonstrated
by increased oxidation of lignin under aerated condi-
tions (beam wood) and carbohydrate hydrolysis under
submerged-anoxic conditions (shipwreck wood).
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XPS

The Cls signal can be deconvoluted into four peaks
labelled C1, C2, C3 and C4 [28]. The C1 sub-peak orig-
inates from carbon atoms bonded only to carbon or
hydrogen in C-C or C-H bonds. The C2 signal repre-
sents carbon atoms with a single bond to oxygen, such
as C-0O or C-O-C. In wood, C2 mainly originates from
carbohydrate and lignin constituents of wood and indi-
cates the most abundant bond in cellulose [29]. The C3
peak is assigned to a carbonyl group or to a carbon atom
bonded to two oxygen atoms such as C=0 or O-C-O.
The C4 peak is attributed to carboxyl groups.

Figure 3 presents Cls spectra for new spruce, aged
spruce (a) and (b) as well as for new and aged fir. Table 3
indicates the corresponding surface composition within
the Cls energy level.

The C1 sub-peak area shows a decrease after ageing,
while the C2 and C3 area increased significantly. This
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Fig. 3 High-resolution spectra of the C1s energy level of new spruce [1], aged spruce (a) [2], aged spruce (b) [3], new fir [4] and aged fir [5] samples
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Table 3 Relative surface composition for new and aged samples of spruce and fir

Wood samples C1 [atm.%] C2 [atm.%)] C3 [atm.%] C4 [atm.%] Atomic ratio Cox/Cunox
0/C

New spruce 65.9 (£6.5) 283 (£44) 21(£12) 36 (£09) 0.18 0.51

Aged spruce (a) 432 (£4.7) 450 (£2.3) 9.8 (£28) 2.1(£04) 042 1.31

Aged spruce (b) 51.1(£13) 374 (£04) 8.8(£03) 2.7 (£06) 0.36 0.95

New fir 485 (£2.9) 395 (£23) 9.5(£1.0) 2.5(£04) 0.36 1.06

Aged fir 422(£1.9) 480 (£2.2) 6.2(£04) 36 (£08) 042 136

indicates that the aged samples exhibit a higher concen-
tration of oxygenated C atoms. In particular, the oxygen-
ation of the surface occurs in the form of C-O and C=0
bonds. The amount of carboxyl groups remains approxi-
mately the same during the ageing process. Similar age-
ing effects were observed in fir, even though they were
not as pronounced as in spruce. In fir samples, the peak
area of Cl decreased, while the area of C2 increased.
Unlike in spruce, the C3 peak in aged fir exhibited a
decrease indicating that the sample lost some of its C=0
or O-C-0O bonds. The O/C and C_/C,,, ratios were
both higher in all aged samples. The ratios for the spruce
sample, which aged indoor, were higher than those for
the one aged outdoor. These differences can be attributed
to the influence of environmental factors like solar UV
radiation, temperature fluctuations or biological decay
causing surface degradation and oxidation of wood. For
instance, under the influence of UV radiation lignin and
cellulose are depolymerized [30]. In addition, hydrolysis
surface reactions in the presence of moisture are taking
place on wood components during ageing along with the
removal of degraded carbon-containing compounds and
extractives [30, 31].

Figure 3 presents the Ols energy level spectra for the
analysed samples. The O1 sub-peak at 531 eV originates
from an oxygen atom linked to a carbon atom by a double
bond, and the O2 peak at 533 eV is attributed to an oxy-
gen atom linked via a single bond to a carbon atom [30,
32]. As expected, the O2 component is more abundant,
because it is the most frequently occurring carbon—oxy-
gen type bond in lignin and cellulose. An ageing-related
increase of the O2 peak area for both wood species was
observed (Fig. 4).

These results indicate that depolymerization, oxida-
tion and hydrolysis reactions occurred on the aged wood
surface. It must be noted that the XPS results differ from
the data collected by FTIR spectroscopy. In XPS, surface
oxidation with an increased O/C ratio was observed. In
IR, the bands related to carbon—oxygen bonds decrease
in intensity. Furthermore, with XPS a stronger sur-
face degradation for the spruce sample aged outdoors
was observed, while in IR, the indoor sample exhibited

greater differences in relation to the reference [32, 33].
The results in this study are consistent with the find-
ings of Popescu et al. [7]. The researchers observed sig-
nificant changes in the first ageing period, the ~ 150-year
lime wood sample having the highest percentage of car-
bon atoms and the lowest percentage of oxygen atoms,
and the O/C ratio, respectively. They clarified that these
characteristics may be due to the fact that hemicelluloses
and amorphous cellulose are degraded in time, while the
crystalline cellulose fraction decreases more gradually
than the amorphous fraction. Consequently, it may be
found that under the environmental conditions, lignin is
not so quickly degraded.

This illustrates the fact that the wood surface ages dif-
ferently from the regions further away from the surface,
exhibiting a distinct chemistry. Even though IR is con-
sidered a surface technique, it achieves an information
depth that is orders of magnitude greater than XPS which
analyses only the outermost layer.

XRD
The X-ray diffractograms of the studied new and aged
wood samples are shown in Figs. 5 and 6. The diffrac-
tograms were deconvoluted using Gaussian profiles, to
examine the intensities of the diffraction bands, to estab-
lish the crystalline and amorphous areas more exactly
and to determine the crystallite size. The peak intensities
and peak broadening differ from one species to another.
The more pronounced difference occurs at the peak range
between 20.50° and 22.50° 26 reflection assigned with a
crystallographic plane of cellulose. The 16.14°~17.94° 20
reflection is assigned to the amorphous phase [34].
According to the results in Table 4, the crystallinity
index (Crl) of the aged spruce (a) was higher than in new
spruce, which is caused by the decomposition of amor-
phous regions in cellulose and hemicelluloses. The Crl
of the aged spruce (b) and fir was lower than the respec-
tive references. This can be attributed to the removal of
extractives and the effects of repeated moisture absorp-
tion and desorption cycles of ageing. Bryan et al. [25]
have hypothesized that non-crystalline cellulose forms
hydrogen bonds with cellulose at the surface of the
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Fig. 4 High-resolution spectra of the O1s energy level of new spruce [1], aged spruce (a) [2], aged spruce (b) [3], new fir [4] and aged fir [5] samples

crystalline region due to the repeated moisture changes
[34]. Contradictory results have been reported on the
effects of natural ageing on the crystallinity of wood [4],
which may be due to different wood species, ageing con-
ditions and ageing time.

Since aged spruce (a) was sourced from an outdoor part
of a building, this sample was more affected by environ-
mental conditions such as high moisture, UV radiation,
fungal decay and others. Thus, its crystallinity index was
higher compared to other samples. The degree of cellu-
lose crystallinity is one of the most important crystalline

structure parameters. The rigidity of cellulose fibres
increases and their flexibility decreases with increasing
ratios of crystalline to amorphous regions According
to Table 4, the Crl increased with increasing crystallite
sizes, because the crystallites surface corresponding to
amorphous cellulose regions diminished. This could be
due to the chain conformation on the crystallite surface
[34-38]. The crystallite sizes for aged spruce (a) and new
fir are also higher, which confirms that Crl increased with
increasing crystallite sizes, which is associated with a
reduction of the amorphous domains.
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Fig. 6 X-ray diffractograms of new and aged fir wood
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Table 4 Band positions of crystalline and amorphous
cellulose and the calculated parameters for the wood
samples. I,q, is the maximum intensity of the crystalline
cellulose, I, is the minimum intensity of the crystalline
cellulose, Crl is the crystalline index and L represents
the crystallite size

Wood samples l100 lam Crl (%) L (200)(nm)
New spruce 20.74 16.14 33.11 8.02

Aged spruce (a) 2214 17.10 45.70 9.11

Aged spruce (b) 20.94 16.54 26.76 797

New fir 2246 17.94 42.19 8.24

Aged fir 22.10 17.50 30.79 8.17
Conclusion

This work established the main chemical differences
between new and naturally aged European spruce (Picea
abies) and silver fir (Abies alba) woods studied with ATR-
FTIR spectroscopy, X-ray photoelectron spectroscopy
and XRD.

According to the FTIR analysis, the main age-induced
changes in fir are the degradation of C-O and C=0
groups in hemicellulose. For spruce, degradation of cel-
lulose and hemicelluloses was observed with a greater
effect seen in the sample aged indoor.

XPS analysis indicated that depolymerization, oxida-
tion and hydrolysis reactions occurred on the aged wood
surfaces, exhibiting higher C_/C .., and O/C ratios
in aged wood. These ratios for the indoor-aged sample
were higher than for the one aged outdoor showing the
influence of weathering on the surface sample. The XPS
results differed from the IR spectroscopy data due to dif-
ferent information depths of the two techniques. It was
observed that the wood surface is oxidised, while no or
little oxidation effects are seen deeper into the sample.

XRD measurements revealed that the aged fir and
spruce (b) wood exhibited both lower crystallinity
index and crystalline peak intensities. However, in aged
spruce (a) the crystallinity index and crystalline peak
intensity were higher due to the decomposition of the
amorphous regions in cellulose and hemicelluloses and
the crystallisation of amorphous cellulose caused by
weathering.
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