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The changes in structure of lime wood (Tilia cordata Mill.) decayed by Trichoderma viride Pers. have been
investigated by FT-IR and 2D IR correlation spectroscopy. Wood was exposed to fungi for different dura-
tions up to 84 days, with decay assessed through mass loss and FT-IR.

A decrease of intensities bands assigned to different vibrations from cellulose and hemicelluloses, with
increasing intensities of the bands assigned to CAO vibrations due to formation of oxidized structures
was observed; and examined in details using 2D-correlation spectroscopy and the second derivative anal-
ysis in the exposure time range of 0–35 days. The formation of reactive species due to oxidation reactions
induced by enzymes was evidenced. It has been also established that after longer degradation period olig-
omers and oxidized structures result, and finally small fragments containing carboxyl or carbonyl groups
are formed, which lead to loss of structural integrity of the lime wood.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Wood consists in three types of polymers – cellulose, hemicel-
luloses, and lignin – that are strongly intermeshed and chemically
bonded by non-covalent forces and by covalent cross-linkages.

Several types of biodegradation have been recognized in wood,
viz. fungal decay, bacterial degradation and insect attack. Fungal
decay is the most important and widespread type of degradation
and is caused by white-, brown- or soft-rot fungi (Eriksson, Blanch-
ette, & Ander, 1990).

Wood-decaying fungi are the most important microorganisms
that can colonize and degrade wood (Zabel & Morell, 1992) by
attacking cell components using enzymatic and non-enzymatic
systems (Goodell & Jellison, 1998; Goodell et al., 1997).

White-, brown- and soft-rot fungi attack wood by their enzy-
matic systems. These enzymes penetrate the wood cell wall, alter
its chemistry and break down the cell-wall polymers into constit-
uents that can be taken up by hyphae. It was been established that
the brown-rot fungi selectively decay cell-wall polysaccharides,
with limited lignin degradation. The decay system in this type of
fungi is based on both non-enzymic (chemical) and enzymic at-
tacks (Eriksson et al., 1990).

The influence of white-rot decay on wood chemistry has been
studied by various methods (Eriksson et al., 1990; Martinez, Cam-
arero, Gutierrez, Bochini, & Galleti, 2001), and it was found that:
white-rot fungi have the capability to degrade lignin as well as
other wood cell-wall components, although the rate at which they
do this also differs. Selective (or preferential) and simultaneous
ll rights reserved.
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white-rots are categorized on the basis of removal of cell-wall con-
stituents. Selective white-rots degrade hemicelluloses and lignin,
resulting in defibrillation through dissolution of the middle lamel-
la. In contrast, simultaneous or nonselective fungi remove lignin,
hemicelluloses and cellulose at similar rates, resulting in homoge-
neous decay of the cell wall. Soft-rot fungi remove all cell-wall con-
stituents, resulting in collapse of cell walls. Type-I soft-rot fungi
cause decay that is erosive and attack all cell-wall layers simulta-
neously and removes all polymers at similar rates, while type-II
selectively attack mostly polysaccharides in secondary wall layers,
resulting in some developing typical cavities.

The wood-decaying fungi may display antagonistic interactions
resulting in faster nutrition exploitation, or in parasitism, or may
form deadlock interactions, where no hyphae of one species can
enter the territory occupied by the other. Interactions may be syn-
ergistic, i.e. species can act in coordination to degrade the same
substrate. A typical result of pathogenic and antagonistic interac-
tions is oxidative stress creating reactive oxygen species (ROS),
which in turn play a role in fungal wood decay.

FT-IR spectroscopy is a useful technique for studying wood de-
cay chemistry, since minimal sample preparation is required and
very small quantities of wood can be analyzed (a few milligrams)
providing many and detailed structural information. FT-IR has pre-
viously been used to characterize the chemistry of wood (Faix,
1992; Pandey, 1999; Popescu et al., 2007) and determine lignin
content in pulp, paper and wood (Rodrigues, Faix, & Pereira,
1998). It has also been used to analyze the chemical changes occur-
ring during wood weathering, decay and chemical treatments
(Moore & Owen, 2001) or natural ageing (Popescu, Vasile, Popescu,
& Singurel, 2006).
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Fungal decay of wood has been studied using FT-IR by several
researchers. Faix, Bremer, Schmidit, and Stevanovic (1993) used
this technique to monitor changes in beech wood decayed by
white-rot fungi. Korner, Faix, and Wienhaus (1992) investigated
the effects of brown-rot decay (by Fomitopsis pinicola and Conio-
phora puteana) on the chemistry of Scots pine. Ferraz, Baeza, Rodri-
gues, and Freer (2000) used FT-IR-DRIFT spectroscopy to
characterize changes in wood of Pinus radiata and Eucalyptus glob-
ulus decayed by white and brown-rot fungi. However, most pub-
lished works describe qualitative changes in the FT-IR spectra
following decay over long exposure periods. Information on rela-
tive changes in lignin/carbohydrate composition of wood decayed
for short exposure periods and changes over time is limited.

In this paper, we present a detailed FT-IR spectroscopic analysis
of the chemical changes occurring in a softwood (Tillia Cordata
Mill.) decayed by the soft-rot Trichoderma viride. Samples were de-
cayed to different levels (determined by weight loss) through
exposing samples to fungi for different periods from 2 to 12 weeks.

2. Experimental

2.1. Materials

Lime wood sheets (50 � 30 � 5 mm) were oven-dried at
103 ± 2 �C, until constant weight was obtained and then weighed.
Samples were sterilized and exposed to T. viride in Petri dishes con-
taining 2% malt extract, 2% dextrose, 2% agar, in distilled water,
pre-inoculated 1 week prior to the test and then they were incu-
bated at 28 �C for 12 weeks.

From Fig. 1, it is easy to observe the way in which T. viride starts
to colonize and develops on the wood surface. After 49 days of
exposure the fungus reaches the maturity and start to sporulate,
this being more easy observable after 77 days of exposure.

2.2. Characterization methods

Powdered wood sample prevailed mainly on surface was sieved
and the fraction with average diameter less than 0.2 mm was re-
tained for analysis.

FT-IR spectra were recorded on solid samples in KBr pellets by
means of a FT-IR Bomem MB-104 spectrometer (Canada) with a
resolution of 4 cm�1. The concentration of the sample in the tablets
Fig. 1. Pictures with different stages
was constant of 5 mg/500 mg KBr. Five recordings were performed
for each sample after successive milling and the evaluations were
made on the average spectrum obtained from these five record-
ings. Processing of the spectra was done by means of Grams/32
program (Galactic Industry Corporation).

2D FT-IR correlation intensities were calculated using an own
MATLAB programme (Popescu, Ph.D. Thesis, 2009) using the gener-
alized 2D-correlation method developed by Noda (1993). In 2D-
correlation analysis, two kinds of correlation maps synchronous
and asynchronous are generated from a set of dynamic spectra ob-
tained from the modulation experiment (Noda, 1993). Synchro-
nous 2D-correlation spectra represent the simultaneous or
coincidental changes of spectral intensities measured at the wave-
numbers m1 and m2. Correlation peaks appearing at the diagonal po-
sition (m1 = m2) correspond to the linear evolution of a given species
along the induced perturbation. However, such a correlation peak
does not provide major information since its intensity value only
depends on change in single absorbance band intensity. Thus, such
a correlation peak is considered as an auto-peak (Czarnecki, 1998).
On the other hand, correlation peaks appearing out of the diagonal
position (m1 – m2) correspond to the simultaneous changes of spec-
tral signals at two different wavenumbers, which may be positively
correlated (the two signals evolve correlatively in the same direc-
tion) or negatively correlated (the two signals evolve correlatively
in opposite directions) with each other. The asynchronous 2D-cor-
relation spectra represent sequential, or unsynchronized, changes
of spectral intensities at the wavenumbers m1 and m2. The spectrum
is antisymmetric with respect to the diagonal line and, thus, corre-
lation peaks only appears out of the diagonal line. An asynchronous
correlation peak develops only if the intensities of the two dynamic
spectral intensities vary out of phase (delayed or accelerated) with
each other. The sign of an asynchronous correlation peak may be
positive if the intensity change at m1 occurs predominantly before
m2, or it may be negative if the change occurs after m2. According
to Noda (1993), the sign of asynchronous peaks provides very use-
ful information about the temporal sequence of events taking place
during the studied process.

Combined synchronous spectra and asynchronous spectra gen-
erated during exposure time of the lime wood to the fungi, the var-
iation sequence of different groups could be estimated. The rules
are as follows: if the cross-peaks in synchronous spectrum
(m1, m2) are positive (assume that m1 > m2), and the cross-peak at
of decay with T. viride on wood.
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the same position in asynchronous spectrum is also positive, then
the change at m1 may occur prior to that of m2. If the cross-peak in
asynchronous spectrum is negative, then the change at m2 may oc-
cur prior to that of m1. If the m1, m2 in synchronous spectra are neg-
ative, the rules are reversed.
3. Results and discussion

3.1. Mass loss data

During a 12 weeks period, at each 1-week interval, two lime
wood samples were prevailed from exposure medium, mycelium
were removed from their surfaces by repeated washing with twice
distilled water and then the samples were oven-dried up to con-
stant weight. The mass losses of individual samples were calcu-
lated, and used to determine mean weight percentage losses.

Average mass losses for lime wood blocks at 84 days exposure
to T. viride was 14.3 wt%. The fungus action manifested by contin-
uous decrease of sample mass 0.05 wt%/day in the first 34–35 days
and is five times faster (0.24 wt%/day) in the next period of
50 days. By visual observation it has been established that the
growing period of fungus on the surface of wood sample was of
about 35 days; then the fungus reached the maturity and forms
the spores and its attack is much aggressive.
Fig. 2. FT-IR spectra (a) and the second derivative spectra (b) of biodegraded lime
wood samples in 3800–2700 cm�1 region.
3.2. FT-IR spectroscopy

FT-IR spectra of undecayed and decayed lime wood are shown
in Figs. 2 and 3. Because of their complexity the spectra were sep-
arated in two regions, namely: the OH stretching vibrations in
3800–2700 cm�1 region and ‘‘fingerprint” region in 1800–
400 cm�1 region.

In 3800–2700 cm�1 region, strong hydrogen bonded (OAH)
stretching absorptions and prominent CAH stretching absorptions
were observed. The hydroxyl stretching region of the spectrum is
particularly useful for elucidating hydrogen-bonding patterns be-
cause, in favorable cases, each distinct hydroxyl group gives a sin-
gle stretching band at a frequency that decreases with increasing
strength of hydrogen bonding.

According to the literature (Kondo, 2005; Nishiyama, Sugiyama,
Chanzy, & Langan, 2003; Perez & Mazeau, 2005) there are inter-
and intra-molecular H-bonds in cellulose I and in lignin; a second-
ary OH group at the C3 position forms a H-bond with an O5 atom of
the adjacent ring (O3AH3� � �O5 intramolecular H-bond), and an-
other secondary OH group at the C2 position forms a H-bond with
an O6 atom of the adjacent ring (O2AH2� � �O6 intramolecular H-
bond). A primary OH group at the C6 position is involved in an
H-bond with an O3 atom in the neighboring chain (O6AH6� � �O30

intermolecular H-bond). Also, aliphatic hydroxyl groups in lignin
have the potential to form stronger intermolecular hydrogen bonds
than phenolic hydroxyl groups. These H-bonds are considered to
be responsible for various properties of native cellulose, lignin
and of course wood itself. Thus, a mixture of inter- and intramolec-
ular hydrogen bonds is considered to cause the broadening of the
OH band in the IR spectra.

In Fig. 2, the IR spectra and the second derivative of these spec-
tra in the 3800–2700 cm�1 region of the undecayed and decayed
lime wood samples are shown.

Generally, the second derivative of IR spectra can obviously en-
hance the apparent resolution and amplify small differences of IR
spectrum. These were obtained with the Savitsky–Golay method
(second-order polynomial with 15 data points) using Grams 32
program.

From the Fig. 2a it can be observed that all bands in this region
have lower intensities in the spectra of decayed wood samples,
than in the undecayed one. From second derivative (Fig. 2b) it
was possible to identify all bands which are present in this region
which are summarized in Table 1.

The most significant absorbance bands in the 3800–2700 cm�1

region have been assigned to valence vibrations of OH groups
which form inter- and intra-molecular H-bonds and to valence
vibrations of CAH in wood samples, based on previous literature
data (Pandey & Theagarajan, 1997; Popescu et al., 2007; Schwann-
inger, Rodrigues, Pereira, & Hinterstoisser, 2004).

Bands observed in the 3800–2700 cm�1 region (Fig. 2a) are as-
signed to the stretching modes of OH groups of wood. A broad
band with a maximum around 3415 cm�1 was observed in the
spectrum of the undecayed lime wood sample, while in the spectra
of decayed wood, this maximum is shifted to lower wavenumbers.
The intensity of this band decreases in the spectra of the decayed
wood. These observations reflect variations in the hydrogen-bond
structure of wood when biodegradation process proceeds.

According to the literature data an intramolecular hydrogen
bond in a phenolic group (in lignin) was observed at around
3560–3550 cm�1, also multiple formation of an intermolecular



Fig. 3. FT-IR spectra (a) and the second derivative spectra (b) of biodegraded lime wood samples in 1800–400 cm�1 region.

Table 1
The characteristic bands in FT-IR spectra of the studied lime wood samples in 3800–2700 cm�1 region.

Band assignment Wavenumber (cm�1) Decayed

Absorbed water weakly bound and intramolecular hydrogen bond in a phenolic group (in lignin) 3563 +
Multiple formation of an intermolecular hydrogen bond between phenolic groups and their combinations with alcoholic groups 3452 �
O(2)H� � �O(6) intramolecular stretching modes (in cellulose) 3427 +
O(3)H� � �O(5) intramolecular in cellulose 3340 �
O(6)H� � �O(3) intermolecular in cellulose Ib (3270) 3274 �
O(6)H� � �O(3) intermolecular in cellulose Ia (3240) 3213 +
Multiple formation of an intermolecular hydrogen bond between biphenol and other phenolic groups (in lignin) 3114 +
CAH stretching in methyl and methylene groups 2965 +
Asymmetric methoxyl CAH stretching 2929 �

2900 +
Symmetric CH2 stretching 2894 �

2847 �
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hydrogen bond between phenolic groups and their combinations
with alcoholic groups may form a band at around 3452 cm�1 (Kubo
& Kadla, 2005).

In the same time, in cellulose an intramolecular hydrogen bond
vibration, derived from O2AH2� � �O6, could be expected at
3420 cm�1. The intermolecular hydrogen bonds involving the C6
position (primary hydroxyl groups) result in the formation of crys-
talline regions and contribute to the OAH band at 3420 cm�1.
These bands show variation of the maxima with few wavenumbers
to lower values in the spectra of decayed wood. The frequencies for
the O5AH5� � �O3 intramolecular hydrogen bond can be found be-
tween 3350 and 3375 cm�1 according to the literature (Watanabe,
Morita, & Ozaki, 2006; Watanabe, Morita, & Ozaki, 2007; Šturcová,
His, Apperley, Sugiyama, & Jarvis, 2004), in the spectra of the lime
wood being observed at 3340 cm�1. A shift to lower frequencies
can probably be explained to be a result of the stretching of the cel-
lulose molecules parallel to the main fiber direction. A decreasing
intensity of the O3AH3� � �O5 intramolecular hydrogen vibration
clearly indicates its importance in the loading of the cellulose
chain, comparable to that of the CAOAC bridge.

In this region, also characteristic bands are assigned to the two
crystalline allomorphs, cellulose Ib and cellulose Ia. A peak at
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3213 cm�1 was assigned to hydrogen bonds formed only in cellu-
lose Ia phase by Sugiyama, Persson, and Chanzy (1991). This peak
is not observed in an IR spectrum of cellulose Ib (Sugiyama et al.,
1991; Watanabe et al., 2006). Especially, the band at 3213 cm�1

is attributed to the O6AH6� � �O3 intramolecular hydrogen bonds
existing only in triclinic Ia cellulose (Sugiyama et al., 1991),
whereas that near 3274 cm�1 seems to be proportional to the
amount of monoclinic phase Ib; therefore, it can be assigned to this
phase. The band at 3274 cm�1 is shifted to higher wavenumbers
with maximum 4 cm�1, while the band at 3213 cm�1 is shifted to
lower wavenumbers with maximum 10 cm�1, and in the same
time the intensities of these bands are decreasing with exposure
time to the fungus.

This means that structure of cellulose starts to present some
modifications with increasing exposure time to biodegradation
with T. viride. Also, the intensity of the band from 3452 cm�1 which
in the derivative spectrum of the lime wood undegraded is not ob-
served; start to increase from the spectrum of lime wood degraded
35 days. This band is assigned to multiple formation of an intermo-
lecular hydrogen bond between phenolic groups and their combi-
nations with alcoholic groups from lignin, meaning that after
35 days of exposure to decay part of cellulose and hemicelluloses
are removed, being observable stretching vibrations of different
groups from lignin and many contacts between components are
possible.

The OAH stretching region was deconvoluted into Gaussian
components. This procedure allows band positions to be compared
between spectra when the band widths and the extent of overlap-
ping differ. After deconvolutions seven OAH stretching bands were
identified and used to calculate energy and hydrogen bonding
distance.

The energy of the hydrogen bonds (Table 2) has been evaluated
using the following formulae (Struszczyk, 1986):

EH ¼
1
k

mo � m
mo

� �
ð1Þ

where mo is standard frequency corresponding to free AOH groups
(3650 cm�1) and m is the frequency of the bonded AOH (3565,
3465, 3439, 3350, 3269 and 3222 cm�1) groups, while k is a con-
stant (1/k is equal with 2.625 * 102 kJ).

The calculated energies (Table 2) are almost constant for band
from 3340 cm�1 (O(3)H� � �O(5) intramolecular in cellulose), while
for band from 3213 cm�1 (O(6)H� � �O(3) intermolecular in cellulose
Ia) are increasing with exposure time to the fungus. On the other
hand, for the bands from 3563 cm�1 (absorbed water weakly
bound and intramolecular hydrogen bond in a phenolic group (in
lignin)), and 3445 cm�1 (multiple formation of an intermolecular
hydrogen bond between phenolic groups and their combinations
with alcoholic groups), 3427 cm�1 (O(2)H� � �O(6) intramolecular
stretching modes (in cellulose)), 3274 cm�1 (O(6)H� � �O(3) inter-
molecular in cellulose Ib) the calculated energies are decreasing
over experiment and the energies for the band at 3114 cm�1 (mul-
tiple formation of an intermolecular hydrogen bond between
biphenol and other phenolic groups (in lignin)) are decreasing from
Table 2
The energy of the hydrogen bonding for studied samples.

Samples Hydrogen bonding energy (EH)

3563 cm�1 3445 cm�1 3427 cm�1

Lime wood – 0 days 6.89 14.74 16.74
Lime wood – 28 days 6.90 14.60 16.54
Lime wood – 42 days 6.76 14.31 16.68
Lime wood – 56 days 6.54 14.24 16.68
Lime wood – 70 days 6.54 14.17 16.68
Lime wood – 84 days 6.40 14.09 15.89
undecayed wood to wood exposed up to 28 days to microorgan-
isms attack, and then start to increase up to 84 days. Decreasing
of the energy of the hydrogen bonding is due to a shifting of the
corresponding vibration bands to a higher wavenumbers.

The hydrogen bonding distances were evaluated, being of 2.83,
2.80, 2.78, 2.76, 2.75, 2.73 Å for each band, and are the same in all
wood samples for all types of H-bonds. The differences in band po-
sition did not influence the hydrogen bonding distance.

In addition, there are many well-defined peaks in the ‘‘finger-
print” region between 1850 and 400 cm�1. The peaks maxima from
the wood spectra are shown in Table 3 (Pandey & Theagarajan,
1997; Popescu et al., 2007; Schwanninger et al., 2004).

FT-IR spectra of lime wood exposed to T. viride for 84 days show
changes at very early stages of decay. The intensities of carbohy-
drate bands decrease with exposure time to the fungus. In contrast,
intensities of absorption bands resulting totally or partially from
lignin increase as decay progresses. After 35 days exposure the
band from 1596 cm�1 is overlapped with band at 1645 cm�1, being
observable only from derivative spectra (Fig. 3b).

The band at 1245 cm�1 decreases in intensity and become
wider with increasing exposure time to the fungus. It has been
shown that the syringyl type (the major type of hardwood lignin)
absorbs only at 1230 cm�1. Although hardwood lignin also con-
tains guaiacyl moieties, the absorption band at 1268 cm�1 may
have been suppressed by a strong absorption at 1245 cm�1. From
derivative spectra can be observed after 49 days of exposure a very
small shoulder which increase in intensity at 1268 cm�1. The
appearance of the 1268 cm�1 band in decayed lime wood can be
mainly due to decrease in the intensity of 1245 cm�1 band result-
ing from xylan degradation, since this band results partially from
the CAO in xylan.

The band at 1738 cm�1 assigned to unconjugated C@O in xylans
(hemicellulose) is decreasing with exposure time to the fungus, the
presence of this band in wood decayed for 84 days is due to resid-
ual xylan.

Also the decrease in the intensity of the 1650 cm�1 band after
28 days exposure results from an increase of carbonyl moieties
as decay progresses.

We have calculated the ratios of the heights of lignin peaks at
1511 against peaks at 1462 and 1425 cm�1 (due to CAH, deforma-
tion of methyl and methylene). There is only a small decrease in
the ratio after decay. Values for ratios I1462/I1511 and I1425/I1511, de-
creases after decay of 84 days, from 1.24 to 1.06 and from 0.74 to
0.62, respectively. This small decrease may be due to xylan decay,
since both of peaks have a contribution from carbohydrates.

In the same time was possible to estimate by FT-IR spectra, the
crystallinity degree of undecayed and decayed wood samples,
using an expeditious method proposed by Hulleman, Van Hazen-
donk, and Van Dam (1994) for cellulose I, which is based on the
observation that the band at 1280 cm�1, assigned to the CAH
bending mode, increases with increasing crystallinity, whereas
the band assigned to the CAOAC stretching mode of the pyranose
ring, at 1200 cm�1, is sensitive to that parameter. The ratio be-
tween the absorption intensities of these two bands (Rc,h = I1280/
3340 cm�1 3274 cm�1 3213 cm�1 3114 cm�1

22.29 27.14 31.43 38.55
22.25 27.11 31.28 38.04
22.29 26.97 31.86 38.11
22.22 26.97 32.07 38.26
22.29 26.97 32.22 38.26
22.37 29.90 32.22 38.47



Table 3
The characteristic bands in FT-IR spectra of the studied lime wood samples 1800–400 cm�1 region.

Band assignment Wavenumber (cm�1) Decayed

Unconjugated C@O in xylans (hemicellulose) 1737 �
Absorbed OAH and conjugated CAO 1645 �
Xyloglucan C@O vibration of the carboxylic acids 1596 �
C@C of aromatic skeletal (lignin) 1512 =
CAH deformation in lignin and carbohydrates 1462 �
CAH deformation in lignin and carbohydrates 1424 �
CAH deformation in cellulose and hemicellulose 1375 �
CAH vibration in cellulose and ClAO vibration in syringyl derivatives 1330 �
Guaiacyl ring breathing, CAO stretch in lignin and for CAO linkage in guaiacyl aromatic methoxyl groups 1268 +
Syringyl ring and CAO stretch in lignin and xylan 1245 �
CAOAC vibration in cellulose and hemicellulose 1164 �
Aromatic skeletal and CAO stretch 1120 �
CAO stretching mainly from C(3)AO(3)H in cellulose I 1062 �
CAO and CAC stretching ring in cellulose and hemicelluloses 1041 �
Aromatic CAH in plane deformation 1028 +
CAO valence vibration 988 �

954 �
Pyran ring stretching 933 �
CAH deformation in cellulose 897 �
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I1200) was used to determine crystallinity of lime wood samples
(Ilharco, Garcia, Lopes da Silva, & Ferreira, 1997).

xc ¼ 1:06 � Rc;h þ 0:19 ð2Þ

This correlation is valid only in the range 0.26 6 xc 6 0.75, the
cellulose crystallinity limits used by Hulleman et al. (1994). The
values obtained are listed in Table 4.

These values obtained for crystallinity degree from FT-IR bands
ratios are decreasing with exposure time to the fungus, therefore
the structure becomes less ordered.

It is important to mention that most of the bands in the ‘‘finger-
print” region have contributions from all the wood constituents
and a careful interpretation of IR data is needed. For this reason
an additional method was used to give much insight in spectral
features.

The 2D-correlation IR spectroscopy can enhance the spectral res-
olution; it can obtain new information, which cannot be acquired
by using conventional IR and its derivative spectra can be obtained.
There is a unique advantage of 2D-correlation IR spectra to identify
and distinguish complex systems.

2D-correlation spectra generated from the exposure time-
dependent infrared spectra of the studied decayed wood were
obtained. Correlation spectra clearly show the presence of synchro-
nous and asynchronous correlation peaks among different modes
of molecular vibrations. In practice, when 2D-correlation analyses
are done, it is usually more convenient to scan only a part of the
correlation map to pick up a useful local feature of the correlation
intensity profile rather than displaying the entire spectral region.
Therefore, the contour maps in the 3900–2750, 1900–1560, and
1560–860 cm�1 regions for two time ranges of 0–35 days and
35–84 days (see mass loss data) were evaluated.

In the synchronous 2D-correlation spectrum of the exposure
time range of 0–35 days (Fig. 4a), one auto-peak at
U(3430, 3430) > 0 and a pair of cross-peaks of U(3430, 2922) > 0
are observed, implying that both bands around 3430 and
2922 cm�1 decrease with the increase in the exposure time. Similar
tendencies are observed for the synchronous 2D-correlation spec-
Table 4
Crystallinity degree evaluated by FT-IR spectroscopy.

Samples Lime wood – 0 days Lime wood – 35 days Lime

Cr. I. 50.8 47.4 46.0
tra of the other exposure time region (Fig. 4c), only the peak posi-
tions are shifted to 3419 and 2927 cm�1. The shifts to a lower
wavenumber of the auto-peak around 3430 cm�1 with the pro-
gress of the biodegradation process indicate that the
O(2)H� � �O(6) intramolecular hydrogen bonds become stronger.
The auto-peak at 3430/3419 cm�1 is very broad. Thus, it seems that
this auto-peak consists of more than one peak, these bands de-
crease in same direction with increasing exposure time to the
fungus.

One auto-peak and a shoulder peak are observed in the autocor-
relation spectra of the both exposure time ranges (Fig. 4b and d).
The positions of the auto-peaks at 3430 and 3281 cm�1 for the
0–35 days range, and 3419 and 3263 cm�1 for the 35–84 days
range correspond to the positions of the peaks identified in the sec-
ond derivative spectra (Fig. 2b). The bands at 3281 and 3263 cm�1

are attributed to O(6)H� � �O(3) intermolecular in cellulose Ib. These
results indicate that the disruption of the inter- and intrachain H-
bonds in cellulose takes place.

Fig. 5 shows the asynchronous 2D-correlation spectra con-
structed from the exposure time-dependent IR spectral variations
in the time ranges of 0–35 (a) and 35–84 (b) days. The negative
correlation areas in the 2D-correlation spectra are given in gray
color. In the asynchronous spectrum (Fig. 5a) six bands at
3572, 3432, 3332, 3215, 2922 and 2848 cm�1 are identified.
These bands are assigned to different OAH and CAH vibrations.
Positive peaks at W(3572, 3332) > 0 and W(3572, 2922) > 0 and
negative peak at W(3332, 3215) < 0 were identified. Based on
the fundamental rule of an asynchronous spectrum (Noda,
1993), the spectral intensity change at 3572 cm�1 occurs before
those at 3332, 3215 and 2922 cm�1 in the exposure time range
of 0–35 days.

Thus, applying the Noda’s rules was obtained the following
sequence of the spectral intensity changes: 3572 > 3215 >
3432 > 3332 > 2922, 2848 cm�1 in the exposure time to the fungi
range of 0–35 days. This sequence means that the moment of free
OH groups is changing first, followed by the O(6)H� � �O(3) intermo-
lecular, O(2)H� � �O(6) intramolecular, O(3)H� � �O(5) intramolecular
wood – 49 days Lime wood – 70 days Lime wood – 84 days

44.3 43.8



Fig. 4. Synchronous 2D-correlation spectra (a and c) and autocorrelation spectra (b and d) in the 3800–2800 cm�1 region constructed from the exposure time-dependent IR
spectra. Biodegradation time ranges of 0–35 (a and b) and 35–84 (c and d) days.

Fig. 5. Asynchronous 2D-correlation spectra in the 3800–2800 cm�1 region
constructed from the exposure time-dependent IR spectra. Biodegradation time
ranges of 0–35 (a) and 35–84 (b) days.
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vibrations in cellulose, and symmetric and asymmetric CAH vibra-
tions. The decreasing of the intensity of these bands and also the
above sequence, evidence the order in which the cellulose aggre-
gate linkages are broken due to biodegradation.

In Fig. 5b, the asynchronous 2D-correlation spectrum in the
3800–2800 cm�1 region constructed from the exposure time-
dependent IR spectra in the 35–84 days exposure time range is
shown. In this case were observed six bands at 3560, 3419, 3341,
3276, 2927 and 2849 cm�1. In this case the sequence of the spec-
tral intensity changes is as follows: 3560 > 3276 > 3419 >
3341 > 2927, 2849 cm�1, the order being the same as in the case
of 0–35 days range time.

The second region, 1900–1560 cm�1 the 2D-correlation spectra
are similar for both exposure times ranges 0–35 and 35–84 days,
thus the explanations will be made only for first range.

Thus in synchronous correlation spectrum (Fig. 6a), two auto-
peaks at U(1732, 1732) > 0 and U(1640, 1640) > 0 and a pair of
cross-peaks of U(1732, 1640) > 0 are observed, implying that both
bands around 1732 and 1640 cm�1 decrease with the increase in
the exposure time.

Two auto-peaks and a very small shoulder are observed in the
autocorrelation spectrum in the 1900–1560 cm�1 region con-
structed from the exposure time-dependent IR spectra (Fig. 6b).
The positions of the auto-peaks at 1732, 1640 and 1597 cm�1 al-
most completely correspond to the positions of the peaks identi-
fied in the second derivative spectra (Fig. 3b). These bands are
attributed to unconjugated C@O in xylans (hemicellulose), ab-
sorbed OAH and conjugated CAO and xyloglucan C@O vibration
of the carboxylic acids, respectively.

The asynchronous 2D-correlation spectrum constructed from
the exposure time-dependent IR spectral variations in the time
range of 0–35 days (Fig. 7) show three bands at 1730, 1640 and



Fig. 6. Synchronous 2D-correlation spectrum (a) and autocorrelation spectrum (b)
in the 1900–1560 cm�1 region constructed from the exposure time-dependent IR
spectra. Biodegradation time range of 0–35 days.
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1597 cm�1. Positive peak at W(1640, 1597) > 0 and negative peak
at W(1730, 1640) < 0 were identified. Based on the fundamental
rule of an asynchronous spectrum, the spectral intensity change
at 1640 cm�1 occurs before those at 1730 and 1597 cm�1.

Thus the following sequence of the spectral intensity changes:
1640 > 1730 > 1597 cm�1 was obtained. This sequence means that
the moment of conjugated CAO is changing first, followed by the
unconjugated C@O in xylans (hemicellulose), and then xyloglucan
C@O vibration of the carboxylic acids.

The fungi use extracellular reactive oxygen species (ROS) to de-
grade lignocelluloses materials (Hammel, Kapich, Jensen, & Ryan,
2000). �OH abstracts hydrogen atoms from the sugar subunits of
polysaccharides such as cellulose with high rate constants. These
reactions produce transient carbon-centered radicals that react
Fig. 7. Asynchronous 2D-correlation spectrum in the 1900–1560 cm�1 region
constructed from the exposure time-dependent IR spectra. Biodegradation time
ranges of 0–35 days.
rapidly with O2 to give ROO� species. If the peroxyl radical already
carries a hydroxyl group on the same carbon, it eliminates �OOH. If
it carries no a-hydroxyl group, it undergoes a variety of oxidore-
ductions, some of which result in cleavage of the polysaccharide
chain. The modification of these bands with increasing the expo-
sure time to the fungi is due to this process, resulting complex
product mixtures.

In the 1560–1195 cm�1 region, the 2D-correlation spectra are
also similar for both exposure times ranges 0–35 and 35–84 days,
thus the explanations will be made only for first range.

Fig. 8a show the synchronous 2D-correlation spectrum in the
1560–1195 cm�1 region constructed from the exposure time-
dependent IR spectra. Here 5 auto-peaks at U(1458, 1458) > 0,
U(1425, 1425) > 0, U(1377, 1377) > 0, U(1328, 1328) > 0 and
U(1254, 1254) > 0 and 10 pairs of cross-peaks of U(1458, 1425)>
0, U(1458, 1377) > 0, U(1458, 1328) > 0, U(1458, 1254) > 0, U(1425,
1377) > 0,U(1425, 1328) > 0,U(1425, 1254) > 0,U(1377, 1328) > 0,
U(1377, 1254) > 0, and U(1328, 1254) > 0 are observed, implying
that all bands around 1458, 1425, 1377, 1328 and 1254 cm�1 de-
crease with the increase in the exposure time to the fungi.

From the autocorrelation spectrum in the 1560–1195 cm�1 re-
gion constructed from the exposure time-dependent IR spectra
(Fig. 8b), five auto-peaks were observed. The positions of the
auto-peaks at 1460, 1426, 1377, 1330 and 1254 cm�1 correspond
to those of the peaks identified in the second derivative spectra
(Fig. 5b). These bands are attributed to CAH deformation in lignin
and carbohydrates, CAH deformation in cellulose and hemicellu-
lose, CAH vibration in cellulose and ClAO vibration in syringyl
derivatives, and syringyl ring and CAO stretch in lignin and xylan,
respectively. It is known that T. viride is removing only carbohy-
drates, so the modification of these bands is contribution only to
hemicelluloses and cellulose removal with exposure time to the
fungi.
Fig. 8. Synchronous 2D-correlation spectrum (a) and autocorrelation spectrum (b)
in the 1560–1195 cm�1 region constructed from the exposure time-dependent IR
spectra. Biodegradation time range of 0–35 days.
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The asynchronous 2D-correlation spectrum constructed from
the exposure time-dependent IR spectral variations in the time
range of 0–35 days (Fig. 9) show five bands at 1458, 1425, 1375,
1328 and 1254 cm�1. Positive peaks at W(1425, 1248) > 0, W(1375,
1254) > 0 and W(1328, 1254) > 0 and negative peaks at
W(1458, 1425) < 0, W(1458, 1375) < 0, W(1458, 1328) < 0, W(1458,
1254) < 0, W(1425, 1375) < 0, W(1425, 1328) < 0, and W(1375,
1328) < 0 were identified. The spectral intensity change at
1640 cm�1 occurs before those at 1730 and 1597 cm�1.

Thus, the following sequence of the spectral intensity changes:
1375 > 1328 > 1425, 1458 > 1254 cm�1 was obtained. This se-
quence means that the moment of CAH deformation in cellulose
and hemicelluloses is changing first, followed by the CAH vibration
Fig. 9. Asynchronous 2D-correlation spectrum in the 1560–1195 cm�1 region
constructed from the exposure time-dependent IR spectra. Biodegradation time
ranges of 0–35 days.

Fig. 10. Synchronous 2D-correlation spectra (a and c) and autocorrelation spectra (b and
spectra. Biodegradation time ranges of 0–35 (a and b) and 35–84 (c and d) days.
in cellulose, CAH deformation in carbohydrates, and then CAO
stretch in xylan.

The spectral region 1195–860 cm�1, show different characteris-
tics of the 2D-correlation IR spectra for exposure times ranges 0–
35 and 35–84 days.

In the synchronous 2D-correlation IR spectrum of the exposure
time range of 0–35 days (Fig. 10a), one broad auto-peak at
U(1045, 1045) > 0 is observed. Similar tendencies are observed
for the synchronous 2D-correlation spectrum of the other exposure
time region (Fig. 10c), only the peak position is shifted to
1037 cm�1. This band is assigned to CAO and CAC stretching ring
in cellulose and hemicelluloses. The shifts to a lower wavenumber
of the auto-peak around 1045 cm�1 with the progress of the bio-
degradation process indicate a removal of cellulose and hemicellu-
loses structures. This auto-peak being very broad, it seems that it
consists of more than one peak, these bands decrease in same
direction with increasing exposure time to the fungi.

Three auto-peaks and two shoulder peaks are observed in the
autocorrelation spectra of the both exposure time ranges. The posi-
tions of the auto-peaks at 1157, 1117, 1047, 1027 and 997 cm�1 for
the 0–35 days range (Fig. 10b) and 1157, 1110, 1051, 1037 and
992 cm�1 for the 35–84 days range (Fig. 10d) correspond to the
positions of the peaks identified in the second derivative spectra
(Fig. 3b). The bands are attributed to CAOAC and CAO vibrations
in cellulose and hemicelluloses. These results indicate an enzy-
matic oxidation and hydrolysis reactions on hemicelluloses and
cellulose resulting oligomers and oxidized structures.

The asynchronous 2D-correlation spectra in the 1195–860 cm�1

region constructed from the exposure time-dependent IR spectra
show different characteristics for both ranges. The asynchronous
2D correlation spectrum constructed from the exposure time-
dependent IR spectral variations in the time range of 0–35 days
(Fig. 11a) show five bands at 1163, 1114, 1051, 1034 and
d) in the 1195–860 cm�1 region constructed from the exposure time-dependent IR



Fig. 11. Asynchronous 2D-correlation spectra in the 1195–860 cm�1 region
constructed from the exposure time-dependent IR spectra. Biodegradation time
ranges of 0–35 (a) and 35–84 (b) days.
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995 cm�1. Positive peaks at W(1114, 995) > 0, W(1051, 995) > 0,
and W(1034, 995) > 0 and negative peaks at W(1163, 1114) < 0,
W(1163, 1051) < 0, W(1163, 1034) < 0, W(1163, 995) < 0, W(1114,
1051) < 0, W(1114, 1034) < 0, and W(1051, 1034) < 0 were
identified.

Based on the fundamental rule of a synchronous and an asyn-
chronous spectrum was obtained the following sequence of the
spectral intensity changes: 1034 > 1051 > 1114 > 995 > 1163 cm�1

in the exposure time to the fungi range of 0–35 days. This sequence
means that the moment of CAO and CAC stretching ring in cellu-
lose and hemicelluloses is changing first, followed by the CAO
stretching mainly from C(3)AO(3)H in cellulose I, CAO vibration,
CAOAC vibration in cellulose and hemicelluloses. For the second
exposure time range, the following sequence was obtained:
Fig. 12. Schematic representation of enzy
992 > 1110 > 1037 > 1051 > 1157 cm�1. Thus the moment of CAO
vibration is changing first, followed by CAO and CAC stretching
ring in cellulose and hemicelluloses and CAO stretching mainly
from C(3)AO(3)H in cellulose I.

The results show that at the beginning of biodegradation pro-
cess the formation of oxidized structures takes place; which occurs
by the variation of CAO and CAC stretching ring in cellulose and
hemicelluloses and increasing of the intensity of bands assigned
to CAO vibrations. After 35 days of exposure to the fungi, the oxi-
dation products are formed with a higher rate due to weakened
structure of wood.

It is known that T. viride is a producer of cellulolytic and hemi-
cellulolytic enzymes, especially enzymes hydrolyzing crystalline
cellulose. In this fungus, cellulolytic enzyme system forms a syner-
gistic complex of endoglucanases (endo-1,4-b-glucanases), which
have been suggested to hydrolyze internal bonds and open free
chain ends for cellobiohydrolases (exo-1,4-b-glucanases) to cleave
off cellobiose units (reducing and non-reducing ends), which are
broken down to glucose by b-glucosidase (Pérez, Muñoz-Dorado,
de la Rubia, & Martínez, 2002). The endo-b-glucanases and cello-
biohydrolases synergistically hydrolyze cellulose into small
cellooligosaccharides, mainly cellobiose; whereas b-glucosidase
hydrolyzes aryl- and alkyl-glucosides, cellobiose and cellodextrins.

The hemicelluloses xylan backbone is degraded by the ectoen-
zyme endo-1,4-b-xylanase within the xylose chain (endohydroly-
sis) to xylo-oligomers, xylobiose and xylose. Intracellular and/or
membranebound xylan 1,4-b-xylosidase removes successively
D-xylose residues from the non-reducing termini of small oligosac-
charides. The side-groups are split by accessory enzymes: acety-
lesterase removes the acetyl groups, xylan a-1,2-glucuronidase
hydrolyzes the a-D-1,2-(4-O-methyl)glucuronosyl links, arabinose
side-groups in arabinoxylans are removed by a-arabinosidase
(Schmidt & Czeschlik, 2006).

The molecules are first degraded by extracellular enzymes
(ectoenzymes) into smaller fragments, which are taken up and
then metabolized by intracellular enzymes to energy and fungal
biomass. Independent of this place of action, an exoenzyme attacks
at the end of a macromolecular substrate, while an endoenzyme
splits within the molecule. Finally small molecules or fragments
containing carboxyl, hydroxyl or carbonyl groups are formed,
which are lost or remain in wood structures (Fig. 12).

4. Conclusions

FT-IR spectroscopy was used to examine qualitative and quan-
titative changes in carbohydrate components in wood decayed by
soft-rots. In the present study has demonstrated that exposure
matic degradation of carbohydrates.



372 C.-M. Popescu et al. / Carbohydrate Polymers 79 (2010) 362–372
time-dependent IR spectra of biodegraded lime wood combined
with 2D-correlation analysis, and their second derivative analysis
can provide detailed information about the modifications induced
by fungi decay. 2D-correlation spectra were able to explore the
structural changes in wood due to a variety of oxidoreductions,
some of which resulting in cleavage of the polysaccharide chain.
T. viride removed structural carbohydrate components selectively
with formation of oxidized compounds and finally being formed
small molecules or fragments containing functional groups. Also,
values for ratios I1462/I1511 and I1425/I1511, decreases during decay
of 84 days, from 1.24 to 1.06 and from 0.74 to 0.62, respectively.
This small decrease may be due to xylan decay, since both of peaks
have a contribution from carbohydrates.

The crystallinity degrees of decayed wood samples are decreas-
ing during exposure time to the fungus.

These results indicate an enzymatic oxidation and hydrolysis
reactions on hemicelluloses and cellulose resulting oligomers and
oxidized structures, and finally small fragments containing car-
boxyl or carbonyl groups are formed, which are lost or remain in
wood structures.
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