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Abstract

Wood is an important source of phenolic compounds, which can be transferred to wine during aging process, improving its
properties, from an organoleptic point of view. Therefore, understanding and optimizing the extractability of phenolic com-
pounds from wood are crucial in the oenological field. The structural composition of oak wood samples has been evaluated
using Raman and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopies, and their main spectral
features have been linked to phenolic compound extractabilities, as measured by classic chemical analyses. To support the
analysis, microscopic images of the samples were also recorded using scanning electron microscopy (SEM). The applied
methodology is shown to be useful to relate the wood cell wall structure to phenolic extractability levels of wood samples.
It could assist in selecting oak wood suited for improving wine quality with regard to its color or/and stability through the
addiction of external copigments to wine.

Keywords Red wine - Oak wood - Phenolic extractability - Vibrational spectroscopy - Scanning electron microscopy
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Wood is an important source of phenolic compounds,
which can be transferred to wine during the aging process,
improving its properties, from an organoleptic point of
view (color, astringency, bitterness). In view of this, oak
barrels and their alternatives are widely used in winemak-
ing as a source of copigments to achieve high-quality red
wines [5, 6]. In detail, the use of by-products generated
during the process of elaboration of barrel is an interest-
ing procedure in the oenological field due to its potential
capacity of releasing high-added value compounds for
wine and the waste reduction and by-product valorization
that this involve.

Phenolic compounds are an important group of sub-
stances in the plant kingdom. However, despite their signifi-
cance, these compounds are part of the so-called extractable
fraction that represents only a low percentage of oak wood
composition, being cellulose, hemicelluloses and lignin the
major constituents [7, 8] and the structural basis of wood
cell wall.

The characteristics of wines that have been macerated
with wood depend not only on the amount of phenolic com-
pounds in the wood but also on the amount of these com-
pounds that can be extracted from the wood to the wine.
Factors such as oak species or geographic origin have been
shown to affect the chemical composition of the oak wood
[9-11], and even different anatomical parts of wood may
differ in terms of concentration and composition [12]. More-
over, phenolic content has been found to vary even from
the same provenance, the same tree and the same piece of
timber [13]. There are evidences that link phenol extract-
ability to chemical composition of wine. For instance, the
amount of extracted phenolic compounds from grape skins
is related with soluble solids content of grape must [14—19].
In addition, different percentages of ethanol in the medium
modify the phenolic extraction rates [20]. The extraction of
compounds from wood, especially those of low molecular
weight, also depends on the quantity of compounds that are
potentially extractable, on the contact time between the wine
and wood, as well as on the processing of wood to be used
in winemaking (how the staves are obtained, the method of
seasoning, chemical treatments and the degree of oak toast-
ing). Extractable compounds in wood can be found inter-
laced with the cell wall polymers either as inclusions in the
cell lumens. Taking that into account, the cell wall structure
of wood could affect the easy/difficulty of extraction, that
is to say, the wood phenolic extractability. In view of this,
it is important to evaluate and understand the relationship
between cell wall structure and the extraction degree of phe-
nolic compounds, that is to say, how wood structure and/
or morphology changes within different levels of phenolic
compounds extractability. It could assist in selecting oak
wood suited for improving wine quality through the addic-
tion of external copigments to wine.

@ Springer

Vibrational spectroscopic techniques, both infrared (IR)
and Raman, are powerful analytical tools for materials
characterization. As the vibrational energy levels of each
molecule correspond to a specific pattern of stretching and
bending motions, the infrared and Raman spectra offer a
characteristic fingerprint of the molecule [21]. Although
both techniques provide chemical information based on
molecular vibrational motions, they show different molecu-
lar responses, and so complement each other. Thus, it is pos-
sible to evaluate the structure of compounds at the molecular
level using these two different physical processes [22].

In recent years, infrared spectroscopy has been demon-
strated to be a very effective tool in the analysis of wood.
Near infrared (NIR) spectroscopy, coupled with chemomet-
ric data analysis techniques, has emerged as a powerful tech-
nique for the screening of different chemical and physical
wood parameters, without the need of time consuming anal-
ysis. In this sense, near infrared spectroscopy has been suc-
cessful in developing calibration models for estimating total
and extractable phenolic content in oak wood [23-26]. How-
ever, NIR spectra contain information arising from overtones
and combinations of fundamental vibrations which result in
broad and unresolved bands that make it difficult to interpret
the relationship between cell wall composition and phenolic
compound extractability. By comparison, mid-IR spectra,
commonly measured in the Fourier transform (FT) mode,
present sharp and narrow peaks, essentially related to fun-
damental molecular vibrational frequencies which can be
easily assigned to chemical structures [27].

The potential of FTIR spectroscopy to elucidate structural
and compositional information of cell wall of wood has been
widely investigated in different fields [28-30].

Raman spectroscopy similarly provides a chemical fin-
gerprint of the sample, based on the inelastic scattering of
light, by vibrations, and has also been employed to study
cell wall structure of wood. An interesting area of Raman
application is the identification of wood species and wood
origin [31, 32]. Moreover, hard and softwoods have been
differentiated by FT-Raman and FTIR spectroscopy [33].
Raman imaging spectroscopy has been used to elucidate the
spatial distribution of wood constituents, especially the cel-
lulose and lignin [34, 35].

Notably, however, although both mid-infrared and Raman
spectroscopy have proven to be useful and reliable tech-
niques for the study of the cell wall structure in wood, they
have not yet been applied to study the relationship between
cell wall composition and phenolic compounds extractabil-
ity in wood. In the oenological field, they have been jointly
employed to look at extractability from grape skins and
seeds [36, 37].

In the present study, the extractability of phenolic com-
pounds has been determined for oak wood samples, selected
based in an initial near infrared reflection screening protocol
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[26] and the structural composition of these samples has
been evaluated using Raman and attenuated total reflectance
Fourier transform infrared (ATR-FTIR). The aim of this
study is to evaluate the relationship between the extract-
ability of phenolic compounds from oak wood and the pres-
ence of certain chemical structures or families of compounds
in the cellular material of these samples. To support this
aim, the ATR-FTIR spectral images of the samples were
also recorded and scanning electron microscopy (SEM)
techniques were also used. The aforementioned informa-
tion could assist not only in selecting oak wood suited for
improving wine quality through the addiction of external
copigments to wine, but also to deeply understand the phe-
nolic extraction process from wood to wine.

Materials and methods
Samples and sample selection

American non-toasted oak (Quercus alba L.) shavings, pro-
vided by Toneleria Salas S.L. (Bollullos Par del Condado,
Huelva, Spain), were collected for this study, as previously
reported by Baca-Bocanegra et al. [23]. Briefly, raw wood
samples were obtained by processes of sawing the staves
in the longitudinal and transversal direction of the fibers.
Therefore, two groups of samples were obtained, a longitu-
dinal set and a transversal one. In all, two hundred samples
were collected (150 longitudinal and 50 transversal). Upon
receipt, the samples were sieved and subjected to a near
infrared spectral analysis as previously described elsewhere
in Baca-Bocanegra et al. [26]. An unsupervised pattern rec-
ognition technique, principal component analysis (PCA),
was used to select representative samples from the spectral
data set to reduce the number of samples maintaining as
much spectral variety as possible. Mahalanobis distances (H)
for each sample were calculated and samples were grouped
according to a neighborhood H criterion (NH <0.6). So, 18
groups with different spectral characteristics were created
and one sample from every group was selected. These 18
selected samples were used in all the subsequent analyses.

Total phenol extractability determination

A model wine extraction and an exhaustive extraction were
carried out to determine the extractability of total phenols
for selected wood samples. For model wine extraction, wood
samples were immersed in a model wine hydroalcoholic
solution (4 g L~! tartaric acid, 12.5% ethanol, adjusted at
pH 3.6 with NaOH 0.5 M) for a maceration period of 72 h at
room temperature and without agitation. Oak wood shavings
were added to the wine-like solutionina4 g L~! ratio. Then,
supernatants were used to obtain extractable total phenolic

content. Afterwards, wood samples were freeze-dried and
macerated in methanol: water 50:50 (v/v) during 24 h to
obtain an exhaustive extraction of phenolic compounds.
Total phenolic content was obtained by the analysis of the
model wine and exhaustive supernatants. Total phenol con-
tents were determined using the Folin—Ciocalteau method
[38]. Two hundred and fifty microliters of exhaustive or
model wine extractions were mixed with 3.75 mL of sodium
carbonate (20% w/v), 1.25 mL of Folin reagent and made up
to 25 mL with ultrapure water. The analyses were performed
on an Agilent 8453 UV-visible spectrophotometer (Palo
Alto, USA), equipped with diode array detection (DAD),
measuring absorbance at 765 nm. Then, extractabilities of
each sample were evaluated as the fractions of total phenols
extracted by the model wine solution with respect to the
exhaustive extraction. Finally, wood samples were sorted
according to their phenolic extractability levels expressed
as percentages.

As a by-product of model wine and exhaustive extrac-
tions, non-extracted material (NEM) was obtained from each
wood selected sample. These NEM samples were freeze-
dried and then stored in a desiccator until further use. Con-
trol (without extraction process) and NEM selected samples
were used in the subsequent analysis. From here on, the term
“wood samples” will be used for control samples. Non-
extracted material will be specified by the acronym, NEM.

ATR-FTIR data collection

IR absorption measurements were carried out using a Perkin
Elmer Spotlight 400 N FTIR imaging system. The data have
been collected using both the ATR mode and Micro-ATR
imaging mode. A liquid nitrogen-cooled mercury cadmium
telluride (MCT-A) line detector was used.

Data collection using the ATR mode

ATR spectra were recorded using the Perkin Elmer Spot-
light 400 N Universal Attenuated Total Reflectance (UATR)
accessory of the spectrometer, which employs a 9-bounce
diamond top plate for this analysis. Spectral data were the
result of 8 scans, with a spectral resolution of 4 cm~! and
covering the spectral range between 650 and 4000 cm™. All
samples were measured with a force gauge of 250 units. 6
absorption spectra were collected for each sample. Prior to
recording, a background spectrum was also recorded in the
absence of any sample and automatically subtracted by the
software.

Data collection using the micro ATR imaging mode

ATR images were recorded with the Perkin Elmer Spotlight
400 N ATR imaging adapter using a germanium crystal

@ Springer



2212

European Food Research and Technology (2019) 245:2209-2220

objective of dimensions ~600 um x 600 um placed in direct
contact with the sample. Spectral images were acquired cov-
ering the spectral range between 750 and 4000 cm™! with a
pixel size of 6.25 pm X 6.25 um, with 4 scan per pixel at a
spectral resolution of 8 cm™!. Background measurement was
acquired without sample and without contact between the
crystal and the support. ATR images were acquired across
a 500 pm x 500 um region of the ATR crystal. The ATR
crystal was gently placed in contact with the sample using
pressure to ensure good contact.

Raman data collection

A Horiba Jobin—Yvon LabRAM HR800 spectrometer with
an external 300-mW diode laser operating at 785 nm as
source was used throughout this work. For the measure-
ments, a X 50 objective (MPlanN, Olympus) was employed,
providing a spatial resolution of ~1 um at the sample. The
confocal hole was set at 100 um, the specified setting for
confocal operation. The system was spectrally calibrated to
the 520.7 cm™" spectral line of silicon. The LabRAM system
is a confocal spectrometer that contains two interchangeable
gratings (300 and 900 lines per mm, respectively). In the fol-
lowing experiments, the 300 lines per mm grating was used,
providing a spectral dispersion of approximately 1.5 cm™!
per pixel. The detector used was a 16-bit dynamic range
Peltier-cooled CCD detector. All spectra were recorded over
the spectral range between 200 and 3600 cm™~! and with a
spectral resolution of ~0.9-1.6 cm™. Six spectra were col-
lected for each sample.

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis was per-
formed to analyze surface topography and porosity using a
Hitachi SU 6600 Fe-SEM instrument. Samples were placed
on conductive carbon tabs before being placed in the sample
chamber. An accelerating voltage of 2 kV, working distance
of 30 mm, condenser lens of 21.0 and current of 20 pA were
used for all samples.

Data analysis

Samples were sorted into three groups, low, medium and
high phenolic extractability levels according to the reference
values previously calculated. Wood spectra contain contribu-
tions from the chemical content of the sample and physical
effects. Therefore, the interpretation of the results obtained
from Raman and FTIR spectroscopy requires the pretreat-
ment of the data. A multiplicative scatter correction (MSC)
was applied to the ATR-FTIR raw spectra to remove the
scattering effects. Win ISI (v1.50) (Infrasoft International,
LLC, Port. Matilda, PA, USA, 2000) software was used for

@ Springer

this aim. ATR-FTIR images were normalized to adjust for
point-to-point variations in absorbance and allow the com-
parison between samples using the SpectrumIMAGE soft-
ware. Baseline correction was applied to Raman raw data.
This correction was carried out using MATLAB R2017b
(The Mathworks, Natik, MA, USA, 2017) and following the
algorithm previously described [39]. Asymmetric truncated
quadratic was the cost function, which gives the best results
to estimate background in Raman spectra of wood samples,
and the backgrounds were estimated by a fifth-order poly-
nomial and with thresholds of 0.01.

Results and discussion
Total phenol extractability levels

According to their total phenol extractability levels, wood
samples were sorted into three different groups, designated
as low, medium and high extractability levels. Table 1 shows
the extractability levels of total phenols for the wood sam-
ples and the number of samples classified in each group.
Moreover, the table details the distribution of the samples of
each group in the longitudinal or transversal set. As can be
seen, most of the high extractability samples belong to the
longitudinal set, while the transversal set consists mainly of
low extractability samples.

ATR-FTIR data
ATR mode

A typical ATR-FTIR spectrum of raw oak wood is
depicted in Fig. 1. Despite the background correction

Table 1 Extractability levels of total phenols for wood samples
(means and standard deviations) and distribution of the samples in the
longitudinal and transversal set

Total extract- Cut group
abilities
(expressed as
percentages)
Samples  n® Mean  SD Longitudinal®  Transversal®
All 18 7223 1755 10 8
Low 4 6201 3.19 1 3
Medium 6 7029  2.80 4
High 8 80.02 197 7 1

“Number of samples

Samples obtained by shaving the staves in the longitudinal direction
of the staves

“Samples obtained by shaving the staves in the transversal direction
of the staves
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Fig. 1 FT-IR spectrum of raw oak wood
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procedure, a negative baseline was consistently returned
for all samples in the region ~3500—4000 cm™', perhaps
due to a refractive index matching between the sample and
crystal in this region. FTIR spectra are characteristics of
the chemical composition of the samples and their peaks
can be tentatively assigned to specific molecular bonds or
functional groups. A hydrogen bonded (O-H) stretching
absorption at 35003300 cm™! (1) and a C—H stretching
absorption around 2900 cm™! (2) are observed. The region
between 1800 and 600 cm™!, known as the IR fingerprint
region, is the region that provides information relevant to
molecular structure by means of many well-defined peaks.
The bands at 1594, 1505 and 1235 cm™! are assigned to
characteristic bending or stretching of different groups of
lignin. The bands centered at 1455, 1422, 1371, 1155 and
1108 are assigned to characteristic bending or stretching

vibrations of different groups for lignin and cellulose [28].
The main characteristic peaks, which are the stretching
vibration of C =0, aromatic and C-O, are around 1594,
1505 and 1050 cm™! [40]. A summary of peak assignments
can be found in Table 2. These peaks have been assigned
in accordance with available literature [41-45].

Figure 2a, b shows the raw average spectra, in the
region from 600 to 4000 cm™!, of wood samples desig-
nated as (a) low, medium and high extractability (includ-
ing all longitudinal and transverse samples) and (b) as
belonging to the longitudinal or transversal set. In both
cases, the different spectra have the same pattern, although
with different absorbance intensities in some wavelength
regions. MSC spectral pretreatment was then applied to
the ATR-FTIR spectra and average spectra were calcu-
lated for each wood sample. Afterwards, PCA was applied
to this spectral matrix. Using all spectral samples, eight
principal components were taken into account and 98.57%
of the spectral variability of the original spectral matrix
was explained. Mahalanobis distances for each sample
were calculated. The samples were ranked, in this eight-
dimensional space, according to their Mahalanobis dis-
tances (H) and the H > 3 criterion was applied to look for
spectral outliers. No H-outliers were found. Figure 2c, d
shows the scatter plots of the wood samples in the space
defined by the first and second principal components,
which described 57.70% (PC1) and 21.50% (PC2) of the
variability in the data, respectively. In Fig. 2c, the samples
are represented by a color code according to the differ-
ent levels of extractability. As the figure shows, high and
low extractability samples are separated according to PC2,
while medium extractability samples overlap the low and
high extractability ones. Using this same spectroscopic

Table 2 Main functional

) . Absorption bands ~ Assignment® Component Peak refer-

groups assigned to the different -1 .
vibrations present in the ATR— (em™) ence (Fig. 1)
FTIR spectra of wood samples 3300 v(O-H) Polysaccharides, lignin 1

2900 v(CH,) Lignin 2

1730 UC=0)eger Lignin, hemicellulose 3

1594 UUC-C) yromatic Lignin, phenolics 4

1505 UUC-C)yromatic Lignin, phenolics 5

1455 8(C-H) Lignin, polysaccharides 6

1422 8(C-H) Lignin, polysaccharides 7

1371 d(C-H) Cellulose, hemicellulose 8

1319 v(C-H) and 1(C-0O) Cellulose, Syringyl derivates 9

1235 wC-0) Lignin, xylan 10

1155 U C-0-0) Cellulose, hemicellulose 11

1108 W(C-C) romatic: O(O-H) Cellulose, hemicellulose, phenolics 12

1050 v(C-0) Cellulose, hemicellulose 13

892 d(C-H) Cellulose 14

4 Assignment: v, stretching; &

@ Springer
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Fig.2 Raw average spectra of wood samples with low, medium and
high extractabilities (a) and belonging to longitudinal and transver-
sal set (b) in the region from 600 to 4000 cm™'. Score plot of the
first two principal components obtained in the PCA performed on

technique, samples have been differentiated according to
extractability in other samples [36, 37].

In Fig. 2d, the samples have been represented in order to
find differences between samples obtained by a cut of the
staves in the longitudinal or transversal direction of the fib-
ers. The two samples sets are largely differentiated by PC2.

Figure 3 shows the PC2 loadings and the MSC pre-treated
average spectra of wood samples with low and high extract-
abilities. Although the loading of PC2 indicates a significant
baseline contribution, specific spectral features are indicated
which may influence the wood phenolic extractability. Posi-
tive features, ascribed to the high phenolic content samples,
can be seen in the 15001800 cm™' and 2700-3000 cm™"
spectral areas; while negative features, ascribed to the
low extractability samples, are observed in the region
1000-1100 cm™!. These features are mainly ascribed to
phenolic compounds and lignin (positive features); cellulose
and hemicellulose (negative features) (Table 2). Therefore,
it may be inferred that high extractability samples are rich
in lignin and phenolic compounds, while low extractability
samples are rich in polysaccharides. Despite the obvious fact
that the phenolic compounds content influences the phenolic

@ Springer
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extractability, the results indicate that phenolic extractabil-
ity is also influenced by the structure of the wood itself,
(i.e., by the ease with which the phenolic compounds can
be released from the wood to the medium). This observation
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is supported by the fact that most of the high extractabil-
ity samples have been obtained by sawing the staves in the
longitudinal direction of the fibers, while low extractabil-
ity samples belong to the transversal set, as can be seen in
Table 1. Longitudinal and transversal samples may present
the same chemical composition, but differ significantly in
structural aspects.

ATR Imaging mode

To confirm and consolidate the above findings, micro-ATR
images of the wood samples were registered, over the spec-
tral range between 750 and 4000 cm™. After integration of
the whole data set, the spectral data were normalized and
specific wavenumber ranges of all the spectra were selected
using the instrument software. The loadings of the second
principal components previously obtained in the PCA of
ATR-FTIR data were used for wavelength region selec-
tion, because this principal component was responsible for
the separation of the samples according to the extractabil-
ity levels (high and low). The wavenumbers corresponding
to higher loadings of this particular principal component
were selected as candidates for optimum visualization of
structural variations. Based on the results obtained in the
previous section, wavenumber regions ascribed to polysac-
charides (cellulose, hemicellulose 1000—1100 cm™") and
lignin (1500-1800 cm™! and 27003000 cm™!) were selected

Murometers

Morometers

Mcrometers
Mcrometers

as spectral regions that might influence the wood phenolic
extractability and therefore are considered in ATR-FTIR
images for interpretation purposes. Figure 4 shows an exam-
ple of the distribution of the absorbance, integrated over the
selected wavenumber ranges, of samples with low and high
extractability levels, as a false color image. In general, the
absorbance levels for all samples were variable, as indicated
by the spread of data points for the samples in Fig. 2c, d.
Considering the distribution of cellulose/hemicellulose in
the mapped area (Fig. 4a, d), it can be observed that, in
general, polysaccharides are present in almost all mapped
regions, with the exception of a small region in the high
extractability sample. This region could be related to struc-
tures such as vessels or cellular lumens in high extractability
samples as a consequence of the different cutting direction of
the staves to obtain the two sample sets. The spectral ranges
of 1500-1800 cm™" and 2700-3000 cm™" are ascribed to a
combination of lignin and phenolic compounds, and lignin
alone, respectively. For both, high and low extractability
samples, the spectral distributions of these regions follow a
similar pattern, although the 1500-1800 cm™! absorbances
are higher in Fig. 4b, e. Consistent with literature [34, 35],
the spatial profile of spectral bands associated with lignin
(Fig. 4b, c, e, f) indicate a lower proportion of this com-
pound than polysaccharides in the samples. Areas of higher
lignin content seem to belong to the characteristic fibers and
rays of wood, structures which are richer in lignin [12, 34].

Mcrometers

' 8 %

oy T

1358 0
1228
100
0

o

Moremeters

o6ss
0543
041

o2re

013

Fig.4 Distribution of the absorbance of samples with high (a, b, ¢) and low (d, e, f) extractabilities levels as a false color image in the selected
range of wavenumber: 1000-1100 cm™' (a, d), 1500-1800 cm™! (b, ) and 2700-3000 cm™! (c, f)
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It is notable that, for all high extractability samples
mapped, the regions of maximum absorbance in the spec-
tral range of cellulose/hemicellulose (1000-1100 cm™!) do
not coincide with those of maximum absorbance of lignin/
phenolics (1500-1800 cm™~! and 2700-3000 cm™}). In con-
trast, for the low extractability samples, the regions of high
absorbance of all spectral ranges are co-incident.

The difference in structural distributions of the constitu-
ent components corroborates the proposal that not only
the chemical content, but also the structure of the wood
samples play a significant role in determining the phenolic
extractability.

ATR-FTIR NEM

ATR-FTIR spectra and images of non-extracted material
(NEM) were also recorded and the data were processed
following the same procedure used to analyze the control
samples. Figure 5a shows the scores of the NEM samples
in the space defined by the two first principal components.
It can be seen that, after the extraction of the phenolic com-
pounds, it is still possible to observe some degree of separa-
tion between low and high extractability samples according
to the second principal component. These results support the
influence of the wood cell wall structure on the extraction
of phenolic compounds. Loadings of PC2 and the MSC pre-
treated average spectra of NEM samples with low and high
extractabilities are represented in Fig. 5b. As in the case of
the control samples, peaks ascribed to lignin are strong (neg-
ative) in high extractability samples, while those ascribed
to cellulose/hemicellulose are prominent (positive) for low
extractability samples. It can be seen that the feature related
to phenolic compounds which can be seen around 1150 cm™"
in the PC2 loading of the control samples is significantly
reduced in the PC2 loadings of the samples obtained after
the extraction of the phenolic compounds (NEM samples).
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The spectral region of PC2 loadings that show high varia-
tions related to lignin and polysaccharides (10001100 cm™",
1500-1700 cm™" and 2700-3000 cm™") was selected for
ATR-FTIR image processing. Similar to the case of the
control samples, a high degree of inter-sample variation
of absorbance levels is observed. Notably, however, in the
high extractability samples, a high degree of correlation
of the three wavenumber regions is observed, as shown
for one example in Fig. 6. In the NEM samples, phenolic
compounds have been extracted and thus, the absorbance
of 1500-1700 cm™" and 2700-3000 cm™" spectral areas is
practically identical.

Raman data

To confirm and/or complement the findings obtained using
ATR-FTIR, Raman spectra of wood samples were collected.
Six samples were randomly selected, taking care to select
from different extractability levels and quite noisy spectra
with several peaks were obtained. Figure 7a shows a typi-
cal wood spectrum after the baseline correction. This spec-
trum shows characteristic Raman peaks for polysaccharides,
lignin and phenolic compounds [34, 46—49]. The cellulose-
related peaks in the Raman spectra are at 895, 1098, 1125
and 1330 cm™". In detail, cellulose HCC and HCO bending
at 895 cm™!, cellulose CC and CO stretch at 1098 cm™!,
cellulose CC and CO stretch; HCC and HCO bend at
1125 cm™, cellulose HCC and HCO bend at 1330 cm™". The
feature at 1605 cm™! is reported to be associated with an aro-
matic skeletal vibration of lignin and phenolic compounds.
This band presents a strong Raman intensity, whereas it
is only weakly active in infrared spectroscopy. The large
intensity of this peak is in agreement with the presence of
phenolic compounds in the samples. One last peak related to
lignin C =C stretch can be appreciated at 1632 cm™".
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Fig.5 Score plot of NEM samples in the space defined by PC1 and PC2 codified according to the phenolic extractability levels (a). PC2 loading
plot and average MSC pre-treated ATR-FTIR spectra for low and high phenolic extractability NEM samples (b)
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To further examine the results, PCA was performed.
Figure 7b, ¢ shows the scores of the wood samples in the
space defined by the first and second principal components,
which described 63.28% (PC1) and 15.60% (PC2) of the
variability in the data. Following the same procedure as in
ATR-FTIR data, in the plot 6b, the color code indicates dif-
ferent extractability levels of the samples; while in the plot
6c¢, it indicates different cutting direction. As in ATR-FTIR
results, a slight degree of separation between high and low
extractability samples is indicated, in this case according to
PC1. However, in this case, medium extractability samples
are overlapped with those of low extractability. Regarding
the cutting direction, the second principal component pro-
vides valuable information, with transversal samples having
higher scores than longitudinal ones (Fig. 7c). Therefore,
Raman spectroscopy enables confirmation of the linkage
between cell wall components and phenolic extractability
in wood samples.

Scanning electron microscopy

After analysis by ATR-FTIR and Raman spectroscopy,
wood samples of high and low extractability levels were
visualized by scanning electron microscopy (SEM) to obtain
a more complete understanding about their ultrastructure
(Fig. 8). Micrographs show morphological differences
between the structure of these two groups of samples that

could be related to the different phenolic extractability lev-
els. According to what can be seen in the images, samples
of high extractability have more cavities (cell lumens, inter-
cellular spaces) in view. This behavior could be probably
explained by the different cuts to which the staves have been
subjected to obtain the samples (longitudinal and transver-
sal). In this sense, it has to be taken into consideration that
most of the high extractability samples belong to the longi-
tudinal set, while the transversal set consists mainly of low
extractability samples, as can be seen in Table 1. Taking into
account that compounds constituting the extractable frac-
tion, and therefore phenolic compounds, can be mixed with
the polymers in the cell wall and also as inclusions in the
cell lumens, the processing of the staves in the longitudinal
direction of the staves could facilitate the transfer of phe-
nolic compounds from wood to the medium.

Conclusion

ATR-FTIR and Raman spectroscopy provided comple-
mentary information about the composition and structure
of wood and have been shown to be useful to relate the more
important spectral features to phenolic extractability levels
of wood samples. These techniques confirmed that wood
phenolic extractability is influenced by the cell wall com-
position (cellulose, hemicellulose and lignin). ATR-FTIR
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points have been color coded according to the phenolic extractability
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Fig. 8 Scanning electron microscopy (SEM) of wood samples with high (a) and low (b) extractability levels

image spectroscopy has been successfully used to investi-
gate the distribution of lignin and cellulose/hemicellulose.
In general, the observed distributions for polysaccharides
and lignin are in agreement with the data reported in the

@ Springer

literature and confirm that the structure of the wood samples
play a significant role in determining the phenolic extract-
ability. Scanning electron microscopy provided valuable
complementary information that supports the relationship
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between the structure of the wood and phenolic extractabil-
ity levels.
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