Wood Sci Technol (2015) 49:527-549
DOI 10.1007/s00226-015-0710-3

ORIGINAL

Estimation of quality of thermally modified beech wood
with red heartwood by FT-NIR spectroscopy

Nebojsa Todorovi¢' + Zdravko Popovi¢' «
Goran Mili¢!

Received: 27 June 2014 /Published online: 11 March 2015
© Springer-Verlag Berlin Heidelberg 2015

Abstract The research examines the possibility of predicting the mechanical
[modulus of rupture (MOR) and modulus of elasticity (MOE)] and physical (oven-
dry and air-dry densities) properties of thermally modified beech wood (Fagus
moesica C.) with red heartwood by using FT-NIR spectroscopy and partial least
squares regression. Samples of sapwood and red heartwood were treated for 4 h at
temperatures of 170, 190, and 210 °C. FT-NIR spectra (100 scans and 4 cm_l) were
collected on the radial surface at eight points before and after the thermal modifi-
cation. Oven-dry and air-dry densities as well as MOR and MOE determined by
three-point bending tests were evaluated. Generally, according to the residual pre-
diction deviation (RPD), the majority of the models obtained can be used for pre-
liminary screening (1.5 < RPD < 2.5). The results of the spectra taken from
sapwood were, in most models, better than the spectra of the red heartwood. Sta-
tistically, the values of density were mostly better than the values shown in
assessment of bending properties. Results show that it is possible to accurately
predict the quality of wood after being subjected to high temperatures, based on the
spectra collected before the thermal modification. This fact could contribute to a
more rational use of wood (especially from red heartwood) in the process of thermal
modification.
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Introduction

Preservation of wood using thermal modification is one of the alternatives to the
protection of wood using chemicals. This method can reduce wood hygroscopicity
and improve its durability, but it may decrease some mechanical properties, mainly
bending (Militz and Tjeerdsma 2000; Kubojima et al. 2000; Bekhta and Niemz
2003; Johansson and Morén 2006; Esteves et al. 2007; Shi et al. 2007; Kocaefe et al.
2008). Thermal treatment also gives wood a darker color that has become very
interesting on the market, enabling a broader use and increased market value of less
valued species (Mitsui et al. 2001; Bekhta and Niemz 2003; Johansson and Morén
2006; Esteves et al. 2008). However, besides the major applications of thermally
modified wood (garden furniture, deckings for terraces, spa areas, swimming pools,
floorings, etc.), there is still a lack of fast and efficient quality control methods.

Mass loss during treatment is often used as a measure of thermally modified
wood quality, but for most of the species, mass loss depends on the extractive
content and composition since volatile compounds are the first to leave the wood
when wood is submitted to heat. Garcia et al. (2012) evaluated the effect of heat
treatment of eucalypt wood (Eucalyptus grandis Hill ex Maiden) on the dynamic
modulus of elasticity by using stress wave nondestructive method and also to
determine the air-dry density, weight loss and equilibrium moisture content. The
results revealed a significant weight loss and significant reduction in air-dry density
and equilibrium moisture content. The dynamic modulus of elasticity decreased by
about 13 % in the most severe treatment (230 °C for 4 h). Other quality control
methods were also reported: high-energy multiple impact (Rapp et al. 2006) and
color changes (Bekhta and Niemz 2003; Johansson and Morén 2006; Brischke et al.
2007; Gonzalez-Pefia and Hale 2009b; Todorovi¢ et al. 2012). The first method is a
destructive analysis, while the results of relationship between color changes and
wood properties, especially strength, are contradictory. As alternative, near-infrared
spectroscopy has been recognized as one of the most powerful nondestructive
techniques for analysis of thermally modified wood. In the last two decades, it has
often been used for untreated wood (Hoffmeyer and Pedersen 1995; Thumm and
Meder 2001; Gindl et al. 2001; Schimleck et al. 2001; Schimleck and Evans 2004;
Tsuchikawa 2007; Yao et al. 2010; Inagaki et al. 2012; Green et al. 2011; Watanabe
et al. 2012, 2013).

The characterization of thermally modified wood using NIR spectroscopy was
suggested by Hinterstoisser et al. (2003). They reported that NIR spectra of milled
wood removed from the surface of heat-treated wood could be used for
classification purposes. Schwanninger et al. (2004) reported a close relationship
between the chemical changes of thermally modified Fagus sylvatica L. samples
and the corresponding NIR spectra, while Mitsui et al. (2008) observed thermally
induced alterations of the phenolic and cellulosic hydroxyl groups of Picea
sitchensis. Esteves and Pereira (2008) predicted the properties of thermally modified
pine (Pinus pinaster Labill.) and eucalypt (Eucalyptus globulus Aiton) by analyzing
the radial surface of the samples using a NIR fiber probe. The found calibration
models were good for cross-validation results, with coefficients of determination
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ranging between 96 and 98 % for mass loss, 78 and 95 % for equilibrium moisture
content, 53 and 78 % for dimensional stability, 47 and 89 % for MOE, and 75 and
77 % for MOR. Bichle et al. (2010) evaluated the properties of thermally modified
beech without red heartwood and spruce wood by FT-NIR spectroscopy. The results
of the spectra taken from the spruce samples resulted in better prediction results
than the spectra of the beech samples. Same authors suggested that the examination
of beech wood should be repeated with a larger number of scans and with more
samples. Bichle et al. (2012) investigated NIR spectroscopy in combination with
pattern recognition method of soft independent modeling of class analogies
(SIMCA). They claim that SIMCA classification based on NIR spectroscopy could
be used for quality control of thermally modified beech, spruce and ash wood, but
scaling to industrial level needs further investigation.

Common problem in using beech wood is red heartwood out of which products of
lower value are made, due to its naturally darker color and a potential presence of
fungi. With the optimal thermal modification regime which can lead to no essential
difference in the properties of thermally modified beech sapwood and red heartwood
(Todorovic et al. 2012), the less valuable wood can, in that case, be used for getting
highly valuable products. In that aim, NIR spectroscopy can be a reliable technique
for nondestructive determination of the physical and mechanical properties of
thermally modified beech wood with red heartwood.

In this context, the objective of this study was to explore the feasibility of
predicting physical properties (oven-dry density and air-dry density) and me-
chanical properties [modulus of elasticity (MOE) and modulus of rupture (MOR)] of
thermally modified beech wood with red heartwood by NIR spectra and multivariate
chemometric methods.

Materials and methods
Materials

Eleven beech (Fagus moesiaca C.) trees that were randomly chosen were obtained
from the forest area of Go¢ Mountain (southwestern Serbia). The average breast
height diameter was 45 cm. All the trees had a similar amount of red heartwood
(around 50 %) with the absence of visible decay and were cut into 2-m-long logs.
The logs were cut from each tree: above breast height, at the middle, and at the
height of first green branches. Each log (33 logs in total) was cut into eight radial
boards of 30 mm thickness (four from sapwood and four from red heartwood).
From a total of 264 kiln-dried boards, 84 sapwood, and 84 red heartwood boards
(with no visible defects and deformations) were selected. Four samples from the
central part of selected boards were cut (untreated—marked 1 and 3 for thermal
modification—Fig. 1). The samples (marked 1, 2, 3, and 4) had clearly defined
anatomic directions and no visible defects. They were cut into specimens that were
used to determine the physical and mechanical properties. Specimens that were used
for determining the moisture content (MC) and density (oven-dried—Odd, air-
dried—Add) had dimensions of 20 x 20 x 20 mm?, and specimens for
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Fig. 1 Selection of test samples (/—untreated, 2—170 °C, 3—190 °C, 4—210 °C, TM—thermal
modification, MOR—modulus of rupture, MOE—modulus of elasticity, MC—moisture content, Odd—
oven-dry density, Add—air-dry density)

determining the bending properties (MOR and MOE) were 20 x 20 x 320 mm’
(radial, tangential, and longitudinal).

Thermal modification of wood

Thermal modification was carried out in a laboratory chamber (1 m3, +1 °C
sensitivity, water vapor atmosphere), where samples were exposed to temperatures
of 170, 190, or 210 °C. It took approximately 24 h to heat the samples from room
temperature to the treating temperature, after which the temperature was kept
constant for 4 h. The chosen schedules are often used in industrial thermal
modification of beech timber. After the thermal treatment, the samples that did not
have visible cracks and defects were used for recording the NIR spectra and
property assessment. There were a total of 370 specimens: 190 out of sapwood (84
untreated and 106 thermally modified) and 180 out of red heartwood (84 untreated
and 96 thermally modified).

Physical and mechanical testing

The untreated and thermally modified samples were conditioned at 23 °C and
relative humidity of 50 % during 8 weeks. The mechanical and physical properties
were determined after conditioning. MOR and MOE were determined by a three-
point bending test on specimens measuring 20 x 20 x 320 mm’. Distance from
supports was 280 mm. MOE was calculated between 100 and 500 N, which was
about 5-50 % of the maximum load depending on the species and the treatment
intensity. Add, Odd, and MC (20 x 20 x 20 mm’) were determined by oven-
drying method subsequent to the bending tests.

Near-infrared spectroscopy
FT-NIR spectra were collected before and after thermal treatment with a Nicolet
Nexus 670 FT-IR spectrometer equipped with a Thermo Nicolet Smart Near-IR

UpDrift probe in the wavenumber ranging from 11,000 to 4000 cm ™' using the
default parameters. The NIR spectra were acquired by an integrating sphere
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scanning an area of about 7 mm in diameter. For each scanning point, 100 scans
(4 cm™") were collected and averaged into a single spectrum. Eight spectra on the
radial longitudinal face of bending test samples were averaged to one average
spectrum per face. The measurements were taken on a planed surface.

Multivariate analyses and calibration statistics

Partial least square (PLS) analysis was done by The Unscrambler® (CAMO AS,
Norway) software version 9.7. A detailed description of PLS regression is given in
Esbensen (2002). PLS calibration was performed with two subsets (calibration set
and validation set) with a maximum of ten latent variables (LV). Samples for
calibration and validation sets were divided manually. First, the samples were
ranked in ascending order of their dependent variables, and every third or fourth
sample was taken into the validation set. Secondly, NIR variables were regressed
against the tested properties by cross-validation of five randomly chosen groups.
Different data treatments were evaluated for the spectral data: first derivative
(1stDer), second derivative (2ndDer), standard normal variate (SNV), normalization
(norm.), multiplicative scatter correction (msc), and combinations of all. First
derivative was obtained by using a nine-point filter and a second-order polynomial
as well as the Savitzky—Golay algorithm (Savitzky and Golay 1964). For the second
derivative, a 15-point filter and a second-order polynomial were used. Outlier
samples were identified by Student residuals and leverage value plot analyses.
Model efficiency was then tested by the validation set. Four PLS models were tested
(Table 1).

The quality and the final selection of the models were assessed by: determination
coefficient of calibration set (R2), standard error of calibration (SEC), standard error
of cross-validation (SECV), determination coefficient of validation set (Rg value
calculated to show the ability of the calibration to account for the variation in the

Table 1 Tested models and number of beech sapwood and red heartwood samples used for calibration
and prediction set

Model Independent variables Dependent variables Number of samples

Calibration  Prediction

set set

uT NIR spectra of untreated Properties of untreated 60 (60) 24 (24)
samples samples

™ NIR spectra of thermally Properties of thermally 78 (70) 28 (26)
modified samples modified samples

UT + TM NIR spectra of Properties of 138 (130) 52 (50)
untreated + thermally untreated + thermally
modified samples modified samples

UT — TM NIR spectra of untreated Properties of thermally 103 (103) 41 (41)
samples modified samples

Number of red heartwood samples is given in round brackets
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validation set), standard error of prediction (SEP—the measure of the calibrations
ability to predict wood properties in samples not used in the calibration set), and
ratio performance to deviation (RPD—evaluates the predictive ability of the
calibration). RPD was used for comparison of the obtained models. The RPD
residual prediction deviation or ratio of performance to deviation was introduced by
Williams and Norris (2004) several years ago and is calculated as the ratio of two
standard deviations: the standard deviation of the reference data for the validation
set and the standard error of prediction (from cross-validation or test set validation).

Results and discussion

After conditioning, the average moisture content measured in the untreated sapwood
was 9.0 %, while in red heartwood, it was 9.6 %. The high temperature that was
applied led to a significant reduction in equilibrium moisture content in both parts of
wood. Apart from the hygroscopicity, thermal modification also significantly
reduced the density and bending strength, while the modulus of elasticity remained
unchanged. The analyzed properties between sapwood and red heartwood mostly
did not differ before and after treatment. The detailed results of moisture content
(MC), density (Odd and Add), and bending properties (MOR and MOE) in beech
sapwood and red heartwood were shown in a paper by Todorovic¢ et al. (2012).

Spectroscopic characterization

Based on the raw NIR spectra, untreated red heartwood had higher values of
absorption as compared to sapwood (Fig. 2), mostly because of its darker hue.

Unlike the spectra of untreated wood, the average raw spectra of thermally
modified sapwood and red heartwood were mostly matched at same temperatures
(Fig. 3). The baseline shift to higher wave numbers with increasing temperature
intensity can be observed. This is due to the darker colors of the samples (Windeisen
et al. 2009; Bachle et al. 2010, 2012). Decreasing lightness and increasing reddish
color during heat treatment are often justified by oxidative and hydrolytic reactions
of the cell wall constituents and extractives (Sehistedt-Persson 2003; Sundqvist
2004). Formation of the new chromophore system composed of conjugated double
bonds, carbonyl groups, and quinone structures varies from one species to another
and depends on the presence of oxygen, moisture content, and applied temperature.
Lighter color of heat-treated beech could be expected in nitrogen as compared to
oxygen atmosphere, as shown for black locust by Chen et al. (2012a). Chen et al.
(2012b) reported that the presence of oxygen also resulted in formation of colored
quinoid compounds originating from degradation and oxidation of the aromatic
hydroxyl groups of lignin and aromatic extractives upon heat treatment. The
formation of oxidation products, such as quinones, is referred to as an important
reason for color change (Tjeerdsma et al. 1998; Mitsui et al. 2001; Bekhta and
Niemz 2003; Gonzalez-Pefia and Hale 2009a).

Knowing the fact that raw spectra provide only rough information about spectral
alterations (the second overtone of CH stretching vibration around 8300 cm ™" and

@ Springer



Wood Sci Technol (2015) 49:527-549 533

0,50
Sapwood—Red heartwood

0,40

Absorption

0,00 . : . : . .
11000 10000 9000 8000 7000 6000 5000 4000

Wavenumber (cm-1)

Fig. 2 Normalized NIR spectra of beech sapwood and red heartwood samples before thermal
modification
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Fig. 3 Normalized NIR spectra of beech sapwood and red heartwood samples after thermal modification
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OH bands at 7100 and 5150 cm ™' show only change in absorption), NIR spectra
were observed in the second derivative mode (second derivative). Second derivative
spectra of the sapwood show features similar to the spectra of the red heartwood
(both before and after thermal treatment). The obtained spectra are in line with the
results of Windeisen et al. (2009) for beech and similar to the spectra of the spruce
specimens (Béchle et al. 2010). At the CH stretching, first overtone bands at 5800
and 5865 cm™' alterations (Fig. 4) indicate degradation of carbohydrates and
deacetylation reactions of the polyoses. The differences before and after thermal
treatment (both for sapwood and red heartwood—Fig. 5) were found at the OH
stretching vibration absorption bands of the amorphous (7000 cm™"), semicrys-
talline (6722 and 6790 cmfl), and crystalline (6460 cmfl) regions of cellulose
(Schwanninger et al. 2003; Tsuchikawa and Siesler 2003; Inagaki et al. 2008; Mitsui
et al. 2008). These differences could be attributed to the cleavage of OH groups
during thermal treatment (Mitsui et al. 2008). Although lignin is supposed to be
comparatively stable at higher temperature, the skeletal CH absorption band at
5974 cm™! (Michell and Schimleck 1996; Schwanninger et al. 2011) shows
differences, which indicates modifications in lignin after thermal treatment (Fig. 4).
There is also an increase in the absorption band around 6874 cmfl, which can be
assigned to the phenolic hydroxyl groups originating from lignin (Fackler and
Schwanninger 2010) and to a decrease in the absorption band assigned to the
amorphous region in cellulose at 7000 cm ™" (Fig. 5).

Beech red heartwood untreated —— Beech red heartwood 170° C
——Beech red heartwood 190° C ——Beech red heartwood 210° C

5.E-05 1

3.E-05 A

5850

-3.E-05 1

5.E-05 1

-7.E-05 1

9.E-05 1

1.E-04

Wavenumber (cm-)

Fig. 4 Second derivative of NIR spectra of beech red heartwood samples before and after thermal
modification between 5650 and 6000 cm ™
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Fig. 5 Second derivative of NIR spectra of beech red heartwood samples before and after thermal
modification between 6400 and 7100 cm ™"

Hansmann et al. (2007), using the PCA analysis, found a difference between
sapwood and red heartwood after thermal modification, which was a consequence of
different levels of lignin deacetylation and degradation. In this paper, PCA analysis
of processed NIR spectra after thermal modification was used, and three clusters
were observed that indicated that there is a difference between treatments and that
there is no difference between samples of sapwood and red heartwood at the same
temperatures (Fig. 6). The explained variance (R?) was 100 %. The first PC (PC1)
explained 90 % and the second PC (PC2) 10 % for the beech samples. On the other
hand, there are differences in bending strength and density loss between sapwood
and red heartwood only at 190 °C (Todorovi¢ et al. 2012), but more detailed
conclusions could be obtained after chemical analysis of samples.

Prediction of untreated beech wood properties by NIR spectra (UT models)

Better results were obtained in predicting oven-dry density as compared to air-dry
density of sapwood, while in red heartwood, the quality of predicting these densities
was similar (Table 2).

The coefficient of determination (Rg) in prediction of air-dry density of sapwood
was 0.74 (RPD = 2.05), while in prediction of oven-dry density of sapwood, it was
0.80, but with significantly higher value of RPD (2.33)—Fig. 7.

Values of standard error of calibration (SEC) and of prediction (SEP) were the
same as in the assessment of oven-dry density of sapwood—0.018 g/cm®. These
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Fig. 6 PCA score plot of normalized NIR spectra of thermally modified sapwood (SW) and red
heartwood (RHW) samples

errors also corresponded to one another in air-dry density of sapwood, but their
values were significantly higher—0.022 g/cm®. Oven-dry density of red heartwood
had lower values of R* (0.66) and of RPD (2.00) as compared to sapwood, and
therefore the standard errors of calibration were higher. On the other hand, results of
assessment of air-dry density of red heartwood were similar to those of sapwood
(R} = 0.68; RPD = 2.00).

Obtained values of statistical indicators of prediction of density of beech wood
by using NIR were mostly in line with already published values of prediction of
density of other deciduous species (Via et al. 2003; Defo et al. 2007; Hein et al.
2009; Andrade et al. 2010). Statistical indicators obtained with coniferous species
were somewhat better, considering that they have a more homogeneous structure
(Thygesen 1994; Gindl et al. 2001; Kelley et al. 2004; Acuna and Murphy 2006).
Biéchle et al. (2010) reported lower values of Rﬁ (0.71) and RPD (1.74) when
assessing oven-dry density of beech wood, as compared to the values obtained in
this research.

According to the obtained values of RPD and Rlz,, the application of NIR to the
prediction of bending properties is weaker than its application to density of beech
wood. According to the same statistical criteria, using NIR to predict MOR is less
efficient than prediction of MOE, in both parts of beech wood. As was the case with
density, MOR and MOE were also better predicted in sapwood than in red
heartwood. Value of Rg of MOR of sapwood was 0.61 (RPD = 1.65), and in red
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Fig. 7 Measured versus NIR-predicted values of beech sapwood oven-dry density (untreated samples)

heartwood, it was 0.43 (RPD = 1.32). Considering MOE, Rg was 0.73
(RPD = 1.91) for sapwood, and R; = 0.66 (RPD = 1.81) for red heartwood.

The published results related to the application of NIR in prediction of MOR and
MOE showed variable results. Gindl et al. (2001) tested the possibilities of
application of NIR to the prediction of MOR and MOE of larch wood. The authors
reported values of coefficient of correlation in calibration samples in MOE to be
0.979 and in MOR to be 0.963, and these values are significantly higher as
compared to the data obtained in this research. Yu et al. (2009) found that with
Chinese fir, NIR can better predict MOR than MOE, while Andrade et al. (2010)
obtained opposite results for eucalyptus wood that are in line with those in this
research. In prediction of MOR with the NIR spectra that were also collected on
radial surface, Bichle et al. (2010) obtained better results in prediction of MOE as
compared to those in MOR, but the values of Rg and RPD (0.36 and 0.16,
respectively) were significantly lower than those obtained in this research.

Prediction of thermally modified beech wood properties by NIR spectra
collected from thermally modified samples (TM models)

According to the measured properties and collected NIR spectra on the radial
surface of thermally modified beech wood, density and bending properties were
predicted by using PLS regression (Table 3). Obtained statistical indicators (R]% and
RPD) in assessment of density of thermally modified beech wood were between
0.66 and 0.82 (Rg) and between 1.83 and 2.56 (RPD).
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Table 3 Summary statistics of the calibration and prediction models for oven-dry density (Odd), air-dry
density (Add), MOR and MOE for thermally modified sapwood and red heartwood samples (the averaged
NIR spectra taken from the radial surface of the thermally modified samples)

Properties and ~ Calibration Prediction
part of wood
No.of  Pre- LV’ SEC SECV R: No.of SEP R, RPD
samples treatment s samples
Odd
Sapwood 78 msc 8 0.017 0.019 0.88 28 0.018 0.82 2.56
Red 70 norm 6 0.025 0.027 0.66 26 0.017 0.75 2.12
heartwood
Total 148 raw 9 0.026 0.028 0.67 54 0.022 0.66 1.77
Add
Sapwood 78 norm 8 0.023 0.026 0.78 28 0.020 0.71 1.95
Red 70 norm 6 0.026 0.028 0.64 26 0.024 0.66 1.83
heartwood
Total 148 raw 9 0.024 0.025 0.77 54 0.019 0.75 2.11
MOR
Sapwood 71 msc + Ist 3 142 150 0.69 28 136 0.76 1.96
Red 70 raw 6 163 17.6 0.64 26 16.5 0.65 191
heartwood
Total 147 msc 5 150 156 0.67 54 134 078 2.19
MOE
Sapwood 76 raw 6 880 973 0.61 28 784 0.64 1.62
Red 70 norm 8 786 887 0.77 26 723 0.79 2.39
heartwood
Total 146 Ist 4 823 847 0.72 54 692  0.72 1.88

Best results were achieved in predicting the oven-dry density of sapwood
(R* = 0.82 RPD = 2.56), and statistically poorer results were achieved in
predicting the air-dry density of red heartwood (R* = 0.66; RPD = 1.83). As is
the case with untreated wood, the statistical indicators were better with sapwood
than with red heartwood. In both parts of wood, oven-dry density was predicted
better than air-dry density. Standard error of prediction (SEP) in prediction of oven-
dry density for sapwood was 0.018 g/cm® and 0.017 g/cm® for red heartwood. In
predicting the air-dry density of sapwood, the corresponding SEP was 0.020 g/cm?,
and for red heartwood, SEP was 0.024 g/c:m3 . Béchle et al. (2010) showed a model
of oven-dry density of beech wood whose indicators were R* = 0.65 and
RPD = 1.74, and for the basic density, they were Rﬁ = 0.54 and RPD = 1.35. In
this research, values of SEP were lower than those results.

In predicting MOE, statistical values in sapwood were weaker than the ones in
red heartwood. Compared to the results of untreated samples, thermally modified
sapwood showed poorer prediction properties, while thermally modified red
heartwood yielded better results as compared to the untreated samples. The
corresponding SEP for sapwood was lower (784 N/mm?) than for untreated wood
(798 N/mmz). For thermally modified red heartwood, SEP was the same as in
untreated wood—723 N/mm”. Esteves and Pereira (2008), who examined the
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application of NIR to assessment of MOE of thermally treated pine wood, reported
that the R? in calibration samples was 0.893 and that in eucalyptus, it was
significantly lower—0.471 (in this research, RZ was 0.61 for sapwood and 0.77 for
red heartwood). Béchle et al. (2010) predicted MOE of spruce and reported that
Rf, = 0.75 while the value for beech wood was significantly lower (Rf, = 0.38) than
in this research. Gonzales-Pena and Hale (2011) reported good results for predicting
MOR and MOE by using the mid-infrared spectroscopy (MIR). In thermally
modified beech wood, the coefficient Q&um (QEUM = Fross-validation) Was found to
be 0.985. This value is significantly higher than the R? used in this research.

By using the NIR spectra, MOR can be better predicted in thermally modified than
in untreated beech wood. Also, assessment of MOR of thermally modified sapwood
yielded better results (Rf, = 0.76; RPD = 1.96—Fig. 8) as compared to those of
thermally modified red heartwood (Rg = 0.65; RPD = 1.91). In both parts of wood,
values of SEC were between 8.74 and 16.3 N/mm? and SEP were between 8.95 and
16.5 N/mm?. Statistical indicators of calibration samples were lower than those stated
by Esteves and Pereira (2008) for pine wood (Rf = 0.769) and eucalyptus wood
(RE = 0.745) and those stated by Gonzales-Pena and Hale (2011) for beech, pine and
spruce. However, the results of prediction of MOR were better than those reported by
Bichle et al. (2010) for beech wood (Rlz, = 0.57; RPD = 1.52).

Prediction of thermally modified wood properties by NIR spectra collected
from untreated samples (UT — TM models)

Data of the quality of thermally modified wood, based on the NIR spectra collected
from untreated wood, could significantly improve the utilization of wood (especially
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Fig. 8 Measured versus NIR-predicted values of beech sapwood modulus of rupture (MOR) (thermally
modified samples)
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in beech wood with red heartwood). Results of application of spectra collected on
the surface of untreated beech wood to the prediction of physical and mechanical
properties of thermally modified beech wood with red heartwood are shown in
Table 4.

In prediction of density of thermally modified wood, the obtained results were
much better with sapwood than with red heartwood. The statistical indicators
obtained were the same with sapwood in both air-dry and oven-dry densities
(Rf) = 0.76; RPD = 2.14). In prediction of air-dry density of red heartwood,
significantly higher statistical values were obtained as compared to the oven-dry
density. SEP values were the same with both densities of sapwood (SEP = 0.021 g/
cm?), while for red heartwood, SEP value of oven-dry density (0.025 g/cm?®) was
higher than SEP of air-dry density (0.022 g/cm?). Prediction of density of sapwood
gave good results in both UT — TM and TM models (RPD > 2). In prediction of
oven-dry density of red heartwood, much better results were obtained with TM
model. On the other hand, in prediction of air-dry density of thermally modified red
heartwood, results indicate that both the NIR spectra collected on the surface of
thermally modified wood (TM model) and the spectra collected before treatment
(UT — TM model) can be used equally.

NIR is better used in prediction of MOR of sapwood than with the same property
of red heartwood, but the results of prediction of MOE were better in red heartwood
(Fig. 9) than in sapwood (RPD = 1.70; Rg = 0.62).

Values of SEP of MOE and MOR of sapwood were lower than those of red
heartwood, which indicates a higher stability of the models. In assessment of MOR
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Fig. 9 Measured versus NIR-predicted values of beech red heartwood modulus of elasticity (MOE)
(thermally modified samples). Spectra taken from untreated red heartwood
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of thermally modified beech wood, better results were obtained by using the spectra
collected from the surface of thermally modified wood (TM models) than by
collecting the spectra from the surface of untreated wood. In prediction of MOE of
sapwood, higher values of RPD and a better stability of the model were found in the
UT — TM model, but the TM model produced much better results with red
heartwood than with sapwood. Generally, with density and bending properties, all
the UT — TM models had RPD values higher than 1.5 except in prediction of MOR
of red heartwood.

Prediction of beech wood properties by NIR spectra collected
from untreated + thermally modified samples (UT + TM models)

In assessment of wood density, these models gave results (Table 5) that were mostly
poorer than those obtained by UT and TM models. Similar values of RPD and Rﬁ to
the ones in the UT model were only obtained in prediction of air-dry density of
sapwood, but they were again lower than those in the TM model. Béchle et al.
(2010), using the same set of samples, predicted density of spruce and beech wood,
and obtained results that were between those in UT and TM models, but similar to
the results for red heartwood in this research.

Prediction of air-dry density of sapwood yielded higher values of RPD and Rﬁ
(Fig. 10) compared to air-dry density of sapwood (Rf, = 0.77; RPD = 2.07). With
red heartwood, the statistical parameters were similar for both densities, but
according to the values of SEP, a greater stability of the model was achieved in
prediction of oven-dry density (SEP = 0.024 g/cm®) compared to air-dry density
(SEP = 0.031 g/cm?).

Prediction of MOR gave better statistical results than prediction of MOE in both
parts of beech wood. MOR and MOE can be better predicted in sapwood than in red
heartwood. For sapwood, the statistical parameters obtained with the UT and TM
model were similar to those obtained with the TM model, but were significantly
better than those obtained with the UT model. In prediction of MOR of red
heartwood, statistical results with UT + TM model were also better than with UT
model, but somewhat poorer than with TM model. With MOE of sapwood,
statistical parameters were better than with the TM model, but poorer than with the
UT model. With red heartwood, a different relation was found, that is, the
UT + TM model was, according to RPD and Rf,, poorer than both UT and TM
models.

When Bichle et al. (2010) predicted MOR of grouped samples (untreated and
thermally modified) of beech wood and spruce wood, they got lower values
compared to those obtained in this research. For MOE, same authors got a result that
corresponds with statistical values found in red heartwood, but SEP was higher
(SEP = 978.77 N/mm?) than in this research (SEP = 923 N/mm?).

Results of statistical parameters obtained with prediction of density and bending
properties of grouped samples (sapwood and red heartwood) were mostly between
the results of sapwood and red heartwood. This fact indicates the advantage of
grouped samples being used to assess the properties when models based on red
heartwood samples are poorer. In this sense, with the UT model, the use of these
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Fig. 10 Measured versus NIR-predicted values of beech sapwood oven-dry density—Odd (untreated and
thermally modified samples)

grouped samples is significant in predicting air-dry density (RPD = 2.09) and MOR
(RPD = 1.52). With the TM model, good results were obtained with air-dry density,
MOR (Fig. 11), and MOE. With this model, the sapwood and red heartwood
samples gave better statistical results than those obtained with the UT model.

With UT — TM and UT + TM models, all the examined properties proved the
advantage of grouped samples (sapwood and red heartwood) over the samples of red
heartwood. With UT — TM model, the highest value of RPD was obtained with
MOE (RPD = 2.28) and the lowest with MOR (RPD = 1.53). With UT + T™M
model, RPD was mostly weaker than with UT — TM model, with the highest value
being obtained in prediction of air-dry density (RPD = 1.92) and the lowest with
oven-dry density (RPD = 1.64).

Mathematical treatments

The raw spectra (mostly with UT + TM models) and the mathematically processed
spectra (mostly with UT models) were used equally. Multiplicative scatter
correction (msc) and normalization of spectra were mostly used in individual
cases. Compared to raw spectra, first and second processed spectra showed better
results in most cases, which corresponds to the results by Béchle et al. (2010). An
advantage of application of first over second processed spectra was also found,
which corresponds to the results for untreated wood by Kludt (2003), but differs
from the results by Schimleck et al. (2001) and Thumm and Meder (2001), who
showed advantages of second spectra over first ones.
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Fig. 11 Measured versus NIR-predicted values of beech modulus of rupture (MOR) (sapwood and red
heartwood thermally modified samples)

After analyzing the statistical indicators, this research obtained better results for
beech wood as compared to those by Béchle et al. (2010). One of the reasons for this
could be that this research used 100 scans per spectrum, while Béchle et al. (2010,
2012) used 32 scans per spectrum. They stated that, in practice, a larger number of
scans require more recording time. Esteves and Pereira (2008) used 50 scans, and
Mitsui et al. (2008) used 128 scans. The results of this research indicate that the
short recording time (low resolution or low number of scans) should only be used in
those areas of application of NIR spectroscopy where RPD is expected to be higher
than 3.5. So far, studies of prediction of physical and mechanical wood properties
with NIR have very rarely produced values of RPD higher than 2.5. Considering this
fact, in using the NIR spectroscopes for assessment of wood quality, advantage
should be given to a good and high-quality recording resolution, with a large
number of samples. This is especially important for deciduous wood species.

Conclusion

Results of research show that it is possible to use the NIR spectroscopy along with
PLS regression to predict the properties of thermally modified beech wood of both
sapwood and red heartwood. Generally, according to obtained statistical indicators,
most of the developed models can be used for preliminary screening (RPD > 1.5).
Statistical results of obtained models for wood density prediction were mostly better
than of models for bending properties prediction. In addition, with sapwood and
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with the grouped samples (sapwood and red heartwood), most models yielded better
results than with red heartwood. With TM models, results in both sapwood and red
heartwood were good enough (1.5 < RPD < 2.56). Considering the preliminary
screening, the UT — TM models showed very poor results (i.e., RPD < 1.5) only
for oven-dry density and MOR of red heartwood. All other results obtained with
UT — TM model are very interesting for practice because they can influence the
decrease in waste after the modification process, and a more rational yield of wood
(especially from red heartwood). Based on the results of these models and knowing
the required properties of heat-treated wood, in practice one can decide which wood
to thermally modify. Furthermore, a successful prediction of properties of thermally
modified wood can determine its use in advance and also predict the product group
in which such wood could be used.
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