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Abstract Partial least square regression (PLS-R) calibrations based on near infrared (NIR) spectroscopic data
were developed in order to predict mechanical and physical properties of agro-based particleboards. The panels
were manufactured using Fucalyptus and Pinus wood particles and sugar cane bagasse. The following panel
properties were evaluated according to standard methods: modulus of elasticity (MOE), modulus of rupture
(MOR), internal bonding (IB) strength, water absorption (WA24H), and thickness swelling (TS24H) after 24
hours of immersion. NIR spectra information was measured on samples cut from each particleboard and
correlated with their physical and mechanical properties by PLS-R to build predictive NIR models. The NIR
models for IB, WA24H and TS24H presented satisfactory coefficient of determination (0.73; 0.72 and 0.75,
respectively.) The key role of resins (adhesives), cellulose, and lignin for NIRS calibrations of mechanical and
physical properties of the particleboards is shown. These models can be useful to quickly verify such properties

in unknown agro-based particleboards.
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Zusammenfassung

Partial Least Square Regression (PLS-R) Kalibrierungen auf der Grundlage von nahinfrarot-
(NIR)-spektroskopischen Daten wurden zur Bestimmung der mechanischen und
physikalischen Eigenschaften von agro-basierten Spanplatten entwickelt. Die Platten wurden
aus Eukalyptus- und Kiefernholz- und Bagassespanen hergestellt. Die folgenden
Eigenschaften wurden mittels Standardpriifverfahren beurteilt: Elastizititsmodul (MOE),
Biegefestigkeit (MOR), Querzugfestigkeit (IB), Wasseraufnahme (WA24H) und
Dickenquellung (TS24H) nach 24-stiindiger Wasserlagerung. NIR-Spektren wurden an
Proben aus jeder Spanplatte gemessen und mit den mittels PLS-R bestimmten physikalischen
und mechanischen Eigenschaften korreliert, um daraus NIR-Modelle zu entwickeln. Die NIR-
Modelle fiir IB, WA24H und TS24H ergaben zufrieden stellende Bestimmtheitsmal3e (0,73,
0,72 bzw. 0,75). Aufgezeigt wurde die Schluisselrolle der Harze, Zellulose und Lignin fiir die
NIRS-Kalibrierung der mechanischen und physikalischen Eigenschaften von Spanplatten.
Diese Modelle kénnen sich zur schnellen Uberpriifung dieser Eigenschaften von agro-

basierten Spanplatten als niitzlich erweisen.

1 Introduction

Particleboard is a wood-based panel product manufactured from particles of wood or other
ligno-cellulosic materials and a binder under pressure and temperature (Nemli and Aydin
2007). The increasing demand for new raw materials in wood engineering industries have led
researchers to investigate non-wood ligno-cellulosic biomass utilization in composite
manufacturing (Guntekin and Karakus 2008). Transforming residues from agro-industry into
high quality industrial panel products provides a prospective solution for more effective
residues utilization. Since large quantities of the sugar cane bagasse, containing both crushed
rind and pith fibres, remain after sugar extraction (Xu et al. 2009), this underutilized low-
quality material could play an important role in the manufacture of agro-based particleboards

(Ashori and Nourbakhsh 2008).

In this perspective, many research units have explored potential suitability of the alternative
resources for particleboard manufacturing (Nemli and Aydin 2007). Considering the several
possibilities to combine components and binders and their yields to produce particleboards, a
huge number of samples need to be quickly evaluated in order to verify if these new products

have acceptable technological properties. The determination of physical and mechanical
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properties of particleboards is cost and time-consuming restricting the researchers in the
experimental production of panels. In addition, because of the variability within the
particleboards, a large number of samples must be tested in order to obtain more accurate

characterization.

To overcome these budget and technical constraints, a suitable technique for characterization
of a huge range of materials including agro-based engineering products is the near infrared
(NIR) spectroscopy (Burns and Ciurczak 2001). The technique is based on vibrational
spectroscopy, which measures the interaction of electromagnetic NIR radiation with chemical
bonds of the constituents of the sample (Pasquini 2003). According to Workman (2008) NIR
radiation interacts with polar molecules and especially with O-H functional groups such as in
water, C-H as in biomass, but also with C-O and C-O-H bonds and C=C double bonds
frequently found in biomass. In short, the sample is measured in a NIR spectrophotometer and
the analyses rely on developing a calibration that relates the spectra of a large number of
samples to their known reference value, for instance lignin or extractive content of wood
samples. This calibration is then used to predict the lignin or extractive content of further
samples based on their NIR spectrum. It is implicit in this technique that the “training” sets on
which the calibrations are based contain the whole range of variation in the samples to be
further analysed (Raymond 2002; Tsuchikawa 2007; Mora and Schimleck 2008). The main
advantage of NIR spectroscopy technique is that, after calibration, more than one parameter
per sample can be determined at once. Moreover, this technique enables the characterization

of a huge number of samples.

The particleboard industry has experienced an expressive increase on the request concerning
the performance of their products and depends upon new solutions for controlling the quality
of their products. Currently some scientific contributions have shown the potential of
combining spectroscopic data with multivariate data analysis as a rapid and reliable tool for
characterizing engineered wood products. For instance, Kniest (1992) used NIR spectroscopy
to characterize urea resined wood particles while Niemz et al. (1994) evaluated resin content
in chip mixtures by NIR-spectroscopy. Meder et al. (2002) developed regressions with good
potential for stiffness prediction of individual ply veneers using NIRS. Rials et al. (2002) used
NIRS technique for predicting the mechanical properties of medium-density fiberboards.
Dolezel-Horwath et al. (2005) used spectroscopy and chemometric modelling to control
production of wet-processed hardboards. They used online UV-vis-NIR spectroscopy for a

full-scale industrial hardboard production to collect spectra from fibre materials, intermediate

3
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fibremats and from final hardboards and found strong relationships between UV-vis-online-
spectra of the fibremats and the water uptake of the corresponding fibreboards. Kelley et al.
(2005) used NIRS to evaluate changes in the chemical composition of loblolly pine medium
density fiberboard furnish as a function of age and refining pressure. Kent et al. (2006)
investigated the effects of fungal decay on the properties of oriented strand board (OSB)
sheathing-grade structural panels manufactured with Populus tremuloides, including weight
loss, specific gravity, dowel-bearing strength, shear strength, and alkali solubility. They used
NIR spectroscopy in combination with multivariate statistical methods to study the decay
process and reported that their predictive NIRS models showed promissory results to evaluate
weight loss, shear strength, dowel-bearing strength, and solubility. Adedipe and Dawson-
Andoh (2008) evaluated moisture content of yellow-poplar veneer sheets combining the NIR
spectroscopic data with reference data by PLS-R. They reported predictive models with high
coefficients of correlations demonstrating the feasibility of NIRS technique to evaluate
physical properties in engineering products. Hein et al. (2009a) used NIRS on wood-cement
panels to develop PLS models for internal bond, modulus of rupture and thickness swelling

after immersion in water for 24h.

Although the feasibility of NIR spectroscopy to determine a range of properties of wood-
based panels has been demonstrated in the above mentioned studies, further studies are
required for a better understanding of how NIRS is able to evaluate technological properties
in agro-based panel products on the basis of vibrational spectroscopic analysis. Thus, the aim
of this study was to develop calibrations based on near infrared spectroscopic data in order to
predict mechanical and physical properties of agro-based particleboards produced from
Eucalyptus and Pinus wood particles and sugar cane bagasse, under different manufacturing

conditions.
2 Material and Methods

2.1 Preparation of agro-based particleboards

The agro-based particleboard samples used in this work were produced from different
contents of Eucalyptus and Pinus wood particles with sugar cane bagasse, obtained from
experimental plantations located at the southeast of Minas Gerais State, Brazil. Wood
particles were sampled from 31 year old Pinus oocarpa with an average basic density of 0.50
g/em’, and 8 year old Eucalyptus urophylla with an average basic density of 0.56 g/cm’. The

average density of sugar cane bagasse was 0.1 g/cm?®. The raw materials were taken to the
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Experimental Unit of Wood Panel Production of the Universidade Federal de Lavras (Brazil),
where they underwent milling. The produced particles (~5 mm x ~1 mm x ~0.5 mm) were
classified at the mill by a shaker (0.8 mm x 0.8 mm) to remove most of the fines and dried to

a mean moisture content of 3% in a convection oven.

Different proportions of sugar cane bagasse, Pinus and Eucalyptus particles were combined in
seven composition classes of particleboards (Fig. 1). The target board density and dimensions
for all panels were 0.70 g/cm?® and 480 mm x 480 mm x 15 mm, respectively. Particleboards
were produced with phenol-formaldehyde or urea-formaldehyde resin. Based on the oven-
dried particle weight, 6, 9, and 12 percent of resin, plus 1 percent of wax were applied to the
particles using an atomizing spray and rotary blender. Total press time was 8 minutes at 180
°C (phenol-formaldehyde) and 160 °C (urea-formaldehyde) and a pressure of 4 N/mm?. Three
replicates were produced for each type of panel. Thus, a total of 126 panels were produced
according to the scheme presented in Fig. 1. The same panel samples were investigated by

Campos et al. (2009) to evaluate their composition by near infrared spectroscopy.
2.2 Test specimens and sampling

Fourteen specimens were cut from the center of each panel for determination of physical and
mechanical properties and also for NIR scanning. The specimens were stabilized in a climate
chamber (20 + 2°C; 60 + 3% relative humidity), where they were also submitted to
mechanical tests and NIR spectral scanning. Under these conditions, samples reached
equilibrium moisture content of 12%. The dimensions of the specimens varied according to

property determination standard and are presented in Fig. 2.

Due to limitations imposed by the spectrometer equipment, the specimens for NIR scanning
should present the dimensions suitable for the spectrometer measuring cell (50 mm x 50 mm
x 10 mm). Therefore, except for the internal bond test specimen, no other specimen dimension
would allow NIR scanning prior to laboratory test. The integrity of solid specimens is
completely compromised after being subjected to testing procedures such as bending and
immersion in water, not allowing the achievement of sample-cut and scanning after
laboratorial tests. Thus, it was opted to use external specimens for NIR spectral data

acquisition to calibrate the models for the mechanical and physical properties.

2.3 Physical and mechanical tests
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The physical properties, water absorption and thickness swelling after immersion for 24 hours
(WA24H and TS24H, respectively), were performed according to the ASTM Standard 1982:
D1037-100. The mechanical properties analyzed were: internal bond (IB), determined
according to D1037-28 ASTM standard (1982), modulus of elasticity (MOE) and modulus of
rupture (MOR), both determined by bending test according to DIN 52362 (1982) standard. A
universal testing machine (DL - 30 kN model, EMIC, Parana, Brazil) was used to perform the

mechanical tests.
2.4 Spectra acquisition

NIR spectra were measured in a spectrometer (NIR 900 PLS model, Femto instrument Ind &
Com, Sao Paulo, Brazil) in the diffuse reflectance mode. This NIR spectrometer is based on a
Czerny-Turner monochromator and uses continuous diffraction to perform the reflectance
analysis of solids using a tungsten-halogen 55W light source. The NIR spectra were recorded
at wavelengths between 1,100 and 2,500 nm at 2-nm intervals. Two samples were obtained
per particleboard for NIR scanning (Fig. 2). Spectra information was taken directly from the
sample surface. Four scans were measured from each sample-cut (totaling eight scans per
panel) and averaged into a single NIR spectrum. This spectrometer measures the diffuse
reflected light through a window diameter of approximately 10 mm. The procedure consisted
of turning the sample in the equipment measuring cell enabling the light beam to capture
different spots of the specimen heterogeneous surface, providing more representative

averaged spectrum and reducing the data noise.
2.5 Calibration and validation statistics

Partial Least Squares (PLS) regression analyses were developed to describe the relationship
between the NIR spectra and the panel properties using the Unscrambler (CAMO AS,
Norway) software version 9.7. PLS calibrations were performed using external validation
based on two subsets (calibration set and validation set) with a maximum of 12 latent
variables. The selection of the samples of each subset was made manually. The sample set
was ranked in ascending order and the data set was split into two uniformly distributed

subsets. This procedure allowed higher control of the variability within each subset.

First derivatives (13-point filter and a second order polynomial) and second derivatives (25-
point filter and a third order polynomial) were applied on the NIR spectra data using Savitzky
and Golay (1964) algorithm. The Martens’ uncertainty test (Westad and Martens 2000) was



EJWWP471 source

used to select the wavenumbers with significant regression coefficients that were further used
to recalculate the models. The student residuals versus leverage value plot analyses were used
to identify outlier samples, as described by Hein et al. (2009b). The selection of the number of
latent variables (L'V’s) was based on residual variance plot and the optimal LV, with

minimum residual variance.

2.6 Selection of the validation model

To compare the models’ calibration and validation the following statistics were used: (i)
coefficient of determination of calibration (R%c); (i1) coefficient of determination of prediction
(or validation) (R?p); (iii) standard error of calibration (SEC); (iv) standard error of cross-
validation (SECV); (v) standard error of prediction (or validation) (SEP); (vi) ratio of
performance to deviation (RPD) and (vii) the number of latent variables (LV) as suggested by
Fujimoto et al. (2008) and Jones et al. (2008). The formulas for SEC, SECV, and SEP are
given in Workman (2008). These statistics should be as low as possible whereas coefficient of
determination should be high. The SEC statistic is a useful estimate of the optimal accuracy
obtainable for a given set of wavelengths used to develop a calibration equation, while the
calculation of SECV is a method useful for determining the “best” number of latent variables
to use in building a calibration equation by cross-validation and it is an estimate of the SEP.
The cross-validation (CV) method is based on an iterative (repetitive) algorithm that selects
samples from a sample set population to develop the calibration equation and then predicts on
the remaining unselected samples (Workman 2008). The SEP is also termed the standard error
of prediction, and allows for comparison between NIR-observed predicted values and

laboratory values (reference values) during the validation test.

The RPD value is the ratio of the SECV or SEP to the standard deviation (sd) of the used
reference values (AACC 1999). This statistic provides a basis for standardizing the error of
prediction (Williams and Sobering 1993) and makes it possible to compare different

calibration parameters such as NIR spectra information measured from different boards.

3 Results and Discussion

3.1 Laboratory data

The use of particleboards for structural purpose, with security and economy, requires the prior

knowledge of their mechanical and physical properties. For many practical reasons, the
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modulus of elasticity, the modulus of rupture and internal bond are among the technological
properties of engineering wood products which may ensure their suitability as structural
elements. The MOE is a parameter that indicates the rigidity of a material subjected to a
determined strain, and MOR indicates the limit of the material, subjected to maximum strain
until rupture, while IB measures the degree of adhesion between the particles in samples
submitted to the strain of perpendicular traction (Maloney 1993). For structural use, the panels
should present resistance to exposure to water, changes in humidity, and weathering. The
absorption of water and swelling in thickness are, respectively, the expression percentage of
the amount of water absorbed and swelling in thickness when a stabilized sample is immersed

in water for 24 hours according to ASTM D 1037-96a test method (ASTM 1982).

Table 1 shows the descriptive statistics of the agro-based particleboard properties. The panels
presented a large range of values for each property. The modulus of elasticity ranged from
0.49 to 1.23 10°* N/mm? while the modulus of rupture varied from 5.04 to 18.72 N/mm?. The
internal bond was the mechanical property which presented the highest variability (CV=38%)).
Technical problems with 27 panels for the internal bond measurements occurred and it was
decided to remove them from the data set (see Table 1). The water absorption after immersion
for 24 hours presented an averaged value of 43% ranging from 8 to 96%, the highest range of
variation. The thickness swelling after immersion for 24 hours also presented a very important
range of variation. The variability between particleboards and the effects of the different raw

material contents on these properties are out of the scope of the present paper.

Table 2 presents the coefficients of variation (%) of the averaged values of the laboratory
measurements for water absorption after immersion for 24 hours (WA24h), thickness swelling
after immersion for 24 hours (TS24h), modulus of elasticity (MOE), modulus of rupture
(MOR), and internal bond (IB) by composition class of particleboards. This information
(Table 2) allows knowing the repeatability of the reference methods and the variation within
panels. In general, the coefficients of variation presented moderate to low values (below
20%), indicating little variability within the particleboards. The variability of the properties
between particleboards (Table 1) is important for this study: the higher the property
variability, the more chances to get a better statistics for the calibration model. However, the
variability within panels (Table 2) can result in noisy and low precision reference values,
compromising calibration performance. To improve NIRS models calibration output it is also
recommended to obtain NIR spectra from the same sample that will be further used for

reference analysis. Unfortunately, as explained in the Material and Methods section, this was
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not possible. Nevertheless, the representativeness of the spectra samples was the major

limitation of this paper.

3.2 NIR infrared spectra and mathematical pre-treatments

As a complex material, particleboards can be described as a combination of different kinds
and contents of chemical substances, anatomical tissues, and solid materials (Campos et al.
2009). Hence, the spectra reflect the energy captured (or reflected) by chemical bonds from
different resins (phenol-formaldehyde and urea-formaldehyde) and resin levels, wood
components nature and contents (cellulose, lignin, hemicelluloses, extractives) and their
interactions. The assignments of absorption bands normally associated with ligno-cellulosic
fibres and resins are summarized in Table 3. The index (Table 3) refers to the numbers
assigned to the absorption bands presented in Fig. 3 and the regression coefficients presented
in Figures 4 and 5. In Figures 3, 4 and 5, the bands correspondent to lignin are shown by

squares, to cellulose by full circles, to water by dotted circles and to resin by triangles.

The resins play a key role in NIR spectra. These adhesives are important for the mechanical
and physical properties and contribute to the NIR information. The structural formulae of
phenol-formaldehyde and urea-formaldehyde resins are presented in Korner et al. (1992).
Phenols show absorptions in NIR spectra with first overtones of the O-H near 1,400-1,440 nm
range (Workman and Weyer 2007) while urea shows absorption in the 2,012-2,353 nm range
which includes the strong combination doublet of the -NH; group and is free from water

vibrations (Dessipri et al. 2003).

Many papers deal with evaluating the resin content in particleboards by means of FTIR or
FTNIR spectroscopy (Niemz et al. 1994, 1992; Kniest 1992; Korner et al. 1992). For instance,
Korner et al. (1992) quantified the portion of agglutinant in particleboards based on their IR
spectra and presented a set of wavenumbers for the detection of commercial glues in
particleboards, showing interaction at 6,024, 6,410 and 6,493 nm for urea-formaldehyde and
at 6,024 and 6,250 nm for phenol-formaldehyde resin of the panels. Using the NIR range,
Niemz et al. (1992) state that wavelengths of 2,020 nm, 1,900 nm and 2,110 nm turned out to
be the most suitable one for urea resin detection in wood chips mixtures. More recently,
Dessipri et al. (2003) demonstrated the interaction between formaldehyde and urea on the
spectra at the 2,150 and 2,197 nm due to the NH; combination bands, and at 2,247 nm which
is attributed to the CH, combination band of the methylol group.
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According to Campos et al. (2009), NIR spectra vary depending on the surface roughness,
particles size and shape of the panels, among other factors. This complex information
demands sophisticated statistical tools, to allow proper interpretations and enhance NIR
spectral data applications. The application of mathematical pre-treatments (pre-processing or
data transformation) seeks to improve the signal quality, suppress part of the noise or physical
information and to provide evidence of absorbance peaks in NIR spectra. Fig. 3 shows the
original NIR spectrum as well as the first and the second derivative of a NIR spectrum from
an agro-based particleboard. The untreated and pre-treated NIR spectra of all samples were

averaged.

3.3 PLS-R Calibration models

Table 4 presents the descriptive statistics for the selected calibration and validation sets.
According to Mora and Schimleck (2008) the calibration models must include all possible
sources of variation that can be encountered later in real applications because the goal is to
estimate the concentrations in new samples. By selecting the subsets manually it was
guaranteed that the validation set had extreme values comprehended in the variation interval

of the calibration set.
3.3.1 Mechanical Properties

The PLS-R models were calculated from the untreated and pre-treated NIR spectra data from
1,100 to 2,500 nm in order to predict MOE, MOR, and IB of particleboards. The model

statistics are presented in Table 5.

The PLS-R models for MOE and MOR provided low to moderate coefficients of
determination (R?p from 0.42 to 0.62) and RPD values ranging from 1.3 to 1.6. In regard to
the internal bond, the model statistics were stronger (R?p from 0.68 to 0.73) with quite similar
SEP’s (0.097 to 0.11 N/mm?) and RPD values varying from 1.8 to 2.0. According to Williams
and Sobering (1993) a RPD greater than 2.5 is considered satisfactory for screening, although
it has been shown that a RPD of approximately 1.5 indicates that NIR spectroscopy can be
used as an initial screening tool (Schimleck et al. 2003). In this study, the predictive PLS-R
models for MOE, MOR and IB presented acceptable statistics for initial screening.

10
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Delwiche and Reeves (2004) recommended the application of mathematical pre-treatments
during the modeling in order to improve the statistics of the PLS regression models. The 1B
PLS-R models based on the derivatives of the NIR spectra presented higher RPD values and
required less LV’s. However, regarding the MOE calibrated models, first and second
derivatives of the NIR spectra did not enhance the model performance. For the MOR
calibrations, first and the second derivative of the NIR spectra provided the same RPD value
(RPD=1.6). The bias presented in Table 5 shows that there are no systematic deviations
between reference and NIR-based values. Fig. 4 shows the relationship between the NIR-
fitted and the laboratory-measured IB values, and the spectral plot of the weighted regression
coefficients for the PLS-R model developed from the second derivatives of the NIR spectra.
The open circles represent the calibration samples while filled circles represent the validation
set (Fig. 4A). The gray rectangles (Fig. 4B) indicate the uncertainty limits from Martens’

uncertainty tests that were used to calculate the model.

The NIR spectra collected from these particleboards represent a great variety of interactions
of the radiation along the wavelength range and the properties of the particleboards. In turn,
MOE, MOR and IB properties are affected by many variables of the production process of the
panels, among which the density and composition of panels, the adhesive contents, the panel
compression ratio, the paraffin content and the size of the particles reflected in the slenderness

index (Kelly 1977).

Although the feasibility of the NIR spectroscopy has been shown for MOE, MOR and IB in
this study and in other investigations (Meder et al. 2002; Rials et al. 2002; Wang et al. 2004;
Kelley et al. 2005), it was still unclear how this technique can evaluate mechanical properties
on the basis of vibrational spectroscopic analysis. The assignments of absorption bands
indicated in Fig. 4B are useful to understand which components affect the calibrations. Here,
the regression coefficients showed that resin (adhesive) (triangles 3, 10, 13, 14 and 16),
aromatic groups in lignin (squares 1, 2 and 6) and cellulose (circle 7 and 17) played a major

role in PLS calibration for internal bond (Fig. 4).

NIR spectra from a complex material such as these panels are consequently not merely driven
by the underlying chemistry, but also by the solid structure (Gierlinger et al. 2004). The
results presented in Fig. 4 show that such mechanical properties are directly linked with resins

and chemical and physical properties of the engineering wood products.

11
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3.3.2 Physical properties

Water absorption and thickness swelling were tested to evaluate the water resistance
properties of the particleboards by PLS-R models based on their NIR spectra. Table 6 shows
the statistics associated with the PLS-R models to estimate these physical properties.

The PLS models to estimate the water absorption after immersion for 24 hours presented were
acceptable showing good statistics with R?p from 0.66 to 0.72 and RPD values from 1.7 to
1.9. The SECV’s were quite similar (11.4 to 11.7%), while higher differences were observed
for the SEP’s (9.9 to 11.1%). For this physical property, the PLS-R models required five to

six latent variables.

Regarding the models to estimate the thickness swelling after immersion for 24 hours, the
statistics were also good. The PLS models present R?p ranging from 0.64 to 0.75, SEP from
2.6 to 3.2% and RPD values varying from 1.7 to 2.1. Fig. 5 shows the NIR fitted versus
laboratory-measured TS24H values plot (A) and the regression coefficients for PLS-R model
predicting TS24H with the first derivative spectra data (B). The assignments of absorption
bands indicated in Fig. 5B show that resin (triangles 5, 11, 12, 14 and 16), cellulose (circles 7
and 17) and aromatic groups in lignin (squares 1, 2 and 6) also play an important role in the
calibration of thickness swelling after 24 hours. Moisture content of the panels (dotted circle
9) influenced the calibration of TS24H. These results confirm the role of these chemical
components in determining (in part) the thickness swelling, due to their hydrophilic functional
groups that associate with water. As elucidated earlier, the physical aspect of solid material
are also a source of NIR spectral variance. Therefore, not only the chemical components
underlined here play a role in water absorption, but also the sponge effect caused by

capillarity and adsorption of water within the porous solid (particleboard).

In regard to the mathematical pre-treatments of the NIR spectra, Table 5 shows that derivative
transformations did not always improve the models statistics of the investigated mechanical
properties. The models adjusted for internal bond presented a positive response to first and
second derivatives treatments, with higher coefficients of determination (R*c and R?*p) and
less number of latent variables (conferring more robust models). For the models to predict
water absorption (Table 6), it was observed that the first and second derivatives of spectra
enhanced the calibration statistics, but the same was not true for the prediction statistics. On
the other hand, for the thickness swelling predictive models the mathematical pre-treatments

were positive to both calibration and prediction statistics. These results indicate that there is

12



EJWWP471 source

no rule of thumb regarding mathematical pre-treatments applied to NIR spectra, and testing

all possibilities remains the regular procedure.

According to Fujimoto et al. (2008), the higher the RPD value the more reliable is the
calibration. Generally, if outliers are removed from the data set, the RPD value tends to
increase. However, for WA24H (Table 6) the number of outliers from validation set increases
but the R?p decreases and the SEP increases in the validation set. One reasonable explanation
would be the removal of extreme values that cooperate with the regression adjusted line. To
standardize the removing outliers’ process, the anomalous samples reported in Tables 5 and 6
were identified and removed examining the student residuals and leverage value scatter plot
as described in Hein et al. (2009b). For instance, when using untreated NIR spectra, only two
samples appeared to be as outliers, while after transformation, new samples become outliers
in the TS24H calibrations. Therefore, the effect of removing outliers and transforming NIR

spectra on the model statistics is difficult to be interpreted.

Over the last years, the association of near infrared spectroscopy and multivariate analysis has
been demonstrated as a rapid and reliable tool for characterizing engineering biomaterials
products (Meder et al. 2002; Rials et al. 2002; Dolezel-Horwath et al. 2005; Kelley et al.
2005; Kent et al. 2006; Adedipe and Dawson-Andoh 2008; Campos et al. 2009; Hein et al.
2009a). Although it is well known that both spectral noise and reference method affect the
accuracy and the precision of NIR predicted values (Rodrigues et al. 2006), in this study,
different samples (cut from the same board) were used for NIR spectra acquisition and for
determination of the reference data. In principle this procedure would cause a
representativeness problem disabling the use of NIRS. Notwithstanding, good correlations
were obtained and the results confirm the above-mentioned studies which showed that it is
possible to evaluate a range of properties in wood-based panels using near infrared
spectroscopy and multivariate analysis techniques. Based on the significant absorption bands
and regression coefficients of the models, these results showed that resin, cellulose and lignin

play a major role in the calibration of particleboard properties.

The above results are useful to generate a better understanding on how this technique is able
to evaluate mechanical and physical properties in engineering products on the basis of

vibrational spectroscopic analysis.

4 Conclusion
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The results of this study showed that partial least square regression based on near infrared
spectra to evaluate physical and mechanical properties in particleboards manufactured from
Eucalyptus and Pinus wood particles and sugar cane bagasse are promising. The PLS
calibrations presented satisfactory correlations between NIR spectra and particleboard
properties such as modulus of elasticity, modulus of rupture, internal bond strength, water
absorption and thickness swelling after immersion for 24 hours. The predictive models
showed satisfactory results with coefficient of determination ranging from 0.42 to 0.75 and
RPD values from 1.3 to 2.1. The internal bond strength was the mechanical property which
presented the best statistics while the physical property which presented the higher calibration
statistics was the thickness swelling after immersion for 24 hours. The results confirm that
near infrared spectroscopy technique can be a useful tool in order to verify quickly if
unknown particleboards present acceptable properties. Based on the significant absorption
bands and regression coefficients of the models, such results indicate that resin, cellulose and
aromatic groups in lignin are components that play an important role in the calibrations for
internal bond and thickness swelling after immersion for 24 hours. Further studies are
indispensable to generate a deeper understanding of how near infrared spectroscopy is able to

evaluate mechanical and physical properties of wood products.
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Table 1 - Summary of the measured properties of agro-based particleboards including water absorption
(WA24H, %) and thickness swelling (TS24H, %) after immersion for 24 hours, modulus of elasticity (MOE,
N/mm?), modulus of rupture (MOR, N/mm?), and internal bond (IB, N/mm?).

Tabelle 1 - Gemessene Eigenschaften agrobasierter Spanplatten einschlieBlich der Wasseraufnahme (WA24H,%)
und der Dickenquellung (TS24H,%) nach 24-stiindiger Wasserlagerung, Elastizitdtsmodul (MOE, N / mm? ),
Biegefestigkeit (MOR, N / mm?) und Querzugfestigkeit (IB, N / mm?).

WA24H TS24H MOE MOR 1B
Average 42.83 14.11 876.6 11.42 0.494
Min 8.36 2.55 493.3 5.043 0.162
Max 96.18 28.7 1,232.3 18.719 1.055
CV* (%) 45.2 39.6 19.8 25.9 37.9
No. of boards 126 126 126 126 100

* CV = coefficient of variation

17



EJWWP471 source

Table 2 - Coefficients of variation (%) of the averaged values of laboratory determination of water absorption
(WA24H) and thickness swelling (TS24H) after immersion for 24 hours (TS24H), modulus of elasticity (MOE),
modulus of rupture (MOR), and internal bond (IB) by composition class of particleboards.

Tabelle 2 - Variationskoeffizienten (%) der gemittelten Werte fiir die Wasseraufnahme (WA24H) und
Dickenquellung (TS24H) nach 24-stiindiger Wasserlagerung, Elastizitdtsmodul (MOE), Biegefestigkeit (MOR)
und Querzugfestigkeit (IB) nach Spanplattenzusammensetzung.

Composition Resin Coefficient of variation (%)

Class WA24H TS24H MOE MOR IB
1-C75P25 -3; 16.3 7.2 4.1 4.6 7.5
2-C50P50 @ 8.1 11.6 15.5 16.5 10.4
3-C25P75 = 12.7 15.8 20.2 18.6 15.9
4-C75E25 g 12.5 5.1 8.1 8.7 12.4
5-C50ES0 an 25.9 11.5 9.4 11.8 12.2
6-C25E75 % 5.2 8.7 7.9 10.9 8.6

7-C100 = 18.1 21.6 7.3 12.0 20.3
1-C75P25 3 18.1 8.6 6.5 12.4 -
2-C50P50 z 7.6 9.4 9.5 8.4 -
3-C25P75 3; 11.0 14.1 16.0 16.7 -
4-C75E25 g 34.5 9.6 5.6 5.8 17.6
5-C50ES0 u‘; 24.8 8.6 7.8 8.3 13.8
6-C25E75 § 17.1 13.7 10.6 9.8 15.4

7-C100 = 22.0 8.7 12.4 13.1 14.9

Total average 16.7 10.8 10.1 11.3 13.5

18



EJWWP471 source

Table 3 - NIR absorption bands assigned to cellulose, lignins, resins and water contained in agro-based

particleboards. Numbers assigned to the bands and regression coefficients presented in Figures 3, 4 and 5.

Tabelle 3 - NIR-Absorptionsbanden von Cellulose, Lignin, Harz und Wasser in agro-basierten Spanplatten
enthalten. Die Nummern beziehen sich auf die Banden und Regressionskoeffizienten in den Abbildungen 3, 4 und

5.
nm  Bond vibration Structure Index Ref.
1170 2nd overtone asymmetric stretching CH, HC=CH Lignin 1 a
1360 CH deformation + CH stretching 2nd overtone CH; - b
1410 OH stretching 1st OT lignin or first overtone of an O-H Lignin 2 C
stretching vibration of phenolic hydroxyl groups
1417 C-H combination, aromatic associated C-H Lignin 2 a
1428 1stovertone OH stretching (amorphous region in cellulose) Cellulose - d
1470 1stovertone NH asymmetric stretching Resin 3 a
1485  1stovertone NH symmetric stretching Resin 3 a
1490 1stovertone OH stretching Cellulose 4 b,e
1500 Istovertone NH asymmetric + NH symmetric Resin 5 a
1548 lstovertone OH stretching (crystalline regions in cellulose) Cellulose - d
1672  1stovertone CH stretching Lignin 6 d
1685 1stovertone CH stretching (aromatic associated CH) Lignin 6 a,e
1724  1stovertone CH stretching Hemicellulose - d
1780 Istovertone CH, stretching Cellulose 7 a,e
1820 OH stretching + CO stretching 2nd overtone Cellulose 8 a,b
1830 OH stretching + CO stretching 2" overtone combination Cellulose 8 d
1940 OH combination of the asymmetric stretching and bending Water 9 a
1980 OH stretching + OH deformation combination band Water - d
1990 Asymmetric NH stretching + amide II combination band Resin 10 a
2040 Symmetric NH stretching + amide II Resin 11 a
2080 Asymmetric NH stretching + amide III Resin 12 a
2110 not assigned Resin 13
2180 Symmetric NH stretching +NH, rocking and/or 2nd overtone Resin 14 a
amide I + amide III
2200 CH stretching and C=0 combination Lignin 15 a
2220 Symmetric NH stretch + NH, rocking Resin 16 f
2335 CH stretching + CH, deformation combination band (and 2nd Cellulose 17 a,(c)
overtone of CH, streching)
2347 CH (1st overtone CH, symmetric stretching and & CH,) Cellulose 17 a
combination
2352  CH bending and stretching combination band Cellulose 17 a
2461 CH stretching + CC stretching Cellulose - b

* Workman and Weyer (2007), ° Schimleck and Evans (2004), ¢ Shenk et al. (2001), ¢ Fujimoto et al. (2008), ©
Schimleck et al. (2004), fMinopoulou et al. (2003)
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Table 4 - Descriptive statistics, including average (Av.), standard deviation (SD), minimum (Min) and maximum
(Max) values and number of averaged values (N) of the physical and mechanical properties for calibration and
validation data sets.

Tabelle 4 — Statistische Werte der physikalischen und mechanischen Eigenschaften der fiir die Kalibrierung und
Validierung verwendeten Proben: Mittelwert (Av.), Standardabweichung (SD), Minimal- (min) und Maximal-
(Max)-Werte und die Probenanzahl (N)

Properties Calibration set Validation set

Av. SD Min Max N Av. SD Min Max N

WA24H (%) 43.2 199 84 962 76 42.3 188 12.7 78.7 50
TS24H (%) 14.2 57 25 287 76 14.0 55 4.0 249 50
MOE (N/mm?)  878.5 175.4 493.3 1,232.3 76 873.6 172.3 502.3 1,159.2 50
MOR (N/mm?) 11.46 3.01 5.04 1872 76 11.35 292 530 1795 50
IB (N/mm?) 0.49 0.18 0.16 1.05 60 0.50 020 0.19 0.97 40
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Table 5 - Summary of PLS-R models to predict the internal bond (IB, N/mm?), modulus of elasticity (MOE,
N/mm?) and modulus of rupture (MOR, N/mm?) of agro-based particleboards.

Tabelle 5 - Zusammenfassung der PLS-R-Modelle zur Berechnung von Querzugfestigkeit (IB, N /mm?),
Elastizitdtsmodul (MOE, N /mm?) und Biegefestigkeit (MOR, N / mm?) der agro-basierten Spanplatten.

Prop. PT LV R?* SEC SECV Outlier R?» SEP Outlier Bias RPD
- 7 0.79 0.083 0.100 1 0.68 0.110 0 0.0009 1.8
IB 1d 3 073 0.094 0.108 0 0.71 0.104 0 0.0016 1.9
2d 2 070 0.098 0.105 0 0.73 0.097 1 -0.0024 2.0
- 5 057 1125 1226 3 0.62 106.1 0 -1.735 1.6
MOE 1d 5 0.67 995 1113 4 0.52 125.7 1 0.5450 1.4
2d 2 046 127.1 133.8 2 042 131.9 0 0.6098 1.3
- 4 064 1.740 1.980 3 0.54 1.950 0 0.0158 1.5
MOR 1d 8 0.74 1.490 2.020 3 0.62 1.873 3 -0.0718 1.6
2d 5 0.65 1.740 2.146 2 0.58 1.814 3 -0.0427 1.6

PT - pre-treatment; 1d - first derivative; 2d - second derivative; LV - number of latent variables; R?c - coefficient
of determination for calibration set; SEC - standard error of calibration (N/mm?); SECV - standard error of cross-
validation (N/mm?); R?p - coefficient of determination for validation set; SEP - standard error of prediction (or
external validation) (N/mm?); and RPD - ratio of performance to deviation.
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Table 6 - Summary of PLS-R calibration to predict water absorption after immersion for 24 hours (WA24H, %)

and thickness swelling after immersion for 24 hours (TS24H, %) of agro-based particleboards.

Tabelle 6 - Zusammenfassung der PLS-R Kalibrierung zur Berechnung der Wasseraufnahme (WA24H,%) und
der Dickenquellung (TS24H,%) von agro-basierten Spanplatten nach 24-stiindiger Wasserlagerung

Prop. PT LV R% SEC SECV Outlier R?» SEP Outlier Bias RPD
© 6 072 985 1137 2 072 98 0 01925 19
W?ij 1d 5 074 940 1135 2 070 1020 2 04694 18
2d 6 076 897 1166 2 066 1113 3  -0.1511 1.7
© 8 076 280 337 1 064 322 0 0096 17
T?OZA)‘;H 1d 6 082 242 273 2 075 264 4 00135 2.1
2d 8 08 245 296 2 068 303 2 00194 18

PT - pre-treatment; 1d - first derivative; 2d - second derivative; LV - number of latent variables; R2c - coefficient
of determination for calibration set; SEC - standard error of calibration (%); SECV - standard error of cross-

validation (%); R?p - coefficient of determination for validation set; SEP - standard error of prediction (or

external validation) (%); and RPD - ratio of performance to deviation.
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Fig. 1 - Schema of the experimental design

Abb. 1 - Versuchsplan

Fig. 2 — (A) Standard dimensions of test specimens (mm) obtained from each panel for
physical and mechanical properties determination and NIR scanning. Physical properties:
Water absorption (WA24H) and thickness swelling (TS24H) after 24 hour immersion;
mechanical properties: modulus of elasticity (MOE), modulus of rupture (MOR), and internal
bond (IB). (B) Specimen used for NIR scanning.

Abb. 2 — (A) Standardabmessungen der aus den Platten entnommenen Priifk6rper (mm) zur
Bestimmung der physikalischen und mechanischen Eigenschaften und NIR-Messungen.
Physikalische Eigenschaften: Wasserautnahme (WA24H) und Dickenquellung (TS24H) nach
24-stiindiger Wasserlagerung; mechanischen Eigenschaften: Elastizititsmodul (MOE),
Biegefestigkeit (MOR) und Querzugfestigkeit (IB). (B) Priitkorper fiir NIR-Messungen.

Fig. 3 - Absorbance versus wavelength plot for an untreated NIR spectrum and first and
second derivative of the NIR spectrum showing bands assigned to chemical compounds. The
scaling factor of the secondary y-axis derivatives was of 10™. The bands assigned to lignin are
shown by squares, to cellulose by full circles, to water by dotted circles and to resins
(adhesives) by triangles.

Abb. 3 - Absorption in Abhingigkeit der Wellenldnge eines NIR-Spektrums und deren erste
und zweite Ableitung sowie der den chemischen Verbindungen zugeordnete Banden. Der
Skalierungsfaktor der rechten y-Achse fiir die Ableitungen ist 10~ Die dem Lignin
zugeordneten Banden sind durch Quadrate dargestellt, diejenigen fiir Cellulose durch ganze
Kreise, diejenigen fiir Wasser durch gestrichelte Kreise und fiir Harze (Klebstoffe) durch

Dreiecke.

Fig. 4 — (A) NIR predicted versus measured values plot for internal bond (IB) based on the
second derivative of NIR spectra, for both calibration (open circles) and validation sets (filled
circles); and (B) regression coefficients for PL.S model predicting IB.

Abb. 4 - (A) Querzugfestigkeit (IB) berechnet auf Basis der zweiten Ableitung der NIR
Spektren in Abhdngigkeit der gemessenen Werte. Offene Kreise: Kalibrierungsdaten, gefiillte
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Kreise: Validierungsdaten. (B) Regressionskoeffizienten fiir das PLS Modell zur Berechnung
der Querzugfestigkeit IB

Fig. 5 — (A) NIR predicted versus measured values plot for thickness swelling after 24 hours
(TS24H) based on the first derivative of NIR spectra, for both calibration (open circles) and
validation sets (filled circles); and (B) regression coefficients for PLS model predicting
TS24H.

Abb. 5 - (A) Dickenquellung (TS24H) nach 24-stiindiger Wasserlagerung berechnet auf Basis
der ersten Ableitung der NIR-Spektren in Abhéngigkeit der gemessenen Werte. Offene
Kreise: Kalibrierungsdaten, gefiillte Kreise: Validierungsdaten; (B) Regressionskoeffizienten

fiir das PLS Modell zur Berechnung der Dickenquellung (TS24H)
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Composition classes

Class Sugar cane me{s Eucalyptus
bagasse (%) wood (%) wood (%)

C75P25 i) 25 0
C50P50 50 50 0
C25P75 25 75 0
C75E25 75 0 25
C50E5S0 50 0 50
C25E75 25 0 75

C100 100 0 0

Resii/ types Resin levels
Phenol-formaldehyde 6%
—> 9%
Urea-formaldehyde 12%

3 replicates

Figurel new
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