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FTIR MONITORING OF CHEMICAL CHANGES IN 
SOFTWOOD DURING HEATING 

Risto A. Kotilainen, Timo-Jaakko Toivanen, Raimo J. AlCn 
University of Jyvhkyla, Department of Chemistry, 

Laboratory of Applied Chemistry, P.O. Box 35, FIN-40351, 
Finland 

ABSTRACT 

A multivariate chemometric method for monitoring the mass loss of Scots pine 
(Pinus sylvestris) and Norway spruce (Picea abies) by IR spectroscopic 
determination of chemical changes occurring during the heat treatment (160 - 260 
"C, 2 - 8 h) of these wood materials was developed. The method was based on the 
handling of FIlR data on treated and untreated wood powder samples by the partial 
least squares (PLS) method. In addition, unknown samples (treated and untreated 
pine and spruce) were classified into separate groups by the principal component 
analysis (PCA) method. The chemical changes occurring in the wood samples 
during heating were also briefly discussed. 

INTRODUCTION 

It has been established'.' that heating of wood at low temperatures (160 - 260°C) 

enhances its ability to resist biological stress caused by fungi. In addition, the 

dimensional stability of wood increases in the course of heat processing. The 

commercial production of heat-treated wood, carried out mainly in several small- 
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volume production units, has gradually increased during the last decade in Finland. 

As a result of this trend an increasing need for developing suitable ways of 

monitoring the heat-treatment process has also emerged. One potential method 

would be to observe the chemical changes that take place in wood material during 

treatment. Since there exists a clear correlation between the mass loss of the dry 

matter of wood feedstock and the beneficial properties (e.g., an increased stability of 

wood against fungal attacks and dimensional changes) of the heat-treated product: 

it was further concluded that the correlations between mass loss and easily 

detectable chemical changes in wood present the interesting possibility of 

developing a proper control method. Such an approach would also avoid the 

difficulty of measuring the accurate mass loss in feedstock (often with varying 

moisture content) under process conditions, thus revealing the simultaneous 

possibility of controlling product quality. 

The lain constituents of wood consist of carbohydrates (cellulose and 

hemicelluloses) and lignin together with a minor proportion of extractives and 

inorgani~s.3~~ When subjecting wood to heating, a multitude of chemical reactions in 

the individual wood constituents take place. Our earlier studies5-' have focused on 

the thermochemical degradation of the chemical components of Norway spruce 

(Picea abies), Scots pine (Pinus sylvestris), and silver birch (Betula pendula) under 

conditions relevant to the technical processes of introducing suitable properties into 

these wood feedstocks. 

Vibrational spectroscopy has been shown to be a rapid method for indicating 

different chemical bonds and thus different functional groups. On the basis of this 

fact, many FTIR and Raman studies on lignocellulosic materials (wood, pulp, MWL, 

etc.) have been 

On the other hand, multivariate analysis has been used to handle the spectral data 

on wood ~arnples. '~. '~ Methods such as multiple linear regression (MLR), partial 

least squares (PLS), and principal component analysis (PCA) have proved to be 

useful for this purpose. 
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CHEMICAL CHANGES IN SOFTWOOD HEATING 309 

The purpose of this study was to develop a rapid and reliable method of 

determining the mass loss of heat-treated wood on the basis of the FTIR reflectance 

spectra from wood powder. A prerequisite for the use of this kind of method is the 

adequate calibration of the statistical model by previously well-characterized 

samples. 

EXPERIMENTAL 

Wood samples and heat t reatments 

The wood feedstocks used were boards (approximate dimensions (4 cm x 4 cm x 

20 cm) of moisture-stabilized (65 % RH) and bark-free Scots pine (Pinus sylvestris) 

(14 samples) and Norway spruce (Picea abies) (23 samples). 

The heat treatments were carried out at the Technical Research Centre of Finland 

(VTT), Sections of Building Technology and Energy. The treatment systems 

consisted of a temperature-controlled furnace in which the wood boards were 

disposed such that each board had a sufficient space around it and held under a 

steam (pine boards, 160 - 230 "C) or nitrogen (spruce boards, 160 - 260 "C) 

atmosphere for 2-8 h. Each feedstock sample was treated separately. As judged by 

the naked eye without any optical aids the brownish color was in each case evenly 

distributed within the feedstock material. The mass losses of the treated samples (12 

pine samples and 22 spruce samples) are presented in TABLE 1. 

For the chemical analysis, all samples were ground in a Cyclotec 1093 sample 

mill (Tecator, Inc.) and the < 1 mm fraction was used. 

Analytical determinations 

The FTIR(Fourier transform infrared)/DRET(diffuse reflectance infrared Fourier 

transform) measurements were performed in each case from a homogenized mixture 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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TABLE 1 

Mass Loss of the Heat-Treated Wood Samples (9% of the Sample Dry Solids)* 

Pine (P) 

5.5 

7.6 

8.3 

9.4 

Spruce (S) 

1 .o 
1.7 

2.4 

2.6 

3.0 

3.0 

3.1 

9.5 

10.1 

11.1 

11.9 

3.7 

4.9 

5.4 

6.2 

6.3 

7.5 

7.9 

12.5 

13.1 

13.5 

14.4 

10.2 

12.0 

12.5 

13.9 

19.7 

27.5 

3.2 8.3 
* Symbols for the untreated samples were PO (two samples) and SO (one sample). 

of wood powder and KBr, the corresponding mass proportion being 1:9. The 

analysis was carried out with a Nicolet Magna-R 550 Series II FTIR spectrometer 

in the wavenumber range 400 - 4000 cm-'. In each measurement 128 scans were 

accumulated at 4 cm" resolution and analyzed with a cosine function prior to the 

Fourier transformation. The interferograms were Happ-Genzel apodized and the 

resulting spectra were stored in the absorbance scale (Fig. 1). To obtain the 

background contribution, the KBr spectrum was measured for automatic background 

subtraction. 
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FIGURE 1. Examples of FTIR spectra of the treated and untreated samples. 

In addition, the absorbance peaks of water ( i e . ,  air humidity) were eliminated by 

measuring first the DRIFT spectrum of the empty sample chamber and then 

subtracting this spectrum from that of the sample mixture. An OMNIC software 

program by Nicolet was used to determine the peak positions and intensities. 

Multivariate data analysis was carried out by using Matlab for Windows 4.2c.l 

software (Mathworks, Inc.) and data analysis toolbox (Promath Inc). For PLS 
analysis, 37 samples consisting of pine and spruce were divided into a calibration set 

(19) and a validation set (18). The spectra were Kubelka-Munk-transformed 

(Equation l), centered, and scaled to unit variance before the PLS analysis. Selection 

of the spectral variables for PLS calibration was performed by calculating squared 

correlation coefficients (R') between the measured mass losses and the spectral 
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1000 1500 2000 2500 3000 3500 4000 

Waven u m b er, cm-' 

FIGURE 2. Squared correlation coefficient between the spectral intensities and 
the mass losses of the samples. Spectra were Kubelka-Munk-transformed and 
normalized before analysis. Best PLS calibration was obtained by selecting 
spectral variables with correlation coefficients over 0.145. 

intensities (Fig. 2). The best PLS calibration was obtained by selecting spectral 

variables with correlation coefficients greater than 0.145. The prediction ability was 

tested with the independent validation set. 

where F(RJ is intensity in Kubelka-Munk units, s scattering coefficient, k 

absorption coefficient, and R, percentage of reflectance. 
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CHEMICAL CHANGES IN SOFTWOOD HEATING 313 

RESUL TS AND DISCUSS IOly 

TABLE 2 shows the assignments of various absorption bands in the region 800 - 
4000 cm-' for the wood samples. The straightforward interpretation of the spectral 

data was not easy due to the complex nature of wood and the multitude of chemical 

reactions taking place in the individual wood constituents (cellulose, hemicelluloses, 

lignin, and extractives) during heating. In addition, in IR spectroscopy one chemical 

component may absorb at several frequencies and, on the other hand, two or more 

components may contribute to the same absorption band. 

Qrbohvd rates 

The opening of pyranose rings of cellulose and hemicelluloses was seen as a 

decrease in absorption at 895 cm" (TABLE 2)." The increase in absorption at 1060 

cm-' indicated the formation of aliphatic alcohols during heating': The band 

observed at around 1700-1730 cm-' has earlier been reportedIg to be the absorption 

of carbonyl stretching of ester and carboxyl groups which are the most abundant in 

wood hemicelluloses. In spite of earlier findings*, in this study no straightforward 

explanation for the increase in absorbance (with an increasing mass loss) at 1730 

cm" could be given. The same phenomenon has been reported in several studies (c t  , 

refs?'*"). In wood the source of carboxyl groups are the primary hydroxyl group of 

the pyranose ring in carbohydrates and the primary hydroxyl and aldehyde groups in 

lignin.' 

The absorption at 855 cm-' originated from aromatic C-H out-of-plane 

deformation in guaiacyl-type lignin. A small increase in the absorption band at 1030 
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3 14 KOTILAINEN, TOIVANEN, AND ALEN 

TABLE 2 
Assignment of Diffuse Reflectance Infrared Fourier Transform Absorption Bands 

in the Region 809 - 3600 cm-' for the Heat-Treated Samples 
Wavenumber, General trend, with an Remarks' 

Un" increasing mass loss 

809 

855 

895 

1030 

1060 

1110 

1160 

1205-1210 

1234 

1268 

1330 

1370 

1426 

1450 

1510 

1600 

1650 

1700-1730 

2000.2150 

2800-2910 

3340-3375 

decreases 

decreases 

decreases 

increases 

increases 

increases 

increases 

increases 

increases 

increases 

increases 

increases 

increases 

increases 

increases 

increases 

decreases 

increases and the peak 
broadens to lower 

wavenumbers 

decreases 

decreases 

decreases 

mainly vibration of mannan and C-H out-of-plane bending 
vibration in lignin." 

aromatic C-H ouf-of-plane deformation (guaiacyl-type lignin)" 

C,-farbon in hemicelluloses and in cellulose (pyranoid ring)" 

C-0 deformation in aliphatic alcohols and ethers, symmetric C- 
0 -C  stretching of dialkyl ethers, aromatic C-H deformation in 
plane" 

C-0  deformation in aliphatic alcohols and ethers 
(carbohydrates)" 

OH association (cellulose)" 

C-0-C symmetric stretching''," 

OH-bending (cellulose), aryl aldehyde, a- and p -unsaturated 
aldehyde, lactones. phenols, diarylethers" 

alkyl-arykther bonds, lactoneszl"' 

esters, phenols'' 

phenol group",'6 

C-H bending. -CH, (lignin), -CH, (carbohydrates). LCC(lignin 
carbohydrate complexes) bonds"," 

aromatic skeletal vibrations (lignin) and C-H deformation in 
plane (cellulose)"~"~" 

C-H bond, extractives, 0 - H  in plane deformation(cellulose)l' 

aromatic skeletal vibrations (lignin)= 

aromatic skeletal vibrations, affected by aromatic C-0 
stretching mode and by conjugation with u-carbonyl groups"." 

conjugated double bonds? Adsorbed water.= 

carboxyl- and ester groups, nonconjugated aldehyde'," 

overtones of fundamental C-OH stretchings at 1ooO-1070 cm-' 
(cellulose)" 

C-H stretching" 

0 -H  stretching. hydrogen bonded OH-groups" 

3600 decreases stretching of free OH-groups" 

* Literature reference was included only in the cases typical for wood constituents. 
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CHEMICAL CHANGES IN SOFTWOOD HEATING 315 

cm-' was probably caused by the pronounced aromatic nature of the heat-treated 

product', since this absorption band also indicates aromatic C-H deformation in 

plane.'* Two absorption maxima detected at 1268 cm' and 1234 cm' originated 

from the C , - 0  structures in guaiacyl-type l i g ~ ~ i n . ~ '  As an overall trend these peaks 

seemed to rise slightly during treatment. The increasing peak at 1330 cm-' has been 

reported26 to originate from phenolic hydroxy groups, which were the main 

functional groups formed from lignin in the temperature range used. The absorption 

bands at 1426 cm-', 1510 cm-' , and 1600 cm' indicated aromatic skeletal vibra- 

tions." The increase in absorption at these wavenumbers was mainly due to the 

increase in relative lignin content in the heat-treated samples.' Various explanations 

are offered in the literature for the absorption at about 1650 cm - I .  Morohoshi" 

reported that the absorption bands at 1630 cm'', 1650 cm-', and 1720 cm-' were 

caused by the adsorbed water molecules on cellulose. Furthermore, an absorption 

band at 1650 cm also indicated the amount of conjugated double bonds. A further 

possible explanation for the decrease in this absorption was the formation of 

diphenylmethane structures by the condensation of lignin during heating.g 

. .  W me thod and PLS c a m  

As can be seen from Figs. 3 and 4 the mass loss of pine and spruce samples 

during heating were predicted with reasonable accuracy by the PLS calibration 

model. The correlation coefficient (R2) for the calibration set was 0.960 and the 

correlation coefficient (R') for the validation set was 0.894 (6 dimensions included). 

Although the present results were promising, further work remains to be done with 

different wood species and under different processing conditions. 

It was possible to identify the two wood species by the PCA method on the basis 

of the spectral data. It was also possible to classify wood samples into typical 

subgroups by the PCA method on the basis of FTIR data. When the second principal 

component (PC2) was plotted against the third principal component (PC3), the 
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FIGURE 3. Coefficients of determination in different PLS dimensions for 
calibration and validation sets. 

Measured Mass Loss, % of Initial 

FIGURE 4. Measured mass loss vs. predicted mass loss. 
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FIGURE 5. Classification of the pine and spruce samples according to the PCA 
model. For abbreviations, see TABLE 1. 

samples were classified into i) feedstock, ii) heat-treated pine, and iii) heat-treated 

spruce subgroups (Fig. 5). 

CONCLUSIONS 

The FTIR spectroscopic method used here seems to have a potential for 

determining rapidly and accurately the mass loss of wood feedstock during heat 

treatment at temperatures of 160 - 260 "C. In the method the mass loss is obtained 

from the PLS calibration on the basis of the spectral data. The prerequisite for 
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constructing a suitable model in each case is the representative samples of heat- 

treated wood with a known mass loss and JR spectral data. 
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