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Abstract

:

Sitka spruce wood samples were subjected to different conditions of hydro-thermal treatment by varying the relative humidity (RH) and period of exposure at a constant temperature of 120 °C. Near infrared (NIR) spectroscopy, principal component analysis (PCA) and two dimensional correlation spectroscopy (2D-COS) were employed to examine the structural changes which occur in the wood samples during the applied treatment conditions and to quantify the differences between non-extracted and water-extracted wood specimens after the treatment. Modifications were dependent on the amount of water molecules present the medium and also on treatment time. Higher variations were observed for samples treated at higher RH values and for longer periods. At the same time, it was also observed that during the hydro-thermal treatment a high amount of extractives remain in the wood structure, extractives which vary in quantity and composition. PCA and 2D-COS made it possible to discriminate modifications in the wood samples according to treatment time and relative humidity. Non-extracted and water-extracted samples were also examined to identify the sequential order of band modification.
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1. Introduction


Wood, a natural composite material, is used in many applications, but due to its structural features and depending on the environmental conditions (humidity, temperature and biological agents), it can be easily degraded. Three major components (cellulose, lignin and hemicelluloses) along with low molecular compounds are the major components of wood [1,2,3]. In order to understand wood degradation mechanisms taking place under natural environmental conditions (during material service life), many researchers have simulated accelerated ageing by using biodegradation factors, such as soft, brown and white rot fungi or termites [4,5,6]; thermal and hydro-thermal ageing [7,8,9] or weathering and UV light exposure [10,11].



Thermal and hydro-thermal treatments are often used to improve the dimensional stability, durability and hydrophobicity of wood [12,13,14], but at the same time they can be used as an accelerated technique to simulate the natural ageing of wood [7,8,9,15,16,17]. In order to simulate, as close as possible, natural ageing conditions, a certain amount of water should be added in the degradation medium, because natural ageing takes place at moderate relative humidity. However most studies were conducted in thermal dry conditions or in 100% RH atmosphere. Few studies investigate the intermediate values of RH during heating [7,8,9,17,18,19,20,21,22].



To investigate modifications taking place in wood during different treatments, spectral techniques, particularly near infrared spectroscopy (NIRS), are used, owing to a combination analysis speed, little or no sample preparation, ease of use, non-destructiveness, good reproducibility and low cost instrumentation [21,23]. Small changes in the chemical composition or physico-chemical properties of materials will cause spectral changes in diffusely reflected NIR radiation, with multiple chemical absorptions considerably affecting the shape of the near infrared spectra giving shifts in position of maxima, band intensity changes and baseline offset [6,7,23]. For wood, NIRS can be successfully used for the non-destructive evaluation of stiffness (i.e., [24]) and structural changes during thermal treatment [7,21,25].



Principal component analysis (PCA) is a well-established chemometric technique. By converting the data into the dimensionally reduced PCA space, the input data set is decomposed into two matrices of interest: scores and loadings [26,27]. The loadings matrix defines the new axes of the dimensionally reduced data set, while the scores matrix describes the samples in the PC space. With PCA, the most important features of the NIR spectra of examined samples can be identified, and band shifts and non-symmetries in bands amongst the samples can be quickly determined [7,21,26].



Two dimensional correlation spectroscopy (2D-COS), a technique established by Noda in 1993 [28], is based on the computation of auto-correlation and cross-correlation between spectra and provides a graphical overview for the analysis of external perturbation induced variations. This external perturbation can be related to temperature, pressure, moisture, concentration, composition, pH or time change [28,29,30]. 2D correlation analysis can be applied to various types of systems, once the external perturbation is described as a specific function. The method was applied in wood science to both mid (i.e., [6,10,31]) and near infrared spectroscopy [7,21,32]. 2D-COS provides two different correlation maps: a synchronous map which displays correlations between the spectral bands changing in phase and indicate whether they increase or decrease relative to each other; and an asynchronous map, which relates to spectral bands that change at different rates and contains information about the sequence of the occurring events.



In previous papers [8,9], the time-temperature-superposition relationship for prediction of mass loss of wood after hydro-thermal treatment at arbitrary temperature and relative humidity, as well as the mass loss dependencies of vibrational properties and color parameters, were discussed. In this study, we intend to evaluate the relationship between the applied treatment and the related structural changes taking place, and to assess the differences between non-extracted and water-extracted samples after treatment by using NIRS, PCA and 2D-COS.




2. Materials and Methods


2.1. Materials


Sitka spruce (Picea sitchensis) wood samples cut from the same lumber (which was selected for use as harp soundboard) having an average density of 439 kg/m3 and dimensions 15 mm (radial) × 1.6 mm (tangential) × 120 mm (longitudinal) were used. The hygroscopic history during seasoning was removed by moistening the wood samples for 5 days at 100 %RH and 25 °C, and then vacuum drying on phosphorus pentoxide for 7 days at the same temperature.



For the hydrothermal treatment a closed system was used. The samples previously conditioned for 30 days at different values of RH (0, 35, 60, 80 or 91% RH) and 25 °C, were placed in an autoclave with different amounts of deionized water to achieve specified RH values (in the medium), then sealed and heated up to 120 °C. The system was equipped with thermocouple and pressure sensor (PHS-B-500KP, Kyowa Electronic Instruments Co., Tokyo, Japan). Details about the system and the calculation of the parameters are given in a previous paper [17]. For the treatment at 0% RH an air-circulating oven was used. The samples were treated for 1, 2, 4 and 7 days in five replicates.



After treatment all samples were removed from the autoclave, cooled at room temperature and vacuum dried on P2O5 to determine absolute dry mass.



To remove the decomposition products trapped in the wood, all samples were cut in half. One was kept for further analysis, while the other was soaked in the water at room temperature (20–25 °C) for a period of 8 days with the water replaced every day. After this period, the samples were again vacuum-dried on P2O5 for one week in order to determine again the absolute dry mass.



The two series of samples (non-extracted and extracted) were further analyzed.




2.2. Methods


Near Infrared spectra were recorded in the diffuse reflection mode for non-extracted and water-extracted control and hydro-thermal-treated wood samples on a NIRFlex-N500 instrument (BÜCHI Labortechnik AG, Flawil, Switzerland), in the 4000–10,000 cm−1 spectral range with 4 cm−1 intervals. Each sample was represented by five specimens.



In order to identify the differences which may appear after the hydro-thermal treatment and water extraction, the treated samples were compared with the non-treated ones, used as the control. The data processing and chemometric methods were performed using The Unscrambler® X 10.4.1 program (CAMO AS, Trondheim, Norway), and the generalized 2D correction spectra were processed in a Matlab program (developed by Maria-Cristina Popescu). For the NIR spectra and their second derivatives, as well as to draw the PC scores and 2D-COS maps only the medium spectrum obtained from the five components spectra was used. Second derivative spectra were obtained using Savitzky-Golay method with 21-points smoothing. For PCA, the second derivative spectra in the 4520–7104 cm−1 region were used. 2D-COS was employed to highlight the differences between the non-extracted and water-extracted specimens and to identify the sequential order of chemical modifications.





3. Results and Discussion


NIR spectroscopy is a useful and sensitive tool for highlighting the small modifications taking place in the wood structure during these treatments. The modifications induced by the hydro-thermal treatments in the structure and content of non-extracted and water-extracted Sitka spruce wood are reflected in the NIR bands intensities, maxima and width.



3.1. NIR Spectroscopy


NIR spectra for all samples (control/ untreated, hydro-thermally treated and hydro-thermally treated and water-extracted) were recorded on dried specimens. Independent of the applied treatment, the spectra (not shown) showed similar shapes with typical broad absorption bands. Small variations in band intensities and width, as well as shifting of their maxima were observed. In contrast to mid-infrared spectroscopy, in NIRS it is more difficult to assign bands to specific functional groups because broad spectral features are comprised of several overlapping signals. Moreover, the reason of increase or decrease a certain band intensity may be due to only one component band intensity modification or shifting of its position. Therefore, it is sensible to use the second derivative in order to examine the individual bands, and to detect the variations between the samples.



Figure 1 highlights second derivative spectra in two regions (4520–5350 cm−1—left side graphs and 5600–6950 cm−1—right side graphs), where higher differences between the sample sets were observed.



In the first region (4520–5350 cm−1) several bands were identified at 4559, 4632, 4676, 4756, 4816, 4878, 5092, 5140, 5216 and 5312 cm−1 and their assignments are presented in Table 1.



The bands from 5140, 5216 and 5312 cm−1 are generally overlapped with the band from water with a maximum at 5155 cm−1 [33], but in this case, the spectra of the dried specimens were recorded. Hence, there is little or no influence of water in the spectra. Therefore, these bands may be assigned to O-H groups involved in strong intramolecular hydrogen bonds [34], as well as to a 2nd overtone of C=O stretching vibration [23].



Two separate types of differences can be identified in the second derivative spectra of the studied samples: (I) the modifications induced by the hydro-thermal treatment (full line contours), and (II) the modifications induced by the water extraction process (dotted line contours).



During the treatment, the bands from 4630 and 4676 cm−1 slightly decrease for the treated samples at 0 and 35% RH, are almost constant for the hydro-thermal treated samples at 60% RH and increase for those treated at 80 and 91% RH, compared to the control. These variations are induced by the elimination and further formation of new compounds, mostly from hemicelluloses during the treatment [7], but also may be due to condensation reactions or some conformational and molecular rearrangements in lignin (lignin undergo glass transition around the temperature used for treatment, transitions which can be accelerated due to the presence of water molecules) [7,35,36]. The bands at 4756 and 4816 cm−1 are shifted to lower wavenumber, with 4756 cm−1 presenting a slight intensity increase, while for 4816 cm−1, intensity and width decreased. Bands at 5140, 5216 and 5312 cm−1 slightly increase in intensity with an increase of treatment time. These modifications are stronger when the moisture content in the samples increases during the treatment (i.e., 80 and 91% RH in the treatment environment).



Comparing non-extracted (full line contour) and water-extracted (dotted line contour) wood samples, a further decrease and shifting to lower wavenumber of bands from 4756 and 4816 cm−1, increase and shifting to lower wavenumber of the band from 5212 cm−1 and decrease/disappearance of the band from 5312 cm−1 is observed. The modification induced for these bands indicate that the non-volatile low molecular carbonyl or carboxyl compounds formed during treatment and trapped in the wood structure are leaching out in cold (room temperature) water. The band from 5212 cm−1 assigned to stronger intermolecular hydrogen bonds may reveal the formation of new hydrogen bonds after the removal of low molecular compounds from the wood structure.



In the second region (5600–6950 cm−1), the second derivative spectra reveal bands at: 5667, 5720, 5796, 5880, 5972, 6136, 6283, 6418, 6464, 6647, 6708, 6753 and 6908 cm−1. Band assignments are presented in Table 2.



After treatment, the band from 5667 cm−1 is shifted to 5680 cm−1 in the spectrum of the sample treated at 91 %RH, while the band from 5720 cm−1 increases in intensity with increasing time and RH values and is shifted to lower wavenumber, almost merging with the previous band at the higher relative humidity values. The other three bands (5796, 5880 and 5972 cm−1) present almost no modification for the samples treated at RH values of 0 and 35%, but modify at higher RH values. The first band (5796 cm−1) decreases and is shifted to lower wavenumber, while the other two bands (5880 and 5972 cm−1) increase in intensity with the increasing time and RH values. The reduction of the first band might be due to the degradation of hemicelluloses and/or their deacetylation, while the increase in intensity of the other two bands might be due to the relative increase and structural variation of lignin (demethoxylation and condensation reactions may occur in lignin structure during the thermal and hydro-thermal treatment). Similar behaviours have been reported by Bächle et al. [40] (for a higher temperature treatment), and by Popescu et al. [7], which used 130 °C and up to 25% RH.



The bands from 6647, 6708 and 6753 cm−1 decrease in intensity and shift to lower wavenumber, indicating modifications in the hydrogen-bonded OH groups. The band from 6908 cm−1 increases in intensity with the increase of the treatment time and RH values. The modifications in this region are due mostly to hemicelluloses degradation, but also amorphous cellulose or lignin can be affected, with the formation of new extractive compounds, which affect absorption bands in this region.



Comparing NIR spectra from non-extracted (full line contour) and water-extracted (dotted line contour) specimens, bands from 5796, 5880, 6647 and 6908 cm−1 decrease in intensity, while bands from 6708 and 6753 cm−1 are shifted towards each other and present a slight intensity decrease. The decrease in intensity of these bands is due to a decrease in the amount of CH groups as well as OH groups, which are involved in intermolecular hydrogen bond interactions. These observations indicate further the elimination of the non-volatile low molecular weight compounds containing OH groups in their structures and which were formed during hydro-thermal treatment and remain trapped in the wood structure.



The wet chemical analysis of extractives [22] indicated an increase in the water soluble low molecular weight compounds with an increase in water content in the autoclave during treatment (up to almost 16% for the treated samples at the highest RH level and for the longest period). At the same time, the content of monomeric and oligomeric structures varied among the applied treatment. The wood treated at values of RH lower than 75% presented oligomers as the major fraction in the water-extracted substances, while the samples treated at higher values presented large amounts of monomeric structures.




3.2. Principal Component Analysis (PCA)


PCA was used to compare the non-extracted and water-extracted spruce wood NIR spectra. Variations were identified by the first two principal components (PC1 and PC2) with 58% of the total variance in the spectra explained by PC1 and 29% explained by PC2. Therefore, the score and loading plots of the first two principal components can be used to explain the differences/similarities of constituents in terms of chemical structure.



The PC scores and loadings are presented in Figure 2. Because it would have been difficult to follow the colours and position of plots, it has been decided to use only the medium spectrum obtained from all the spectra with similar samples characteristics.



PC1 and PC2 scores are plotted in Figure 2a.



The PC1 explains all the spectral modification taking place due to applied treatment, while the PC2 can be attributed to the spectral differences as a function of the extraction process.



Figure 2b presents the chemical features (loading plots) which differentiate the treated specimens, as well as non-extracted and water-extracted ones. PC1 loadings show several negative (5296, 5820 and 6988 cm−1) and positive (4644, 4764, 5132, 5208, 5712, 5988 cm−1) bands. The negative signals appear to be shifts of the bands from 5312 and 5796 cm−1 assigned to weakly hydrogen-bonded OH groups in amorphous carbohydrates and CH groups in extractives [7,23,37], while the positive ones are shifts of the bands from 4632, 4756, 5140, 5216, 5720, 5972 and 6908 cm−1 assigned to CH groups in extractives and lignin as well as OH groups in extractives and amorphous carbohydrates [7,23,37].



PC2 loadings show negative bands at 4648, 4740, 5116, 5296, 5720, 5896, 6896 cm−1 and positive ones at 5204, 5824, 6996 cm−1. The negative signals are shifts of bands from 4632, 4756, 5140, 5312, 5720, 5880, 6908 cm−1 which are assigned to CH and C=O groups in extractives, hemicelluloses and lignin, as well as weakly hydrogen-bonded OH groups in extractives and amorphous carbohydrates [7,23,37]. The positive signals in PC2 loadings represent shifts of bands from 5216 and 5796 cm−1 which are assigned to CH groups in hemicelluloses and to weakly hydrogen-bonded OH groups in amorphous carbohydrates [7,23,37].



Because the bands assigned to extractives overlap with those assigned to lignin or hemicelluloses, it is difficult to identify their exact contribution. However, the bands appearing in PC2 loadings are opposite to those which appear in PC1.




3.3. Two-Dimensional Correlation Spectroscopy (2D-COS)


2D-COS is a powerful tool used to observe differences appearing in wood during external perturbation. The method enhances spectral resolution and gives information that cannot be established through conventional or derivative spectra. It was performed to identify spectral sequences and better differentiate between the differences which appear after extraction in the structure of samples. Figure 3 present examples of the 2D-COS maps in the 4520–5350 cm−1 region.



Synchronous and asynchronous spectra present differences both for non-extracted and water-extracted samples, as well as when a certain level of RH is used during the treatment. Synchronous spectra of thermal treated samples at 0 % RH present fewer modifications, indicating only three auto-peaks at 5280, 5216 and 4890 cm−1 and a series of positive and negative cross-peaks related to them for the non-extracted samples (Figure 3a) and only two auto-peaks at 5288 and 5204 cm−1 in water-extracted samples (Figure 3a′). At the same time, the synchronous spectra of thermally treated samples at 91 % RH present eight auto-peaks at 5280, 5220, 5180, 5120, 4920, 4728, 4664 and 4580 cm−1 for non-extracted samples (Figure 3i) and at 5292, 5228, 5176, 5120, 4996, 4928, 4832, 4664 cm−1 for water-extracted samples (Figure 3i′) as well as a series of positive and negative cross-peaks related to them.



Figure 4 represents auto-correlation spectra extracted from the synchronous spectra and differences which appear in the intensities and positions of the maxima of the auto-peaks can be observed. Each set of samples present different behaviours, indicating the occurrence of different reactions taking place in the wood structure during treatment, reactions which are strongly dependent on the content of water present in the environment. At the same time, differences in auto-correlation spectra of non-extracted and water-extracted samples are observed, differences which appear to be more obvious for samples treated at high relative humidity. These modifications are correlated with the modifications observed in second derivative spectra, as well as loading plots.



Combining both synchronous and asynchronous spectra and following Noda’s rules [28,30] it was possible to identify the auto-peaks and cross-peaks, as well as the sequential order of band modification under hydro-thermal treatment, as follows:



120_0_n: 4570 cm−1 > 4612 cm−1 > 4650 cm−1 > 4904 cm−1 > 5280 cm−1 > 5216 cm−1



120_0_e: 5116 cm−1 > 5204 cm−1 > 5288 cm−1 > 4920 cm−1 > 4724 cm−1 > 4668 cm−1, 4628 cm−1 > 4580 cm−1



120_35_n: 4570 cm−1 > 4612 cm−1 > 4650 cm−1 > 4904 cm−1 > 5280 cm−1 > 5216 cm−1



120_35_e: 5116 cm−1 > 5204 cm−1 > 5288 cm−1 > 4920 cm−1 > 4724 cm−1 > 4668 cm−1, 4628 cm−1 > 4580 cm−1



120_60_n: 4570 cm−1 > 4650 cm−1 > 4724 cm−1 > 4915 cm−1 > 5120, 5216 cm−1 > 5280 cm−1



120_60_e: 5120 cm−1 > 5210 cm−1 > 5280 cm−1 > 4570, 4990 cm−1 > 4910 cm−1 > 4665 cm−1 > 4740 cm−1



120_80_n: 4724 cm−1 > 5225, 5128 cm−1 > 4916 cm−1 > 4652 cm−1 > 4590 cm−1 > 5172 cm−1 > 5280 cm−1



120_80_e: 5288 cm−1 > 5130, 5188 cm−1 > 4921 cm−1 > 4995 cm−1 > 4740 cm−1 > 4570 cm−1 > 5240 cm−1 > 4650 cm−1



120_91_n: 4728 cm−1 > 5120 cm−1 > 4920 cm−1 > 4590 cm−1 > 4664 cm−1 > 5230 cm−1 > 5180 cm−1 > 5284 cm−1



120_91_e: 5292 cm−1 > 5228 cm−1 > 5120 cm−1 > 5176 cm−1 > 4750 cm−1, 4832 cm−1, 4996 cm−1 > 4928 cm−1 > 4664 cm−1



In non-extracted samples the bands related to O-H, C-H groups in hemicelluloses are modified first, followed by the C=O and C-H groups in extractives and lignin, and O-H groups involved in stronger hydrogen bonds. In water-extracted samples it is observed that the first modifications occur for the bands assigned to O-H groups involved in stronger hydrogen bonds followed by C=O and C-H groups from extractives and lignin.



It is known that a series of processes takes place when wood is exposed to thermal or hydro-thermal treatment. During the thermal treatment in dry conditions, wood (especially hemicelluloses, extractives and to some extent lignin) undergoes a series of reactions, such as: oxidation, dehydration and/or decarboxylation combined with mass and heat transfer, as well as molecular rearrangements and conformational changes. In wet conditions (depending on the amount of water present in the medium)—hydro-thermal treatment—the degradation reactions occur more quickly and hydrolysis reactions occur prior to oxidation (due to water which act as a catalyst) leading to the formation of saturated and unsaturated structures and the crystallization of wood cellulose might be affected [7,21,41]. The degradation of wood components is reached mostly by means of hydronium catalysed reactions, at a first stage, when these ions are generated from the water molecule autohydrolysis, followed by generation of the acetic acid (the hydrolysis of the acetyl groups from the wood structure). Further ionization provides most of the catalytic species involved in the degradation process [42]. Dehydration reactions cause the decomposition of hydrolysed sugars and deacetylation is caused by the cleavage of acetyl groups linked as ester groups to hemicelluloses. Moreover, it has been mentioned in the literature [12] that the presence of water molecules in the medium, during the thermal process can prevent oxidative processes, “favouring” hydrolysis. All depends on the wood structure—the susceptibility to hydro thermolysis of a specific type of wood depends on its ability to generate acetic acid in the reaction media [43] as well as the applied temperature, treatment time, and moisture content.





4. Conclusions


Sitka spruce wood samples were treated at 120 °C using different values (0, 35, 60, 80 and 91%) of relative humidity during treatment. After treatment, the modifications were analyzed by NIR spectroscopy coupled with PCA and 2D-COS. Modification in chemical structure of thermally and hydro-thermally treated wood were observed, with higher variation occurring with an increase in time and RH. Hemicelluloses were the most sensitive to the applied treatment, but also lignin and cellulose were affected to some extent. Thermal degradation of hemicelluloses starts with the release of acetic acid in the medium, which induces further the acid catalysed reactions. Modification in the cellulose structure by affecting the semi-crystalline and crystalline regions and demethoxylation and condensation reactions in lignin structure were also observed. All these modifications result in the release of low molecular weight compounds which are released during treatment, and were extracted in water or remained trapped in the wood.



Further PCA was able to separate the modifications occurring in wood structure according to relative humidity variations and time (via PC1) and non-extracted and extracted wood (via PC2). 2D-COS gave information about the sequential order of modifications taking place in the wood structure after the hydro-thermal treatment and water extraction.
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Figure 1. Second derivative of the NIR spectra in the 4520–5350 and 5600–6950 cm−1 regions for control (black full line colour), hydro-thermal treated (coloured full line contours) and water-extracted (dotted line contours) spruce wood samples (T = 120 °C; RH = 0, 35, 60, 80, 91%; treatment time = 7 days; e—extracted). The spectral lines of the control and samples after the thermal treatment were highlighted, while the spectra of the samples with intermediary treatment time are represented with thinner grey lines. We kept the same colours for the extracted and non-extracted samples. 
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Figure 2. PC scores (a) in the 4520–6950 cm−1 region for non-extracted and water-extracted spruce wood specimens (full symbols—non-extracted specimens; open symbols—water-extracted specimens; colours represent the different levels of RH during heating) and loadings (b) in the same region. 
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Figure 3. Synchronous (a,c,e,g,i) and asynchronous (b,d,f,h,j) maps of the spectra of the non-extracted (a–j) and water-extracted (a′–j′) reference (a,b) and hydrothermal treated wood samples at 35 (c,d), 60 (e,f), 80 (g,h) and 91 (i,j) %RH. 
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Figure 4. Autocorrelation spectra extracted from the synchronous spectra for the 4520–5350 cm−1 region (T = 120 °C, RH = 0, 35, 60, 80, 91%, e—extracted). 
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Table 1. Band position and their assignment in the 4520–5350 cm−1 region [7,23].
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Band Position

	
Assignment






	
4559

	
combination band of C-H and C=O stretching vibration associated to lignin




	
4632

	
combination bands of Car-H and C=O stretching vibration associated to lignin and extractives




	
4676

	
C-H and C=O stretching vibration associated to hemicelluloses




	
4756

	
O-H and C-H deformation and O-H stretching vibrations in cellulose and hemicelluloses




	
4816

	
O-H and C-H deformation vibrations in cellulose and hemicelluloses




	
4878

	
C=O stretching vibration associated to hemicelluloses




	
5092

	
combination bands of O-H and C-H stretching vibration




	
5140

	
O-H groups involved in strong intramolecular hydrogen bonds and 2nd overtone of C=O stretching vibration mainly in hemicelluloses




	
5216




	
5315











[image: Table] 





Table 2. Band position and their assignment in the 5600–6950 cm−1 region [7,23,37,38,39].
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	Band Position
	Assignment





	5667
	1st overtone of C-H stretching vibration in carbohydrates and lignin



	5720
	1st overtone of C-H groups in hemicelluloses



	5796
	1st overtone of C-H stretching in lignin



	5880
	1st overtone of C-H stretching in lignin and CH2 groups in cellulose



	5972
	Car-H stretching vibration in lignin



	6136
	1st overtone of O-H stretching vibration in cellulose



	6283
	1st overtone of O-H stretching vibration in cellulose, strongly bonded O-H groups in crystalline regions and Iβ phase



	6418
	1st overtone of O-H stretching vibration of the O(6)-H(6)…O(3)’ intermolecular H-bonds in cellulose



	6464
	1st overtone of O-H stretching vibration of the O(3)-H(3)…O(5) intramolecular H-bonds in cellulose (crystalline regions C1)



	6647
	1st overtone of O-H stretching vibration of the O(6)-H(6)…O(3)’ intermolecular H-bonds in cellulose



	6708
	1st overtone of O-H stretching vibration of the O(3)-H(3)…O(5) intramolecular H-bonds in cellulose and glucomannan



	6753
	weakly hydrogen bonded OH groups of cellulose O(6)-H(6), 1st overtone of O-H stretching vibration in semi-crystalline cellulose



	6908
	phenolic O-H groups of lignin with intramolecular H-bonding to an ether group in ortho position and to extractives



	5667
	1st overtone of C-H stretching vibration in carbohydrates and lignin



	5720
	1st overtone of C-H groups in hemicelluloses
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