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Abstract 

A near infrared fourier transform Raman (NIR-FTR) spectroscopic technique was utilized to characterize lignin in 
wood. The Raman bands for C=C stretching derived from 4-hydroxy-3-methoxyphenyl (guaiacyl) nuclei and from 
3,5-dimethoxy&hydroxyphenyl (syringyl) nuclei exist independently. The NIR-FTR analysis of a series of lignin 
model compounds indicated that a syringyl band was shifted to a lower frequency compared to a guaiacyl band. This 
shift was also observed in chemically synthesized lignin (DHP). Syringyl DHP, in which all the aromatic nuclei consist 
of syringyl type, exhibited a C=C stretching band at 1594 cm- ‘, while guaiacyl DHP exhibited the band at 1599 
cm - ‘. These bands were designated as syringyl and guaiacyl marker bands, respectively. Chemical and physical 
treatment of hardwood and softwood exhibited different characteristics. One of the reasons is the chemical structure 
of lignin. Softwood mainly contains only guaiacyl lignin, while hardwood contains both guaiacyl and syringyl lignin, 
and the syringyl/guaiacyl (S/G) ratio varies among species. Under high-resolution conditions (1 cm - ‘), the NIR-FTR 
spectra of 10 hardwoods (wood meal samples) revealed that both syringyl and guaiacyl marker bands existed. On the 
other hand, the spectra of softwoods contained only a guaiacyl marker bands existed. On the other hand, the spectra 
of softwoods contained only a guaiacyl marker band. The S/G ratio in hardwood calculated from the peak area 
intensity ratio of two marker bands shows a linear relationship with the S/G ratio obtained from conventional 
nitrobenzene oxidation analysis with the correlation factor > 0.96. Furthermore, if peak component separation 
analysis was combined, low-resolution spectral data gave a similar S/G ratio. Either syringyl of guaiacyl marker 
bands can be assigned in the NIR-FTR spectra of wood blocks (saw-cut surface). This spectral technique may provide 
an easy-handling and non-destructive analytical method for lignin determination. 0 1997 Elsevier Science B.V. 
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1. Introduction 
Abbreviations: FTR. Fourier transform Raman; G, guaiacyl; 

NIR, near-infrared; S, syringyl; DHP, dehydrogenated poly- 
merizate (synthetic lignin). 
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A growing demand for wood and the preserva- 
tion of natural resources strongly pertains to tree 
plantations. A lot of work has been directed 
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towards the improvement of the planting stock 
via breeding, selection, and clonal propagation of 
elite genotypes [l]. In tree plantation. rapid non- 
destructive screening methods are of great impor- 
tance, since huge numbers of progenies should be 
analyzed annually over several years. Recent ef- 
forts have been devoted to quantifying the con- 
tent of wood components, such as cellulose and 
lignin, using a micro scale sample [2,3]. Further- 
more, for chemical treatment of wood, especially 
for pulping, not only quantity but also quality of 
lignin, i.e., the structure of aromatic nuclei, 
strongly affects the properties of the products. 

Vibrational studies such as infrared and UV-vis 
spectroscopies have been providing the structural 
information of plant materials. Among them, the 
Raman spectroscopic technique was advantageous 
since solid or powder samples can be measured 
directly. However, conventional Raman spec- 
troscopy using the excitation laser of the visible 
region causes a fluorescent emission interfering 
with the Raman measurement and causes sample 
damage due to high energy of the visible laser. 
Using near-infrared excitation laser dramatically 
reduced these problems [4]. The variation of sam- 
ples was enhanced and no complicated procedures 
were required to obtain near-infrared Fourier 
transform Raman (NIR-FTR’) spectra of ligno- 
cellulosic materials [j-7]. NIR laser does not 
excite v (O-H) in water much, so that the mois- 
ture in samples gives little effect on spectra [4]. 
Furthermore, due to the difference in the selection 
rule for infrared and Raman spectroscopies, v 
(C=C) vibration is only active in Raman scatter- 
ing. which is specific for lignin-derived aromatic 
skeleton [7]. 

From these advantages, we have utilized the 
NIR-FTR spectroscopic technique to characterize 
a series of lignin model compounds and DHPs as 
well as 12 different wood samples. The minimum 
amount of wood sample required for NIR-FTR 
spectral determination was only 3-5 mg. The 
aromatic C=C vibration band was shifted when 
the aromatic ring was substituted by methoxyl 
group. Either high-resolution spectra or low-reso- 
lution spectra treated with the curve-fit technique, 
C=C vibrations of guaiacyl (4-hydroxy-3- 
methoxyphenyl) and syringyl (3,5-dimethoxy-4- 

hydroxyphenyl) skeletons were assigned to 
individual Raman bands. designated as guaiacyl 
and syringyl markers, respecti\.ely. In DHP sam- 
ples, an S-marker and a G-marker bands were 
observed at 1594 and 1599 cm ‘, respcctivelb,. 
The S/G ratio was calculated from the area inten- 
sity of these markers, which exhibited a good 
accordance with the values obtained from the 
conventional chemical analysis. It was also shown 
that these G- and S-maker bands exist clearly not 
only in the spectra of wood meals but also in 
those of wood blocks, indicating that the NIR- 
FTR spectroscopic method could be an easy-han- 
dling technique for non-destructive and 
quantitative determination of lignin structure. 

2. Materials and methods 

2.1. Sumples 

The wood samples (sapwood) were all obtained 
from the experimental forest of Kyushu Univer- 
sity. The hardwoods (angiosperms) used were: 
Actinodaphne lancifolia Meisn., Albitiu julibrissin 
Durazz., Cinamomum japonicum Sieb., Cornus 
controversu Hemsel., Fagus crenatu Bl., Kalopanax 
pictus Nak., Platycarya strobilacea S. and Z., 
Quercus monogolica Fisch. ver grosseserratn 
Rahd. and Wils., Quercus myrsinaefolia Bl., and 
Zelkova serrata Mgk. The softwoods (gym- 
nosperms) used were Cryptomeria japonica D. 
Don and Pinus densiJ’lora S. and Z. They were all 
grained and fractionated using 200, 100, 48 and 
16 mesh screens. Extract-free wood meals were 
prepared by treating ground woods with ethanol- 
toluene (1:2 v/v) for 6 h in a Soxlet apparatus. 
Holocellulose and CI -cellulose were prepared from 
extract-free wood meals as previously reported 
[8,91. 

4-Hydroxy-3-methoxybenzyl (vanillyl) alcohol, 
4-hydroxy-3-methoxybenzaldehyde (vanillin), 4- 
hydroxy-3-methoxybenzoic (vanillic) acid, 3,5- 
dimethoxy-4-hydroxybenzaldehyde 
(syrnigaldehyde), 3,5-dimethoxy-4-hydroxyben- 
zoic (syringic) acid were purchased from Wako 
Pure Chem. They were purified by recrystalliza- 
tion or by column chromatography before use. 
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3,5-Dimethoxy-4-hydroxybenzyl (syringyl) alcohol 
was synthesized by reducing syringaldehyde with 
NaBH,. Syringyl alcohol was purified by recrys- 
tallization and identified using GCMS as a 
ditrimethylsilyl ether (m/z, M + ; 328). 4-Hydroxy- 
3-methoxyacetophenone and 3,5-dimethoxy-4-hy- 
droxyacetophenone were purchased from Aldrich. 
Both acetophenones were reduced with NaBH,, 
obtaining 1-(4-hydroxy-3-methoxyphenyl)ethane- 
l-01 (m/z, M + ; 168) and 1-(3,5-dimethoxy-4-hy- 
droxy)ethane-l-01 (m/z, M +; 198). These 
compounds were purified using flash chromatog- 
raphy (hexane/ethyl acetate, 3/l). 

Coniferyl alcohol (Aldrich) was polymerized us- 
ing H,O, and horseradish peroxidase (Sigma), 
forming G-DHP [lo]. Sinapyl alcohol was pre- 
pared by the condensation of syringaldehyde and 
malonate as previously reported [l 11, which was 
polymerized as described above to obtain S-DHP. 

2.2. Instrumentation 

NIR-FTR spectra were obtained using a Perkin 
Elmer System 2000R spectrometer. The laser for 
excitation was Nd: YAG, operating at 1064 nm. 
The detector was InGaAs, averaging 100 scans 
with a resolution of 4-8 cm ~ ’ and the laser 
power was 200 mW, or otherwise indicated. FTIR 
spectra of wood meals and lignin model com- 
pounds were recorded using a Perkin Elmer Sys- 
tem 2000 FTIR spectrometer, averaging 100 scans 
with a resolution of 4 cm-’ by KBr pellet 
method. FTIR spectra of wood meals were also 
obtained by the diffuse reflectance method. 

A GCMS analysis was performed using a QP- 
1000 system (Shimadzu) equipped with fused sil- 
ica column (NB-5; 30 m, GL Science); 70 eV, 
120-300°C (8°C min- ‘). Samples were deriva- 
tized as previously reported [ 121. 

2.3. Chemical analysis of wood components 

To chemically determine the S/G (S/V) ratio of 
each extract-free wood sample, the nitrobenzene 
oxidation method was applied [ 131. Extract-free 
wood meals (50 mg) were treated with 2 M KOH 
(4 ml) and nitrobenzene (0.24 ml) in a stainless 
tube at 160°C for 2 h. The products were ex- 

tracted with chloroform, and then analyzed using 
HPLC (20% acetonitrile in 0.05% phosphate to 
100% acetonitrile) on the yield of syringaldehyde 
and vanillin, obtaining the S/G (S/V) ratio. 

3. Results and discussion 

3.1. Meusurement conditions for NIR-FTR 
spectra of wood meals and blocks 

Measurement conditions for NIR-FTR spectra 
of wood meals and blocks were optimized based 
on the factors listed herewith; the effect of fluores- 
cent emission, the measuring time, the shape of 
peaks, and the amount of samples. To take NIR- 
FTR spectra of wood meals, the laser power of 
200 mW, the resolution of 4-8 cm-‘, the scan 
number of 200, and wood meal samples of 3-5 
mg were employed. The effect of the particle size 
of wood meal on NIR-FTR spectra was also 
examined and 48 mesh-pass/l 00 mesh-nonpass 
particle (0.10-0.23 mm diameters) was chosen for 
determination. Surface characteristics of wood 
blocks did not affect NIR-FTR spectra much, sot 
that the saw-cut surface was laser-irradiated for 
spectral determination. 

3.2. Assignment of peaks 

Fig. 1 shows the NIR-FTR spectra of untreated 
wood meal, extract-free wood meal, holocellulose, 
and cc-cellulose prepared from F. crenata (hard- 
wood). As delignification proceeded, several peaks 
reduced their peak intensity or completely disap- 
peared. These peaks observed at 3070, 2938, 1745, 
1668, 1602, 1332, 1189, and 379 cm-~’ in wood 
meal spectra could be derived from lignin. When 
the same sample was treated with NaBH,. the 
peak at 1668 cm - I was dramatically reduced and 
the peak at 1602 cm - ’ was intact (data not 
shown), indicating that v (C=O) is assigned to the 
peak at 1668 cm-‘. Both NIR-FTR and FTIR 
spectra of monosaccharide, disaccharaides, cellu- 
lose, lignin models, and DHPs were measured and 
referred for peak assignment. NIR-FTR charac- 
terization of polysaccharides was recently re- 
ported [5-7,14-171, supporting our assignment of 
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Fig. 1. NIR-FTR spectra of (a) wood meal (untreated), (b) 
extract-free, (c) holocellulose, (d) cc-cellulose, prepared from F. 
crennta. The spectra were obtained with 8 cm-’ resolution, 
200 scans, and 200 mW laser. 

lignin-derived Raman bands. The peak assign- 
ment for F. crenata was summarized in Table 1. 
Previously assigned FTIR group frequencies and 
visible-laser excited Raman bands for lignin are 
also shown in Table 1. 

Hardwoods consist of guaiacyl and syringyl 
lignin, while softwoods mainly consist of guaiacyl 
lignin. It has been known that chemical treatment 
causes different behaviours on S- and G-lignin. 
This is crucial for the pulping process and elite 

2b00 1000 
Raman Shift! cm-l 

Fig. 2. NIR-FTR spectra of (a) guaiacyl DHP and (b) syringyl 
DHP, with 4 cm - ’ resolution, 200 scans, and 200 mW laser. 

tree selection. A more practical method for S/G 
determination than a conventional chemical 
method has been demanded, which may lead to 
the development of in situ analysis. It has been 
reported that this structural difference would be 
monitored on NIR-FTR spectra [18,19] but the 
quantitative measurement was not mentioned. 
Among the NIR-FTR peaks derived from lignin, 
the band at 1745 cm - ’ was seen only in the 
hardwood sample, suggesting that this could be a 
specific syringyl lignin marker. However, it was 
recently reported to be derived from holocellulose 
[18]. The band at 1745 cm-’ has not yet been 
convincingly assigned. Then, the peak appearing 
around 1600 cm - ’ was chosen for quantitative 
analysis because of its specificity for aromatic ring 
(C=C stretching) and intensity (Fig. 1). 

Table 1 
Lignin-derived Raman bands found in the NIR-FTR spectra of F. creneta 

Peak No.” Raman shift (cn-‘)b FTIR (cm-‘) Assignment References 

1 3320 3320 v (O-H) Ml41 
2 3070 - v (=CH) [15,18,21] 
3 2983 2905 v (C-H) [6,14,15,18,21] 
I 1668 1731 " (Go) [5,14,15,18,20,21] 
8 1602 Y (C-c) [5-7,14,15,20,21] 

11 1332 1051 6 (C-H) u4,201 
12 1189 6 (C-W u41 
20 379 v and breathing (aromatics) P41 

a Peak Numbers are from Fig. 1. 
‘NIR-fTR Raman shift found in this study (Fig. 1). 
’ Peaks found in this study using FTIR equipped with the diffuse reflection appratus. 
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3.3. NIR-FTR spectra of DHPs and lignin model 
compounds 

Fig. 2 shows the Raman spectra of G- and 
S-DHPs, clearly indicating that v (C=C) for guaia- 
cyl and syringyl nuclei exhibited different Raman 
shifts at 1599 and 1594 cm - I, respectively. To 
further confirm spectral differences between guai- 
acyl and syringyl nuclei, a series of lignin model 
compounds were applied to the NIR-FTR mea- 
surement. Several lignin model compounds exhib- 
ited the v (CC) for syringyl nuclei shifted to 
lower frequencies (Table 2). Then, the 1599 and 
1594 cm - ’ Raman shifts found in G- and S- 
DHPs (Fig. 2), were designate as guaiacyl (G) and 
syringyl (S) maker bands, respectively. 

3.4. G- and S-maker bands observed in NIR-FTR 
spectra of hardwoods 

Fig. 3 shows the spectral region from 1580 to 
1620 cm - ’ of C. juponica (softwood mainly con- 
taining G-lignin) and F. crenata (hardwood con- 
taining both G- and S-lignin). The 
non-symmetrical shape of peaks (Fig. 3) at 1600 
cm-’ suggested that each peak may consist of 2 
or more components such as G- and S-maker 
bands. To investigate whether there are differ- 
ences in peak components between softwood and 
hardwood, a peak component analysis based on 
the Gauss/Lorentz curve-fit using Galactic 

Table 2 
Comparison of Y (C-C) Raman bands for G- and S-type lignin 
medel compounds 

Type of aromatic skelton 
(Raman Shift cm-‘) 

4-hydroxy-3- 3,5-dimethoxy4- 
methoxy-(G) hydroxy-(S) 

Benzyl alcohol 1610 1606 
Benzaldehyde 1592 1586 
Benzoic acid 1600 1592 
1 -Hydroxy- 1610 1604 

ethylbenzene” 

a Shown as l-(4-hydroxy-3-methoxyphenyl)ethane-l-01 and l- 
(3,5-dimethoxy-4-hydroxyphenyl)ethane-l-01 in the text. 

16YJo 1 

Raman ShitI / cm-1 

IO 

Fig. 3. Component-fitting in the Y (C=C) spectral region. A; C. 
japonica (softwood) and B; F. crenata (hardwood). Spectra 
exhibit (a) experimental data and (b) calculated data from 
resolved spectra. Number show peak position for each re- 
solved peaks. Proposed guaiacyl- and syringyl-markers are 
indicated as G and S, respectively. The experimental spectra 
were obtained with 1 cm - ’ resolution, 100 scans, and 200 mW 
laser using wood meals. 

GRAMS/386 software (Parkin Elmer) was at- 
tempted. In softwood, the peak was separated to 
5 components and one of them was observed at 
1598 cm - ’ as the G-marker, while in hardwood, 
the peak was separated to 6 components and two 
lignin marker bands were observed at 1592 cm - ’ 
as the S-marker and 1599 cm -- ’ as the G-marker 
(Fig. 3). The positions of these marker bands 
showed a good correlation with the spectral data 
of DHPs (Fig. 2). The same peak analysis was 
applied to other wood samples. All other hard- 
wood samples revealed both G- and S-marker 
bands. The other softwood sample revealed the 
G-marker band but not the S-marker band. The 
presence of wood extract did not affect the NIR- 
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FTR spectral data, since almost identical spectra 
were obtained from either untreated wood meal 
or extract-free wood meal (data not shown). 

3.5. SIG ratio determination based on S- and 
G-morker bands 

For more detailed analysis of S- and G-marker 
bands, the NIR-FTR spectra of hardwoods and 
softwoods were taken with higher resolution of 1 

- ‘. Fig. 4 shows the spectra of P. densljlora 
Fs:ftwood) and P. strobilacea (hardwood). To de- 
velop a novel S/G ratio determination method, 
the relationship between peak area intensity ratio 
of S- and G-marker bands and S/G (S/V) ratio 
calculated from nitrobenzene oxidation data were 
investigated. The peak area intensity ratio was 
calculated as shown in Fig. 4 (shaded area). Fig. 5 
clearly indicates that there is a linear relationship 
between peak area intensity ratio and S/V ratio 
with the correlation factor > 0.96. S- and G- 
marker bands assigned in this study could also be 
used to calculate the S/G ratio in hardwood 
lignin. 

The relationship between S/G ratio calculated 
from nitrobenzene oxidation method (R,,,) and 

Raman shift I cm-1 

Fig. 4. NIR-FTR spectra of (a) P. dens@ora (softwood) and 
(b) P. strobilucea (hardwood) in the v (C=C) region. The 
spectra were obtained with 1 cm-’ resolution, 100 scans, and 
200 mW laser using wood meals. The area strength of the 
shaded area were utilized to estimate S/G ratio. 

1.5 2.0 2.5 3.0 

S/V ratio (nitrobenzene oxidation) 

3.5 

Fig. 5. The relationship between S/V ratio (nitrobenzene oxi- 
dation method) and S/G ratio (NIR-FTR method). Wood 
meals used are listed below. I. A. julibrissin D., 2. P. strobi- 
lacea S. and Z., 3. K. pictus N., 4. Q. mongolica Fisch. ver 
grosseserrata R. and W., 5. 2. .rerrata M., 6. C. controversa H., 
7. F. crenata B., 8. C. japonica S., 9. Q. myrsinaefblia B., IO. 
Actinodophene 1 M. 

S/G ratio calculated from the NIR-FTR method 
(Rs,o) could be expressed by the formula; 

R S,G = 0.15 Rslv + 0.54 

It is too early to rationalize the formula shown 
above, but at least, it has been shone that the 
NIR-FTR v (C=C) intensity would be good probe 
to quantify the S/G ratio (Fig. 5). More detailed 
quantitative analysis, however, may also be af- 
fected by the benzylic carbonyl group on the band 
intensity of v (C=C), since this type of carbonyl 
group is conjugated with the aromatic structure. 
A study on the NIR-FTR characterization of 
carbonyl compounds is now under way. 

An S/G ratio calculation based on low-resolu- 
tion (4 cm- ‘) spectra with curve-fitting (Fig. 3) 
was also attempted, showing similar results to the 
ones shown in Fig. 5 (data not shown). 

As a model for in situ analysis of wood compo- 
nents, the NIR-FTR of wood blocks was at- 
tempted. Fig. 6 shows hardwood, K. pictus spectra 
at 4 cm- ’ resolution. After curve-fit treatment, 
the spectra exhibited the presence of S- and G- 
marker bands. The S/G ratio of 10 hardwood 
blocks determined from FTR spectra were com- 
pared with the S/V ratio obtained from nitriben- 
zene method, showing a larger deviation than the 
data shown in Fig. 5. Since wood meals are much 
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more homogeneous than wood blocks, the former 
would give less deviations in FTR spectra. Fur- 
thermore, the diameter of NIR laser irradiation is 
only a few urn, resulting in the larger deviation 
with the spectra of wood blocks. Statistical treat- 
ment of the data may help obtain more reliable 
results. But, even using wood blocks, at least 
rough estimation of S/G ratio would be deter- 
mined. The advantage of the NIR-FTR analysis 
over chemical analysis is a much shorter time 
required for measurement. Ten samplings for each 
tree would be achieved in less than 1 h. 

The aim of this study was to demonstrate the 
NIR-FTR spectroscopy as a new tool to deter- 
mine wood composition using micro scale samples 
(mg order) and under non-destructive conditions. 
The assignment of S- and G-marker bands were 
successfully achieved. Furthermore, the S/G ratio 
of hardwood lignin could be determined using the 
NIR-FTR technique without any chemical treat- 
ment of wood. Very recently, we have also re- 
ported that NIR-FTR information on a series of 

1600 

&man shift/cm-* 

1: 

Fig. 6. NIR-FTR spectra of wood block (K. pictus) and 
resolved spectra for component-fitting. Spectra exhibit (a) 
experimental data and (b) calculated data from resolved spec- 
tra. Numbers show peak positions for each resolved peaks. 
Proposed guaiacyl- and syringyl-makers are indicated as G 
and S, respectively. The experimental spectra were obtained 
with 4 cm ’ resolution, 200 scans. and 200 mW laser. 

hemoproteins in aqueous solution could be ob- 
tained without complicated procedure [22]. Thus 
arises the advantages of this system: short analysis 
time; and giving clear spectra independent of sam- 
ple shapes. 

In addition, the v (C=O) band can be seen as an 
isolated sharp band with reasonable intensity of 
NIR-FTR spectra (Fig. 1 and Table l), which has 
been known to give a broad absorption with huge 
intensity on FTIR spectra It is said that the 
carbonyl group in lignin may be a good monitor- 
ing probe following wood deterioration. The 
quantitative determination of a carbonyl band 
using NIR-FTR spectroscopy is now under inves- 
tigation. 
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