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ABSTRACT

Over last 25 years, lignin applications of Raman
spectroscopy have come a long way. This article
provides a brief overview of the advances in the field of
lignin. The paper heavily draws on author’s own
research although where appropriate examples are
included from published work of other researchers. It is

emphasized that the developments in Raman
instrumentation along with applications of various
sub-techniques and effects have made Raman

spectroscopy a versatile and user-friendly method for
lignin research.
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1 INTRODUCTION

Raman spectroscopy applications to lignin and
lignin-containing materials did not begin until the early
1980s. Although a number of factors were responsible
for this the main reason seems to have been that the
Raman signals were almost completely obscured by
sample’s laser-induced fluorescence (LIF). In the usual
visible laser based Raman instrumentation. the LIF
arose because lignin absorbed in the visible region. It
was only after special methods were developed to deal
with the LIF w. for both macro and micro sampling.
that the situation improved.

Over the subsequent years. a number of
developments took place that facilitated
application of Raman spectroscopy enormously. For
instance. in the field of conventional Raman, new
technologies like the holographic notch filter and the
availability charge-coupled  devices  (CCD)
decreased acquisition time by more than an order of
magnitude and sampling in confocal mode reduced
fluorescence by  physically  blocking the signal
originating from the volume ofthe sample not in focus.
On the other hand. outside the visible excitation.
availability ofthe instrumentation that was based on the
excitations in the UV and near-IR regions advanced the
field further by making possible to obtain Raman
spectra of colored samples. Taken together.
developments solved/limited  the problem
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fluorescence for most samples and greatly
applicability of Raman spectroscopy to
containing materials.

2 EXPERIMENTAL

Materials and methods

Details on research reviewed in this paper are
provided in the respective references listed and
therefore. for such information. is asked to
consult them. This is done in order to keep the article
from exceeding the required length limitation.

3 RESULTS AND DISCUSSION
3.1 Detection

Depending upon the technique. background
contribution. and type of lignin the number of observed
spectral bands varies in Raman spectroscopy. The
maximum of bands was observed in the
FT-Raman spectra of milled-wood lignin (MWL). In
this case. the number of bands observed were 34 and 30
for softwood and hardwood MWLs. respectively® 3.
the intensity of Raman
significantly and the peak near 1600 cm? was the
strongest Raman peak. Consequently. in lignin studies.
the 1600 cm* band has been used most often. However.
the intensity of the 1600 cm+ (and some other bands) is
impacted significantly by conjugation “ and resonance
Ramane  effects.

For detecting small amounts of lignin, the surface
enhanced Raman spectroscopy (SERS) was found to be
sensitive for detecting lignine. It was reported that as
little as 10 pg of lignin could be detected using SERS.
3.2 Spectral interpretation

In the spectra of lignins. band assignments have
been made M. Nevertheless some assignments remain
tentative and further work is needed.
useful assignment information was obtained from the
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Moreover. bands varied

In this context.

studies of woods. mechanical  pulps, MWLs.
dehydrogenation polymer (DHP) lignins. and many
lignin models. Moreover. literature on vibrational

assignment of benzene derivatives was consulted.
Except for the spectral assignments in the region below
925 cm. where coupled modes involving deformation
and torsional vibrations are present (vibrations of
C-C-C, 0-C-O, C-0O-C, C-O-H, and aromatic ring
deformation modes). the assignments have proven quite
useful.
3.3 Distribution and organization

Studies  of lignin  distribution  in
morphological regions of wood have been carried out
using a Raman microprobet. One important result was

evidence supportive of lignin orientation in the

various



secondary nails of black sprucete. Although it was not
clear what caused this orientation. this result
highlighted the unique information that Raman
spectroscopy can provide. Another investigation, which
focused on studying corner middle lamellae in white
birch and black spruce woods. indicated that the lignin
concentration was not constant and could vary by as
much as 100% ta. Using confocal Raman, a small
lignified border toward the lumen was observed in the
gelatinous (G-) layer of poplar (Populus nigra x P.
deltoids ) tension wood 1. These findings
important understanding
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implications ~ for
ultrastructure as well
reactivity of wood.
Using coherent anti-Stokes Raman scattering

(CARS) microscopy. a multi-photon technique in
Raman field. wild-type and lignin-downregulated
alfalfa lines were imaged to assess the impact of lignin
modification on overall cell wall structure
Compared to conventional Raman CARS offers much
greater sensitivity and israpid.
3.4 Quantitation

Using FT-Raman the 1600 cm-t band has been used
to determine pulp lignin content after research showed
that its intensity was linearly correlated with pulp kappa
numbers (refs. 52-54 in [3]). Subsequently, UV
resonance Raman was applied to study residual lignin
us 14 with good results. The resonance technique has
proven to be highly selective and sensitive for
investigating residual lignin. In this case, the content of
lignin and hexenuronic acid in pulps was determined in
situ.

as chemical

12,

In author's laboratory. a method to quantitate
lignin in various lignocellulosic materials has been
recently developed. The following lignocellulose
materials were used in this study (The % Klason lignin
content is shown in parentheses.) - black spruce MWEL
(48.4). 2 samples of southern pine (28.9). black spruce
(27.3). white oak (25.2). aspen (18.3). corn stalk (13.8).
partially delignified black spruce (8.1), and unbleached
kraft pulp (4.9). The general approach was to remove
contributions of chromophores and ring conjugated
structures because these structures are known to
disproportionately contribute to the lignin band at 1600
cm2. The linear regression between Raman ratio
(1600/1098) and % Kilason lignin is shown in Fig. I.
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Fig. 1 Lignin quantitation by FT-Raman

spectroscopy. Black spruce MWEL (48.4), 2 samples
of southern pine (28.9), black spruce (27.3), white
oak (25.2), aspen (18.3), corn stalk (13.8). partially
delignified black spruce (8.1), and unbleached kraft
pulp (4.9)

Note: The 1098 cm* hand was corrected for total
carbohydrate difference.

3.5 Wood lignin

Although a large number of Raman features are
similar between softwood and hardwood lignins. there
are a few differences. For instance. 1298. 557. and 384
cm.t bands present in the spectra of softwood lignins
were absent in hardwood lignins spectra . On the
contrary, wavenumber positions ofthe bands that were
only detected in the spectra of hardwood MWLs were
1156, 597, 522, 503, 472, 447, 431, and 417 cm? &,
Additionally, intensities of some of the lignin bands
varied between the two types of lignins. Fora more
detailed comparison reader is referred to the literature &
3.6 Mechanical pulp lignin

Effects of bleaching (refs. 33-36 in [3]) and
yellowing (both photo and thermal) (refs. 34. 35. 47 in
[3]) on mechanical pulp lignin have been investigated
using Raman spectroscopy. Bleaching studies of
softwood thermomechanical pulp indicated that the
lignin contained coniferyl alcohol, coniferaldehyde.
and p-quinone units. The studies further demonstrated
that p-quinones play a major role in determining pulp
brightness (ref. 36 in [3]). Moreover, analysis of
bleaching-related changes showed that whereas both
coniferaldehyde and p-quinones were modified upon
bleaching. the p-quinones were primarily responsible
for pulp brightness.

Similarly, in  photoyellowing, light-induced
changes in lignin structure were ascertained. A
time-resolved analysis of thermomechanical pulps
showed that the light exposure led to decay ofthe 1654
cm- lignin band (ref. 5 in[3]) and the exposure was



responsible for a new Raman feature at 1675 cm (ref.
35 in [3]). The former band had contributions from both
coniferyl alcohol and coniferaldehyde structures (refs.
35, 36 in [3]). The new band, detected at 1675 cm-, was
assigned top-quinones (ref. 47 in [3]). The conclusion
was that exposure of pulps to light caused the decay of
coniferyl alcohol and coniferaldehyde units in lignin
and caused the formation of p-quinones. It is
noteworthy that prior to application of FT-Raman
spectroscopy, in of p-quinones in
photoexposed mechanical pulps was not possible.
3.7 Chemical pulp lignin

Residual lignin in chemical pulp is difficult to
analyze because of its low concentration. However,
although the FT-Raman spectrum of the unbleached
chemical pulp contained fluorescence, the 1600 cm-
band of lignin was detected (refs. 52-54 in [3]). This
band has been used to determine pulp lignin content
after research showed that its intensit) was linearly
correlated with pulp kappa numbers. More recently, UV
resonance Raman has been applied to stud) residual
lignin (ref. 25 in [3]) with good results. The resonance
technique has proven to be highly selective and
sensitive for investigating residual lignin. In this case,
the content of lignin and hexenuronic acid in pulps was
determined in situ.
3.8 Lignin in other lignocellulosics

In addition to lignin investigations in wood and
pulps. Raman spectroscopy has been applied to study
other lignin-containing  materials.  These include
bamboo (ref. 55 in [3]), kenaf, jute, corn, wheat, and
sugarcane bagasse (ref. 56 in [3]), flax (ref. 57 in [3]),
and alfalfa [12]. In most cases, information could be
obtained on the unique characteristics of lignin. For
instance, in the spectrum of bamboo (ref. 55 in [3]).
strong lignin features were detected at 1604 and 1630
cm?. The bands were assigned to free and esterified
phenolic units in lignin. Studies of flax and its parts
indicated that major components of each could be
detected using Raman spectroscopy (ref. 57 in [3]).
3.9 Chemical modification reactions of lignin

In the author’s laboratory. Raman spectroscopy
was used to obtain useful
reactions -  bleaching, sulfonation, acetylation,
hydrogenation, methylation, and acid hydrolysis. At
times such investigations were made necessary so that
the Raman spectral changes associated with some other
phenomenon can be better interpreted. For example. in
the photoyellowing of pulps. there was a need to
determine whether aromatic-ring conjugated coniferyl

situ  detection
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alcohol C=C groups were completely hydrogenated in
mechanical pulps. Using Raman spectroscopy, the
hydrogenation reaction was followed by monitoring the
intensit! decline at 1654 cm. It was found that in order
to completely hydrogenated this lignin side chain C=C
in pulp one has to modify the reaction conditions (ref.
35 in [3]).

In a similar manner, acetylation and deacetylation
reactions of a mechanical pulp were also monitored
using Raman spectroscopy (ref. 5 in [3]). Here, the most
prominent spectral change occurred at 2938 cm. The
acetylation reaction was considered complete when.
upon further acetylation. the intensity of the 2938 cm+
band (relative to 1095 cm? band) did not change.
Analogously. the success of deacetylation was
monitored by the decline of Raman intensity at 2938
cm,

3.10 Lignin’s role in biomass recalcitrance

In the context of biofuels research, Raman is being
used (in the author’s laboratory) to understand the role
of lignin in limiting the enzymatic hydrolysis of the
biomass. As lignin is modified new functional groups
are generated and structural changes occur. The hope is
that the understanding of these
biomass will lead to improved ways of biomass
hydrolysis.

3.11 Lignin models
Interpretation ofthe lignin Raman data is based on

influences on the

the spectra of various lignin units and their assignments.
However, assignment of the
measured Raman band to specific vibration is unclear.

sometimes, a clear
To further improve this situation. an assignment of the
observed Raman hands can be assisted by a systematic
comparison with the theoretically calculated spectra
(refs. 6. 7 in [3]). Although quantum chemical
calculations and normal coordinate analysis have been
available for some time. recently it was shown that
density functional theory (DFT) methods provide a
powerful they much  less
computationally (compared  with  the
quantum calculations) and take account ofthe effects of
electron correlation. Recently. a DFT method using the
B3LYP functional and 6-31 + G (d) basis set was used
to predict the vibrational frequencies of some simple
lignin models ts. The performance of this DFT method
was evaluated by comparison of the
frequencies with observed Raman spectra of the
appropriate compounds.  Assignments
vibrational bands of the lignin models were presented.

alternative.  as are

demanding

computed
model for

In future. this approach is expected to result in reliable



assignment of those experimentally observed lignin
Raman hands that have not yet been properly assigned.
which in turn will lead to a detailed understanding of
the geometrical and electronic structure of the
investigated molecular lignin model units.

1 CONCLUSION

The field of Raman spectroscopy has benefited
immensely from the technological progress in
instrumentation and development of new interpretive
tools. Because ofsuch advances, at present, lignin and
lignocellulosic materials can be studied using a variety
of Raman methods. As is evident from the summary
presented here depending upon the nature of the
information desired there is a probability of finding an
appropriate technique in Raman. In fundamental and
applied studies, the technique has produced useful
insightsand generated new useful information.
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