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ABSTRACT

Lignin properties and its utilization depend on many structural characteristics. The
most important of these are the syringyl to guaiacyl (S/G) ratio and the molecular mass
(MM), respectively. The S/G ratio is a reliable indicator of lignin composition that
predicts the response of lignocellulosic material to pulping and biomass pre-treatment.
The S/G ratio can be determined by means of various analytical methods such as
nitrobenzene oxidation (NBO), permanganate oxidation (PMO), pyrolysis coupled with
gas chromatography/mass spectrometry (Py-GC-MS), Fourier transform-infrared (FT-IR)
spectroscopy, FT-Raman spectroscopy, nuclear magnetic resonance (NMR), etc.

Molecular mass and molecular mass distributions (MMD) are important
macromolecular traits of lignin that influence both its reactivity and physicochemical
properties. Determination of lignin MM is a difficult task due to its compositional
variability and partial solubility in common solvent systems. The most used methods for
MM determination are size exclusion chromatography (SEC), light scattering (LS) and
vapour pressure osmometry (VPO), together with ultrafiltration and various spectroscopic
methods such as matrix-assisted laser desorption/ionization-time of flight-mass
spectrometry (MALDI-TOF-MS).

The objective of this chapter is to present recent developments in determinations of
the S/G ratio in lignin (especially by nitrobenzene oxidation), and MM and MMD traits
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(mainly by SEC), and also to propose accurate and reliable methods for both an isocratic
high performance liquid chromatography (HPLC) analysis of NBO products and SEC of
lignin and its derivatives.

Keywords: Nitrobenzene oxidation, size exclusion chromatography, high performance liquid
chromatography, lignocellulosics, lignin utilization

LIGNIN STRUCTURE AND COMPOSITION

Lignocellulosics contain three main types of lignin: gymnosperm or softwood lignin,
angiosperm or hardwood lignin, and grass lignin. The primary monomers for lignification are
the three monolignols: p-coumaryl (4-hydroxycinnamyl) alcohol, coniferyl (3-methoxy 4-
hydroxycinnamyl) alcohol, and sinapyl (3,5-dimethoxy 4-hydroxycinnamyl) alcohol. Upon
incorporation into the lignin macromolecular structure, these monomers are referred to as p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively. According to the
content of these aromatic units, lignin from softwoods (G-lignin), hardwoods (GS-lignin),
grasses (GSH-lignin), and compression wood (GH-lignin) can be distinguished. The relative
abundance of different lignin polymer units varies greatly in different groups of plants. The
predominant monomer for softwood lignin is coniferyl alcohol, which has a methoxyl group
on the C-3 position. Hardwood lignin has two main monomers: coniferyl alcohol and sinapyl
alcohol, which are both synthesized in substantial proportions, and the latter has methoxyl
groups at both the C-3 and C-5 positions (Figure 1A). The third monomer, p-coumaryl
alcohol, is more prominent in grasses and compression wood [1-4].

The lignin polymer is a complex macromolecular network containing many different
intermolecular linkages formed during polymerization. The oxidative coupling of two
monolignol molecules, which is presumed to initiate polymerization, can proceed via the
formation of a B-O-4 ether or, if at least one of them is coniferyl alcohol, a -5 linked
phenylcoumaran. The important difference between B-O-4 linked ethers and B-5 linked
phenylcoumarans is that the latter is a more rigid carbon—carbon-linked structure. Monolignol
dimerization can also occur when the § carbons of both monolignol molecules join directly to
one another, after which subsequent trapping of the side chain y-hydroxyls results in a resinol
structure. The G, S, and H units are predominantly interconnected through ether linkages and
carbon—carbon linkages. In gymnosperms, the p-O-4 linkage represents about half of the
dimeric linkages in lignin, whereas in hardwoods, the B-O-4 linkage represents up to 80% of
the linkages involving the S units. Recent evidence has shown a more complex cyclical
structure, dibenzodioxocin, which contains three phenyl rings with a 5-5/B-O-4(a-O-4)
linkage. This structure, in addition to others such as biphenyl ether (5-O-4), or 5-5 biphenyl
linkages, can produce cross-links between independently growing polymer chains [5, 6]. Due
to the capability of electron-delocalized radicals to couple at various sites, a variety of
structural units are found in the resulting polymer [7] (Figure 1B).

In addition, the aromatic units determine the type and number of cross-links, as well as
the reactivity of the lignin. Guaiacyl units can covalently cross-link with up to three other
units, whereas S units may link to only two, i.e., S-rich lignin forms predominantly fewer
cross-linking structures than G-rich lignin. Lignin is also a racemic polymer. For the p-O-4
ether dimer, there are 4 optical isomers; there are 8 for a trimer and 32 for a tetramer. The
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complexity indicates that no two lignin polymers of substantial size are likely to be identical
within a plant or within a species [6].
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Figure 1. Structures of the three monolignols and the lignin polymer units derived from them (A).
Major structural units in the polymer (B). The bolded bonds are the ones formed by the radical coupling
reactions.
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Peak Force Error Modulus of elasticity

Figure 2. Atomic force microscopy (AFM) images of the Norway spruce fiber cell wall topography
based on the peak force error measurements (left image), and the quantitative modulus of elasticity
(MOE) mapping (right image). The Peak Force Error channel produces a map of the peak forces as a
feedback signal, and provides a diagnosis of how well the AFM tip is tracking the cell wall surface. The
MOE channel shows low values of MOE for both the middle lamella rich in lignin and for the primary
cell wall. Scale bars: 40 um for both images. ML, middle lamella; PCW, primary cell wall; SSW,
secondary cell wall.

LIGNIN DISTRIBUTION

Thick walls deposited in fully grown cells are called secondary cell walls. Secondary cell
wall is laid down inside the primary wall only in specialized cells collectively known as
sclerenchyma. The wood of both gymnosperms and angiosperms is composed largely of the
secondary cell walls of vascular tissue and supportive fibers (Figure 2).

A polylamellate helicoidal-like wall texture is found in various primary and secondary
walls. In a crossed polylamellate structure, microfibril lamellae alternate between transverse
and longitudinal orientations, resulting in the S1, S2, and S3 layers in the secondary walls.
The predominant middle layer of the secondary wall, the S2 layer, may comprise up to 90%
of the thickness of the wall [6, 8] (Figure 3).

Table 1. Polymer composition of primary and secondary cell walls.
(Adapted from Albersheim et al., 2011 [6])

Polymer (wt %) Primary cell wall Secondary cell wall
(dicotyledons) Angiosperms (dicotyledons) | Gymnosperms
Lignin 0 17-30 26-36
Cellulose 20-30 37-57 38-52
Hemicelluloses 25-30 20-37 1627
Pectin 30-35 <10 <10
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Figure 3. The anatomy of wood cells. The nearest cell has been sectioned in order to show the layered
structure characteristic of each cell, comprised of the primary wall, the three secondary wall layers (S1,
S2, S3), and the lumen. The grey lines in the secondary wall layers represent idealized cellulose
microfibrils. The cellulose microfibrils in the middle secondary layer appear twisted with respect to the
cell’s vertical axis. The angle they form, called the microfibril angle (MFA), plays a crucial role in
determining the stiffness of the wood. (From D. Kretschmann, Nature Mater. 2003, 2, 775-776 [9],
reprinted by permission from Macmillan Publishers.).

Lignin is mainly found as a component of the secondary cell wall and in the middle
lamella region between the walls of adjacent cells. In the secondary wall, lignin is associated
with hemicelluloses and forms a polymer in layers about 5 nm thick between layers of
cellulose, whereas in the middle lamella lignin is deposited in round particles which coalesce
into a compact, more uniform structure [6]. Lignin polymer, however, is absent from primary
cell walls. Together the cellulose and lignin account for over 60% and, in some cases, up to
80% of the secondary cell walls. Secondary cell walls also contain additional hemicelluloses
and relatively less pectin than primary walls. The differences in the polymer composition
found in the primary and secondary cell walls of angiosperms and gymnosperms are given in
Table 1.

The majority of secondary wall formation occurs in the water-conducting cells, which in
woody angiosperms with diffuse-porous wood (for example poplars) tend to be rich in p-
coumaryl alcohol-derived G lignin, and in supportive fibers, which typically contain high
levels of G-S lignin [5, 6]. Figure 4 shows lignin distribution in vessels, secondary xylem
fibers and secondary phloem fibers in a hybrid poplar stem acclimatized to an ex vitro
environment.
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Figure 4. Lignin distribution and structure in hybrid poplar secondary vascular tissues after
acclimatization of micro propagated plantlets to an ex vitro environment (i.e., 28 days after their
transfer from in vitro to ex vitro conditions). (A) Safranin-Alcian blue histochemical double staining of
the stem cross-section showing lignified (red staining reaction) and non-lignified (blue staining
reaction) cellulosic tissues. In addition to secondary xylem vessels and fibers, lignin deposition also
occurs in secondary phloem fibers (white arrows). AFM peak force error image (B), and AFM flatten
height image (C) of the cell wall surface of the lignified secondary xylem vessel rich in G lignin. Scale
bars: (A) =100 pm, (B, C) = 1.3 pm. (D) Lignin polymer models for lignins from wild type poplars.
The models represent two decamer lignin chains with colour identification of the main structures and
inter-unit linkage types. Bold black bonds indicate bonds formed by radical coupling during
lignification; gray bonds result from post-coupling internal re-aromatization reactions. Lignified vessels
contain G-rich lignin, whereas fibers also contain increased levels of S lignin (indicated by black
arrows). (Adapted from R. Vanholme et al., Curr. Opin. Plant Biol. 2008, 11, 278-285 [10], reprinted
by permission from Elsevier.)
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Figure 5. Lignin autofluorescence images of the primary xylem in the midrib (left images), AFM peak
force error images (middle images), and AFM flatten height images (right images) of the cell wall
surfaces of tracheary elements in the leaves of Dutch elm hybrids 'Groeneveld' and 'Dodoens'. Scale
bars for non-infected plants of 'Groeneveld' and 'Dodoens': 100 pm for fluorescence microscopy
images, and 1.7 um for AFM images. Scale bars for infected plants of 'Dodoens': 100 um for the
fluorescence microscopy image, and 1.6 pm for AFM images. (Adapted from J. Durkovié et al., Ann.
Bot. 2013, 111, 215-227 [11], reprinted by permission from Oxford University Press.)

The hydrophobic lignin polymer deposited in the secondary cell walls and in the middle
lamella provides a water-impermeable surface to the lignified cell walls, and rigidity and
mechanical support to plants. Thus, lignin serves as a barrier to lateral water transport across
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the lignified wall and facilitates vertical transport of water through the waterproof tubes of
lignified vascular tissues (i.e., tracheids and vessels). In addition to secondary xylem tissues,
lignified cell walls are also found in the primary xylem tissues of leaves (cell walls of
tracheary elements, sclerenchyma bundle sheath composed of fibers, as shown in Figure 5), as
well as in the primary xylem tissues and endodermal tissues in roots, and in specialized cells
of anthers and some seed pods. Plants having lignin-deficient phenotypes display dwarfing,
collapsed xylem, sterility, the inability to stand erect or developmental arrest after
germination [5, 6].

SYRINGYL TO GUAIACYL RATIO IN LIGNINS

One of the greatest challenges in the structural biochemistry of the lignified cell wall is to
determine both the nature and proportion of structural units and the inter-unit linkages in
native lignin structures [12]. However, both lignin content and the syringyl to guaiacyl
structural unit ratio (S/G) in lignin are important not only in terms of lignin structure, but also
in the significant impact they have on the physical and chemical properties of lignin and its
utilization (pulping, hydrolysis, etc.). The ratio of syringyl/guaiacyl lignin is higher in the
secondary wall than in the middle lamella region. Quite often, because cell wall development
involves aseries of highly complex reactions, the associations between one lignin
characteristic (e.g., lignin composition) and cell wall degradability, can be masked,
confounded, or merely correlated to concurrent changes in other lignin properties (e.g., lignin
cross-linking) [13-17].

The condensed structure of lignin is very important for the reactivity of lignin in pulping
because the degree of condensation of lignin is quite different between the secondary wall and
compound middle lamella. The structure is also important for understanding cell wall
lignification because the lignin deposited in the early stage of lignification is more condensed
than that deposited in the later stage [18]. Lin et al. [19] showed that the fiber walls of
bamboo were rich in G lignin in the early stage of lignification, and in the later stage lignin
rich in S units was deposited.

It is possible to distinguish four lignin properties that may impact the enzymatic
digestibility and/or the pre-treatability of a plant cell wall: (1) total lignin content; (2) ratio of
monolignols and the corresponding degree of condensed linkages between monolignols; (3)
the location of the lignin; and (4) for grasses, the abundance of p-hydroxycinnamates and
their makeup [20].

Breeding objectives for biomass crops intended for delignification could conceivably
include reduced total lignin content or increased S/G ratio. Conversely, the other processes or
products might require higher lignin content or lower S/G [21]. In hardwood species, the S/G
ratio has been successfully correlated to the amount of $-O-4 ether linkages present in the
lignin and the ease of pulping reactions. It appears that the S/G ratio and lignin-carbohydrate
complexes (LCCs) are the main characteristics responsible for the differences in kraft pulping
performance among the hardwoods [17, 22]. The results from other authors showed a
decrease in lignin content with increasing S/G ratio among poplars [23, 24]. However, no
correlation was observed between the two variables in poplars grown for 2 years in the field
or greenhouse [25]. Bose et al. [24] discovered that the lignin content for 13 poplars harvested
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from two different sites decreased from approximately 28% for an S/G of 1.0 to
approximately 16.5% for an S/G of 1.68 (y = 42.886 — 15.131x, R* = 0.846). The correlation
was closer (y = 42.366 — 15.123x, R* = 0.932) in samples from a different site suggesting a
dependency on geographic location. We tested the correlation between lignin content and S/G
ratio among eight examined clones of Populus grown on three different experimental sites
[26]. Our results confirmed the negative correlation between S/G ratio and lignin content. In
addition, we also showed that the closeness of this correlation depends upon the experimental
site.

Vinzant et al. [27] showed that increased lignin content across 15 tree species decreased
the total ethanol fermentation production via dilute acid hydrolysis followed by simultaneous
saccharification by enzymes and fermentation (SSF). Both the lignin content and the S/G ratio
significantly affect the yield of sugars through hydrolysis. The saccharide release rate
depends primarily on the saccharide type and the method of hydrolysis or pre-treatment.
According to Studer et al. [28], a strong negative correlation between sugar release and lignin
content was found only for pre-treated samples with an S/G ratio <2.0. For higher S/G ratios,
sugar release was generally higher, and the negative influence of lignin was less pronounced.
When examined separately, it was found that only glucose release correlated with lignin
content and S/G ratio in this manner, whereas the release of xylose was dependent on the S/G
ratio alone. According to Davison et al. [3], a small decrease in S/G ratio resulted in
statistically significant improvement in the rate of dilute acid hydrolysis. The significance of
lignin content alone was not as clear. A greater number of data points with higher precision
will be required for a definite conclusion. However, the combined effects of lignin content
and S/G ratio on the rate of dilute acid hydrolysis were significant.

Recalcitrance to saccharification is a major limitation when converting lignocellulosic
biomass to ethanol. Recalcitrance to both acid pre-treatment and enzymatic digestion is
directly proportional to lignin content [29]. In addition to lignin content, the S/G ratio can
also significantly affect sugar release during biomass hydrolysis. Chiang and Funaoka [30]
showed that the S/G ratio between native hardwoods and softwoods correlated to their ease
during Kraft delignification, with the S units facilitating cleavage of cross-linked bonds. The
broad hypothesis is that variations in biomass composition can be controlled through genetic
manipulation or breeding, and that these compositional changes will improve conversion of
biomass. Conversion improvements can be from direct mass balance considerations (lower
lignin may result in higher cellulose and lead to more fermentable hydrolysis sugars), as well
as from more subtle composition influences, such as a shift in the S/G ratio. It may also allow
for milder pre-treatments and the production of fewer inhibitory by-products.

There are several analytical methods for S/G ratio determination such as nitrobenzene
oxidation, permanganate oxidation, pyrolysis coupled with gas chromatography/mass
spectrometry (Py-GC-MS), Fourier transform-infrared (FT-IR) spectroscopy, FT-Raman
spectroscopy, nuclear magnetic resonance (NMR), etc. [31-36].

Nitrobenzene oxidation (NBO) of lignin in alkaline solution was introduced in 1939 by
Freudenberg and co-workers to obtain further evidence for the aromatic nature of lignin [12,
and literature cited therein]. In this procedure, lignin is oxidized by nitrobenzene in an
alkaline medium (2 M NaOH) at a high temperature (160-180 °C) for 2-3 hours.
Benzaldehydes are recovered as the main products, together with smaller amounts of the
corresponding benzoic acids [12]. The reaction mechanism for NBO of lignin is still not fully
understood. There are two proposed schemes: one-electron-transfer and two-electron-transfer.
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It is likely that both mechanisms coexist [12, 37-39]. Recently, metal organic frameworks are
being used as possible catalysts for alkaline lignin oxidation, and the determined S/G ratios in
poplar lignins were found to be similar to S/G ratios obtained from NBO [40].

NBO is still probably the most commonly employed chemical degradation for lignin
analysis. This acceptance is related to the fact that NBO provides a satisfactory yield of p-
hydroxybenzaldehyde, vanillin, and syringaldehyde from lignin H, G, and S units, together
with smaller amounts of the corresponding benzoic acids (Figure 6). These products originate
from the corresponding phenyl-propane units and their a (B)-O-4 alkyl-arylethers due to the
oxidation of lignin in an alkaline environment. Therefore, the S/G ratio provides information
on the relative amounts of uncondensed guaiacyl- and syringylpropane units comprising the
original lignin. On the other hand, the yield of these aldehydes reflects the degree of
condensation of lignin, because these uncondensed structures are cleaved by nitrobenzene
oxidation leaving condensed lignin as a residue. The yield of NBO products refers to the
degree of lignin macromolecule cross-linking C—C linkages. This degree increases depending
on the various treatment conditions used in the wood technology industry for lignin
condensation, and it can also increase during lignin isolation from wood, especially if the
conditions of such a process are rather severe (pH, temperature, time, solvent, etc.) [41]. In
addition, NBO yields small amounts of 5-carboxyvanillin, 5-formylvanillin, and
dehydrodivanillin from C-5 condensed G units; however, these trace compounds are generally
not included in the quantitative determination of lignin-derived compounds [12].

AW

OH OH
p-hydroxybenzaldehyde p-hydroxybenzoic acid
(4-hydroxybenzaldehyde) (4-hydroxybenzoic acid)

O e} OH
=
i o”
OH OH
vanillin vanillic acid

(4-hydroxy-3-methoxybenzaldehyde) (4-hydroxy-3-methoxybenzoic acid)

o O _OH
=

HaC CH HaC CH

o o~ o i

syringaldehyde syringic acid
(4-hydroxy-3,5-dimethoxybenzaldehyde) (4-hydroxy-3,5-dimethoxybenzoic acid)

o]
o
o
I

Figure 6. Nitrobenzene oxidation products.
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With NBO, softwood lignin gives rise to vanillin as a major product usually in the yield
range of 24-28% based on lignin content, but some authors have reported total aldehyde
yields in the range of 17-28%. Major products arising from NBO of hardwood lignin are
vanillin and syringylaldehyde, while grass lignin affords p-hydroxybenzaldehyde, vanillin
and syringaldehyde. Due to a lower proportion of carbon—carbon linkages between aromatic
rings, higher yields of vanillin and syringaldehyde (in the 30-50% range) are obtained from
hardwood samples [1, 12, 37].

NBO has been used in various processes (lignin biosynthesis, wood development,
delignification, pulping, hydrolysis, etc.). The variability in the S/G ratio between angiosperm
species is well established. The ratio usually ranges from 0.51 for Acer macrophyllum to 4.21
for Carpinus betulus [34, 42, 43]. However, in Sorbus hybrid species high S/G ratios from
4.47 for Sorbus haljamovae to 6.19 for Sorbus zuzanae were found [44], in Eucalyptus
globulus from 4.6 to 6.1 [45], and in the kenaf lignin ca. 6.0 [46].

The reaction mixture of NBO products is analyzed mainly by high performance liquid
chromatography (HPLC) with UV detection or by gas chromatography (GC) after
derivatization. For quantitative determination of NBO products by the GC method, an internal
standard is used. Usually, an internal standard (acetovanillone, m-meconin or
propiovanillone) is added to the reaction mixture [12, 37, 47]. However, Katahira and
Nakatsubo [48] proposed 5-iodovanillin as an internal standard.

In HPLC analysis, mobile phases consisting of water and methanol or acetonitrile with a
small amount of an aliphatic carboxylic acid (usually acetic acid) are popular. HPLC methods
are often performed with the application of a gradient mode; however NBO products can also
be separated by an isocratic method. As an internal standard, m-meconin or 3,4-
dimetoxyphenetyl alcohol is used; the external calibration method provides high
reproducibility over a broad concentration range of analyzed compounds [41]. Using a diode
array detector, NBO products can be clearly identified even in complicated real sample
mixtures based on the different UV spectra of the analyzed compounds (Figure 7).

NBO products can be analyzed by the isocratic HPLC method using a non-polar C-18
column and a mobile phase consisting of water, methanol and propionic acid [41]. This
method has been used for the analysis of NBO products in various types of lignins [26, 44,
49-53]. The development of new types of columns has allowed for shortening the time of
NBO product analysis. To improve our method we used two different types of columns: a
Chromolith monolithic column (Merck) and a Kinetex column with core-shell particles
(Phenomenex). Both these columns reduced the analysis time without any deterioration in
resolution (Figure 8). Another means for faster analysis of NBO products is to use the
optimized procedure of the ternary isocratic mobile phase composition in the HPLC method
[54]. We found that tetrahydrofuran (THF) is not suitable for the separation of NBO products,
and also that for an optimal mobile phase it was best to use a mixture of water, methanol, and
acetonitrile with the addition of propionic acid (Figure 8).

For the NBO products analysis, we recommend the following conditions: Kinetex column
2.6 um C18 (100 x 4.6 mm), mobile phase water/methanol/acetonitrile/propionic acid
(88/4/8/0.1), flow rate 1 ml min', temperature 35 °C, detection via diode array detector with
full wavelength spectral acquisition to identify compounds of interest.
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Figure 8. Chromatograms of NBO products standard mixture at different HPLC conditions.

(A) Column LiChrospher 100 RP-18, mobile phase: water/methanol/propionic acid (81/19/0.1), flow
rate 1 ml min"'. (B) Column Chromolith Performance RP-18e, mobile phase: water/methanol/propionic
acid (81/19/0.1), flow rate 2 ml min'. (C) Column Chromolith Performance RP-18¢, mobile phase:
water/methanol/acetonitrile/propionic acid (88/4/8/0.1), flow rate 2 ml min . (D) Column Kinetex 2.6
um C18, mobile phase: water/methanol/acetonitrile/propionic acid (88/4/8/0.1) flow rate 1 ml min ™",
Peak identification: 1, p-hydroxybenzoic acid; 2, p-hydroxybenzaldehyde; 3, vanillic acid; 4, syringic
acid; 5, vanillin; 6, syringaldehyde.

MOLECULAR MASS AND MOLECULAR MASS DISTRIBUTION
OF LIGNINS

Lignin is an irregular polyphenolic biopolymer constructed of phenylpropanoid
monomers with various degrees of methoxylation that are biosynthesized into a complex and
highly heterogeneous aromatic macromolecule [55]. The structural elements comprising
lignin are linked both by ether (C-O-C) and carbon—carbon (C—C) bonds, mainly B-O-4, a-O-
4, 5-0-4, B-5, 5-5, B-1, and B-P. These linkages and the various functional groups on
structural units give lignin a unique and very complex structure with a wide range of
molecular weight. Average molecular weight (MW) or molecular mass (MM) and molecular
weight distribution (MWD) are important macromolecular properties of lignin, because the
reactivity and physicochemical properties of lignin are partly governed by their MWD [56,
57].
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Many methods to determine the molecular mass of lignin have been developed, e.g., size
exclusion chromatography (SEC), light scattering (LS), vapor pressure osmometry (VPO),
ultrafiltration, mass spectrometry (MS), and nuclear magnetic resonance (NMR) spectroscopy
[58-62]. The values from the literature for lignins and their derivatives vary between about
1,000 and more than 100,000 or even 10° [63].

Among these methods for molecular mass determination, SEC has several advantages: it
is readily available and provides information for a wide range of molecular masses in a single
analysis step. The main parameters obtained by SEC are: weight-average molecular weight
(My), number-average molecular weight (M,), molecular weight at peak maximum (14,),
molecular weight z average (M,), molecular weight z+/ average (M.;), viscosity-average
molecular weight (M,). From these parameters further useful characteristics of polymers can
be calculated, e.g., polydispersity (PD = M,/M, or M,/M,,), degree of polymerization (DP,, =
My/My or DP, = M,/M,, where M, is the molecular weight of the monomer unit). The
constancy of the ratio of the average degree of polymerization (DP,/DPy,) and/or (DP,.;/DPy,)
are an indication of the homogeneity of the depolymerization and their changes indicates the
course of different reaction types, e.g., oxidation and cross-linking [64, 65].

In SEC, polymers are separated according to hydrodynamic size using columns packed
with porous particles, commonly polystyrene—divinylbenzene. Sample molecules with a large
size will elute earlier as compared to the smaller molecules, which are able to diffuse into the
pores to a greater extent. All sample molecules above a critical size are excluded from the
pores and will co-elute in the same volume, V. Below a critical molecular size, depending on
the total permeation volume, /, it is not possible to separate molecules of different size. The
selective permeation volume, V, which is available for separation, is defined as Vs =V, — V.
The molecular weight of the sample decreases logarithmically with increasing elution
volume. When mass sensitive detectors such as differential refractive index (RI) and
ultraviolet absorbance (UV) detectors are used, the relationship between elution volume and
molecular weight is commonly established using monodisperse standards of known molecular
weight. Average molecular weights are commonly reported for polymers with broad MWD
[66].

The calibration of SEC for lignin M,, and M, is problematic. There are complex
interactions in the system “solvent/gel/lignin”, mainly between the dissolved lignin
macromolecules, and between the lignin molecules and the gel. The most reliable method to
obtain a true calibration curve is to use calibration with monodisperse standards. The
standards should be conformationally close to lignin, preferably those narrow fractions
collected from the elution profile of the lignin study. The fractions should be characterized
independently by an absolute method such as ultracentrifuge sedimentation equilibrium or
velocity, light-scattering photometry, osmometry, or mass spectrometry with soft ionization.
Polystyrene standards are commonly used to evaluate lignin samples, in spite of the obvious
difference in structure between the two. However, the hydrodynamic volume of a lignin
solute is generally not the same as that of a polystyrene solute with the same molecular
weight. These differences can be minimized by using a universal calibration. In this method
the effective hydrodynamic specific volume of a molecule, expressed as [#]M, is uniquely
related to the elution volume. The comparison between polystyrene standards and a
monodisperse lignin fraction or lignin-like compounds leads to the different results. Some of
them show that lignin fractions and polystyrene standards have similar behaviours over a
large range of molecular masses, other show deviations depending on the M,. From the
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published results, as well as from our own work, it appears that calibration standards, the type
of lignin, mobile phase, and the column used are equally important. Another method for the
construction of a calibration curve is based on the polydisperse standards of lignin with
known values of M,, and/or M,. On-line light scattering detectors (MALS/LALS) overcome
possible errors in external calibration. They provide molar mass data, as well as root-mean-
square radii. Calibration standards for polystyrene covering a molar mass range of about 600
— 10" g mol ™" are available from several suppliers. The polystyrene standards are prepared by
anionic polymerization using stringently purified reagents and synthesis conditions. Some
standards prepared by anionic polymerization can contain a small amount of polymer with a
double molar mass, which appears on the chromatogram as a small satellite peak with a lower
elution volume. This polymer impurity does not necessarily disturb the determination of a
calibration data point, especially when it is well resolved from the main peak, but it
influences M,,, measured by batch light scattering [43, 67—72].

Interactions between the solute and the column packing material and between the solute
species are important factors influencing the separation process in SEC. Thus, the selection of
an appropriate eluting solvent and column packing material for SEC of lignin is a critical step.
SEC systems can be aqueous or organic, based on the eluent. An aqueous-based SEC is the
method of choice for lignosulfonates, black liquors or alkali-extracted residual lignins, and
permits simultaneous monitoring of the carbohydrate and lignin elution. Organic solvents in
SEC of lignin are more frequently applied with both THF and lithium
chloride/dimethylacetamide (LiCI/DMAc) being proposed as good solvents. Systems using
THF as the organic eluent with styrene—divinylbenzene (SDVB) copolymer gels are widely
applied and considered to be reliable because: 1) the system is stable towards organic
solvents; 2) the linear range is wide (200 — 3 x 10° g mol ") and the efficiency, >50,000 plates
m ' for mixed-bed gels, is high; and 3) the adsorption phenomena in the case of derivatized
lignin are supposed to be low [57, 73].

The association behaviour of lignin in solvents has been extensively studied. Lignin
components generally exhibit a strong tendency to form associated complexes in solution due
to two distinct mechanisms, i.e., non-covalent interactions, presumably between the aromatic
rings, and hydrogen bonding. Which mechanism prevails in the system is dependent upon
solution conditions such as pH and the type of solvent used. As the solvent pH increases, M,
decreases substantially due to lowering of the aggregation. The extent of association has also
been found to depend upon the wood species, i.e., lignin from softwoods was found to
associate to a greater extent than lignin from Eucalyptus globulus and straw. Despite the
various studies that point to a prevailing consensus that lignin associates in both aqueous and
organic media, the magnitude and the underlying driving forces behind these processes are
still a matter of discussion [42, 43, 57, 68, 69, 73-79].

Eluents frequently used for SEC of lignin and its derivatives are THF,
dimethylformamide (DMF) dimethysulfoxide (DMSQO), and aqueous alkaline solutions,
mostly NaOH. Perhaps the most universal eluent system applicable to all technical lignin is
sodium hydroxide, which can dissolve all lignin and is not affected by carbohydrate
impurities. Since commercial pre-packed columns for HPSEC cannot withstand the high
alkalinity, this solvent is usually applied with polysaccharide-based soft gels. The drawback
of this system is the fact that the polysaccharide-based gels are continuously altered due to the
high alkalinity of the eluent [80—82]. Baumberger et al. [57] has recommended the 0.5 M
NaOH/TSK gel Toyopearl HW-55 (F) system (I ml min', 25 °C) and calibration with
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sodium lignosulfonates (4800-142,500 g mol ') for aqueous SEC. The gel is stable,
adsorption of lignin onto the gel is low, inter-laboratory reproducibility is high (for identical
columns), and the results are similar to those obtained by DMAc- and DMSO-based systems.

Incomplete solubility of lignin in THF, a relatively non-polar solvent, requires
derivatization of the lignin, e.g., silylation, methylation, and/or acetylation. In a round robin
test carried out by the European network Eurolignin, the application of acetylated lignin in
THF resulted in a tremendous variation of the calculated molar masses, even though the
acetylated lignin samples and polystyrene standards were centrally provided [83]. It can be
assumed that interactions between samples and column material probably caused the differing
results since the individual laboratories used polystyrene—divinylbenzene columns from
different manufacturers. A general disadvantage of acetylation is the low solubility of lignin
containing carbohydrate impurities leading to low SEC recovery rates and unrepresentative
analysis. Furthermore, acetylation is not applicable to lignosulfonate samples, and therefore
the THF based systems are not universally applicable to all technical lignin. Assikala et al.
[84] propose acetobromination as a universal lignin derivatization method prior to SEC
measurements. The use of acetyl bromide in glacial acetic acid gave completely soluble THF
samples with demonstrated minimal structural alterations when both a short reaction time (0.5
h) and room temperature were used. Overall, acetobromination does not seem to affect the
hydrodynamic coils of the lignin polymers. Consequently, the molar masses observed when
the acetobromination derivatization was used were practically identical to those obtained
when acetic anhydride/pyridine was used with the advantage that the acetobromination
reaction time could be as low as 30 min compared to 6 days when acetic anhydride/pyridine
was used.

Good agreement between apparent and absolute MMD (preliminary MALDI-ToF
investigations) also leads to recommendation of the THF/SDVB PLgel (1 ml min', 25 °C)
system, and calibration with polystyrene standards. In this case, however, the results are
strongly influenced by the geometry and origin of the column and by the sensitivity of the
detector [57].

Both DMF and DMSO dissolve most un-derivatized lignin preparations, but they tend to
elicit a pronounced association between lignin components. A common solution is to add
either LiCl or LiBr, as it is generally believed that a lithium halide can interfere with the
molecular association by shielding dipoles in individual molecules or by blocking proton
uptake from the solution, which presumably occurs before anionic lignin molecules undergo
association — the negative charge density on the resulting complexes would otherwise be
prohibitively large. The effect of LiCl is observable only when its concentration is above 0.1
mM, and a concentration of 0.1 M is needed for effectively defeating molecular association
[43, 85]; however, our results (Figure 9) show that 0.5 mM LiBr in DMF fully suppress
associations in lignin [86]. This method has been used for molecular mass determination and
for the evaluation of the molecular mass distribution of various lignin types [52, 53, 87-97].
Recently, 0.1M LiBr in DMF was used for SEC of lignin isolated from coconut and wheat
straw, respectively [98, 99].

Taken together, we can conclude that for the SEC of lignin and its derivatives, when
different mobile phases and columns are used, the samples can be un-derivatized or modified
by various methods. An appropriate sample pre-treatment as well as SEC system should be
chosen with regard to the characteristics of the sample.
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Figure 9. Molecular mass distribution of lignins without addition of LiBr and with 5mM LiBr in DMF.
(A) Fagus sylvatica. (B) Pinus silvestris.

For the SEC of lignin and lignin derivatives we recommend the following conditions:
column PolarGel-M (300 x 7.5 mm), mobile phase SmM LiBr in DMF, flow rate 1 ml min ',
temperature 35 °C, UV detection at 280 nm.

CONCLUSION

Lignin is an irregular polyphenolic biopolymer built from phenylpropanoid units with
varying degrees of methoxylation which are biosynthesized into a complex, cross-linked and
highly heterogeneous aromatic macromolecule. The properties of lignins and their utilization
depend on many structural characteristics, the most important of which are the syringyl to
guaiacyl (S/G) ratio and the molecular mass. In this chapter, the procedures for both S/G
determination and molecular mass determination are discussed. Furthermore, the methods are
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proposed for S/G determination by isocratic high-performance liquid chromatography
(HPLC) of nitrobenzene oxidation (NBO) products, and for molecular mass (MM) and
molecular mass distribution (MMD) by size exclusion chromatography (SEC).
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