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ABSTRACT: Ball-milled and enzyme lignins were extracted with 90 and 50% dioxane—
water from 6 days ball-milled wheat straw, and subsequently cellulase-treated straw
residues, respectively. The crude lignin preparations were purified using a two-step
precipitation method instead of the traditional ether precipitation procedure, and frac-
tionated into pure milled lignin (PML), pure enzyme lignin (PEL), hemicellulose-rich
milled lignin (HRML), lignin-rich enzyme lignin (LREL), and solubilized lignin during
enzyme treatment (SLET) fractions. The five lignin fraction were studied using spectro-
scopic and degradative tecyhniques. The PML and PEL fractions showed very low
content of associated polysaccharides (2.36—2.86%). The PML is mainly composed of
[-0O-4 ether bonds in the lignin structural units. The less common -5 and 3-8 carbon—
carbon linkages are also present. The results obtained also indicated that the lignins
in wheat straw cell walls appeared to be very closely associated to p-coumaric and
ferulic acid, and glucuronic acid or 4-O-methylglucuronic acid. © 1998 John Wiley & Sons,

Inc. J Appl Polym Sci 68: 1633—-1641, 1998
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INTRODUCTION

Lignin, accounting for about 14% of the dry mat-
ter of wheat straw, seems to be of great impor-
tance in the topochemical effects of paper pulp
manufacture and the generation of mechanical
stress during the growth of plants. Furthermore,
the qualitative characterizations of lignin, such
as chemical composition and its structure, play a
very important role in determining the properties
of the cellulosic fibres.' Generally, there is very
little information on the properties of Gramineae
lignins compared to Gymnosperm and Dicotyle-
don lignins; this is particularly true for wheat
straw lignin.

Correspondence to: R. Sun.

Contract grant sponsor: LINK Collaborative Program in
Crops for Industrial Use; contract grant number: CSA 2054.
Journal of Applied Polymer Science, Vol. 68, 1633—1641 (1998)
© 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/101633-09

The straw lignin are known to be different from
those softwoods or hardwoods. Straw lignins are
composed of guaiacyl, syringyl, and p-hydroxy-
phenyl monomeric units, while wood lignins are
composed of only guaiacyl units (softwood ), guai-
acyl and syringyl units (hardwood), or guaiacyl
and p-hydroxyphenyl units (compression wood).
Moreover, straw and grass cell walls are typified
by the presence of ferulic and p-coumaric acids,
linked to polysaccharides and/or lignins.? Ferulic
acid is known to be esterified with hemicelluloses
and etherified with lignin, whereas p-coumaric
acid is known to be extensively esterified with
lignin.?

Due to the above complex nature of straw and
grass lignins, the study of their structure has been
found to be more difficult. Meanwhile, the limita-
tions of present isolation and purification method-
ologies for characterizing straw and grass lignins
represents an important drawback in the study
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of lignocellulosic materials. Bjorkman’s procedure
of vibratory milling and solvent extraction is the
preferred method for isolating relatively pure lig-
nin from wood samples*; however, when it is ap-
plied to other plant material having a lower lignin
content such as straw and grass, the results have
not been as successful. A number of isolation and
purification procedures has been previously at-
tempted to reduce of polysaccharide content in
isolated ball-milling and enzyme lignin prepara-
tions, but no one of these methods allowed ob-
taining the lignin fractions relatively free of poly-
saccharides.’

The aim of this study was to determine whether
the Bjorkman method is suitable for isolation of
the lignin fractions with relatively free polysac-
charides from wheat straw. The dioxane-soluble
lignins released by ball milling and subsequent
cellulase treatment were isolated by a two-step
precipitation method instead of the traditional
ether precipitation procedure, and their physical
and chemical properties studied.

EXPERIMENTAL

Fractionation and Isolation of Ball-Milled Lignin
and Enzyme Lignins

The wheat straw was obtained from Compak Co.
(Gainsborough, UK). The air-dried wheat straw
was ground using Chritie Laboratory mill to pass
a 60 mesh size screen. The ground straw was then
extracted with toluene—ethanol (2 : 1, v/v) for 5
h in a Soxhlet apparatus. After dried in an oven
for 16 h at 50°C, the extractive free powders were
subjected to ball milling for 6 days in a rotary
porcelain ball mill at 80 rpm, using mixture of 10
and 20 mm porcelain balls (1 : 1, w/w) (balls/
straw weight ratio of 36). The ball-milled samples
were then extracted twice with a dioxane—water
mixture (90 : 10, v/v) for 12 h, followed by another
12-h extraction with a dioxane—water mixture
(50 : 50, v/v). The extractions were performed
using 10 g of a ball-milled sample to 250 mL of
solvent at room temperature in darkness and un-
der N,. The three extractions were combined into
one composite sample, and the solvents were re-
moved by a rotary vacuum evaporator at 40°C.
The HRML was obtained by precipitation in 4 vol
ethanol. The PML was obtained by reprecipitation
at pH 1.5 with 20% HCIl from the supernatant
solution.

After extraction of the HRML and PML, the

Ground wheat straw

Soxhlet extraction with toluene-ethanol (2:1, v/v) for 5 h.

Dewaxed powders

a. Ball milling for 6 days.

b. Consecutive extraction with dioxane-water mixture (90:10, v/v)
for 12 h (twice), followed by another 12 h extraction with 50%
dioxane-water.

N N%

Residues Combined three extracts
Treatment with cellulase | a. Evaporation of dioxane.
at 37°C for 72 h. b. Precipitation in 4 vols. ethanol.
Residue Filtrate  Pellet (HRML) Filtrate
Precipitation at pH After evaporation of ethanol
1.5 with 20% HCL re-precipitation with 20% HCl at
Solid (SLET) PH 15,

Consecutive extraction with 90% dioxane  Solid
for 12 h (twice), following another 12 h Washing with pH 2.0 water and
Vextraction with 50% dioxane-water. air-dried.

Combined three extracts Pure milled lignin (PML)

a. Evaporation of dioxane.
b. Precipitation in 4 vols. ethanol.

Pellet Filtrate
(LREL) Treatment same as PML.

Pure enzyme lignin (PEL)

Figure 1 Scheme for isolation of ball-milled and en-
zyme lignin preparation from wheat straw.

dioxane—water-extracted residues were washed
with water and treated with cellulase (1,4-[1,3;
1,4]-6-D-Glucan 4-glucano-hydrolase; EC 3.2.1.4,
from Aspergillus niger, Sigma, St. Louis, MO) (4
g per 10 g of extractive free powder in 250 mL
0.2M HAc-NaAc buffer pH 4.7) at 37°C for 72
h. After filtration on a nylon cloth, the insoluble
residues were washed with water, and LREL and
PEL fractions were generated by successive ex-
tractions with 90 and 50% dioxane—water as be-
fore. The SLET fraction was obtained from the
cellulase hydrolysates by precipitation at pH 1.5
with 20% HCI (Fig. 1).

Physicochemical Characterization of Lignin
Fractions

UV spectra were recorded on a Hewlett-Packard
8452A Diode Array spectrophotometer. A lignin
sample (5 mg) was dissolved in 95% (v/v) diox-
ane—water (10 mL). A 1-mL aliquot was diluted
to 10 mL with 50% (v/v) dioxane—water, and the
absorbances between 200 and 350 nm were mea-
sured.

The molecular-average weights of lignin frac-
tions were determined by gel permeation chroma-
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Table I The Yields (% Acidic Chlorite Lignin)
of Milled Wheat Straw and Enzyme
Lignin Fractions

Lignin Fractions Yield (%)

Hemicellulose rich milled lignin (HRML) 33.12

Pure milled lignin (PML) 10.85
Solubilized lignin during enzyme

treatment (SLET) 3.48
Lignin rich enzyme lignin (LREL) 19.79
Pure enzyme lignin (PEL) 7.80

tography on a PLgel 5 y Mixed-D column. The
samples were dissolved with tetrahydrofuran with
a concentration of 0.2%, and a 200-uL sample in
solution was injected. The columns were operated
at 40°C and eluted with tetrahydrofuran at a flow
rate of 1 mL min '. The column was calibrated
using polystyrene standards.

FTIR spectra were obtained on an FTIR spec-
trophotometer (Nicolet, 750) using a KBr disc
containing 1% finely ground samples. The solu-
tion state of "*C-NMR spectrum was acquired with
a Brucker 250 AC spectrometer operating in the
FT mode at 62.4 MHz under total proton decou-
pled conditions. It was recorded at 25°C from a
250-mg sample dissolved in 1.0 mL DMSO-dg
after 30,.000 scans. A 40° pulse-flipping angle, a
3.0 us pulse width, and 0.85-s acquisition time
were used.

Total and ester-linked hydroxycinnamic acids
were released with 4 N NaOH at 170°C for 2 h
and with 1 N NaOH under nitrogen atmosphere
at 25°C for 16 h, respectively. Ether-linked hydro-
xycinnamic acids were calculated as the differ-
ence between total and ester-linked hydroxycin-
namic acids.®

Neutral sugar composition of the lignin frac-
tions was determined as alditol acetates.” Meth-
ods of uronic acid analyses, alkaline nitrobenzene
oxidation of lignin, and determination of phenolic
acids and aldehydes with HPLC were described
in previous articles.®? All nitrobenzene oxidation
results represent the mean of at least triplicate,
and each oxidation mixture was chromatographed
twice. Other experiments were performed in du-
plicate.

RESULTS AND DISCUSSION

Lignin Yield
The yields of lignins resulting from the various
fractionation procedures were expressed as a per-

centage of the total lignin determined by sodium
chlorite oxidation in acidic conditions (14.1% by
weight).

Table I shows the fractional yields of ball-
milled and enzyme lignins. As expected, 6-day ball
milling and 3-day cellulase treatment yielded
about 75% of total lignin from wheat straw. The
yields of PML (10.85%) and PEL (7.80%) are
lower than the corresponding yields of HRML
(33.12%) and LREL (19.79%) fractions, respec-
tively, indicating that the majority of lignins are
still linked to polysaccharides after 6-day ball
milling and 3-day cellulase treatment, compared
to the ball-milling lignin (PML+HRML). The
lower yield of enzyme lignin (PEL + LREL) is
probably due to a fraction of lignin being extracted
during the ball-milling process.

UV Spectra

The PML and PEL fractions showed similar UV
spectra having three absorption maxima at 320,
278, and 216 nm (Fig. 2). The first absorption
maximum is attributable to bound hydroxycin-
namic acid, such as p-coumaric and ferulic acids, ®
and the second one originates from a free and
etherified hydroxyl group in a hydroxylated ben-
zene nucleus.’ As can be seen from the diagram,
the PEL fraction gave the maximum absorption,
indicating the purest preparation. A much lower
absorption coefficient in LREL, SLET, and HRML
fractions was undoubtedly due to more nonlignin
material such as associated hemicelluloses.

Content of Associated Polysaccharides

The contents of neutral sugars and uronic acids
in the isolated lignin fractions are given in Table
3000,
2.7200.
2.0400 ]
1,300
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Absorption Coefficient (L. 0.1/g. cm)

0,0000 = r : T
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Figure 2 UV spectra of pure milled lignin (PML),
pure enzyme lignin (PEL), lignin-rich enzyme lignin
(LREL), hemicellulose-rich milled lignin (HRML), and
solubilized lignin during enzyme treatment (SLET).
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Table II The Content (%, w/w) of Neutral Sugars and Uronic Acids in Milled Wheat Straw and
Enzyme Lignin Fractions Obtained from 6 Days Ball-Milled Wheat Straw and

3 Days Cellulase-Treated Residues, Respectively

Neutral Sugars

Lignin Uronic

Fractions Rha Fuc Ara Xyl Man Glc Gal Acids Total
HRML 0.69 Trace 4.20 10.69 0.50 5.24 3.11 7.33 32.16
PML Trace ND 0.20 0.90 ND 0.60 0.13 1.03 2.86
SLET 0.40 0.20 1.92 8.16 2.20 33.6 24.78 1.62 72.64
LREL 0.30 ND 2.16 7.53 0.33 3.93 1.11 5.50 20.86
PEL ND ND 0.20 0.58 ND 0.36 0.10 1.12 2.36

ND, not detected.

II. The PML and PEL contained a rather low level
of associated polysaccharides—2.86 and 2.36%,
respectively. The data observed indicated that
both a ball milling and cellulase treatment can
peel of the lignin from most of its neighboring
polysaccharide moiety. This finding further con-
firms that the chemical bonds between lignin and
hemicelluloses in PML and PEL fractions are
mostly cleaved during the ball-milling and cellu-
lase-treatment processes. However, as can be seen
in Table II, HRML, SLET, and LREL fractions
showed a much higher content of associated poly-
saccharides, 20.86—72.64%, suggesting that the
native linkages between lignin and hemicellu-
loses in these fractions are only partly cleaved
under the ball-milling and cellulase-treatment
conditions. It was found that xylose is a major
component with uronic acids, arabinose, glucose,
and galactose as the secondary monosaccharides
in HRML and LREL fractions. A high proportion
of glucose in the SLET fraction was undoubtedly
due to the degradation of cellulose by cellulase.
It is surprising that these relatively pure-
milled and pure-enzyme lignins have not been iso-
lated previously from grass and straw. Various
isolation and purification procedures have been
previously attempted to reduce polysaccharide
content in ball-milling and enzyme lignin prepa-
rations, but none of these methods have enabled
the isolation of lignin fractions, with relatively
free polysaccharides. Scalbert and co-workers®
purified ball-milled wheat straw lignin and en-
zyme lignin fractions by successive precipitations
in 2% sodium sulfate aqueous solution and diethyl
ether. The ball-milled lignin and enzyme lignin
contained 7.1 and 16.8% polysaccharides. Ben-
Ghedalia and Yosef ! fractionated ball-milled lig-
nin and enzyme lignin into eight fractions by ball
milling for 7, 14, 21, and 28 days, respectively, and

purified the lignin preparations by dissolution in
90% acetic acid and then precipitation in acidified
water. The lignin preparations still contained
14.2-16.4% polysaccharide sugars. The crude lig-
nin fractions, obtained by ball milling and subse-
quent cellulase treatment from orchardgrass were
purified by dissolution in 90% (v/v) acetic acid
and then precipitation into water. The precipi-
tated lignin was further purified by dissolution
in 90% acetic acid followed by precipitation into
diethyl ether. The successfully purified lignin
fractions, however, still contained 19.1-21.0%
polysaccharides.'? This high content of polysac-
charides in ball-milled and enzyme lignin frac-
tions was thought to be due to the specific struc-
tural patterns of association between lignin and
polysaccharides in straw and grass cell walls.’
However, it is easy to obtain the lignin fractions,
with relatively free polysaccharides, by using this
two-step precipitation method in the isolation of
ball-milled and enzyme lignin fractions from straw
and grass. This rapid and convenient method may
be used for most studies on lignin from wheat straw
and other plants, such as grass.

Interestingly, compared to the neutral sugar
content, the relatively high content of uronic acids
in PML and PEL fractions was probably due to the
ester bonds between lignin and glucuronic acid or
4-O-methylglucuronic acid residue of hemicellu-
loses in wheat straw cell walls. Occurrence of the
ester bond between lignin and glucuronic acid or
4-O-methylglucuronic acid was confirmed by two
small signals at 170.2 and 171.8 ppm in *C-NMR
spectrum (Fig. 6).*°

Composition of Phenolic Acids and Aldehydes

The minor differences between the PML and PEL
fractions were detected by alkaline nitrobenzene
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Table IITI The Yields (% Sample, w/w) of Phenolic Acids and Aldehydes
from Alkaline Nitrobenzene Oxidation of Wheat Straw Lignin Fractions

Extraction Fractions

Phenolic Acids and

Aldehydes HRML PML LREL PEL
Gallic acid 0.66 1.58 1.7 3.08
Protocatechuic acid ND 0.11 ND 0.055
p-Hydroxybenzoic acid 0.086 0.36 0.14 0.22
p-Hydroxybenzaldehyde 0.35 0.82 0.74 1.10
Vanillic acid 0.13 0.26 0.28 0.45
Syringic acid 0.14 0.91 0.52 0.86
Vanillin 1.43 7.06 3.67 8.11
Syringaldehyde 1.21 6.73 3.94 8.40
p-Coumaric acid 0.033 0.19 0.083 0.041
Acetonvanillone ND 0.13 ND 0.2
Ferulic acid ND 1.32 ND 0.12
Total 4.04 19.47 11.07 22.64

ND, not detected.

oxidation. The PML fraction yielded slightly
higher vanillin than syringaldehyde, while the re-
verse yield values appeared in PEL fraction (Ta-
ble IIT). This observation was supported by the
FTIR spectroscopic results (Fig. 4). The slightly
high vanillin content in PML fraction evidenced
that the G-lignin is readily extracted during the
ball-milling process. By contrast, in PEL fraction
the S-lignin is preferential removal under the cel-
lulase treatment conditions. The predominant
degradation products, vanillin and syringalde-
hyde, resulted from the degradation of noncon-
densed guaiacyl and syringyl units, respectively.
Occurrence of a low amount of p-hydroxybenzal-
dehyde is generally considered indicative of p -hy-
droxyphenyl units within the lignin “core.” A
slightly higher yield of nitrobenzene oxidation of
PEL indicated less condensed PEL than PML.
These results agreed with Billa and Monties’
findings® and our previous studies.’® These au-
thors mentioned that ball-milled lignin and en-
zyme lignin obtained from wheat straw were
slightly enriched in G and S units, respectively.
The lower yield of oxidation products of HRML
and LREL was undoubtedly due to the higher as-
sociated polysaccharides.

Straw and grass cell walls are typified by hy-
droxycinnamic acids, such as p-coumaric and fer-
ulic acids. Ferulic acid is known to be esterified
with hemicelluloses and etherified with lignin.
Further studies confirmed that all of the esterified
ferulic acid was also ether linked at the §-position
of coniferyl alcohol.? p-Coumaric acid, on the

other hand, is known to be extensively esterified
at the y-position on the side chain of lignin mono-
mers.'? In this study, the presence of ferulic acid
and p-coumaric acid associated to cell walls
through ester and or ether bonds was determined
by alkali hydrolysis at a high temperature or at
an ambient temperature, respectively. The re-
sults obtained showed that over 60% of ferulic
acids were etherified to lignin, while about 77%
of p-coumaric acids were esterified to lignin in
PML and PEL fractions (Table IV). The data in
Table IV also indicated that the PML and PEL
contained 2.68 and 3.13% ferulic acids, respec-
tively, whereas p-coumaric acid yields were only
0.71 and 1.20%, respectively. The significant low
content of p-coumaric acid and ferulic acid in
HRML suggested that most of the hydroxycin-
namic acids were linked to lignin in wheat straw
cell walls. On the basis of two-dimensional *'P-
NMR experiments, Crestini et al.> showed that
77% of the carboxyl fraction of the ester bonds
present in ball-milled wheat straw lignin is com-
posed of p-coumaric acid, while the rest are other
aromatic acids bound to lignin via intra- and/or
intermolecular ester bonds. On the other hand,
the hydroxyl fraction of the ester bonds was found
to be almost exclusively (86%) aliphatic. This
finding confirmed once again that esterification
occurs mainly with the lignin side chains, as pre-
viously stated by Kondo and co-workers.'? Shi-
mada et al.’* reported that bamboo lignin con-
tained both a- and y-esters of p-coumaric acid,
while maize lignin has been reported to contain
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Table IV The Content of Hydroxycinnamic Acids (%, w/w) in Milled Wheat Straw and Enzyme Lignin
Fractions Obtained from 6 Days Ball-Milled Wheat Straw and 3 Days Cellulase-Treated
Residues, Respectively

p-Coumaric Acid Ferulic Acid
Lignin
Fractions Total Ester-Linked Ether-Linked Total Ester-Linked Ether-Linked
HRML 0.18 0.081 0.10 0.72 0.26 0.46
PML 0.71 0.55 0.16 2.68 0.96 1.72
LREL 0.69 0.46 0.23 1.46 0.58 0.88
PEL 1.20 0.92 0.28 3.13 1.23 1.900

p-coumarate esters, selectively esterifing the -
position of the side chains.'® Occurrence of esteri-
fied p-coumaric acid at the y-position and etheri-
fied ferulic acid at the S-position of the lignin side
chain in the PML fraction was confirmed by '*C-
NMR studies (Fig. 6), indicating that wheat
straw lignin contained y-esters of p -coumaric acid
and [-ethers of ferulic acid.

Molecular Weight Distribution

The weight-average (M,) and number-average
(M) molecular weights and polydispersity (M,/
M,) of each fraction are given in Table V. As can
be seen, PML and PEL fractions have much lower
molecular weights than those of LREL, SLET, and
HRML fractions. The reason for these differences
was probably due to the higher content of bound
polysaccharides in LREL, SLET, and HRML frac-
tions. The present data also illustrated that PML
had a relatively higher molecular weight (2090)
compared to the corresponding PEL fraction (1880),
suggesting that the PML fraction consists mostly
of large molecules, and ball milling for 6 days did
not cause a significant subdivision of the lignin
molecules.

Table V The Weight-Average (M,,), Number-
Average (M,) Molecular Weights, and The
Polydispersity (M, /M,) of Isolated Lignin
Fractions Obtained from Wheat Straw

Lignin

Fractions M, M, M, /M,
HRML 16430 9040 1.82
PML 2090 1550 1.35
SLET 7750 5600 1.39
LREL 7860 4520 1.74
PEL 1880 1480 1.26

The GPC molecular weight distribution of PML
is shown in Figure 3. The elution maximum corre-
sponds to polystyrene molecular weight of 2730.
The elution profile of the lignin showed a wide
polymolecularity, ranging from dimers up to poly-
styrene of molecular weight over 20,000. The sec-
ond peak corresponded to the low molecular com-
ponents.

FTIR Spectra

The FTIR spectra of PML and PEL showed minor
changes in the peak intensities (Fig. 4), which
confirmed that the “core” of the lignin structure
does not change dramatically during the 6-day
ball-milling and 3-day cellulase-treatment pro-
cesses. The intensive bands of the carbonyl groups
appear in the range between 1660 and 1725 cm *.
The exact position of the band is dependent on
whether the C=0 groups are in conjugation with
the aromatic ring (position below 1700 cm ™!, such

as 1660 cm™') or not (position above 1700 cm™,

2730

Detector Response

Elution Volume (mL)

Figure 3 GPC molecular weight distribution of pure
milled lignin (PML) obtained from wheat straw.
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Figure 4 FTIR spectra of (a) pure milled lignin frac-
tion (PML) and (b) pure enzyme lignin fraction (PEL)
isolated from wheat straw.

e.g., 1720 cm ™ '). Aromatic skeleton vibrations in
two lignin fractions are assigned at 1595, 1510,
and 1420 cm '.'® Absorption at 1462 cm ' indi-
cates the C—H deformations and aromatic ring
vibrations. The 1330, 1265, and 1235 cm ™! bands
have been assigned to ring breathing with C—O
stretch. The 1330 cm ™! band has been associated
with sinapyl units, and 1265 and 1235 cm ™' bands
with coniferyl units. Two small bands at 1364 and
1164 cm™* correspond to aliphatic C—H stretch
in CH; and C=O0 ester groups (conj.), respec-
tively. The bands at 1129 and 1050 cm ™' indicate
the aromatic CH in-plane deformation. Aromatic
C—H out-of-plane bending appears at 843 cm™*.

Figure 5 shows the FTIR spectra of SLET,
HRML, and LREL. As can be seen from the dia-
gram, the absorption intensities for lignin in-
creased significantly from SLET through HRML
to LREL. In contrast, the bands corresponding
to polysaccharides decreased from SLET through
HRML to LREL. Acetyl and uronic ester groups
of hemicellulose residue absorb at 1740 cm ' in
the three fractions, and the absorption intensities
decreased in the following order: HRML, LREL,
and SLET. This phenomenon observed indicated
that acetyl and uronic ester groups are enriched
in polysaccharide—lignin complex fractions, such
as HRML and LREL. The prominent bands in
HRML spectrum corresponding to hemicelluloses
appeared at 1650, 1040, and 900 cm*.

>*C-NMR Spectrum

The PML was also studied by *C-NMR spectros-
copy (Fig. 6). Most of the observed signals have
been previously assigned in straw and wood lignin

spectra.>'®!"-2% Ag expected, the most striking
characteristic of the *C-NMR spectrum is the
near disappearance of typical polysaccharide sig-
nals between 57 and 103 ppm. This is due to the
relatively free amount of bound polysaccharides
in the PML fraction isolated by this two-step pre-
cipitation method. The spectrum does show sig-
nals at 62.9 (C-5, xyl internal unit), 65.3 (C-5,
xyl nonreducing end unit), and 69.7 ppm (C-4,
xyl nonreducing end unit) for polysaccharides;
however, the peak intensities are rather weak. On
the other hand, due to a large amount of polysac-
charides associated in the ball-milled lignin frac-
tion purified by ether precipitation from wheat
straw in previous studies by Scalbert et al.,” all of
the lignin spectra reported earlier showed rather
large resonances for polysaccharides between 57
and 103 ppm. This made the assignments more
difficult and overlap.

The region from 104.4 to 160.0 is assigned to
be aromatic moiety of the lignin. The syringyl resi-
dues were indicated by signals at 153.0 and 152.3
(C-3/C-5, S), 138.0 (C-4, S etherified), 135.0 (C-
1, S etherified), 133.0 (C-1, S nonetherified),
106.7 (C-2/C-6, S with a-CO), and 104.0 ppm (C-
2/C-6, S), and guaiacyl residues gave signals at
149.4 (C-4, G etherified), 148.3-147.1 (C-3, G),
145.5 (C-4, G nonetherified ), 135.0 (C-1, G etheri-
fied), 133.0 (C-1, G nonetherified), 120.5 and
119.2 (C-6, G), and 111.1 ppm (C-2, G), respec-
tively. The p-hydroxyphenyl residues appeared
signals at 128.8 and 128.0 ppm (C-2/C-6, H).
These signals confirmed that pure milled lignin
fraction could be justified as GSH-lignin. The sig-
nals at 166.2 (C-vy, PC ester), 129.7 (C-2/C-6, PC

+
N
.

S Transmittance

2000 1000
‘Wavenumbars (cm-1)

Figure 5 FTIR spectra of (a) hemicellulose-rich
milled lignin fraction (HRML), (b) solubilized lignin
during cellulase treatment (SLET), and (¢) lignin-rich
enzyme lignin fraction (LREL) isolated from wheat
straw.
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ester), 125.4 (C-1, PC ester), and 115.3 ppm (C-3/
C-5, PC ester) indicated the esterified p -coumaric
acid. Etherified ferulic acid was observed with sig-
nals at 167.1 (C-vy, FE ether) and 116.5 ppm (C-
B, FE ether). Therefore, it seems very likely that
the p-coumaric acids are linked by ester bonds at
the y-position of lignin side chains, while the feru-
lic acids are linked by ether bonds at the 8- and
vy-position of lignin side chains.

A very strong signal at 56.0 ppm corresponds
to OCHj; in syringyl and guaiacyl units. The inten-
sive signals assignated to y-methyl, a- and g-
methylene groups in n-propyl side chains ap-
peared in the spectrum between 13.6 and 33.8
ppm. The carbonyl resonances from uronic acids
and esters may contribute to signals at 170.2 and
171.8 ppm, which indicates C-6 in methyl uro-
nates.10,17,20

The ¥*C-NMR spectrum over the range 160—
100 ppm is more informative, yielding informa-
tion on both the distribution of linkages and
substitutions.?* It is evident from the *C-NMR
spectrum that the PML linkages, 8-O-4 ether
bonds (Fig. 7) (C-a in 5-0-4, 72.4 ppm; C-3 in
B-0-4, 86.0—84.0 ppm; C-vy in 5-0-4, 60.2 ppm),
and less common $-5 (C-a in -5, 87.0 ppm; C-
v in (-5, 65.3 ppm) and 3-8 (C-2/C-6 in §-4,

CHOH /% |
HC— 0 | /\/_(‘:H ~CH-CH,OH
e S e
/\Hsco
| N
N
H3C0 ™7 oeny
?

Figure 7 A simple representative S-aryl ether linkage.

100
PPM

-] 60 40 20

13C-NMR spectrum of pure milled lignin (PML, in DMSO-d6).

104.4 ppm; C-v in -8, 71.7 ppm) carbon-car-
bon linkages (Fig. 8) are present between the
lignin structural units. This finding was in
agreement with Crestini and co-workers’ stud-
ies® on structural analysis of wheat straw lignin
by quantitative ?!'p- and 2D-NMR spectroscopy.
The authors demonstrated that a §-O-4 aryl
ether structure was evident, but not any evi-
dence for the presence of a-O-4 substructures in
milled wheat straw lignin.

SUMMARY

The current results showed that the Bjorkman
method is suitable for the extraction of relatively
pure lignins from both wood and straw when this
two-step precipitation method is used instead of
the traditional ether precipitation procedure in

/K AOCH;
&

HOCH _oct HOCHy  HCOH
H N CH
| )
—CH N/ CHy OH
\/
| "/\\‘ HCOH
o y. N HC—
Hs3 OCHy  cH,0H oc
o 2 "
(a) (®)

Figure 8 Simple representative carbon—cardon link-

ages: (a) 8-5; (b) B-06.
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Figure 9 A structural model of wheat straw lignin.

the purification process. The isolated PML and
PEL fractions contained much lower amounts of
associated polysaccharides (2.36—-2.86%). The PML
fraction contained a slightly higher proportion of
noncondensed guaiacyl units, while the PEL frac-
tion showed a slightly higher proportion of non-
condensed syringyl units. Fewer p -hydroxyphenyl
units were found in all the lignin fractions. The
isolated lignins are more condensed than hard-
wood lignins. Meanwhile, the lignin in wheat
straw cell walls appeared to be very closely associ-
ated to hydroxycinnamic acid and glucuronic acid
or 4-O-methylglucuronic acid. It was found that
glucuronic acid or 4-O-methylglucuronic acid and
over 77% p-coumaric acid is esterified to lignin,
whereas about 60-64% ferulic acid is linked to
lignin by ether bonds.

Based on the current results and our previous
studies on wheat straw lignin,?® a structural
model of wheat straw lignin is proposed in Figure
9. However, it must be noted that the structural
model in Figure 9 represents the linkages be-
tween hydroxycinnamic acids and polysaccha-
rides and/or lignin, between lignin and polysac-
charides, or among the lignin structural units,
and that it has no quantitative meaning.

The authors are grateful for the financial support of
this research from LINK Collaborative Program in
Crops for Industrial Use under Agreement CSA 2054,
and to Dr. James Bolton, Director of The BioComposites
Centre, for the award of a research fellowship to Dr.
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