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Chemical modification of eucalypt lignin was investigated during kraft pulping and chlorine-free
bleaching by comparing milled wood lignin, kraft lignin, and pulp enzymatic residual lignins. The
syringyl-to-guaiacyl ratio (S/G) from analytical pyrolysis slightly changed during pulping and bleaching
(S/G, 3-4) but was higher in the kraft lignin. Semiquantitative heteronuclear single quantum correlation
(HSQC) nuclear magnetic resonance (NMR) showed that the relative amount of â-O-4′ (around
80% side chains) and resinol type substructures (15%) was slightly modified during pulping and oxygen
delignification. However, a decrease of resinol substructures (to only 6%) was found after alkaline
peroxide bleaching. The relative amount of surviving linkages in the highly phenolic kraft lignin was
dramatically modified; resinols were predominant. Oxygen delignification did not change interunit
linkages, but a relative increase of oxidized units was found in the HSQC aromatic region, in agreement
with the small increase of pyrolysis markers with oxidized side chains. NMR heteronuclear multiple
bond correlations showed that the oxidized units after oxygen delignification bore conjugated ketone
groups.
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INTRODUCTION

The use of eucalypt wood for paper pulp manufacture has
greatly increased during the last decades. World production has
attained 10 million tons/year, that is, near one-third of the total
hardwood pulp produced. The increasing use of eucalypt wood
includes the production of kraft pulps bleached in totally chlorine
free (TCF) sequences, using oxygen and hydrogen peroxide.
These high-quality eucalypt pulps are typically used in the
manufacture of tissue paper due to their high smoothness and
water retention properties. However, studies on eucalypt wood

lignin and its chemical modification in paper pulp manufacturing
are still scarce (1-4). More information on lignins in different
eucalypt species and their behavior during pulping and bleaching
is needed to optimize the use of this fast-growing forest crop
in paper pulp manufacture, including the development of more
efficient and environmentally sound industrial technologies.

Milled wood lignin (MWL) (5) is the reference material in
many wood lignin studies, in spite of its relatively low yield
and the existence of some chemical modifications during milling
(6). However, a consensus method for isolating residual lignin
from paper pulp does not exist nowadays. Acidolysis is widely
used for obtaining lignin from pulp (7), but degradation of
alkyl-aryl ether linkages (and an increase of the lignin phenolic
content) is inherent to this procedure (8). Enzymatic isolation
using cellulolytic enzymes that hydrolyze pulp cellulose,
enabling the recovery of lignin, represents an attractive
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alternative due to its mild nature (9), and the combination of
modified acidolysis and enzymatic isolation has also been
proposed (10). In contrast with acidolysis, which yields pure
lignin, the enzymatic lignins are contaminated with cellulases,
and purification is required. Moreover, the cellulose hydrolysis
conditions and lignin purification methods need to be optimized
for each type of pulp. Some studies onEucalyptus globulus
pulp lignin isolated by acidolysis have been reported (3, 4), and
cellulase charge has been investigated to reduce the contamina-
tion of lignin from unbleachedEucalyptus grandispulp (11).
However, only recently, a method for the enzymatic isolation
of residual lignin in TCF bleaching ofE. globuluspulp has been
reported, including a combination of protease hydrolysis and
solvent extractions resulting in high-purity unaltered residual
lignin with a moderate yield (12,13).

Both degradative and spectroscopic methods have been used
to investigate wood lignin structure (14). The analysis of
chemical degradation products provides information on lignin
composition in terms of itsp-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) phenylpropanoid units derived from the three
p-hydroxycinnamyl alcohol precursors (15). Thermal degrada-
tion using pyrolysis-gas chromatography/mass spectrometry
(Py-GC/MS) has also been used in these studies, including
eucalypt wood and pulp lignins (16, 17). Information on wood
lignin S/G ratio and functional groups can also be obtained by
infrared spectroscopy (18).

Radical coupling in lignin biosynthesis results in a variety
of interunit linkages, often involving the propanoid side chain,
conferring high complexity to this polymer (15). From early
studies, nuclear magnetic resonance (NMR) spectroscopy
emerged as a promising technique to investigate lignin (19).
However, the variety of substructures results in overlapping of
1H NMR or 13C NMR signals. Development of two-dimensional
(2D) NMR (based on homonuclear and heteronuclear correla-
tions) provided a powerful tool for lignin analysis, since signal
overlapping is often resolved (20). Signals corresponding to the
main interunit linkages were already identified in the first 2D
NMR spectra of lignins (21, 22). The recent discovery of
dibenzodioxocin (23) and spirodienone (24) substructures
constitutes two examples of the potential of this technique for
lignin analysis. Two-dimensional NMR has been successfully
applied to wood, pulp, and technical lignins, and multidimen-
sional NMR has been developed, enabling additional resolving
of overlapping signals (25-30). In addition to the contribution
of identifying already known, or even new, structures in lignins,
multidimensional NMR can also be used for semiquantitative
analysis (31,32).

In the present study, enzymatic residual lignins fromE.
globulus pulp bleached in an industrial type TCF sequence,
MWL, and kraft lignin were analyzed by 2D NMR spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, and Py-GC/
MS, to identify those structural modifications produced in the
course of the pulping and bleaching processes.

MATERIALS AND METHODS

Eucalypt Kraft Pulping. Wood from 12 to 14 year oldE. globulus
trees was obtained from ENCE plantations in Pontevedra (Spain). Kraft
pulping of industrial chips was performed in a Lorentzen & Wettre
digester at 165°C (50 min), with 3.5 liquor/wood ratio, 25% sulfidity,
and 16% active alkali. The kraft pulps obtained were disintegrated,
washed, and filtered.

TCF Bleaching. Pulp bleaching was performed in 4 L pressurized
reactors at 10% consistency. An industrial type O-O-Q-PoP sequence
was applied including (i) two oxygen stages (O) using 6 kg/cm2 O2,
1.5% NaOH, and 0.5% MgSO4 for 60 min at 98°C; (ii) a chelation

stage (Q) using 0.3% diethylenetriamine penta-acetic acid for 60 min
at 85 °C (pH 5-6); and (iii) an alkaline peroxide stage (PoP) using
3% H2O2, 2% NaOH, 0.1% MgSO4, and 0.5% Na2Si2O3 for 140 min
at 105°C under 6 kg/cm2 O2, followed by 180 min at 98°C without
pressure. The above percentages referred to the pulp dry weight. The
pulps were washed after each stage.

Pulp Analyses.Pulp brightness,κ number, and intrinsic viscosity
were evaluated by standard methods (ISO 3688:1999, ISO 302:1981,
and ISO 5351/1:1981, respectively) (33). Hexenuronic acids were
estimated spectrophotometrically, and a factor of 0.086 was used to
calculate their contribution to theκ number. Pulp analyses included up
to four replicates.

Isolation of Lignins. MWL was extracted from finely milled wood,
free of extractives and hot water soluble material, using dioxane-water
(9:1), precipitated, and purified as described (5). Kraft lignin was
recovered from the pulping liquor by acid precipitation (pH 2.5).
Residual lignins were enzymatically isolated from unbleached, oxygen-
delignified (O-O), and alkaline peroxide-bleached (O-O-Q-PoP)
kraft pulps. Fifty grams of pulp (dry weight) at 5% consistency was
hydrolyzed with cellulase andâ-glucosidase (48 h at 50°C), and lignins,
from both hydrolysate and residue, were purified with protease, followed
by extractions with dimethylacetamide and 0.5 M NaOH as previously
described (12). Underivatized and acetylated lignins, after 48 h of
treatment in acetic anhydride-pyridine (1:2) for hydroxyl estimation,
were analyzed as described below.

NMR Spectroscopy.NMR spectra were recorded at 25°C in a
Bruker AVANCE 500 MHz equipped with az-gradient triple resonance
probe. Forty milligrams of lignin was dissolved in 0.75 mL of
dimethylsulfoxide (DMSO)-d6, and 1H NMR and 2D NMR spectra,
including HSQC (heteronuclear single quantum correlation), HSQC-
TOCSY (total correlation spectroscopy), and HMBC (heteronuclear
multiple bond correlation) experiments, were recorded. The relaxation
delay for the one-dimensional (1D)1H spectrum was 7 s (90° pulse
angle). The number of collected points was 32k. The 1D spectra were
processed using an exponential weighting function of 0.2 Hz for1H
prior to Fourier transform. The spectral widths for the HSQC were
5000 and 13200 Hz for the1H and13C dimensions, respectively. For
HMBC, the13C dimension was increased to 30000 Hz. For both HSQC
and HMBC, the number of collected complex points was 2048 for the
1H dimension with a recycle delay of 5 s. The number of transients for
the HSQC spectra was 64 (128 for HMBC), and 256 time increments
were always recorded in the13C dimension. TheJ-coupling evolution
delay was set to 3.2 ms in HSQC, while for HMBC, experiments with
a 66 ms long-rangeJ-coupling evolution time were recorded. For HSQC
experiments, a squared cosine-bell apodization function was applied
in both dimensions. Prior to Fourier transform, the data matrixes were
zero filled up to 1024 points in the13C dimension. Residual DMSO
(from DMSO-d6) was used as a reference for chemical shifts. Two-
dimensional NMR cross-signals were assigned by combining the results
of the different experiments and comparing them with the literature
(2, 20, 25, 26, 29, 34, 35).

A semiquantitative analysis of the HSQC cross-signal intensities was
performed (25,31). Because the cross-signal intensity depended on
the particular1JCH value, as well as on the T2 relaxation time, a direct
analysis of the intensities was indeed impossible. Thus, the integration
of the cross-signals was performed separately for the different regions
of the HSQC spectra, which contain signals that correspond to
chemically analogous carbon-proton pairs (in similar samples). For
these signals, the1JCH coupling value was relatively similar and was
used semiquantitatively to estimate the relative abundance of the
different species.

In the aliphatic oxygenated region, interunit linkages were estimated
from CR-HR correlations to avoid possible interference from homo-
nuclear1H-1H couplings, and the relative abundance of side chains
involved in interunit linkages and terminal structures was calculated
(with respect to total side chains). In the aromatic region, C-H
correlations from S and G type units were used to estimate the S/G
ratio of lignin, and the percentage of oxidized units. The volume
integrals were corrected for proton numbers.

Total hydroxyls were estimated by integrating the acetyl region (1.4-
2.8 ppm) in the1H NMR spectra of acetylated lignins and referred to
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aromatic units estimated from integration of the 6.2-7.6 ppm region
in the same spectra, taking the S/G ratio into account. Separate
integration of aliphatic (alcoholic) and aromatic (phenolic) acetates
signals (to estimate their relative percentages) was performed both in
1H NMR (1.97 and 2.23 ppm, respectively) and HSQC 2D NMR spectra
(δC/δH 20.8/1.97 and 20.5/2.23 ppm, respectively).

Infrared Spectroscopy.FTIR spectra were obtained with a Bruker
IF-28 spectrometer using 1 mg of lignin in 300 mg of KBr. A total of
50 interpherograms were accumulated, and the spectra were corrected
by baseline subtraction between valleys at 1850 and 900 cm-1.

Analytical Pyrolysis. Lignins (0.1 mg) were introduced in quartz
tubes of a CDS Pyroprobe AS-2500 autosampler. Pyrolyses were carried
out at 550°C for 10 s, and the chamber (at 250°C) was purged with
He. The pyrolyzer was connected to an Agilent 6890 gas chromato-
graph, fitted with an in-column injector and a 60 mm× 0.25 mm i.d.,
0.25 µm, DV-1701 fused-silica capillary column (J&W Scientific,
Folsom, CA) coupled to an Agilent 5973N mass spectrometer. The
GC oven was heated from 45 (4 min) to 280°C at 4°C/min and held
for 15 min. The injector and transfer line were at 250 and 280°C,
respectively. Py-GC/MS compounds were identified (16, 17). Analyses
were carried out in quadruplicate.

RESULTS

The effect of kraft pulping and TCF bleaching onE. globulus
lignin was investigated. With this purpose, MWL from wood,
kraft lignin from pulping liquor, and residual lignins enzymati-
cally isolated from unbleached, oxygen-delignified, and peroxide-
bleached kraft pulps were compared. Theκ number, hexenuronic
acid content, brightness, and intrinsic viscosity of these labora-
tory pulps are shown inTable 1. Higher brightness values (over
90% ISO) are obtained in industrial production, together with
slightly lower κ numbers and hexenuronic acid contents.

Whole NMR Spectra.The main structural characteristics of
the five lignins, including different units linked by ether and
C-C bonds (Figure 1), were revealed by the HSQC NMR
spectra (Figures 2-4) in combination with the HSQC-TOCSY
(Figure 5) and HMBC spectra (Figure 6). The main lignin
cross-signals assigned in the HSQC spectra of nonacetylated
samples are listed inTable 2.

The HSQC spectra (Figure 2) showed three regions corre-
sponding to aliphatic, oxygenated aliphatic, and aromatic13C-
1H correlations, the two latter being described below. The
aliphatic (nonoxygenated) region showed signals of lipids, lignin
degradation products, and other unidentified compounds; there-
fore, it is not discussed in detail. In acetylated lignins, this region
also includes a strong signal of acetyl correlations, in both
alcoholic (δC/δH 20.8/1.97 ppm) and phenolic (δC/δH 20.5/2.23
ppm) acetates (Figure 2C and inset). Signals of anomeric C1-
H1 (δC/δH 102.2/4.25 ppm) correlation are indicated inFigure
2D, whereas other carbohydrate signals are mentioned below.
No cross-signals were observed in theδC 150-205 ppm region
(that is not shown inFigure 2). The HSQC spectra also showed
(i) five signals (δC/δH 19.8/1.04, 70.2/3.50, 72.6/3.43, 72.8/3.33,
and 75/3.50 ppm) assigned to poly(ethyleneoxy-propyleneoxy)

(Figure 2F) and (ii) three signals (δC/δH 21.8/1.94, 34.9/2.78,
and 37.9/2.94 ppm) corresponding to dimethylacetamide used
in lignin purification (Figure 2D).

Side-Chain Region in HSQC (and HSQC-TOCSY) NMR
Spectra.Expansions of the oxygenated aliphatic region in the
HSQC are shown inFigure 3. Cross-signals of methoxyls (δC/
δH 56.2/3.73 ppm) and side chains inâ-O-4′ and resinols
substructures were the most prominent, together with some
carbohydrate cross-signals.

The main signals corresponded toâ-O-4′ (A) CR-HR and
Câ-Hâ correlations, and resinol (B) CR-HR, Câ-Hâ, and double
Cγ-Hγ correlations (Figure 3). The resinol and phenylcoumaran
Câ-Hâ cross-signals are included together with the oxygenated
aliphatic ones because of their proximity. The above assign-
ments, and the twoâ-O-4′ Cγ-Hγ cross-signals that in the
HSQC spectra overlapped with related signals, were confirmed
in HSQC-TOCSY experiments that showed a set of1H-1H
correlations (Figure 5). Câ-Hâ correlations inâ-O-4′ sub-
structures gave different cross-signals if the second unit was
an S or G unit (Figure 3). Moreover, Câ-Hâ correlations
corresponding to theerythro and threo forms of the S type
â-O-4′ substructure could be observed (atδC/δH 86.4/4.11
and 87.3/4.01 ppm, respectively).

Signals of phenylcoumaran (C) CR-HR, Câ-Hâ, and Cγ-
Hγ correlations,â-1′ (D) Câ-Hâ correlations, andâ-O-4′ with
a CR carbonyl (E) Câ-Hâ and Cγ-Hγ correlations were also
detected (Figure 3), although with much lower intensities than
those from normal (CR-hydroxylated) â-O-4′ and resinol
substructures. Cross-signals of lignin terminal structures included
(i) Câ-Hâ correlation in aâ-O-4′ substructure that was
tentatively identified as bearing a carboxyl group in CR′ (F),
(ii) p-hydroxycinnamyl (I) Cγ-Hγ correlation, and (iii) CR-
HR correlation in an oxidized unit that was tentatively identified

Table 1. Main Characteristics of Unbleached Kraft Pulp,
Oxygen-Delignified (O−O) Pulp, and TCF-Bleached (O−O−Q−PoP)
Pulp from E. globulus

pulp

kraft O−O O−O−Q−PoP

κ number 14.2 10.5 6.7
hexenuronic acid content

(mequiv/kg)
45.9 44.7 38.4

brightness (% ISO) 41.2 55.5 87.9
intrinsic viscosity (mL/g) 1188 997 758

Table 2. Assignment of Main Lignin 13C−1H Cross-Signals in the
HSQC Spectra of Eucalypt MWL, Kraft Lignin, and Pulp Residual
Lignins Shown in Figures 2 −4 (Nonacetylated Samples)

δC/δH (ppm) assignment

53.7/3.42 Câ−Hâ in phenylcoumaran substructures (C)
54.1/3.04 Câ−Hâ in resinol substructures (B)
55.6/2.75 Câ−Hâ in â-1′ substructures (D)
60.1/3.40 and 3.70 Cγ−Hγ in â−O−4′ substructures (A)
61.9/4.09 Cγ−Hγ in p-hydroxycinnamyl alcohol (I)
63.3/4.23 Cγ−Hγ in â−O−4′ with CRdO (E)
68.0/4.26 Cγ−Hγ in â−O−4′ with Cγ etherified with

carbohydrate (L)
71.4/4.75 CR−HR in â−O−4′ linked to a G type unit (A)
71.7/3.81 and 4.17 Cγ−Hγ in resinol substructures (B)
72.6/4.88 CR−HR in â−O−4′ linked to a S type unit (A)
74.3/4.36 CR−HR in Ar−CHOH−COOH units (J)
83.0/4.54 Câ−Hâ in â−O−4′ with a CR′ carboxyl (F)
83.1/4.61 CR−HR in â−O−4′ CR-etherified with

carbohydrate (K)
84.0/5.23 Câ−Hâ in â−O−4′ with CRdO (E)
84.1/4.29 Câ−Hâ in â−O−4′ linked to a G type unit (A)
85.4/4.64 CR−HR in resinol substructures (B)
86.4−87.3/4.01−4.11a Câ−Hâ in â−O−4′ linked to a S type unit (A)
87.5/5.46 CR−HR in phenylcoumaran substructures (C)
104.7/6.69 C2,6−H2,6 in S units (S)
106.7/7.32 C2,6−H2,6 in oxidized (CRdO) S units (S′)
107.3/7.22 C2,6−H2,6 in oxidized (CROOH) S units (S′′)
111.7/6.99 C2−H2 in G units (G)
115.4/6.72 and 6.94 C5−H5 in G units (G)
119.6/6.81 C6−H6 in G units (G)

a Include Câ−Hâ signals, at δC/δH 86.4/4.11 and 87.3/4.01 ppm, corresponding,
respectively, to the erythro and threo forms of side chains â−O−4′-linked to an S
unit.
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as bearing a carboxyl group in Câ (J). Carbohydrate-related
signals included (i) CR-HR and Cγ-Hγ correlations inâ-O-
4′ substructures that are CR-etherified (K ) and Cγ-etherified (L )
with carbohydrate and (ii) C2-H2 (δC/δH 73.5/3.01 ppm), C3-

H3 (δC/δH 75.3/3.32 ppm), C4-H4 (δC/δH 75.3/3.49 ppm), and
C5-H5 (δC/δH 63.4/3.20 and 3.67 ppm) correlations in xylan
chains (M), whose C1-H1 cross-signal is indicated inFigure
2D, together with a set of unidentified cross-signals in theδC/

Figure 1. Main structures identified in eucalypt lignin: A, â−O−4′; B, resinols with â−â′, R−O−γ′, and γ−O−R′ linkages; C, phenylcoumaran with
R−O−4′ and â−O−5′ linkages; D, â-1′; E, CR-oxidized â−O−4′; F, terminal â−O−4′ with a CR′ carboxyl; G, guaiacyl unit; I, p-hydroxycinnamyl alcohol
terminal unit; J, terminal unit with a Câ carboxyl; K, â−O−4′ substructure CR ether-linked to carbohydrate (R, carbohydrate; R′, H); L, â−O−4′ substructure
Cγ ether-linked to carbohydrate (R, H; R′, carbohydrate); M, xylan (R, carbohydrate linked to lignin, e.g., in K or L); N, free (R, H) or esterified fatty acids;
S, S unit; S′, oxidized S unit with a CR ketone (phenolic); and S′′, oxidized S unit with a carboxyl in CR (only those side-chain structures with an HSQC
relative abundance >1% are shown).
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δH 67-75/3.0-3.8 ppm region that could correspond to hexose
units in carbohydrates.

Aromatic Region in HSQC (and HSQC-TOCSY) NMR
Spectra. Expansions of the unsaturated region of the HSQC
spectra are shown inFigure 4. The main cross-signals cor-
responded to the aromatic rings of lignin units. In S units, only
C2 and C6 are protonated resulting in a unique and large signal.
By contrast, different cross-signals were assigned to G units
C2-H2, C5-H5, and C6-H6 correlations.

Some minor signals (δC/δH 125.7/7.79 and 8.05 and 128.8/
7.24 ppm) could correspond to olefinic correlations in stilbene
type structures, but their assignment was not confirmed. Low
intensity (and broad) cross-signals withδC/δH 109.5/6.94 and
110.9/6.65 ppm could correspond, respectively, to C2-H2 and
C6-H6 correlations in unit A of 5-O-4′ structures, but they
were not definitively assigned. The two cross-signals withδC/
δH 115.4/6.63 and 130.5/7.03 ppm, the former overlapping with
C5-H5 in G units, corresponded to C2,6-H2,6 and C3,4-H3,4

Figure 2. Total HSQC 2D NMR spectra, δC/δH 0−135/0−9 ppm: (A) MWL, (B) kraft lignin, (C) acetylated kraft lignin, (D) residual lignin from unbleached
eucalypt kraft pulp, (E) residual lignin from oxygen-delignified kraft pulp, and (F) residual lignin from TCF-bleached kraft pulp. The aliphatic, oxygenated
aliphatic, and aromatic regions are observed. Cross-signals of the residual DMSO, anomeric carbon of xylan (M1), and contaminating dimethylacetamide
(DMAC) and poly(ethyleneoxy-propyleneoxy) (PP) are indicated in A, D, and F (and also present in other samples). The inset in C shows a detail of the
acetyl region (δC/δH 18−23/1.9−2.4 ppm) at lower intensity, enabling identification of the alcoholic and phenolic acetate cross-signals.

Eucalypt Lignin in Kraft Pulping and TCF Bleaching J. Agric. Food Chem., Vol. 55, No. 9, 2007 3481



correlations in lignin H units or protein tyrosine residues, as
confirmed by their crossed correlation (δC/δH 130.5/6.63 ppm)
in the HSQC-TOCSY spectrum (Figure 5A).

Signals assigned to C2,6-H2,6 correlation in CR-oxidized S
units (S′andS′′) were found in the HSQC spectra. Two small
signals withδC/δH 111/7.5 and 124/7.5 ppm could correspond
to similar C2-H2 and C6-H6 correlations in G units, but their

assignment was not confirmed. The nature of the above oxidized
units was revealed by the HMBC experiments.

HMBC NMR Spectra. The HMBC spectra of MWL and
residual lignin from oxygen-delignified and TCF-bleached pulps
are shown (Figure 6), and a list of the most significant lignin
cross-signals is shown inTable 3. The whole spectra (Figure
6A,D,G, respectively) showed different signals, including

Figure 3. Expanded side-chain region of the HSQC spectra: (A) MWL, (B) kraft lignin, (C) acetylated kraft lignin, (D) residual lignin from unbleached
eucalypt kraft pulp, (E) residual lignin from oxygen-delignified kraft pulp, and (F) residual lignin from TCF-bleached kraft pulp (δC/δH 50−95/2.6−5.6 ppm;
except δC/δH 50−95/3−6 ppm in C). Figure 1 shows the different structures identified. Cross-signals of methoxyls (MeO) are also shown. Four cross-
signals assigned to contaminating poly(ethyleneoxy-propyleneoxy) (PP), one of them overlapping with M4, are indicated in F (and also present in D
and E).
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correlations between alkyl protons (at 1.8-2.2 ppm) and
carboxyl carbons (at 170-175 ppm) assigned to free/esterified
fatty acids (N). However, the most interesting information was
found in the expandedδH 6-8 ppm region (Figure 6B,E,H).
This region showed the correlations between H2,6 in normal
(6.69 ppm) and oxidized (7.22-7.32 ppm) S units (whose
HSQC cross-signals are shown inFigure 6C,F,I) and C1, C2,6,
C3,5, and C4 situated at 1-2 C-bond distance. Moreover,
correlations with hydroxylated CR (in â-O-4′ substructures),
CRdO, and CROOH were found in the HMBC spectra of MWL

and residual lignins from oxygen-delignified and TCF-bleached
pulps, respectively (S,S′, andS′′ structures).

Some of the above H2,6 correlations indicated that the CRd
O S units were basically phenolic (C3,5 correlation at 148 ppm),
whereas the normal and CROOH S units were etherified (C3,5

correlation at 152 ppm). C3,5 in etherified and phenolic S units
also correlated with the protons of their methoxy substituents
with δC/δH 152/3.7 and 148/3.8 ppm, respectively, although the
latter cross-signal also included C3-HMeO correlations in minor
G units. Signals of aromatic quaternary carbons were also found

Figure 4. Expanded aromatic region of the HSQC spectra, δC/δH 90−135/5.5−8.5 ppm: (A) MWL, (B) kraft lignin, (C) acetylated kraft lignin, (D) residual
lignin from unbleached eucalypt kraft pulp, (E) residual lignin from oxygen-delignified kraft pulp, and (F) residual lignin from TCF-bleached kraft pulp.
Figure 1 shows the different structures identified. Cross-signals for contaminant protein (Pr) are indicated in F (and are also present in E).
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in 13C NMR spectra (not shown) withδC 152 (C3,5 in etherified
S units) and 148 ppm (C3,5 in phenolic S units, together with
C3,4 in G units).

NMR Spectra of Acetylated Lignins. The same side-chain
cross-signals described for underivatized lignins were observed
in the HSQC spectra of acetylated lignins, although their position
was affected (Figure 3C). The mainδC difference corresponded
to Câ-Hâ correlation inâ-O-4′ substructures (δC/δH 80.5/
4.65 ppm), and the mainδH difference was that of CR-HR
correlation in the same substructures (δC/δH 74.5/5.91 ppm),
whereas the resinol cross-signals were affected in a minor extent
(CR-HR, Câ-Hâ, and Cγ-Hγ correlations withδC/δH 85.4/4.67,
54.1/3.13, and 71.7/3.9 and 4.23 ppm, respectively) since no
free hydroxyls are present in the side chains of these substruc-
tures. Acetylation also caused a strong change of the aromatic
C5-H5 correlation (δC/δH 123.0/7.02 ppm) in G units (Figure
4C). However, no modifications were observed in the HSQC
cross-signals of S units since the two protonated carbons are
metato C4 where phenol acetylation is taking place.

The amount of hydroxyls per lignin unit, estimated from1H
NMR spectra (not shown), varied from 1.7 in kraft lignin to
3.6 in oxygen-delignified lignin, with values around 2 hydroxyls/
unit in the other lignin samples. The phenolic and alcoholic
acetate signals were better separately integrated in the HSQC
spectra (Figure 2C, inset) resulting in percentages of phenolic
hydroxyls that varied from 8% in the oxygen-delignified pulp
lignin to 83% in kraft lignin. From these values, a percentage
of phenolic units around 25-35% was estimated for MWL and
pulp lignins, whereas kraft lignin showed around one hydroxyl
group per aromatic ring, as average.

FTIR Spectra. All of the infrared spectra showed typical
lignin patterns including the triplet at 1504-1422 and the 1594-
1609 cm-1 band due to aromatic ring vibrations. The FTIR
spectra showed a higher intensity of bands assigned to (i)
aromatic ring breathing in S units (1326-1330 cm-1 band) than
in G units (1263-1270 cm-1 shoulder), (ii) aromatic in-plane
bending in S units (1114-1126 cm-1) than in G units (1032-
1033 cm-1), and (iii) out-of-plane C-H bending in S units
(833-836 cm-1) than in G units (913-916 cm-1). Bands around
1660 and at 1714-1725 cm-1 were assigned to stretching of
carbonyls conjugated and unconjugated with the aromatic ring,
respectively, although the former can also be due to amide
carbonyl stretching, and the second one to carboxyl groups.
Bands of aliphatic (1740 cm-1) and phenolic acetates (1770

cm-1) were found in the spectra of acetylated lignins. The band
around 1510 cm-1 decreased with acetylation suggesting that
it includes phenolic units.

Analytical Pyrolysis. Two representative pyrograms are
shown inFigure 7. Assignment and molar relative abundances
of the main peaks, all of them derived from lignin, are included
in Table 4. They corresponded to guaiacol (peak 1) and syringol
(peak 4) and their methyl (peaks 2 and 6), ethyl (peak 10), vinyl
(peaks 3 and 12), propenyl (peaks 5, 15, and 17), propine (peaks
8 and 16), and allyl derivatives (peak 14). Syringol and
4-vinylsyringol were the major products from most samples.
Aromatic (G and S type) aldehydes (peaks 7, 9, 18, and 19),
ketones (peaks 11, 13, 21, 23, and 24), and methyl esters (peak
20) were also identified, as well as cinnamic type aldehydes
(peaks 22 and 26) and alcohols (peak 25).Table 4 also shows
the molar S/G ratios and percentages of oxidized (C6-CdO)
and shortened (C6-C0-1) side chain Py-GC/MS products.

Some H type compounds, such as phenol and 4-methylphenol,
were detected in kraft (around 0.2% of total) and residual lignins
(around 0.5% in lignins from oxygen-delignified and TCF pulps
and lower amounts in unbleached kraft pulp lignin) being nearly
absent from MWL (0.1% of total). These compounds in the
residual lignin pyrograms were accompanied by similar amounts
of indole and 3-methylindole from protein tryptophan residues
(seeFigure 7B).

DISCUSSION

Eucalypt Wood Lignin. The first structural models for
spruce, pine, or beech lignins were established near 40 years
ago (8); however, eucalypt lignin has been investigated in much
lesser detail despite the increasing use of this wood as a raw
material in paper manufacturing.

The E. globuluswood lignin was characterized by a high
abundance of S units and a near complete absence of H units.
The molar S/G ratio from Py-GC/MS (and HSQC NMR) ofE.
globulusMWL was estimated to be around 3. Its FTIR spectrum
only showed a 1270 cm-1 shoulder as compared with the intense
band at 1330 cm-1. The high S/G ratio of lignin inE. globulus
wood has been related to its easier pulping (16). Its phenolic
content was in the same order of MWL from other hardwoods
(36) and a little higher than reported previously forE. globulus
(3).

A characteristic of theE. globulus lignin is the high
predominance ofâ-O-4′ interunit linkages, whose abundance

Figure 5. HSQC−TOCSY of residual lignin from oxygen-delignified eucalypt kraft pulp: (A) total spectrum, δC/δH 0−135/0−9 ppm, and (B) expanded
oxygenated aliphatic region, δC/δH 50−95/2.6−5.6 ppm, showing 1H−1H correlations of HR (RR, Râ, Rγ1, and Rγ2), Hâ (âR, ââ, âγ1, and âγ2), and
Hγ (γR, γâ, γ1γ2, and γ2γ1) that confirmed the identification of the side-chain cross-signals (a rectangle in A indicates the region expanded in B).
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in MWL was estimated as 79% of side chains (including 2%
of CRdO substructures), followed by resinol (16%) and small
percentages of phenylcoumaran (2%) andâ-1′ linkages (2%),
together with a low percentage (1%) ofp-hydroxycinnamyl
alcohol terminal structures. As mentioned by Heikkinen et al.
(31), the cross-signal intensity in HSQC experiments is related
to sin2(π∆/1JCH), where ∆ is the time for evolution of the
heteronuclear coupling constants. Therefore, because the above
semiquantitative analysis was focused on similar carbon-proton
pairs in analogous samples, which should also have both similar

T2 relaxation times and1JCH values (32), the maximum error
in integrations could be less than 10%. For a detailed discussion
on quantitative HSQC NMR of polymers, see Zhang and
Gellerstedt (32).

An erythro/threoratio of 8.3 was calculated for the S type
â-O-4′ substructures in agreement with the tendency of S units
to favor theerythro isomer (37). In contrast, a near 1:1 ratio
has been reported in softwood lignin (25). Taking into account
the high S/G ratio ofE. globuluslignin, syringaresinol will be
the main resinol type substructure (together with some pinores-

Figure 6. Total HMBC spectra (left) and expanded δH 6−8 ppm region of HMBC (right, top) and HSQC (right, bottom) spectra: (A−C) MWL, (D−F)
residual lignin from oxygen-delignified eucalypt kraft pulp, and (G−I) residual lignin from TCF-bleached kraft pulp (rectangles indicate the regions expanded).
C2,6−H2,6 cross-signals corresponding to oxidized (δC/δH 107/7.3 ppm) and nonoxidized S units (δC/δH 105/6.7 ppm) are shown in the HSQC spectra (C,
F, and I). The expanded HMBC spectra revealed different multiple-bond 13C−1H correlations between H2,6 and different carbons in the oxidized and
nonoxidized units (lines in B, E, and H). Cross-signals of methoxyls, lipids, and contaminating dimethylacetamide, including proton to amide carbon
correlation (DMACCON), and poly(ethyleneoxy-propyleneoxy) (PP) are also shown in the whole HMBC spectra.
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inol and mixed S-G structure). In the same sense, the
p-hydroxycinnamyl alcohol terminal structures probably cor-
responded to C4-etherified sinapyl alcohol. The absence of CR-
HR and Câ-Hâ cross-signals has been explained by the lower
sensitivity of 2D NMR olefinic signals (26). Coniferyl alcohol
has been reported in softwood MWL based on the Cγ-Hγ
correlation signal (25). Spirodienones, described in lignin (24),
have been detected in MWL from five eucalypt species
(unpublished), with CR-HR, Câ-Hâ, C2-H2, and C6-H6 cross-
signals atδC/δH 81.8/5.08, 60.4/2.73, 107.4/6.33, and 114.4/
6.25 ppm, respectively, but their abundance was low inE.
globulus.

The above results differ from those recently reported forE.
grandisMWL (2) that included a S/G ratio of 1.7 and only 3%
of units bond by resinol type linkages. However, a higher resinol
content (13% units) has been reported forE. globulusdioxane
lignin, although with a higher S/G ratio of 6 (1). A small
percentage of H units has been reported in eucalypt lignin (1,
2); however, we failed to confirm it inE. globulusMWL, where
the amount of H units from Py-GC/MS was around 0.1%.

Modifications of Eucalypt Lignin during Pulping. Kraft
pulping is the most common wood pulping method, and the

modifications in lignin have been investigated in detail (38)
including kraft pulping of eucalypt wood (4). Residual lignin
from the unbleached kraft pulp and kraft lignin from the pulping
liquor were analyzed afterE. globuluswood pulping. As already
reported, the yield of enzymatic residual lignin from eucalypt
pulps was relatively low, attaining 30% in unbleached kraft pulp
and even lower values in bleached pulps (12), but the lignins
obtained exhibited high purity and maintained its unaltered
chemical structure (13).

A preferential solubilization of S-rich lignin was produced
during pulping, as shown by the high (over 5) S/G ratio of kraft
lignin estimated by Py-GC/MS (and HSQC NMR). However,
the lignin S/G ratio in kraft pulp was only slightly modified
with respect to MWL, suggesting the release of simple (non-
precipitable) G type compounds during pulping. Topological
reasons, related to lignin distribution in wood tissues and cell
wall layers, could affect lignin attack in addition to the different
reactivities of its aromatic units.

Lignin interunit linkages were affected by kraft pulping. In
the kraft pulp lignin, a certain decrease of side chain HSQC
cross-signals was observed, but their relative abundance was
not strongly modified (77%â-O-4′, 18% resinol, and 1%
phenylcoumaran side chains). This contrasted with the enrich-
ment in â-O-4′ substructures reported for eucalypt pulp
residual lignin (4). Signals withδC/δH 51/3.1 ppm could
correspond to unidentifiedâ-â′ substructures found in eucalypt
wood and pulp lignin (1,39). On the other hand, the decrease
of side-chain linkages was very significant in kraft lignin, and

Table 3. Assignment of Lignin 13C−1H Cross-Signals Involving
Quaternary Carbons in the HMBC Spectra of Eucalypt MWL and Pulp
Residual Lignins Shown in Figure 6

δC/δH (ppm) assignment

127.1/7.19 C1−H2,6 in oxidized (CROOH) S units (S′′)
127.1/7.32 C1−H2,6 in oxidized (CRdO) S units (S′)
134.7/6.69 C1−H2,6 in S units (S)
138.4/6.69 C4−H2,6 in S units (S)
140.7/7.19 C4−H2,6 in oxidized (CROOH) S units (S′′)
141.5/7.32 C4−H2,6 in oxidized (CRdO) S units (S′)
148.0/7.32 C3,5−H2,6 in oxidized (CRdO) S units (phenolic) (S′)
152.5/6.69 C3,5−H2,6 in etherified S units (S)
152.5/7.19 C3,5−H2,6 in oxidized (CROOH) S units (etherified) (S′′)
167.3/7.19 Ccarboxyl−H2,6 in oxidized (CROOH) S units (S′′)
197.9/7.32 Ccarbonyl−H2,6 in oxidized (CRdO) S units (S′)

Figure 7. Py-GC/MS, 20−60 min chromatograms: (A) kraft lignin and
(B) residual lignin from TCF-bleached kraft pulp. See Table 4 for
identification of the main Py-GC/MS peaks. Minor peaks corresponding
to phenol, 4-methylphenol, indole, and 3-methyl indole (left to right) are
indicated with asterisks.

Table 4. Py-GC/MS of Eucalypt MWL, Kraft Lignin, and Residual
Lignins from Kraft, Oxygen-Delignified (O−O), and TCF-Bleached
(O−O−Q−PoP) Pulps (S/G Ratios and Percentages of Oxidized and
Short Side-Chain Products Are Also Shown)a

MWL
kraft
lignin

kraft pulp
lignin

O−O
lignin

O−O−Q−PoP
lignin

1. guaiacol 3.7 3.9 6.1 6.5 3.8
2. 4-methylguaiacol 2.4 3.7 1.7 1.8 1.5
3. 4-vinylguaiacol 7.7 3.4 6.2 6.3 5.9
4. syringol 12.2 23.7 18.4 19.3 13.8
5. t-isoeugenol 1.9 1.1 3.3 3.2 2.5
6. 4-methylsyringol 7.2 16.7 4.8 4.9 6.0
7. vanillin 1.0 1.4 1.0 1.4 0.8
8. 4-propineguaiacol 1.7 0.0 1.1 0.5 1.0
9. homovanillin 1.3 0.0 0.2 0.1 0.0
10. 4-ethylsyringol 2.5 6.5 1.4 1.9 1.3
11. acetoguaiacone 1.0 1.0 0.8 0.9 0.5
12. 4-vinylsyringol 18.0 10.5 14.5 14.2 18.4
13. guaiacylacetone 0.8 0.7 1.5 1.8 1.4
14. 4-allylsyringol 1.5 1.9 2.2 2.4 2.6
15. c-4-propenylsyringol 1.0 1.0 1.3 1.6 1.5
16. 4-propinesyringol 5.5 1.9 7.7 3.2 8.5
17. t-4-propenylsyringol 7.4 4.0 8.8 9.7 10.2
18. syringaldehyde 3.7 6.8 3.0 3.4 2.8
19. homosyringaldehyde 2.8 0.8 0.1 0.1 0.0
20. methyl syringate 0.2 0.4 0.5 0.8 1.3
21. acetosyringone 3.7 5.7 2.6 2.6 2.1
22. t-coniferaldeyde 1.0 0.0 0.0 0.0 0.0
23. syringylacetone 3.0 2.3 5.1 6.6 6.3
24. propiosyringone 0.7 0.9 0.5 0.5 0.3
25. t-sinapyl alcohol 1.3 0.0 0.0 0.0 0.0
26. t-sinapaldehyde 5.3 0.0 3.4 2.7 4.0
S/G ratio 3.2 5.2 3.0 3.0 3.9
C6−CdO (%)b 18.6 20.6 16.4 19.4 16.8
C6−C0-1 (%)c 34.1 57.4 36.1 38.7 30.6

a Mean molar abundances of main Py-GC/MS marker compounds (attaining
1% in at least one sample). b Percentage of oxidized compounds bearing a carboxyl/
carbonyl group. c Percentage of compounds bearing a side chain of only 0−1 C
atoms.
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the corresponding cross-signals showed very low intensities.
Moreover, the relative abundance of the surviving interunit
bonds was dramatically modified, resulting in a high percentage
of resinol linkages (77% side chains) whereas theâ-O-4′
percentage was comparatively low (only 15%). The ratio
between resinol andâ-O-4′ substructures in this lignin was
higher than reported for other kraft lignins (25, 26), a fact that
could be related to differences in the kraft lignin isolation
method in addition to differences in cooking and raw material
characteristics. Py-GC/MS confirmed the extensive removal of
side chains in kraft lignin, as shown by the high percentage
(57%) of lignin breakdown products with shortened chains, as
compared with MWL (34%). Sinapyl and coniferyl alcohols
and aldehydes, which were among the main Py-GC/MS
breakdown products from MWL, in accordance with the
literature (40), were absent from the kraft lignin pyrograms.

HSQC cross-signals of new terminal structures appeared after
kraft pulping. Câ-oxidized terminal structures (Ar-CHOH-
COOH) were tentatively assigned in the HSQC spectra of both
lignins, representing 2% of side chains in kraft pulp residual
lignin and up to 8% in kraft lignin due to destruction of other
side chains. Similar aromatic hydroxyacids had been reported
in pine kraft lignin as intermediates in side-chain degradation
(26), and a signal with the sameδC/δH was found in preliminary
characterization of eucalypt kraft lignin (29). Moreover, some
increase of sinapyl alcohol substructures was observed in kraft
pulp lignin (2%), in agreement with the formation of these
structures during pulping (26). In addition to the above
Câ-oxidized structures, frequent CR oxidation in kraft lignin was
suggested by the C2,6-H2,6 correlation signals in S units
discussed in the next section.

The extensive breakdown ofâ-O-4′ linkages during pulp-
ing, together with eventual demethoxylation or hydroxylation,
resulted in a very high phenolic content of kraft lignin (4), as
compared with MWL where etherified units were predominant.
This agreed with the high intensity of the 1770 cm-1 band of
aromatic acetates in the FTIR spectrum of acetylated samples
(18). In pulp lignin, over 35% units were phenolic, a percentage
lower than reported for acidolysis lignin from eucalypt pulp
with a similar degree of delignification (4). The relative
percentage of aliphatic hydroxyls strongly decreased in the kraft
lignin, as compared with MWL, in agreement with side-chain
removal and eventual demethoxylation.

As shown by the whole spectra, an increased amount of
aliphatic structures was produced in pulp lignin, the aliphatic
nonoxygenated region (DMSO signal excluded) representing
16% of the total HSQC signals in kraft pulp lignin and only
8% in MWL and kraft lignin. The HMBC spectrum showed
the presence of fatty acids that were not detected in MWL, in
agreement with reports suggesting lipid incorporation into kraft
pulp lignin (4). Whereas the kraft lignin (and MWL) HSQC
spectra were basically depleted of carbohydrate correlations,
intense cross-signals assigned to xylan (25) were found in the
kraft pulp lignin. In fact, this preparation seems to be a lignin-
carbohydrate complex, containing glucose and xylose and lower
amounts of arabinose and galactose units (unpublished results).
Xylan and unassigned glucan cross-signals were present,
together with those ofâ-O-4′ substructures CR/Cγ-etherified
to carbohydrate (most probably hexopyranose units linked to
the main xylan) (41). A small percentage of direct xylan-lignin
linkages was suggested by a very minor cross-signal withδC/
δH 102.2/4.92 ppm, assigned to xylose C1 forming a glycosidic
type linkage with a phenolic hydroxyl (42). Carbohydrate cross-
signals have been found in spectra of other residual lignins,

being assigned to pentose and hexose units (3, 25, 28). A
contaminant identified as poly(ethyleneoxy-propyleneoxy) was
found in all of the pulp residual lignins but was absent from
MWL and kraft lignin, suggesting that it originated from
material used in solvent purification of lignins. The same
contaminant has been reported in spruce pulp residual lignin
(25).

Effect of Oxygen on Eucalypt Pulp Lignin. Oxygen
delignification was introduced in the 1970s for manufacturing
both elementary chlorine free (ECF) and TCF pulps. There is
abundant literature on the effect of oxygen on the lignin in pulps
from different woods (43) including eucalypt wood (3).

HSQC NMR suggested a decrease of lignin S/G ratio by
oxygen, but this was not confirmed by Py-GC/MS. The intensity
of side-chain signals and the relative abundance of interunit
linkages were similar to those found in the unbleached kraft
pulp lignin (78%â-O-4′, 15% resinol, and 1% phenylcou-
maran). Terminal sinapyl alcohol (4%) and putative Ar-
CHOH-COOH (2%) structures were also observed. In this
sense, it has been reported that oxygen mainly acts on superficial
pulp lignin, total lignin maintaining most of its structural features
(44).

Oxygen delignification resulted in an increase of oxidized S
units (estimated from the aromatic C2,6-H2,6 cross-signal). This
agreed with the increased amount of oxidized lignin markers
after Py-GC/MS. Oxidized G units have been detected in pine
pulp residual lignin from similar C2-H2 and C6-H6 correlation
signals (26,30). HMBC correlations between the aromatic H2,6

and side-chain carbons demonstrated that the oxidized S units
presented a CR carbonyl group (δC 197.9 ppm), whereas the
normal S units had a hydroxylated CR in aâ-O-4′ substructure
(δC 72.3 ppm). Moreover, its characteristicδC indicated that
the conjugated carbonyl in lignin from the oxygen-delignified
eucalypt pulp was a ketone group. CR ketones inâ-O-4′
substructures (2,39) were found in the eucalypt MWL, but the
absence of a cross-signal withδC/δH 83/4.5 ppm showed that
similar structures in oxygen-delignified pulp residual lignin did
not present a Câ ether linkage, most probably because of alkaline
breakdown (25). Moreover, the HMBC correlation between H2,6

and C3,5 in S units showed that most normal units were C4-
etherified (δC/δH 152/6.7 ppm) whereas the CRdO units were
predominantly phenolic (δC/δH 148/7.3 ppm). Therefore, sy-
ringone type structures (HO-S-CO-R) were identified in the
E. globuluspulp lignin after oxygen delignification.

It is generally accepted that the action of oxygen on lignin
focuses on the phenolic units, resulting in ring opening and
muconic acid formation, although the latter compounds are often
present in minor amounts due to their high reactivity (45).
However, the residual lignin from oxygen-delignified eucalypt
pulp still contained near 30% phenolic units (a percentage lower
than found in unbleached kraft pulp), and muconic acid
formation could not be demonstrated. This indicated that lack
of phenolic structures is not the limiting factor in oxygen
bleaching of eucalypt kraft pulp, as found also for other pulp
types (46).

It has been reported that oxygen delignification of softwood
pulp resulted in residual lignin enriched in H units (46). When
lignin was analyzed directly in the pulp (47), the increase could
be due to higher recalcitrance of H units (46) but it has also
been related to polysaccharide oxidation products (48). When
enzymatically isolated lignins were analyzed (46), the supposed
enrichment is probably due to protein contamination, since
tyrosine residues and lignin H units are difficult to distinguish
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by 2D NMR (same C3,5-H3,5 and C2,6-H2,6 correlations) and
yield similar Py-GC/MS products.

An increase of aliphatic cross-signals was observed in the
whole HSQC spectrum of residual lignin after oxygen treatment,
the aliphatic nonoxygenated region representing more than 25%
of the total HSQC signals, as compared with 16% in unbleached
kraft pulp lignin. This could be due to alkyl structures in
degraded lignin and fatty acids (49), whose presence was
confirmed by HMBC. The relative intensity of xylan cross-
signals in the HSQC spectra increased after oxygen delignifi-
cation, as compared with the unbleached kraft pulp lignin.

Effect of Alkaline Hydrogen Peroxide on Eucalypt Pulp
Lignin. Hydrogen peroxide is a common bleaching agent in
industrial TCF processes, often in combination with oxygen
delignification. The chemistry of peroxide bleaching has been
described, including its effect on pulp lignin (43).

In contrast to that observed in oxygen delignification, peroxide
bleaching caused a slight increase of the lignin S/G ratio and
modified the relative abundances of interunit linkages and
terminal structures. In particular, the resinol amount was lowered
to only 6% side chains (against 15% in residual lignin from
oxygen-delignified pulp) and that ofâ-O-4′ substructures
increased to a value similar to that found in MWL (81% of
side chains) whereas 3% phenylcoumaran side chains were
found. Theerythro/threoratio ofâ-O-4′ side chains decreased
from 8.3 in MWL to 6.9 in the bleached pulp, in accordance
with the tendency reported in the literature (25). In the HSQC
spectrum of the final pulp residual lignin,â-O-4′ substructures
with a CR′OOH second unit (4% side chains) were tentatively
identified (25, 29). Other structures identified in unbleached and
oxygen-delignified pulp lignins were still present in the final
pulp lignin (1% sinapyl alcohol and 4% Ar-CHOH-COOH).
A very small cross-signal withδC/δH 80.2/5.49 ppm in the
HSQC spectrum of the residual lignin from the final pulp would
correspond to CR-HR correlation inR-O-4′/â-O-4′ sub-
structures (27). NoncyclicR-O-4′ structures were reported to
be below the NMR detection limits in MWL fromE. globulus
(2), but they were found in low amount (0.23% units) inE.
globulus wood dioxane lignin (1). An unidentified aromatic
signal with δC/δH 108.9/6.71 ppm was found in the lignin
isolated after the peroxide treatment of pulp. Removal of
aromatic ring-conjugated ketones by alkaline peroxide will
contribute to pulp bleaching, since they act as chromophoric
groups. In contrast, the abundance of terminal structures with
conjugated and nonconjugated carboxyls increased. The former
was identified by the characteristicδC 167.3 ppm HMBC
correlation.

The residual lignin from peroxide-bleached pulp included
some contaminating protein. This resulted in four main cross-
signals in the HSQC aromatic region (one of them overlapping
with C5-H5 cross-signal in G units) and several small signals,
as reported for enzymatic lignin from peroxide-bleached pine
pulp (28). This contamination was confirmed by protein markers
(indole and 3-methylindole) after Py-GC/MS (12). It most
probably originated from the cellulase used in lignin isolation,
a fact supported by the HMQC spectrum of this enzyme (30).
Taking into account the tryptophan plus tyrosine content of
cellulase (50), a maximal protein content of 15% could be
estimated by Py-GC/MS, in agreement with an 1-2% N content.
However, this protein did not hamper 2D NMR analysis of
residual lignins since no overlapping with the most informative
cross-signals was produced (30) and it could be detected by
Py-GC/MS (13).

The aliphatic nonoxygenated region showed nearly the same

intensity (23% of total HSQC signals) than in the residual lignin
from oxygen-delignified pulp (25%). However, the relative
intensities of the xylan cross-signals decreased, and those
assigned to lignin-carbohydrate benzyl-ether linkages were
nearly absent from the residual lignin of the final pulp. Partial
breakdown of the above linkages has been reported during
treatment of pine kraft pulp with hydrogen peroxide in the
presence of manganese complexes (28).

TheE. globuluswood lignin, as revealed by MWL analysis,
is a basically linear polymer mainly constituted byâ-O-4′
and syringaresinol substructures. Pulping caused partial degrada-
tion of lignin unit side chains resulting in depolymerization and
solubilization of strongly phenolic kraft lignin with a high
predominance of resinol type side chain linkages. The alteration
degree of residual lignin in pulp increased during oxygen
delignification. The presence of CR ketones in phenolic units
surviving oxygen treatment was shown by HSQC and HMBC
NMR. These and other chromophoric groups were partially
removed in the hydrogen peroxide stage (P), whereas conjugated
and nonconjugated carboxyls were still present in the final pulp
residual lignin. In this way, a brightness near 88% ISO, with a
κ number of 3.4 (after hexenuronic acid deduction), was attained
in the TCF-bleached pulp.

ABBREVIATIONS USED

DMSO, dimethylsulfoxide; ECF, elementary chlorine free;
FTIR, Fourier transform infrared; G, guaiacyl; HMBC, hetero-
nuclear multiple bond correlation; HSQC, heteronuclear single
quantum correlation; MWL, milled wood lignin; NMR, nuclear
magnetic resonance; O, oxygen stage; P, hydrogen peroxide
stage; Po, hydrogen peroxide stage under pressurized oxygen;
Py-GC/MS, pyrolysis-gas chromatography/mass spectrometry;
Q, chelation stage; S, syringyl; TCF, totally chlorine free;
TOCSY, total correlation spectroscopy.

Supporting Information Available: FTIR spectra, 600-2000
cm-1, of eucalypt MWL, kraft lignin, and residual lignins from
unbleached, oxygen-delignified, and TCF-bleached eucalypt
kraft pulps. This material is available free of charge via the
Internet at http://pubs.acs.org.
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I. DibenzodioxocinssA novel type of linkage in softwood
lignins. Tetrahedron Lett.1995,36, 169-170.

(24) Zhang, L.; Gellerstedt, G. NMR observation of a new lignin
structure, a spiro-dienone.Chem. Commun.2001, 2744-2745.
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