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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 f—0O—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 lignin and its chemical modification in paper pulp manufacturing
are still scarceX—4). More information on lignins in different
The use of eucalypt wood for paper pulp manufacture has eucalypt species and their behavior during pulping and bleaching
greatly increased during the last decades. World production hasIS needed to optimize the use of this fast-growing forest crop
attained 10 million tons/year, that is, near one-third of the total . : .
hardwood pulp produced. The increasing use of eucalypt wood N paper pulp ma_nufacture, |nclud|ng_the deyelopment of_more
includes the production of kraft pulps bleached in totally chlorine efﬁc?ent and enylro_nmentally sognd industrial technolo_g|e.s.
These high-quality eucalypt pulps are typically used in the Many wood lignin studies, in spite of its relatively low yield
manufacture of tissue paper due to their h|gh smoothness an(ﬁnd the existence of some chemical modifications during mllllng

water retention properties. However, studies on eucalypt wood (6)- However, a consensus method for isolating residual lignin
from paper pulp does not exist nowadays. Acidolysis is widely

used for obtaining lignin from pulp7j§, but degradation of
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alternative due to its mild natur®); 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 &ucalyptus globulus
pulp lignin isolated by acidolysis have been repor@&dl, and

Ibarra et al.

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% H,O,, 2% NaOH, 0.1% MgS@ and 0.5% NgSi,Os for 140 min
at 105°C under 6 kg/crh O, followed by 180 min at 98C without
pressure. The above percentages referred to the pulp dry weight. The
pulps were washed after each stage.

Pulp Analyses.Pulp brightnessy number, and intrinsic viscosity
were evaluated by standard methods (ISO 3688:1999, ISO 302:1981,
and 1SO 5351/1:1981, respectively33]. Hexenuronic acids were

cellulase charge has been investigated to reduce the contaminaestimated spectrophotometrically, and a factor of 0.086 was used to

tion of lignin from unbleachedtucalyptus grandipulp (11).
However, only recently, a method for the enzymatic isolation
of residual lignin in TCF bleaching d&. globuluspulp has been
reported, including a combination of protease hydrolysis and
solvent extractions resulting in high-purity unaltered residual
lignin with a moderate yield12, 13).

Both degradative and spectroscopic methods have been use

to investigate wood lignin structurel4). The analysis of
chemical degradation products provides information on lignin
composition in terms of it-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) phenylpropanoid units derived from the three
p-hydroxycinnamyl alcohol precursor$s). Thermal degrada-
tion using pyrolysis-gas chromatography/mass spectrometry

calculate their contribution to thenumber. 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 dioxaveger
(9:1), precipitated, and purified as describés). (Kraft lignin was
recovered from the pulping liquor by acid precipitation (pH 2.5).

esidual lignins were enzymatically isolated from unbleached, oxygen-

elignified (O-0), and alkaline peroxide-bleached {O—Q—PoP)
kraft pulps. Fifty grams of pulp (dry weight) at 5% consistency was
hydrolyzed with cellulase angtglucosidase (48 h at 5CC), 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 anhydrieigyridine (1:2) for hydroxyl estimation,

(Py-GC/MS) has also been used in these studies, includingWwere analyzed as described below.

eucalypt wood and pulp lignind 6, 17). Information on wood
lignin S/G ratio and functional groups can also be obtained by
infrared spectroscopyl8).

Radical coupling in lignin biosynthesis results in a variety
of interunit linkages, often involving the propanoid side chain,
conferring high complexity to this polymed%). From early

NMR Spectroscopy.NMR spectra were recorded at 2& in a
Bruker AVANCE 500 MHz equipped with agradient triple resonance
probe. Forty milligrams of lignin was dissolved in 0.75 mL of
dimethylsulfoxide (DMSO)s, and*H 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

studies, nuclear magnetic resonance (NMR) spectroscopydelay for the one-dimensional (1BM spectrum wa 7 s (90 pulse

emerged as a promising technique to investigate ligB). (
However, the variety of substructures results in overlapping of
IH 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 resolve@(). 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 Z3) and spirodienone 2¢) 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 signals26—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 81, 32).

In the present study, enzymatic residual lignins fr&n
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 ol&. globulus

angle). The number of collected points was 32k. The 1D spectra were
processed using an exponential weighting function of 0.2 HZHor
prior to Fourier transform. The spectral widths for the HSQC were
5000 and 13200 Hz for thtH and*3C dimensions, respectively. For
HMBC, the*C dimension was increased to 30000 Hz. For both HSQC
and HMBC, the number of collected complex points was 2048 for the
IH 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 tHéC dimension. Thel-coupling evolution
delay was set to 3.2 ms in HSQC, while for HMBC, experiments with
a 66 ms long-rangé-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 th&C dimension. Residual DMSO
(from DMSO-s) 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 particulatJcn value, as well as on the, Telaxation 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 carbeiproton pairs (in similar samples). For
these signals, th&lcy 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

trees was obtained from ENCE plantations in Pontevedra (Spain). Kraft from C,—H, correlations to avoid possible interference from homo-

pulping of industrial chips was performed in a Lorentzen & Wettre
digester at 165C (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 4 L pressurized
reactors at 10% consistency. An industrial type@-Q—PoP sequence
was applied including (i) two oxygen stages (O) using 6 kg/@x
1.5% NaOH, and 0.5% MgSQor 60 min at 98°C; (ii) a chelation

nuclear'H—H 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 regior;HC
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 the!H NMR spectra of acetylated lignins and referred to
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Table 1. Main Characteristics of Unbleached Kraft Pulp,
Oxygen-Delignified (0O—0) Pulp, and TCF-Bleached (O—0—Q-PoP)
Pulp from E. globulus
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Table 2. Assignment of Main Lignin 3C—'H Cross-Signals in the
HSQC Spectra of Eucalypt MWL, Kraft Lignin, and Pulp Residual
Lignins Shown in Figures 2 —4 (Nonacetylated Samples)

pulp
kraft 0-0 0-0-Q—-PoP
i number 14.2 105 6.7
hexenuronic acid content 45.9 44.7 384
(mequiv/kg)
brightness (% 1SO) 412 55.5 87.9
intrinsic viscosity (mL/g) 1188 997 758

aromatic units estimated from integration of the-6726 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
H NMR (1.97 and 2.23 ppm, respectively) and HSQC 2D NMR spectra
(6c/on 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 903.cm
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) was purged with

He. The pyrolyzer was connected to an Agilent 6890 gas chromato-
graph, fitted with an in-column injector and a 60 mm0.25 mm i.d.,
0.25 um, 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 at 4°C/min and held

for 15 min. The injector and transfer line were at 250 and 280
respectively. Py-GC/MS compounds were identifi¢6, (L7). Analyses
were carried out in quadruplicate.

RESULTS

The effect of kraft pulping and TCF bleaching Bnglobulus
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. khaumber, hexenuronic
acid content, brightness, and intrinsic viscosity of these labora-
tory pulps are shown iffable 1. Higher brightness values (over
90% 1SO) are obtained in industrial production, together with
slightly lower « 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
spectralFigures 2—4) in combination with the HSQETOCSY
(Figure 5) and HMBC spectraKigure 6). The main lignin

Oclon (ppm) assignment

53.7/3.42 Cs—Hpg in phenylcoumaran substructures (C)

54.1/3.04 Cg—Hg in resinol substructures (B)

55.6/2.75 Cg—Hp in 8-1" substructures (D)

60.1/3.40 and 3.70 C,—H, in f—0-4' substructures (A)

61.9/4.09 C,—H, in p-hydroxycinnamyl alcohol (1)

63.3/4.23 C,—H, in f—0-4" with C,=O0 (E)

68.0/4.26 C,—H, in f—0-4" with C, etherified with
carbohydrate (L)

71.4/14.75 Co—Hg in f—0-4'" linked to a G type unit (A)

71.7/3.81 and 4.17 C,—H, in resinol substructures (B)

72.6/4.88 Ca—Hq in f—0—4' linked to a S type unit (A)

74.3/4.36 Ca—Hg in Ar—=CHOH-COOH units (J)

83.0/4.54 Cp—Hpin f—0-4" with a C,' carboxyl (F)

83.1/4.61 Ca—Hq in f—0—-4' C-etherified with
carbohydrate (K)

84.0/5.23 Cp—Hg in f—0-4" with C,=0 (E)

84.1/4.29 Cs—Hg in f—0—-4" linked to a G type unit (A)

85.4/4.64 Co—Hg in resinol substructures (B)

86.4-87.3/4.01-4.112 Cp—Hpin f—0-4" linked to a S type unit (A)

87.5/5.46 Ca—Hq in phenylcoumaran substructures (C)

104.7/6.69 Co6—Ha1n S units (S)

106.7/7.32 Ca6—Ha in 0xidized (C,=0) S units (S")

107.3/7.22 Co6—Haz,6 in oxidized (C,OOH) S units (S"")

111.7/6.99 Co—Hz in G units (G)

115.4/6.72 and 6.94 Cs—Hs in G units (G)

119.6/6.81 Cs—He in G units (G)

@Include Cg—Hg signals, at dc/oy 86.4/4.11 and 87.3/4.01 ppm, corresponding,
respectively, to the erythro and threo forms of side chains 5—0-4'-linked to an S
unit.

(Figure 2F) and (ii) three signalsio/oy 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 HSQCGC-TOCSY) NMR
Spectra. Expansions of the oxygenated aliphatic region in the
HSQC are shown ifrigure 3. Cross-signals of methoxyls/

Oy 56.2/3.73 ppm) and side chains h-O—4' and resinols
substructures were the most prominent, together with some
carbohydrate cross-signals.

The main signals correspondedie O—4' (A) C,—H, and
Cs—Hg correlations, and resinaBj C,—H,, Cs—Hg, and double
C,—H, correlations Figure 3). The resinol and phenylcoumaran
Cs—Hp cross-signals are included together with the oxygenated
aliphatic ones because of their proximity. The above assign-
ments, and the twg—O—4' C,—H, cross-signals that in the
HSQC spectra overlapped with related signals, were confirmed

cross-signals assigned in the HSQC spectra of nonacetylatedn HSQC-TOCSY experiments that showed a set'sf—*H

samples are listed ifable 2.

The HSQC spectra{gure 2) showed three regions corre-
sponding to aliphatic, oxygenated aliphatic, and aronié@e-
1H correlations, the two latter being described below. The

correlations Figure 5). Cg—Hg correlations inf—O—4' sub-
structures gave different cross-signals if the second unit was
an S or G unit Figure 3). Moreover, G—Hg correlations
corresponding to therythro and threo forms of the S type

aliphatic (nonoxygenated) region showed signals of lipids, lignin S—O—4' substructure could be observed (afon 86.4/4.11

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 Oc/oy 20.8/1.97 ppm) and phenoliéd/oy 20.5/2.23
ppm) acetatesHigure 2C and inset). Signals of anomerig€

H; (0c/0n 102.2/4.25 ppm) correlation are indicatedrigure

2D, whereas other carbohydrate signals are mentioned below.
No cross-signals were observed in thel50-205 ppm region
(that is not shown ifrigure 2). The HSQC spectra also showed
(i) five signals @c/on 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)

and 87.3/4.01 ppm, respectively).

Signals of phenylcoumararCy C,—Hq, Cs—Hg, and G—
H, correlationsf-1' (D) Cs—Hg correlations, and—0—4'" with
a G, carbonyl E) Cs—Hg and C—H, correlations were also
detectedFigure 3), although with much lower intensities than
those from normal (¢hydroxylated) 3—O—4' and resinol
substructures. Cross-signals of lignin terminal structures included
(i) Cs—Hgp correlation in af—0—4" substructure that was
tentatively identified as bearing a carboxyl group i (),
(i) p-hydroxycinnamyl ) C,—H, correlation, and (iii) G—
H,, correlation in an oxidized unit that was tentatively identified
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Figure 1. Main structures identified in eucalypt lignin: A, 5—0-4'"; B, resinols with f—f', a—0-y', and y—0O—-a linkages; C, phenylcoumaran with
o—0-4" and 5—-0-5' linkages; D, 5-1'; E, Cq-oxidized f—0-4'; F, terminal f—0—4" with a C,’ carboxyl; G, guaiacyl unit; |, p-hydroxycinnamyl alcohol
terminal unit; J, terminal unit with a Cg carboxyl; K, —0-4' substructure C,, ether-linked to carbohydrate (R, carbohydrate; R’, H); L, /—O-4' substructure
C, 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 C,, ketone (phenolic); and S, oxidized S unit with a carboxyl in C,, (only those side-chain structures with an HSQC
relative abundance >1% are shown).

as bearing a carboxyl group ing@J). Carbohydrate-related  Hs (0c/on 75.3/3.32 ppm), &-Ha (8c/on 75.3/3.49 ppm), and
signals included (i) €-H, and G—H, correlations in3—O— Cs—Hs (6c/on 63.4/3.20 and 3.67 ppm) correlations in xylan
4" substructures that are@therified K) and C-etherified () chains M), whose G—Hj cross-signal is indicated iRigure
with carbohydrate and (ii) £-H, (6c/on 73.5/3.01 ppm), &~ 2D, together with a set of unidentified cross-signals in dae



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

A Aliphatic | B Aliphatic .
Ll 1 N = |
! . ,,,;,M-I .::'*‘.-. i B
Oxygenated aliphatic. “Tomso Oxygenated aliphatic - _, o
= *
-k —— -
PR . = I
Aromatic Aromatic 100
- < I
= g
< e i
T LI L T T T T Ty T v rrrr T T e e e B TT T 7 T L P [ TT T T I.7 L "'_ppm
g0 70 60 50 I 40 30 20 10 ppm 80 70 60 50 40 30 20 10 ppm
H By
C Aliphatic i D A]iph?tic i
Acetyl <fmpmmzry * S .
P DMAC — ‘5'7:,
g i E
Oxygenated aliphatic i
il - 50
o E
! ree
a.' I aC
Aromatic E
o i, 100
.. T T T — T T T T T T T T T T T T T T T T T T ...._ppm
80 70 60 B0 7o e0 | 6040 a0 20 10 ppm
By
E Aliphétic ¢ F Aliphatic PP g
REETE. Lo |
ey E ) R -
N T g L, i
Oxygenated aliphatic = Oxygenated aliphatic - .’ i
T PP I
-iamak i
;}k - [
Aromatic Aromatic iRk ~100
- o - - L
-2 - -
= = —
I""I"'TI""l"'-'I""|""|"""""""I"""""‘.T""I""'-'"'f""""'I""""‘_ppm
80 70 60 50 I 40 30 20 10 ppm 80 70 60 50 40 30 20 10 ppm
H 6H

Figure 2. Total HSQC 2D NMR spectra, dc/oy 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 (M;), 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 (0c/0n 18-23/1.9-2.4 ppm) at lower intensity, enabling identification of the alcoholic and phenolic acetate cross-signals.

op 67—75/3.0-3.8 ppm region that could correspond to hexose ~ Some minor signalsd¢/oy 125.7/7.79 and 8.05 and 128.8/
units in carbohydrates. 7.24 ppm) could correspond to olefinic correlations in stilbene
Aromatic Region in HSQC (and HSQC-TOCSY) NMR type structures, but their assignment was not confirmed. Low
Spectra. Expansions of the unsaturated region of the HSQC intensity (and broad) cross-signals wiih/dy 109.5/6.94 and
spectra are shown iffigure 4. The main cross-signals cor- 110.9/6.65 ppm could correspond, respectively, i&-i, and
responded to the aromatic rings of lignin units. In S units, only Cs—Hg correlations in unit A of 50—4' structures, but they
C; and G are protonated resulting in a unique and large signal. were not definitively assigned. The two cross-signals With
By contrast, different cross-signals were assigned to G units oy 115.4/6.63 and 130.5/7.03 ppm, the former overlapping with
Co—H», Cs—Hs, and G—Hg correlations. Cs—Hs in G units, corresponded toG—Hze and G 4—Hs4
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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 (6c/0n 50—95/2.6-5.6 ppm;
except dc/oy 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).

correlations in lignin H units or protein tyrosine residues, as assignment was not confirmed. The nature of the above oxidized
confirmed by their crossed correlatiofig{dy 130.5/6.63 ppm) units was revealed by the HMBC experiments.

in the HSQC-TOCSY spectrumKigure 5A). HMBC NMR Spectra. The HMBC spectra of MWL and
Signals assigned tofg—Ha ¢ correlation in G-oxidized S residual lignin from oxygen-delignified and TCF-bleached pulps

units S andS") were found in the HSQC spectra. Two small are shown Figure 6), and a list of the most significant lignin

signals withdc/oy 111/7.5 and 124/7.5 ppm could correspond cross-signals is shown ifable 3. The whole spectraHgure

to similar G—H, and G—Hg correlations in G units, but their ~ 6A,D,G, respectively) showed different signals, including
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Figure 4. Expanded aromatic region of the HSQC spectra, dc/dy 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).

correlations between alkyl protons (at 82 ppm) and
carboxyl carbons (at 170175 ppm) assigned to free/esterified
fatty acids (). However, the most interesting information was
found in the expandedy 6—8 ppm region Figure 6B,E,H).
This region showed the correlations betweesy lih normal
(6.69 ppm) and oxidized (7.227.32 ppm) S units (whose
HSQC cross-signals are shownRigure 6C,F,l) and G, Cy 6,
Css and G situated at +2 C-bond distance. Moreover,
correlations with hydroxylated {(in f/—O—4' substructures),
Co=0, and GOOH were found in the HMBC spectra of MWL

and residual lignins from oxygen-delignified and TCF-bleached

pulps, respectivelyg, S, andS"' structures).
Some of the above 44 correlations indicated that the,&

O S units were basically phenolic {€correlation at 148 ppm),
whereas the normal and,OOH S units were etherified (g
correlation at 152 ppm). £5 in etherified and phenolic S units
also correlated with the protons of their methoxy substituents

with dc/oy 152/3.7 and 148/3.8 ppm, respectively, although the

latter cross-signal also included-€Hweo correlations in minor
G units. Signals of aromatic quaternary carbons were also found
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Figure 5. HSQC-TOCSY of residual lignin from oxygen-delignified eucalypt kraft pulp: (A) total spectrum, d¢/dy 0—-135/0-9 ppm, and (B) expanded
oxygenated aliphatic region, d¢/0y 50—95/2.6-5.6 ppm, showing tH-H correlations of H, (oo, a5, ays, and auy2), Hg (Ba, BB, By, and By,), and
H, (yo, ¥B, y1y2 and y2y1) that confirmed the identification of the side-chain cross-signals (a rectangle in A indicates the region expanded in B).

in 13C NMR spectra (not shown) witbc 152 (G sin etherified cm 1) were found in the spectra of acetylated lignins. The band
S units) and 148 ppm G in phenolic S units, together with  around 1510 cm! decreased with acetylation suggesting that
Cs4in G units). it includes phenolic units.

NMR Spectra of Acetylated Lignins. The same side-chain Analytical Pyrolysis. Two representative pyrograms are

cross-signals described for underivatized lignins were observedshown inFigure 7. Assignment and molar relative abundances
in the HSQC spectra of acetylated lignins, although their position of the main peaks, all of them derived from lignin, are included
was affectedFigure 3C). The maindc difference corresponded in Table 4. They corresponded to guaiacol (peak 1) and syringol
to Cs—Hjp correlation inf—0—4' substructuresd/oy 80.5/ (peak 4) and their methyl (peaks 2 and 6), ethyl (peak 10), vinyl
4.65 ppm), and the mainy difference was that of £-H, (peaks 3 and 12), propenyl (peaks 5, 15, and 17), propine (peaks
correlation in the same substructurés/fy 74.5/5.91 ppm), 8 and 16), and allyl derivatives (peak 14). Syringol and
whereas the resinol cross-signals were affected in a minor extent4-vinylsyringol were the major products from most samples.
(Co—Hq, Cs—Hg, and G—H,, correlations withdc/dy 85.4/4.67, Aromatic (G and S type) aldehydes (peaks 7, 9, 18, and 19),
54.1/3.13, and 71.7/3.9 and 4.23 ppm, respectively) since noketones (peaks 11, 13, 21, 23, and 24), and methyl esters (peak
free hydroxyls are present in the side chains of these substruc-20) were also identified, as well as cinnamic type aldehydes
tures. Acetylation also caused a strong change of the aromatic(peaks 22 and 26) and alcohols (peak 2Z8ble 4 also shows
Cs—Hs correlation §c/oy 123.0/7.02 ppm) in G units=gure the molar S/G ratios and percentages of oxidizegHC=0)
4C). However, no modifications were observed in the HSQC and shortened (£-Co-1) side chain Py-GC/MS products.
cross-signals of S units since the two protonated carbons are Some H type compounds, such as phenol and 4-methylphenol,
metato C, where phenol acetylation is taking place. were detected in kraft (around 0.2% of total) and residual lignins
The amount of hydroxyls per lignin unit, estimated frékh (around 0.5% in lignins from oxygen-delignified and TCF pulps
NMR spectra (not shown), varied from 1.7 in kraft lignin to and lower amounts in unbleached kraft pulp lignin) being nearly
3.6 in oxygen-delignified lignin, with values around 2 hydroxyls/ absent from MWL (0.1% of total). These compounds in the
unit in the other lignin samples. The phenolic and alcoholic residual lignin pyrograms were accompanied by similar amounts
acetate signals were better separately integrated in the HSQQof indole and 3-methylindole from protein tryptophan residues
spectra Figure 2C, inset) resulting in percentages of phenolic (seeFigure 7B).
hydroxyls that varied from 8% in the oxygen-delignified pulp

lignin to 83% in kraft lignin. From these values, a percentage DISCUSSION

of phenolic units around 2535% was estimated for MWL and Eucalypt Wood Lignin. The first structural models for

pulp lignins, whereas kraft lignin showed around one hydroxyl spruce, pine, or beech lignins were established near 40 years

group per aromatic ring, as average. ago @); however, eucalypt lignin has been investigated in much
FTIR Spectra. All of the infrared spectra showed typical lesser detail despite the increasing use of this wood as a raw

lignin patterns including the triplet at 1564422 and the 1594 material in paper manufacturing.

1609 cnt! band due to aromatic ring vibrations. The FTIR The E. globuluswood lignin was characterized by a high
spectra showed a higher intensity of bands assigned to (i) abundance of S units and a near complete absence of H units.
aromatic ring breathing in S units (1326330 cnm! band) than The molar S/G ratio from Py-GC/MS (and HSQC NMR)Ef

in G units (1263-1270 cnt?! shoulder), (ii) aromatic in-plane  globulusMWL was estimated to be around 3. Its FTIR spectrum
bending in S units (11141126 cnT?) than in G units (1032 only showed a 1270 cnd shoulder as compared with the intense
1033 cn1?), and (iii) out-of-plane G-H bending in S units band at 1330 cmt. The high S/G ratio of lignin irE. globulus
(833-836 cn1Y) than in G units (913916 cn1l). Bands around ~ wood has been related to its easier pulpitg)( Its phenolic
1660 and at 17141725 cnt! were assigned to stretching of content was in the same order of MWL from other hardwoods
carbonyls conjugated and unconjugated with the aromatic ring, (36) and a little higher than reported previously terglobulus
respectively, although the former can also be due to amide (3).

carbonyl stretching, and the second one to carboxyl groups. A characteristic of theE. globulus lignin is the high
Bands of aliphatic (1740 cm) and phenolic acetates (1770 predominance gf—0O—4' interunit linkages, whose abundance
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Figure 6. Total HMBC spectra (left) and expanded &y 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).
C,6—Hz cross-signals corresponding to oxidized (dc/0n 107/7.3 ppm) and nonoxidized S units (¢c/dn 105/6.7 ppm) are shown in the HSQC spectra (C,
F, and I). The expanded HMBC spectra revealed different multiple-bond 3C—1H correlations between H,¢ 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.

in MWL was estimated as 79% of side chains (including 2% T2 relaxation times anéJcy values 82), the maximum error

of C,=0 substructures), followed by resinol (16%) and small in integrations could be less than 10%. For a detailed discussion
percentages of phenylcoumaran (2%) #hdl linkages (2%), on quantitative HSQC NMR of polymers, see Zhang and
together with a low percentage (1%) pfhydroxycinnamyl Gellerstedt 82).

alcohol terminal structures. As mentioned by Heikkinen et al.  An erythrdthreoratio of 8.3 was calculated for the S type
(31), the cross-signal intensity in HSQC experiments is related f—0O—4' substructures in agreement with the tendency of S units
to sir(wA/*Jch), where A is the time for evolution of the  to favor theerythroisomer @7). In contrast, a near 1:1 ratio
heteronuclear coupling constants. Therefore, because the abovlas been reported in softwood lignid5j. Taking into account
semiquantitative analysis was focused on similar carigyoton the high S/G ratio oE. globuluslignin, syringaresinol will be
pairs in analogous samples, which should also have both similarthe main resinol type substructure (together with some pinores-
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Table 3. Assignment of Lignin 13C—H Cross-Signals Involving
Quaternary Carbons in the HVBC Spectra of Eucalypt MWL and Pulp
Residual Lignins Shown in Figure 6

Oclon (ppm) assignment
127.1/7.19 C1—Ha in oxidized (C,OOH) S units (S")
127.1/7.32 C1—Hy in oxidized (C,=0) S units (S')
134.7/6.69 C1—Hain S units (S)
138.4/6.69 C4—Hain S units (S)
140.7/7.19 C4—Hy in oxidized (C,O0H) S units (S")
141.5/7.32 C4—Hy in oxidized (C,=0) S units (S')
148.0/7.32 C35—Ha6 in oxidized (C,=0) S units (phenalic) (S')
152.5/6.69 Cs5—Hag in etherified S units (S)
152.5/7.19 Cs35—Ha6 in oxidized (C,OOH) S units (etherified) (S')
167.3/7.19 Cearboxy—Hz,6 in oxidized (CoOOH) S units (S")
197.9/7.32 Cearbonyi—Hz,6 in oxidized (C,=0) S units (S')
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Figure 7. Py-GCIMS, 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.

inol and mixed S G structure). In the same sense, the
p-hydroxycinnamyl alcohol terminal structures probably cor-
responded to Eetherified sinapyl alcohol. The absence gfFC
Ho and G—Hg cross-signals has been explained by the lower
sensitivity of 2D NMR olefinic signals26). Coniferyl alcohol
has been reported in softwood MWL based on the-8,
correlation signalZ5). Spirodienones, described in lignid4),
have been detected in MWL from five eucalypt species
(unpublished), with §—Hg, Cs—Hpg, C;—Hz, and G—Hg cross-
signals atdc/oy 81.8/5.08, 60.4/2.73, 107.4/6.33, and 114.4/
6.25 ppm, respectively, but their abundance was lovEin
globulus

The above results differ from those recently reportedEor
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 Eorglobulusdioxane
lignin, although with a higher S/G ratio of 6L A small
percentage of H units has been reported in eucalypt lighin (
2); however, we failed to confirm it ie. 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

Ibarra et al.

Table 4. Py-GC/MS of Eucalypt MWL, Kraft Lignin, and Residual
Lignins from Kraft, Oxygen-Delignified (O—0), and TCF-Bleached
(O—0-Q—PoP) Pulps (S/G Ratios and Percentages of Oxidized and
Short Side-Chain Products Are Also Shown)?

kraft ~ kraftpup 0-O 0-0-Q-PoP

MWL lignin lignin lignin lignin
1. guaiacol 3.7 39 6.1 6.5 38
2. 4-methylguaiacol 24 3.7 17 1.8 15
3. 4-vinylguaiacol 1.7 34 6.2 6.3 5.9
4. syringol 122 237 18.4 19.3 13.8
5. tisoeugenol 19 11 33 3.2 25
6. 4-methylsyringol 72 167 48 49 6.0
7. vanillin 1.0 14 1.0 14 0.8
8. 4-propineguaiacol 17 0.0 11 0.5 1.0
9. homovanillin 13 0.0 0.2 0.1 0.0
10. 4-ethylsyringol 25 6.5 14 19 13
11. acetoguaiacone 1.0 1.0 0.8 0.9 0.5
12. 4-vinylsyringol 180 105 14.5 14.2 18.4
13. guaiacylacetone 0.8 0.7 15 1.8 14
14. 4-allylsyringol 15 19 2.2 24 2.6
15. ¢-4-propenylsyringol 1.0 1.0 13 1.6 15
16. 4-propinesyringol 5.5 19 7.7 3.2 8.5
17. t-4-propenylsyringol 74 4.0 8.8 9.7 10.2
18. syringaldehyde 37 6.8 3.0 34 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 13
21. acetosyringone 37 5.7 2.6 2.6 21
22. t-coniferaldeyde 1.0 0.0 0.0 0.0 0.0
23. syringylacetone 3.0 2.3 51 6.6 6.3
24. propiosyringone 0.7 0.9 0.5 0.5 0.3
25. t-sinapyl alcohol 13 0.0 0.0 0.0 0.0
26. t-sinapaldehyde 5.3 0.0 34 2.7 4.0
SIG ratio 32 52 3.0 30 39
Ce—C=0 (%)’ 186 206 16.4 194 16.8
Ce—Co-1(%)° 341 574 36.1 38.7 30.6

@Mean molar abundances of main Py-GC/MS marker compounds (attaining
1% in at least one sample). © Percentage of oxidized compounds bearing a carboxyl/
carbonyl group. ¢ Percentage of compounds bearing a side chain of only 0-1 C
atoms.

modifications in lignin have been investigated in det&i8)(
including kraft pulping of eucalypt wood4). Residual lignin
from the unbleached kraft pulp and kraft lignin from the pulping
liquor were analyzed aftét. 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 pul®)( but the lignins
obtained exhibited high purity and maintained its unaltered
chemical structurel().

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%—0—4', 18% resinol, and 1%
phenylcoumaran side chains). This contrasted with the enrich-
ment in /—0O—4' substructures reported for eucalypt pulp
residual lignin @). Signals with 6c¢/6y 51/3.1 ppm could
correspond to unidentifigfl—/4' substructures found in eucalypt
wood and pulp ligninZ, 39). On the other hand, the decrease
of side-chain linkages was very significant in kraft lignin, and
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the corresponding cross-signals showed very low intensities. being assigned to pentose and hexose urd{s2, 28). A
Moreover, the relative abundance of the surviving interunit contaminant identified as poly(ethyleneoxy-propyleneoxy) was
bonds was dramatically modified, resulting in a high percentage found in all of the pulp residual lignins but was absent from
of resinol linkages (77% side chains) whereas fheO—4' MWL and kraft lignin, suggesting that it originated from
percentage was comparatively low (only 15%). The ratio material used in solvent purification of lignins. The same
between resinol and—0—4' substructures in this lignin was  contaminant has been reported in spruce pulp residual lignin
higher than reported for other kraft lignin®5, 26), a fact that (25).

could be related to differences in the kraft lignin isolation Effect of Oxygen on Eucalypt Pulp Lignin. Oxygen
method in addition to differences in cooking and raw material gejignification was introduced in the 1970s for manufacturing
characteristics. Py-GC/MS confirmed the extensive removal of pth elementary chlorine free (ECF) and TCF pulps. There is
side chains in kraft lignin, as shown by the high percentage ahyndant literature on the effect of oxygen on the lignin in pulps
(57%) of lignin breakdown products with shortened chains, as fom different woods 43) including eucalypt wood3).
compared with MWL. (34%). Sinapyl and conif(_aryl alcohols HSQC NMR suggested a decrease of lignin S/G ratio by
Epsakﬂgfvzydizauvggc?r Ovr\:]erlav\?r oir:qg ;Bceorg]ai:Ze Pv)\//}tflct/m S oxygen, but this was not confirmed by Py-GC/MS. The intensity
literature @O)pwere absent from th,e kraft lianin bvrodrams of side-chain signals and the relative abundance of interunit
T . ghin pyrog ) linkages were similar to those found in the unbleached kraft
HSQC gross-3|gn§1|§ of new tgrmlnal structures appeared afterpmp lignin (78%3—0—4', 15% resinol, and 1% phenylcou-
kraft pulping. C;—ox!dlzed te_rmlnal_ structures (ACHOH- maran). Terminal sinapyl alcohol (4%) and putative—Ar
(.:OQH) were tentgtwely assug_ned In t_he HSQC spectra Of both cHoH-cooH (2%) structures were also observed. In this
lignins, representing 2% of side chains in kraft pulp residual sense, it has been reported that oxygen mainly acts on superficial

Iignin an_d up t_o 8% in kraft _Iignin due to_destruction of other pulp lignin, total lignin maintaining most of its structural features
side chains. Similar aromatic hydroxyacids had been reported(44)

in pine kraft lignin as intermediates in side-chain degradation
(26), and a signal with the sande/oy was found in preliminary
characterization of eucalypt kraft ligni29). 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
Cs-oxidized structures, frequent,©xidation in kraft lignin was
suggested by the £—H,¢ correlation signals in S units
discussed in the next section.

The extensive breakdown gf~0—4' linkages during pulp-
ing, together with eventual demethoxylation or hydroxylation
resulted in a very high phenolic content of kraft ligni),(as

compared with MWL where etherified units were predominant. substructures, 39) were found in the eucalypt MWL, but the

This agreed with the high intensity of the 1770 ¢nband of - .
aromatic acetates in the FTIR spectrum of acetylated samplesabsence of a cross-signal willa/ou 83/4.5 ppm showed that

L - : similar structures in oxygen-delignified pulp residual lignin did
(18). In pulp lignin, over 35% units were phenolic, a percentage . .
lower than reported for acidolysis lignin from eucalypt pulp not present a gether linkage, most probably because of alkaline

with a similar degree of delignification4). The relative br%akdoyvn?). Moreﬁver, ghehHMBC correlatitl)n bfetweea,l,—lc
percentage of aliphatic hydroxyls strongly decreased in the kraft gtnherci\?i’gén@ o 6“”';55 25/ BO;NSpnz) ﬁh@?:;sn%rgé Ouzlr:istswv(\a/ge
lignin, d with MWL, i t with side-chai . H ;

'gnin, as compared wi In agreement with side-chain predominantly phenolicdc/oy 148/7.3 ppm). Therefore, sy-

removal and eventual demethoxylation. ! ; e
As sh by the whol { . d ¢ frlngone type structures (HE6—CO—R) were identified in the
S Shown Dy the whole Spectra, an increased amount of g globuluspulp lignin after oxygen delignification.

aliphatic structures was produced in pulp lignin, the aliphatic . . .
nonoxygenated region (DMSO signal excluded) representing . 't iS generally accepted that the action of oxygen on lignin
16% of the total HSQC signals in kraft pulp lignin and only focuse_s on the phe_nollc units, resulting in ring opening and
8% in MWL and kraft lignin. The HMBC spectrum showed muconic gmd formatlon, although the Iatt.er c.ompound.s.are often
the presence of fatty acids that were not detected in MWL, in Present in minor amounts due to their high reactivigf)(
agreement with reports suggesting lipid incorporation into kraft However, the residual lignin from oxygen-delignified eucalypt
pulp lignin (). Whereas the kraft lignin (and MWL) HSQC pulp still contz_ilned near 30% phenolic units (a percentage Iovyer
spectra were basically depleted of carbohydrate correlations,than found in unbleached kraft pulp), and muconic acid
intense cross-signals assigned to xylaB) (vere found in the formation _could not be (_Jlemonstrate_d._'l_'hls |nd|catt_ad that lack
kraft pulp lignin. In fact, this preparation seems to be a lignin of phe_nollc structures is not the limiting factor in oxygen
carbohydrate complex, containing glucose and xylose and lowerPleaching of eucalypt kraft pulp, as found also for other pulp
amounts of arabinose and galactose units (unpublished results)tYPes ¢6).

Xylan and unassigned glucan cross-signals were present, It has been reported that oxygen delignification of softwood
together with those gf—O—4' substructures g&C,-etherified pulp resulted in residual lignin enriched in H uni#s). When

to carbohydrate (most probably hexopyranose units linked to lignin was analyzed directly in the pulgd?), the increase could
the main xylan)41). A small percentage of direct xylatignin be due to higher recalcitrance of H uni#6) but it has also
linkages was suggested by a very minor cross-signal wth been related to polysaccharide oxidation produdg.(When

on 102.2/4.92 ppm, assigned to xylosgf@rming a glycosidic enzymatically isolated lignins were analyzd®), the supposed
type linkage with a phenolic hydroxy#t@). Carbohydrate cross-  enrichment is probably due to protein contamination, since
signals have been found in spectra of other residual lignins, tyrosine residues and lignin H units are difficult to distinguish

Oxygen delignification resulted in an increase of oxidized S
units (estimated from the aromatig £-Ha ¢ 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 &-H, and G—He correlation
signals 26, 30). HMBC correlations between the aromatig ¢
and side-chain carbons demonstrated that the oxidized S units
presented a L£carbonyl group §c 197.9 ppm), whereas the
normal S units had a hydroxylated @ a3—0O—4' substructure
(6c 72.3 ppm). Moreover, its characteriside indicated that
" the conjugated carbonyl in lignin from the oxygen-delignified
eucalypt pulp was a ketone group, ®etones inf—0O—4'
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by 2D NMR (same gs—H3s and G ¢—H> ¢ 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,

Ibarra et al.

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 lignircarbohydrate benzylether linkages were

the aliphatic nonoxygenated region representing more than 25%nearly absent from the residual lignin of the final pulp. Partial

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 acid#9), 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 lignid-3).

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 gf—O—4' substructures
increased to a value similar to that found in MWL (81% of

side chains) whereas 3% phenylcoumaran side chains were

found. Theerythrathreoratio of 5—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 literatub). In the HSQC
spectrum of the final pulp residual lignifi;-O—4' substructures
with a GyOOH second unit (4% side chains) were tentatively
identified @5, 29). Other structures identified in unbleached and
oxygen-delignified pulp lignins were still present in the final
pulp lignin (1% sinapyl alcohol and 4% AICHOH—COOH).

A very small cross-signal witlc/oy 80.2/5.49 ppm in the
HSQC spectrum of the residual lignin from the final pulp would
correspond to ¢&—H, correlation ina—0—4'/—0—4" sub-
structures27). Noncyclica—O—4' structures were reported to
be below the NMR detection limits in MWL frork. globulus

(2), but they were found in low amount (0.23% units) En
globuluswood dioxane lignin 1). An unidentified aromatic
signal with 6c/0y 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 characteristiéc 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 Cs—Hs 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/M32). It most
probably originated from the cellulase used in lignin isolation,
a fact supported by the HMQC spectrum of this enzy3®.(
Taking into account the tryptophan plus tyrosine content of
cellulase $0), a maximal protein content of 15% could be
estimated by Py-GC/MS, in agreement with ar2®%6 N content.
However, this protein did not hamper 2D NMR analysis of
residual lignins since no overlapping with the most informative
cross-signals was produce80f and it could be detected by
Py-GC/MS (3).

The aliphatic nonoxygenated region showed nearly the same

breakdown of the above linkages has been reported during
treatment of pine kraft pulp with hydrogen peroxide in the
presence of manganese complex2f).

TheE. globuluswood lignin, as revealed by MWL analysis,
is a basically linear polymer mainly constituted By-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,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
x 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, 6062000
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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