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ABSTRACT

Eucalyptus globulus wood was subjected to kraft pulping,
reaching different extents of delignification. The residual and
dissolved lignins were isolated by soft acidolysis and acidic
precipitation, respectively, and submitted to analysis of resid-
ual sugars and methoxyl groups, as well as to analysis by
nitrobenzene and permanganate oxidation and thioacidolysis.
Results from both residual and dissolved lignins analyses
indicated that in the initial phase of pulping there is a preferen-
tial removal of lignin enriched in guaiacylpropane (G) and
p-hydroxyphenylpropane (H) units, which is highly condensed
and bonded with polysaccharides, predominantly with xylan.
During the bulk and residual phases of pulping, lignin enriched
in syringylpropane (S) units is progressively removed, leading
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to the increase of S/G ratio of black liquor lignin. After a
purification step of dissolved lignins, two fractions with distinct
levels of carbohydrates and with different structural features
were obtained. The overall results were interpreted in terms of
the topochemistry of the kraft pulping process.

INTRODUCTION

In the last decades, Eucalyptus globulus wood has assumed an increas-
ing importance as a raw material for the production of high quality pulp
and paper. The knowledge of the chemical transformations undergone by
wood components during industrial pulping and bleaching is crucial for the
optimization of processes and product quality.

The nature of the dissolved and residual lignins produced during kraft
pulping procedures has been the subject of many studies.[1–7] These studies
have established the general chemical structure of dissolved and residual
lignins and elucidated some of the chemical pathways of lignin degradation
during the kraft pulping. As far as E. globulus is concerned, it was believed
that its composition and the behavior of its components during kraft pulp-
ing should be similar to those described for other hardwoods. However,
recent studies have shown that the components of plantation E. globulus
wood (particularly hemicelluloses and lignin) bear specific structural fea-
tures.[8,9] Such differences prompted us to investigate in detail the chemical
behavior of E. globulus components during kraft pulping.

In this work, we report an integrated study on the chemical transfor-
mations of Eucalyptus globulus lignin during kraft pulping using different
degradation and non-degradation techniques (NMR, Electrospray Ioniza-
tion Mass Spectrometry (ESI-MS) and Gel Permeation Chromatography
(GPC)). The first part of the paper deals with the results obtained by
different chemical degradation techniques.

EXPERIMENTAL

Materials

Standard wood chips of 12 years old E. globulus trees were used for
pulping experiments. The chemical composition (%, o.d. wood) was as
follows: Klason lignin—20.0%; extractives (ethanol/toluene)—2.2%; holo-
cellulose (chloritemethod)—78.0%.All solvents and chemicals usedwerepro-
analysis grade products supplied by Aldrich and Sigma, Chem. Co. (Madrid).

94 PINTO ET AL.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

Pulping Experiments

Laboratory-made E. globulus kraft pulps were obtained using stan-
dard conditions: liquor-to-wood ratio—4 : 1; active alkali (Na2O)—15%
o.d.w; sulfidity—28%; initial temperature—40oC; final temperature—
160�C; time to final temperature—120min. The pulping was performed in
a M/K System batch digester (model 409 MII). All pulps (or partially
delignified wood) were defiberized in a disc refiner, thoroughly washed
with distilled water and air-dried. In order to remove extractives, pulps
were extracted with dichloromethane for 8 h in a Soxhlet extractor.
Kappa number, Klason and acid soluble lignins were determined by stan-
dard TAPPI methods. After pulping, the black liquors were immediately
saturated with nitrogen and placed in a freezer at 4�C.

Ten pulping experiments were carried out with cooking times varying
from 30 to 180min. The delignification curve obtained, together with the
temperature profile, is shown in Fig. 1.

Isolation and Purification of Lignins

Residual lignins from initial wood and from kraft pulps were isolated
following the published method of mild acidolysis, which basically involves
refluxing the pulp in a 1.5% HCl 9 : 1 (v/v) dioxane : water solution in nitro-
gen atmosphere using three short extraction steps.[8] The yield of lignin was

Figure 1. Delignification degree of E. globulus wood vs. pulping time.

EUCALYPTUS GLOBULUS LIGNIN. I 95

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

around 70% (based on Klason lignin content) for wood and poorly deligni-
fied pulps, decreasing to about 40% as the degree of delignification of pulps
increases. The ash content in isolated lignin samples was about 1% (w/w).
The sugar composition of lignin samples was determined by acid hydroly-
sis[10] followed by GC analysis of sugars as TMS derivatives.[11] In isolated
residual lignins the sugar content was quite low (1.3–1.8% w/w).

Lignins from black liquors were isolated by acidic precipitation to pH 3
with aqueous H2SO4 (1 : 1). The precipitated material was washed with
distilled water and centrifuged several times until the pH of the washing
solution reached 6. Lignins were extracted with ethyl ether at room
temperature, filtered, washed with water and freeze-dried. The isolated lig-
nins were submitted to ash and carbohydrate analyses. The ash contents
were in the range of 1.0–9.2%. The total carbohydrate contents were quite
high and highly dependent on the degree of delignification (Table 2). Xylose
was always the most abundant sugar, representing more than 76% of the
weight of total sugars.

The black liquor lignin samples were submitted to further purification
by dissolution in dioxane. The dioxane-non-soluble fractions, enriched in
carbohydrates, were washed thoroughly with dioxane, filtered off, and
freeze-dried. The dioxane-soluble fractions, enriched in lignin, were recov-
ered by precipitation in water and freeze-dried. Sugar analysis of both
fractions was performed as described above.

The designations used for lignin samples were as follows: RL—resi-
dual lignins; BL—black liquor lignin without purification; BLp—purified
black liquor lignin (soluble in dioxane) and BLs—black liquor lignin
fraction remaining after purification (non-soluble in dioxane, rich in sugars).

Chemical Analysis

Nitrobenzene oxidation (NO) was performed with 30mg of BL lignin
samples, or with a corresponding amount of sugar contaminated lignin,
BLs, (calculated as lignin).[12] TMS derivatives (derivatization performed
according to a published method[11]) of oxidation products were analyzed
by GC (130–270�C). The quantification of nitrobenzene oxidation products
was performed using dimethylphtalate as an internal standard.

Potassium permanganate oxidation (PO) was performed with 50mg of
lignin or with a corresponding amount of sugar contaminated lignin.[12,13]

Oxidation products were methylated with diazomethane and analyzed
by GC (150–270�C). The quantification of permanganate oxidation prod-
ucts was performed using pyromellitic acid tetramethyl ester as an internal
standard.[13]
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Thioacidolysis (TA) was carried out using an established method-
ology.[14] Thioacidolysis products were quantified as TMS derivatives by
GC (160–290�C), using n-icosane as internal standard.

Analyses were performed on a Varian Star 3400CX chromatograph
equipped with a fused silica capillary column SPB-5 (30m� 0.25mm i.d.;
0.25 mm film thickness; Supelco) with hydrogen as carrier gas (55 cm/s).
Temperature programs consisted of an initial temperature of 130–160�C
and a programmed rate of 5�C/min to a final temperature of 270–290�C.
The FID temperature was the same as the program final temperature and
injector temperature was 230�C.

The NO, PO and TA products were identified based on their retention
times and mass spectra using a GC-MS HP 5890 equipped with a selective
mass detector MSD series II using Helium as carrier gas (35 cm/s).

Methoxyl group contents in lignins were determined by a modified
Zeisel method[15] while the elemental composition was determined using a
LECO instrument, CHNS-932. Table 1 shows the empirical formula of
lignins based on their elemental analysis and methoxyl groups determina-
tion. The results are corrected for ash and sugar contents.

RESULTS AND DISCUSSION

Four pulping experiments were selected as representative of the differ-
ent delignification phases: initial (30min, 19.0% delignification), initial-to-
bulk transition (100min, 40.0% delignification), bulk (120min, 76.0%
delignification, kappa number 59.8) and residual phases (160min, 94.4%
delignification, kappa number 16.6). The selected pulping experiments are
assigned in Figure 1.

Aiming to identify the structural and chemical changes taking
place during the process of E. globulus kraft pulping, we isolated and

Table 1. Empirical Formula of Wood Lignin, RL and BLp

% Delignification RL BLp

0* C9H7.9O2.9 (OCH3)1.49 –
19.0 C9H8.3O3.3S0.1(OCH3)1.77 C9H7.4O3.1S1.0(OCH3)1.43
40.0 C9H8.8O3.9S0.05(OCH3)1.62 C9H7.6O3.0S0.4(OCH3)1.46
76.0 C9H8.1O3.3S0.1(OCH3)1.60 C9H7.3O3.2S0.2(OCH3)1.67
94.4 C9H8.1O2.5S0.2(OCH3)1.49 C9H8.0O3.4S0.2(OCH3)1.64

*Initial wood.
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characterized the residual lignins from these pulps (RL) and dissolved
lignins from the correspondent black liquors (BL).

Black liquor lignins isolated by acidification contained high amounts
of carbohydrates, primarily composed by xylose. Such contamination is
particularly high (33.7%) in the initial stage of delignification (30min),
decreasing then as the delignification proceeds. After the purification
process (see Experimental), a lignin fraction containing low carbohydrate
content (BLp) was obtained (60–75% reduction of carbohydrates content)
together with a higher carbohydrates content lignin fraction (BLs) (Table 2).
Both lignin fractions (BLp and BLs) were analyzed in order to investigate
the eventual differences in their structure.

Analysis of Methoxyl Groups

Table 3 summarizes data from the methoxyl group analysis of all the
isolated lignins. The results on methoxyl group contents were corrected for
the lignin ash and sugars contents.

The content of methoxyl groups in the initial phase RL (after 30min of
pulping) is even higher than that in wood. Then, a decrease of the methoxyl
content in residual lignin occurs. On the other hand, the methoxyl content of
BL in the early stages of pulping is rather low when compared with the
methoxyl content of wood. Although there is a tendency for increasing, the
BL methoxyl content is always low until the end of cook, when compared to
RL. The comparison between data from BL, BLp and BLs analyses shows
that the lignin present in the carbohydrates rich fraction (BLs) has a low
methoxyl groups content (7–8%), while the purified black liquor lignin
(BLp) has methoxyl groups content not very different, on average, from
RL. These data indicate that the lignin dissolved in the initial stage of the

Table 2. Total Sugar Contents in Black Liquors Lignin Without
Purification (BL) and in Lignin Fractions After Purification (BLp
and BLs)

Pulping

Time (min)

% of

Delignification

BL

% (w/w)

BLp

% (w/w)

BLs

% (w/w)

30 19.0 33.7 14.2 41.8
100 40.0 17.6 7.0 32.4

120 76.0 10.7 4.5 33.9
160 94.4 6.0 1.5 18.9
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kraft pulping is enriched in p-hydroxyphenylpropane (H) and guaiacylpro-
pane (G) type units. Furthermore, it also suggests that there is a preferential
association between hemicelluloses and lignin fractions enriched in H and G
units.

Nitrobenzene Oxidation (NO)

The method of NO is a technique that covers the analysis of uncon-
densed structures of lignin.[16,17] Thus, G type units yield vanillin while
S type units yield syringaldehyde as major products in NO.[17] The frequency
of occurrence of each product issued from NO of BLp and BLs, as well as
the oxidation yields, are shown in Tables 4 and 5. For comparison, the
frequency of occurrence of NO products from eucalypt dioxane lignin is
also presented in Table 4.

The NO yield of BLp decreases as the delignification proceeds. This
observation can be assigned to an increase in the abundance of condensed
structures in black liquor lignins.

In the initial phase, the dissolved lignin shows a higher content of
G type units than that of wood lignin. In the following delignification
stages, particularly during the bulk phase, the V : S (Vanillin : Syringaldehyde)
ratio is close to that found in wood. These observations are in agreement
with results on the methoxyl group analysis.

The low yield of oxidation products obtained for BLs (Table 5) may be
assigned to a high abundance of structures resistant to degradative oxida-
tion (condensed structures) in this fraction. The V : S ratio of BLs fractions
is not as small as it could be expected from the methoxyl results. This
discrepancy can be due to a high level of condensed structures involving

Table 3. Methoxyl Group Content of Residual Lignins (RL)

and Black Liquor Lignins (BL, BLp, BLs)

%
Delignification

RL
% (w/w)

BL
% (w/w)

BLp
% (w/w)

BLs
% (w/w)

0* 22.2 – – –
19.0 24.3 9.3 18.3 7.1
40.0 21.7 12.4 20.4 8.1
76.0 22.4 18.2 23.0 7.6

94.4 22.2 16.9 22.6 6.6

*Initial wood.
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H and G units, which is in accordance with the low yield of NO products
observed.

Permanganate Oxidation (PO)

Although only the phenolic phenylpropane units are accessible to this
analysis (25–35% of total units), they should represent the main structural
tendencies of lignin as a whole.[18] The nine most prominent degradation
acids obtained after the PO of lignins are presented in Fig. 2.

Table 6 presents the frequency of occurrence of PO products from
residual lignin in each selected phase of kraft delignification. During the
initial delignification phase, in which approximately 19% of the lignin is
dissolved, the number of G units (product 2) in residual lignin increases.
This is in apparent conflict with methoxyl analysis and NO results.

Table 4. Frequency of Occurrence of NO Products from Purified

Black Liquor Lignin (BLp)

%

Delignification

Products Frequency
(Analyzed as TMS Derivatives), mol % Yield

%, w/w
Vanillin Syringaldehyde

0 13 87 36.5

19.0 26 74 37.8
40.0 23 77 28.8
76.0 16 84 27.6

94.4 17 83 19.8

Table 5. Frequency of Occurrence of NO Products from Sugar-Rich
Black Liquor Lignin Fraction (BLs)

% Delignification

Product Frequency
(Analyzed as TMS Derivatives), mol %

Yield
%, w/wVanillin Syringaldehyde

19.0 25 75 4.8
40.0 22 78 9.1
76.0 20 80 3.8

94.4 20 77 2.3
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A tentative explanation is the formation of new guaiacyl end-groups (which
become accessible to PO analysis) due to cleavage of a-or b-aryl ether
structures early in the cook. This suggests a higher accessibility of morpho-
logical regions rich in G units in the early stages of the cook.

Figure 2. Carboxylic acid methyl esters obtained by PO of lignins.

Table 6. Frequency of Occurrence of PO Products of Residual Lignins (RL)

%
Delignification

Frequency of Occurrence of
Carboxylic Acidsþ (Analyzed as

Methyl Esters), mol %
Yield of Esters,

%, w/w1 2 3 4 5 6 7 8 9

0* 2 26 54 2 2 3 2 1 8 16.3
19.0 2 34 49 2 2 3 2 1 5 13.8

40.0 2 26 50 3 2 3 3 2 9 14.0
76.0 2 22 52 3 2 2 4 3 10 14.7
94.4 2 21 53 4 1 1 4 3 11 15.2

*Initial wood; þKey to products designations in Fig. 2.
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As the delignification proceeds, there is a small increase in the fre-
quency of occurrence of S units (product 3). During the bulk delignification
phase, the frequency of occurrence of biphenyl structure 7 and diaryl ether
structures 8 and, particularly 9, increases. Such structures resist the alkaline
degradation and their content increases in pulp along the delignification.
The residual lignin condensation during the pulping is reflected by appear-
ance of increasing amounts of product 4 arising from a-5 structures.

Table 7 presents the frequency of occurrence of PO products of BLp in
each selected phase of kraft delignification. The higher frequency of prod-
ucts 1 and 2 at the beginning of the kraft cook, comparatively to that
observed in wood lignin, supports the previous suggestion that H and G
enriched lignin is firstly dissolved. The delignification process is clearly
accompanied by chemical changes in the structure of dissolved lignin. The
transition point between initial and bulk delignification clearly shows an
increase in the abundance of S type units in the black liquor lignins
(Table 7). Simultaneously, the data obtained shows a decrease of G type
condensed lignin structures of biphenyl type (product 7) and, in some extent,
a decrease of G type condensed structures in positions 5 and 6 of aromatic
ring (products 4 and 5, respectively). This indicates a predominant removal
of condensed structures of this type in the initial stage of delignification. The
complex variation of the relative abundance of lignin condensed structures
represented by product 4 (Table 7) is explained by two simultaneously
occurring processes: (i) removal of a lignin fraction containing phenyl-
coumaran structures; (ii) condensation of G type structural units in the
pulping solution. Additionally, the removal of lignin enriched in S units in

Table 7. Frequency of Occurrence of PO Products of Purified Black Liquor Lignin
(BLp)

% of

Delignification

Frequency of Occurrence of
Carboxylic Acids+ (Analyzed as

Methyl Esters), mol %
Yield of Esters,

%, w/w1 2 3 4 5 6 7 8 9

19.0 3 45 32 8 2 1 5 1 3 20.4
40.0 1 32 47 7 1 1 3 1 7 34.4

76.0 2 30 45 9 1 1 3 3 6 11.9
94.4 1 18 60 6 1 0 3 2 9 26.3

þKey to products designations in Fig. 2.
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the bulk phase of the delignification, naturally leads to the decrease of the
relative abundance of G type structures in black liquor.

Table 8 presents the frequency of occurrence of PO products of BLs in
the transition point between initial and bulk phase (40.0% delignification)
and in bulk phase (76.0% delignification). The PO yields of BLs samples are
very low. This suggests that lignin fractions enriched in carbohydrates carry
a small content of free phenolic structures.

The results presented in Table 8 show a frequency of occurrence of
products 1, 2 and 3 (derived from uncondensed H, G and S units, respec-
tively), which is clearly different from that of BLp. In early stages of the
cook (40.0% delignification) G units predominate over S units while in the
bulk phase (76.0% delignification) S units are predominant. This result
confirms again that lignin is removed from wood in a non-homogeneous
way: H and G enriched lignin is dissolved intensively in early stages of kraft
delignification and this lignin is strongly bonded to carbohydrates. On the
other hand, it is clear from these results that such lignin (BLs, 40.0%
delignification) has a high frequency of products 4, 5 and 6 coming from
condensed structures involving C-5 or C-6 positions in aromatic rings.

Thioacidolysis (TA)

Thioacidolysis is a chemical degradation method for the analysis of
uncondensed lignin fraction, which involves the cleavage of ether struc-
tures.[19] Table 9 presents the frequency of occurrence of TA products
from RL in each selected phase of the delignification.

The high yield of TA products (such as G(S)-CH(SEt)-CH(SEt)-
CH2(SEt)) from a RL sample at the initial stage of the delignification

Table 8. Frequency of Occurrence of PO Products of Sugar-Rich Black Liquor

Lignin Fraction (BLs)

% Delignification

Frequency of Occurrence
of Carboxylic Acidsþ (Analyzed as

Methyl Esters), mol %
Yield of Esters,

%, w/w1 2 3 4 5 6 7 8 9

40.0 8 40 28 9 5 3 3 1 3 2.3
76.0 4 26 47 7 2 1 4 2 7 3.5

þKey to products designations in Fig. 2.
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indicates a high abundance of b-O-4 type structures. The data demonstrate
that this lignin contains even a smaller amount of condensed structures than
that wood does. The dissolution of a fraction of condensed lignin structures
from wood at the beginning of the pulping is the most likely reason for this
feature, as previously suggested by the PO results. The decrease in yield of
TA products during the course of delignification shows that the residual
lignin is progressively more condensed and poorer in b-O-4 structures.

Enol ether type structures are known intermediates of alkaline degra-
dation of b-aryl-ether lignin structures.[20] Thus, their presence in residual
lignin of kraft pulp is expectable. In the thioacidolysis procedure, enol ether
structures give rise to characteristic products (G(S)-CH2-CH(SEt)2) that
were detected and quantified.[14] The relative proportion of these structures,
in reference to the total yield of TA, did not show significant changes along
the pulping.

The results of TA of BLp samples (Table 10) revealed the same ten-
dencies as suggested by other analyses: the first dissolved lignin is enriched
in G units (when compared to wood lignin) while the dissolution of S units
increases with cooking time.

On the other hand, the results show a clear decrease of b-O-4 type
structures in the lignin dissolved in the liquor and an increase of relative
abundance of enol ether type structures as pulping pursues. Finally, the
observed decrease of TA products yield can be attributed to the fewer
ether linkages and an increase of condensation reactions.

Kraft pulping is accompanied by demethylation of aromatic methoxyl
groups.[20] This reaction gives compounds such as methyl mercaptan,

Table 9. Frequency of Occurrence of TA Products of Residual Lignins (RL)

Frequency of Structure Types
(Analyzed as Thioethyl Ether and TMS

Derivatives), mmol g�1

%
Delignification

Enol
Ether (G)

Enol
Ether (S)

b-O-4
(G)

b-O-4
(S)

b-O-4
(S0)

Yield,
mmol g�1

0* 30 98 262 1191 0 1581
19.0 29 119 510 1782 0 2440

40.0 20 79 263 1147 0 1509
76.0 14 47 310 979 29 1350
94.4 11 29 238 783 45 1106

*Initial wood.
S0: 3,4-di-hydroxy-5-methoxyphenyl derivative.
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dimethyl sulfide and dimethyl disulfide, with the concomitant formation of
cathecol-type structures.[20] These reactions occur essentially during the bulk
and residual stages of kraft pulping as suggested by the appearance of a
cathecol-type structure (aromatic structure with an OH group in position 3
of the aromatic ring, designated by S0) both in residual and black liquor
lignins (Tables 9 and 10).

CONCLUSIONS

The results from the analyses of residual and black liquor lignins
isolated on different stages of E. globulus kraft pulping revealed significant
differences in their structure. Particularly, in an early stage of the delignifi-
cation, lignin enriched in H and G type units with high proportion of con-
densed structures is removed. The dissolution of lignin enriched in S type
units increase gradually as the pulping proceeds, reaching an S/G ratio
similar to that in wood. The residual lignin undergoes condensation
during the pulping (appearance of a-5 structures) and the contents of 5-50

and 4-O-50 structures increases. Simultaneously, the abundance of b-O-4
structures gradually decreases as pulping proceeds. The dissolved lignin
contains significant amounts of enol ether structures. A considerable
demethoxylation of both residual and dissolved lignins was observed in
the residual phase of the delignification.

The heterogeneity in lignin removal during the pulping of Eucalyptus
globulus can be explained in terms of the heterogeneous lignin structure in
cell wall tissues and the topochemistry of the delignification. It is well

Table 10. Frequency of Occurrence of TA Products Purified Black Liquor Lignin

(BLp)

Frequency of Structures
(Analyzed as Thioethyl Ether and TMS

Derivatives), mmol g�1

%

Delignification

Enol

Ether (G)

Enol

Ether (S)

b-O-4
(G)

b-O-4
(S)

b-O-4
(S0)

Yield,

mmol g�1

19.0 25 47 472 1004 0 1548
40.0 38 52 308 628 0 1026

76.0 29 76 180 644 40 929
94.4 47 101 99 249 36 532

S0: 3,4-di-hydroxy-5-methoxyphenyl derivative.
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established that lignin of vessel cells and middle lamella of libriform cells is
constituted by high proportions of G and H type condensed structures.[21,22]

Our experimental results indicate that these morphological regions in wood
tissues are the first to be attained by the pulping reagents. An intensive
removal of S type lignin fractions, presumably from the S2 layer of second-
ary cell wall, was observed after the delignification degree reached 20–40%.
These delignification features are similar to those previously observed in
kraft pulping of sweetgum (Liquidambar styraciflua) and, probably, are
common to all angiosperm dicotyledonous plants.[23]
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