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Abstract

Residual lignin carbohydrate complexes (RLCC) were
isolated enzymatically from spruce and pine pulp. The
RLCCs contained 4.9-9.4% carbohydrates, with an
enrichment of galactose and arabinose compared to the
original pulp samples. The main carbohydrate units pres-
ent in all studied RLCCs were 4-substituted xylose, 4-,
3- and 3,6-substituted galactose, 4-substituted glucose
and 4 and 4,6-substituted mannose. These units were
assigned to carbohydrate residues of xylan, 1,4- and 1,3/
6-linked galactan, cellulose and glucomannan.

RLCCs of surface material and the inner part of spruce
kraft pulp fiber were compared to obtain information on
the heterogeneity of layers of the fiber wall. The 1,4-
linked galactan was the major galactan in RLCC of fiber
surface material of spruce kraft pulp. Towards the inner
part of the fiber, the proportion of 1,3/6-linked galactan
increased relative to 1,4-linked galactan. This finding is
presented for the first time. 1,3/6-Linked galactan struc-
tures are suggested to have a role in restricting lignin
removal from the secondary fiber wall.

RLCCs of three different alkaline pine pulps were stud-
ied before and after oxygen delignification to evaluate dif-
ferences resulting from the cooking method. The pulps
were conventional kraft pine pulp (PCK), a polysulfide/
anthraquinone pine pulp (PPSAQ) and a soda/anthra-
quinone pine pulp (PSoAQ); all were cooked to
approximately kappa number 30. Small differences were
found in the carbohydrate structures of the unbleached
pulps. The study indicated that the RLCC of unbleached
PSoAQ pulp contained longer oligomeric carbohydrate
chains and less branched 1,3/6-linked galactan residues
than the RLCCs of unbleached PCK and PPSAQ pulps.
The RLCC of the unbleached PSoAQ also contained
more 1,4-linked glucose units suggesting a greater num-
ber of linkages of lignin to cellulose in the PSoAQ pulp
than in the other two pulps. All RLCCs of oxygen-de-
lignified pulps had more non-reducing ends and less 1,3/
6-linked galactan than the corresponding RLCCs of the
unbleached pulps. The RLCC of the oxygen-delignified
PSoAQ pulp had a higher ratio of 1,4-galactan to 1,3/6-
linked galactan and shorter xylan residues than the
RLCCs of oxygen-delignified PCK and PPSAQ pulps.
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Introduction

The composition of unbleached pulps is well known,
consisting mainly of cellulose and to a smaller extent
hemicelluloses and residual lignin. However, the isolation
of lignin using enzymatic hydrolysis has shown that the
composition of the carbohydrate residues remaining in
lignin samples differs considerably from that in the pulp
(Hortling et al. 2001). It is assumed that these oligomeric
carbohydrate residues originate from polysaccharides
linked to the lignin in pulps.

The enrichment of galactans has been reported in
enzymatically-isolated lignins and enzyme-treated lignin
carbohydrate complexes (LCCs). The enzyme prepara-
tions typically applied were mixtures of cellulose- and
hemicellulose-hydrolyzing enzymes. The enrichment of
galactose in enzymatically-isolated residual lignin of lob-
lolly kraft pulp (Pinus taeda) was reported in 1981 (Yama-
saki et al. 1981). Lignin from ball-milled loblolly pine
wood - isolated using cellulolytic enzymes (MWEL) - has
been shown to contain oligomeric chains of mainly 1,4-
linked galactose, glucose, mannose and xylose units.
The corresponding MWEL of red pine compression wood
was clearly enriched in 1,4-linked galactan (more than
60% of the carbohydrate residues), while the proportion
in the MWEL of loblolly pine was about 14% (Minor
1982). 1,4- and 1,3-linked galactan have been found in
enzymatically-isolated residual lignin from unbleached
loblolly pine kraft pulp (Minor 1986). It has been shown
that for a high-yield loblolly pine kraft pulp there is an
enrichment of 1,4-linked galactan in lignin enzymatically
isolated from a middle-lamellae-rich fraction compared to
lignin of the secondary wall (Minor 1991). Enzymatically-
treated LCC from black spruce (Picea mariana) was
slightly enriched in galactose (Eriksson et al. 1980). There
was also an enrichment of 1,4-linked galactan in enzy-
matically-treated LCC from Norway spruce (Picea abies;
Iversen 1985) and akamatsu wood (Pinus densiflora Sieb.
and Zucc.; Watanabe 1989), enzymatically-treated solu-
ble pine kraft lignin (Pinus radiata; Iversen and Wester-
mark 1985) and enzymatically-isolated residual lignin
from pine kraft pulp (Pinus sylvestris; Iversen and Wann-
strém 1986). 1,3- and 1,4-linked galactan has also been
found in pine kraft cooking liquors (Pinus sylvestris; Vik-
kula et al. 1997) and filtrates of oxygen delignification
stages (Pinus sylvestris; Laine and Tamminen 2002).
Cooking liquors of reaction wood contained relatively
more 1,4-linked galactan than the corresponding cooking
liquors of normal wood (Vikkula et al. 1997). The enrich-
ment of galactose among the carbohydrate components
in RLCCs is of interest and it has been suggested that
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galactans hinder the removal of lignin during delignifica-
tion (Hortling et al. 2001). In addition, the enhanced blea-
chability of pulps treated with specific galactanases has
demonstrated the involvement of galactans in structures
that cause problems during bleaching (Tamminen et al.
1999). The additional presence of arabinan in enzymati-
cally-isolated lignin reported in the cited literature has
indicated an enrichment of arabinan next to galactan in
the lignin.

Several methods are available to isolate residual lignin
from pulp. The major methods include acidolytic and
enzymatic hydrolysis (Tamminen and Hortling 1999) and
a procedure combining both enzymatic and acid hydrol-
ysis (Argyropoulos et al. 2002). In the present study, a
procedure using enzymatic hydrolysis was chosen. This
method was suitable for the purpose, because it yielded
residual lignin-carbohydrate complexes (RLCCs) instead
of pure lignin. Cellulase and hemicellulase enzymes can-
not act in close proximity to lignin due to their steric
requirements, and therefore oligomeric residues of car-
bohydrates are left, bound to the lignin. The bonds
between carbohydrates and lignin would be partly
cleaved in procedures including acid hydrolysis. In addi-
tion, a high yield of residual lignin is obtained in enzy-
matic isolation procedures (Hortling and Tamminen 2001;
Jaaskeldinen et al. 2003).

An insufficient activity of 1,4-B-D-galactanase in
enzyme preparations from fungal sources has been sug-
gested to cause the enrichment of galactose-containing
residues in enzymatically-isolated lignin (lversen et al.
1987). Despite this possibly overly large proportion of
galactose in the isolated lignin, the linkage between
galactans and lignin is proved by the very presence of
galactose in the samples. The galactan-lignin linkages
have been further supported by the enrichment of galac-
tose in high molar mass residual kraft lignin obtained by
preparative gel permeation chromatography (Hortling et
al. 2001). The authors also showed that there were link-
ages between lignin and the other carbohydrate residues.

RLCCs of spruce pulp were studied, as well as those
of different pulp fractions following gentle refining. The
fractions consisted of peeled fibers and material enriched
in surface material separated as fines. The aim was to
compare the surface and inner layer of spruce kraft pulp
fibers.

Different alkaline pine pulps were studied. The blea-
chability as well as yield and carbohydrate composition

of three alkaline pine pulps — a conventional kraft pulp
(PCK), a polysulfide/anthraquinone pulp (PPSAQ) and a
soda/anthraquinone pulp (PSoAQ) — cooked to the same
kappa number level were studied recently (Hortling et al.
2000). The bleachability of the pulps decreased in the
order PCK, PPSAQ and PSoAQ. A study on the structure
of the residual lignin did not reveal a clear correlation with
the different bleachabilities (Tamminen and Hortling
2001). One possibility is that the carbohydrate structures
linked to the residual lignin differed between the pulps.
RLCCs were studied before and after oxygen-delignifi-
cation. To our knowledge, comparison of carbohydrate
structures connected to residual lignin in different
unbleached pulps and, in general, in oxygen-delignified
pulp has not been performed before.

The methods applied in this work included linkage
analysis and analysis of reducing ends of carbohydrate
residues bound to residual lignin. Methylation analysis
was performed as linkage analysis. Information on the
substituted hydroxyl groups of the monosaccharide
building blocks was obtained except for the glycosidic
hydroxyl group (Laine et al. 2002). Therefore, the meth-
ylation analysis applied did not distinguish reducing end
units from the other units in the main or side-chains. The
reducing ends were analyzed separately using a reduc-
tion step, methanolysis and subsequent analysis of the
methyl glycosides and alditols obtained. The information
acquired was used in combination with knowledge relat-
ing to the structure of hemicelluloses and cellulose to
draw conclusions about the structure of the carbohy-
drate residues.

Special emphasis was put on the structure of lignin-
bound galactans in the different samples. Two separate
galactans are known in wood, a mostly linear 3-1,4-
linked galactan with substitution mainly at position 6, and
a highly branched B-1,3-linked galactan with frequent
substitution at position 6. The structures of the galactans
involved and their distribution throughout the fiber wall
have to be known so that methods can be devised for
their cleavage.

Materials and methods

Pulp preparation

Spruce chips (Picea abies) were cooked using the kraft process
with a final temperature of 170°C in a conventional batch reactor

Table 1 Pulping conditions and properties of the different pulps.
Cooking method Eff. alkali Sulfidity H-factor Total yield Kappa Viscosity
(mol kg™7) (%) (%) number (mlg™)

Spruce conventional 45 35 35.7 1290
kraft 1 (SCK1)

Spruce conventional 45 35 37.3 1260
kraft 2 (SCK2)

Pine conventional 4.5 35 1750 47 31 1270
kraft (PCK)

Pine polysulfide-AQ 5.0 14 1000 51 33 1180
(PPSAQ)*

Pine soda-AQ 5.5 0 1900 47 30 930
(PSoAQ)*

*The anthraquinone (AQ) charge was 2% both in PSoAQ and PPSAQ cooking and the PS charge was 15 g kg~ for PPSAQ cooking.
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(liquor-to-wood ratio 3.5:1). Two parallel pulps were prepared
from the same batch of spruce chips (Table 1). SCK1 (1.3 kg)
was refined in a Voith Sulzer laboratory refiner at 4% consisten-
cy with a specific edge load of 1.0 W s m~". The refined pulp
was fractionated using a filter with a 200 mesh wire into fines
(4.5% of the refined pulp) and fibers as described previously
(Liitia et al. 2000a).

Three chemical pulps were prepared from pine wood chips
(Pinus sylvestris) from southeastern Finland. The cooking con-
ditions (Table 1) were selected to obtain kappa numbers close
to 30 for the different pulps. The unbleached pine pulps were
oxygen-delignified in a Quantum Mark reactor at 10% consis-
tency and 90°C for 1 h at 8 bar oxygen pressure. The NaOH
charge was 2.52% for PCK, 3.10% for PPSAQ and 2.65% for
PSoAQ. 0.5% MgSO, was added and the yield for all three pulps
was 98%. The resulting kappa numbers were 17.2 for PCK/O,
18.7 for PPSAQ/O and 16.3 for PSoAQ/O, which were close to
the targeted 50% delignification (Hortling et al. 2000).

Isolation of RLCCs

The RLCCs were isolated from the pulps and the pulp fractions
by enzymatic hydrolysis with the cellulolytic enzyme prepara-
tions Econase CEP (Réhm Enzymes) and Novozym 188 (Novo
Nordisk), followed by protease purification using Subtilisine (Sig-
ma). Two fractions were obtained: the insoluble residue at the
pH of the purification (pH 9.5; prois) and the precipitate after pH
adjustment of the solution to 2.5 (proRL; Tamminen and Hortling
1999). Further fractionation of the SCK1 prois sample obtained
was performed by dissolution in 0.5 M NaOH. The fraction insol-
uble in 0.5 M NaOH is referred to as proisis and the fraction
soluble in 0.5 M NaOH obtained after precipitation at pH 2.5
proissP.

The content of protein impurities in the RLCCs resulting from
the enzymatic isolation was calculated from the nitrogen content
(Analytical Laboratories, Lindlar, Germany) multiplied by 6.25. It
accounted for 3.5-5% for the spruce pulp samples and
3.7-4.0% and 8.5-9.0% for the proRL fractions of the unblea-
ched and oxygen-delignified pine pulps, respectively. These pro-
tein impurities are known to contain 10% carbohydrates,
consisting of 85% mannose, 8.5% glucose and 6.5% galactose
(Tamminen and Hortling 1999).

Methylation

Methylation was performed using a modification of the method
of Ciucane and Kerek (1984) as published recently (Laine et al.
2002): About 20 mg ground sodium hydroxide and 0.1 ml methyl
iodide were added to 20 mg RLCC in 0.5 ml dimethylsulfoxide.
The sample was kept for 30 min in an ultrasonic bath at room
temperature. Water was then added, the pH was adjusted to 2.5
and the sample was centrifuged at 6000 g for 20 min. The res-
idue was freeze-dried. A second methylation cycle similar to the
first was carried out for the spruce pulp samples. A third meth-
ylation cycle was performed only for the pine pulp samples. The
progress of methylation of the RLCCs from pine pulp samples
was estimated semiquantitatively by monitoring the peaks at
3400 cm ' (decrease in hydroxyl group content) and 2930 cm '
(increase in methyl group content) in FTIR spectra. The FTIR
spectra were recorded from KBr pellets using a Nicolet Nexus
870 FTIR. After the methylation, acid methanolysis and silylation
were performed. Identification and quantification were carried
out using GC/MS.

Analysis of reducing ends

Reduction of selected RLCC samples was performed by adding
20 mg NaBH, to 50 mg RLCC in 2 ml 0.1 M NaOH and stirring

Spruce
wood chips

l Kraft cook

Refining

Fractionation,
wire of 200 mesh

SCK1 Fiber |<—>| SCK1 Fine

Y Y \
RLCC RLCC RLCC
isolation isolation isolation

Figure 1 Preparation of the spruce kraft pulp, peeled fibers
(Fiber) and material enriched in surface material (Fine).

overnight at room temperature. The RLCC was precipitated by
regulating the pH to 2.5 using 1 M HCI. The precipitate was
obtained using centrifugation (see above) and freeze-drying.
Acid methanolysis was performed directly on half of the sample
as described above; the other half was reduced a second time
and then acid methanolysis was performed. Identification and
quantification were carried out using GC/MS as described
before for the methylation analysis (Laine et al. 2002), with the
exception that inositol was used as internal standard instead of
sorbitol.

Other analytical methods

Kappa number (Scandinavian Standard SCAN-C 1:77) and vis-
cosity (Scandinavian Standard SCAN-CM 15:99) were deter-
mined according to standard procedures. Klason and
acid-soluble lignin were determined after acid hydrolysis
(Browning 1967). The carbohydrate content and composition
were determined using acid hydrolysis and high performance
anion exchange chromatography with pulse amperometric
detection (HPAEC/PAD) as described earlier (Hausalo 1995). The
content of hexenuronic acid groups was determined for the
hydrolyzate of the enzymatic hydrolysis before precipitation of
lignin using HPAEC/PAD (Tenkanen et al. 1995). Uronic acids
were determined using acid methanolysis (Sundberg et al. 1996).

The theoretical lignin content of the pulp samples was cal-
culated from the kappa number using the factor 0.15. The “lignin
kappa number” of the pine pulps was calculated from the deter-
mined kappa number by subtraction of the product of the con-
tent of hexenuronic acid groups and the factor 0.086 kg mmol~"
(Li and Gellerstedt 1997).

Results and discussion

Pulps and pulp fractions

Fines were liberated from laboratory-cooked spruce kraft
pulp SCK1 using a “surface-active” refining of the pulp.
After the refining, fractionation delivered the fines frac-
tions enriched in fiber surface material and the fiber frac-
tion (Figure 1).

The three alkaline pine pulps PCK, PPSAQ and PSoAQ
with a kappa number close to 30 differed in viscosity
(Table 1) and carbohydrate composition (Table 2). As
expected, a higher yield was obtained for the PPSAQ
pulp (51%) compared to the PCK and PSoAQ pulps. The
amount of glucomannan was higher in the PPSAQ pulp
than in the PCK and PSoAQ pulps due to the stabilizing
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Table 2 Carbohydrate composition given as monosaccharides and hexenuronic acid content in the unbleached and oxygen-delig-

nified pulps.

Pulp Total neutral Ara Gal Glu Xyl Man Hexenuronic acid
carbohydrates (%) (%) (%) (%) (%) groups (mmol kg~7)
(mg/100 mg)

SCK1 95.5 0.8 0.3 83 9.1 6.5

PCK 91.4 1.0 0.4 83 9.0 7.0 28

PPSAQ 90.4 0.7 0.6 79 7.5 12.5 24

PSoAQ 85.2 0.5 +* 83 7.6 8.7 13

PCK/O 89.9 0.7 +* 84 8.7 6.7 29

PPSAQ/O 94.3 0.6 0.5 81 6.9 11.3 26

PSoAQ/O 97.2 0.4 0.3 84 7.2 8.3 15

*Detected but below determination limit of 0.3 mg galactose/100 mg pulp.
Ara, arabinose; Gal, galactose; Glu, glucose; Xyl, xylose; Man, mannose.

Pulp, Fiber or
Fine

/nzymatic hydrolysis (pH 5)
Solid NaCl precipitate

residue

Combined fraction

Protease purification (pH 9.5)

Precipitate at pH 2.5
proRL

| Insoluble residue
prois

A

0.5 M NaOH

Precipitate at pH 2.5 |

_| Insoluble residue
proissP

proisis

Figure 2 Isolation and purification of RLCCs.

conditions of the pulping method. The PSoAQ pulp con-
tained less hexenuronic acid groups than the other two
pulps. The unbleached as well as the oxygen-delignified
pulp were studied. The carbohydrate content and com-
position did not change significantly in the oxygen deli-
gnification (Table 2).

Table 3 Yield and purity of lignin in the RLCCs.

Isolation of RLCCs

RLCC samples were isolated according to the experi-
mental part and Figure 2. The yield and the purity with
respect to the residual lignin are shown in Table 3. For
the spruce pulps, the yield of the lignin isolation - taking
into account the insoluble residue at the pH of the puri-
fication (pH 9.5) (prois) and the precipitate after pH
adjustment to 2.5 (proRL) — was good with 87-93% cal-
culated as pure lignin.

Because of problems associated with the linkage ana-
lysis of carbohydrate residues in the sparingly soluble
prois fractions of the spruce pulp (see below), only the
RLCC fraction soluble at pH 9.5 (proRL) was subjected
to detailed analysis for the pine pulps. This RLCC fraction
contained the major portion of residual lignin in the
unbleached and oxygen-delignified pulps (Table 3). As a
basis for the calculation of the theoretical lignin content
of the pine pulps, the kappa number was corrected to
take into account the contribution of hexenuronic acid
groups. This was done to eliminate the contribution of
the different quantities of hexenuronic acid groups to the
kappa number (Tamminen and Hortling 2001). The yields
of RLCCs were lower than earlier published yields for the

proRL prois Total residual Theoretical
C .
Yield' Purity? Yield' Purity? Ilgm&y)leld I(lgn;r} gg::slr:
(%) (%) (%) (%)
SCK1 47 90 46 91 93 5.44
SCK2 55 93 37 93 92 5.64
SCK Fiber 45 93 43 93 87 5.44
SCK Fines 25 90 1073 11.05
PCK 77 89 4.48
PPSAQ 63 87 4.7
PSoAQ 66 87 4.6°8
PCK/O 83 83 2.26
PPSAQ/O 86 82 2.58
PSoAQ/O 94 82 2.3°

Lignin purity is taken into account.
2Lignin purity =100% — protein (%) — carbohydrates (%).

3The sample contains most probably crystalline cellulose, see text.

“Calculated from the kappa number.
5Klason and acid-soluble lignin.

8Calculated from the kappa number corrected for the contribution of hexenuronic acid groups.
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Table 4 Carbohydrate content and composition in the RLCC samples analyzed after acid hydrolysis, mg/100 mg. No correction for

mannose present in protein residues was performed.

Sample (mg/100 mg) Total Ara Gal Glu Xyl Man
SCK1 proRL 7.0 0.4 1.9 1.2 1.6 1.9
SCK1 prois 6.9 0.3 2.7 1.0 1.3 1.6
SCK2 proRL 7.6 0.4 2.2 1.2 1.6 2.2
SCK2 prois 7.9 0.5 3.3 1.2 1.3 1.6
SCK Fiber proRL 7.5 0.4 1.9 1.3 1.8 2.2
SCK Fiber prois 6.9 0.3 2.6 1.0 1.3 1.6
SCK Fine proRL 5.9 0.6 1.4 1.0 1.4 1.5
SCK Fine prois 4.9 0.8 1.7 0.7* 0.9 0.8
PCK proRL 7.5 0.4 21 1.2 1.6 2.2
PPSAQ proRL 9.4 0.4 2.7 1.6 1.3 3.4
PSoAQ proRL 8.3 0.4 21 1.6 1.4 2.8
PCK/O proRL 7.7 0.5 1.4 1.4 1.6 2.8
PPSAQ/O proRL 9.0 0.4 21 1.6 1.2 3.7
PSoAQ/O proRL 8.3 0.4 1.3 1.7 1.4 3.4

*Cellulose is not detected under the applied acid hydrolysis conditions, which leads to underestimation of glucose content for this

sample (see text).
For abbreviations of sugars, see legend to Table 2.

unbleached pulps (Tamminen and Hortling 2001)
because the earlier data also included sparingly alkali-
soluble RLCC fraction prois. Still, the lignin in the RLCC
samples studied here represented between 63% and
94% of the theoretical lignin content. This was consid-
ered as sufficient to deliver representative results in the
following part.

The prois fraction of SCK1 was further fractionated into
a sparingly alkali-soluble proissP fraction and an alkali-
insoluble proisis fraction. The yields of the fractions
turned out to be approximately equal.

Carbohydrate composition in RLCCs

The RLCCs contained with 4.9 to 9.4 mg carbohydrates/
100 mg sample as determined after acid hydrolysis,
which are typical amounts of carbohydrate residues
(Table 4). O-methyl glucuronic acid, glucuronic acid and
galacturonic acid were not detected in significant
amounts (<0.1 mg/100 mg). The values were not cor-
rected for the share of carbohydrates in the protein res-
idues. The correction would only significantly affect the
mannose content, reducing it by 0.2-0.4 mg/100 mg and
0.8-0.9 mg/100 mg for the unbleached pulps (including
spruce pulp fractions) and oxygen-delignified pulps,
respectively. The correction was not made because the
structural analysis described below was carried out on
the sample, including the protein residue. Mannose and
galactose were the major carbohydrate components in
the RLCCs of the unbleached pulps in agreement with
earlier results (Yamasaki et al. 1981; Iversen and Wann-
strom 1986; Minor 1986; Hortling et al. 2001). The results
confirm those from the earlier studies discussed in the
introduction which indicated an enrichment of galactose
in enzymatically-isolated residual lignins. The proportion
of galactose of all carbohydrates in the unbleached pulps
was much lower with 0.3-0.6% compared to 25-40% in
the RLCCs. During oxygen delignification the amount of
galactose in the RLCCs decreased and the correspond-
ing quantities in the oxygen-delignified pulps and the
corresponding RLCCs were between <0.3-0.6% and
16-23%, respectively. More galactose was found in the

prois compared to the pro RL fractions. The high man-
nose content in the RLCC from PPSAQ reflected the
higher mannose content of the corresponding pulp (Table
2). The carbohydrates in the proissP and proisis fractions
of SCK1 were not determined. Results of earlier work
suggested that the proisis fraction of the SCK1 and
SCK1 Fine samples contained significant amounts of cel-
lulose (Liitia et al. 2000b).

Carbohydrate structure of RLCCs

The structure of the carbohydrates connected to lignin in
the RLCCs was studied using methylation analysis. For
the spruce pulp samples, the degree of methylation of
proRL and prois fractions after two repeated methyla-
tions was in most cases between 53 and 74% (Table 5),
the only exception being 20% for the prois fraction of
SCK1 Fine. The pine pulp samples were methylated a
third time delivering a degree of methylation higher than
90% in most cases. Obviously, the third methylation
cycle improved the results. On the other hand, isolated
galactoglucomannan samples (Willfér et al. 2003) and
carbohydrates in large molecular fractions of bleaching
effluents (Laine and Tamminen 2002) have been easily
methylated using a single methylation step in earlier
studies. This indicates that the close contact with lignin
lowers the reactivity of the carbohydrate residues. The
extreme unreactivity of the SCK1 Fine prois sample was
possibly due to the presence of cellulose in the RLCC
(Liitia et al. 2000b). In the primary fiber wall, cellulose fibril
orientation is less ordered than in the secondary wall. It
is suggested that lignin partly surrounds cellulose fibrils
on the fiber surface. This would mean that cellulolytic
enzymes would not hydrolyze the cellulose completely in
the fines for steric reasons, while they hydrolyze the
major part of the crystalline cellulose — cellulose of the
secondary wall — present in pulp fibers. This hypothesis
is further supported by Minor’s suggestion in his work
(1982) that microcrystalline cellulose is present in enzy-
matically-isolated MWEL of loblolly pine. He based his
conclusion on the fact that glucose units did not react in



616 C. Laine et al.

Table 5 Non-methylated units of all identified carbohydrate structural units in RLCCs in mol%, ratio of 1,4 to 1,3/6-linked galactan,
branching in 1,3/6 linked galactan (given as proportion of branched units) and share of non-reducing ends (total/methylated units or

share within individual monosaccharide).

RLCC Not 1,4 to Branching in Non-reducing end groups (mol%)
methylated 1.,3/6- 1,3/6 linked Total Xyl Gal Glu Man
(mol%) linked galactan
galactan (mol%)
SCK1 proRL 26 0.9 36 23 31 16 25 22
SCK1 prois 42 15 25 15
SCK1 Fiber proRL 47 0.6 37 22
SCK1 Fine proRL 39 1.3 35 19
PCK proRL 9 1.4 41 18 22 15 15 20
PPSAQ proRL 7 14 31 18 19 18 15 21
PSoAQ proRL 8 1.5 17 14 15 13 9 19
PCK/O proRL 17 1.9 35 22 22 17 21 28
PPSAQ/O proRL 4 2.0 27 21 22 15 20 26
PSoAQ/O proRL 7 2.4 23 22 27 14 21 27

For abbreviations of sugars, see legend to Table 2.

the methylation analysis and were not degraded by the
mixture of cellulolytic enzymes applied.

In all cases, non-methylated carbohydrate residues
also included hemicellulose residues. The reason for the
unreactivity might be that even hemicelluloses are partly
covered by lignin.

Analysis showed that repeated methylation was not
sufficient for complete methylation. Further methylation
of the spruce pulp samples was not possible due to a
shortage of isolated RLCCs. The pine RLCC samples
were methylated a third time. Three cycles were esti-
mated as optimal even though approximately 10% of the
carbohydrate residues were still unmethylated. However,
further methylation cycles were estimated to improve the
degree of methylation only slightly. Simultaneously a loss
of the sample as a result of the procedure restricted the
number of methylation cycles.

The degree of methylation was estimated to be high
enough to deliver reasonable results for the SCK1 proRL
samples, although a higher degree would have given
more reliable results. The prois fraction was analyzed in
more detail for the SCK1 pulp sample only, as the degree
of methylation of the carbohydrate residues in that RLCC
was at an acceptable level (60%), in contrast to the cor-
responding RLCC of the SCK1 Fine sample. The degree
of methylation of the pine pulp samples was satisfying
as the third methylation cycle improved the results.

The structural distribution of the identified carbohy-
drate units showed that the RLCCs contained oligomeric
carbohydrate chains (Figures 3 and 4). This conclusion
is based on the ratio of non-reducing end units to sub-
stituted units as discussed in more detail below.

The main units of the proRL fraction were 4-substituted
xylose, 4 and 3-substituted galactose, 4-substituted glu-
cose and 4 and 4,6-substituted mannose in agreement
with earlier results (lversen and Wannstrém 1986; Minor
1986). Conclusions relating to the linkages in the oligo-
meric chains were drawn based on the substitution of
the monosaccharide units and knowledge of the struc-
ture of hemicelluloses. The different chains are schemat-
ically presented in Figure 5.

The linkage analysis of galactose units showed also
that 3,6-substituted galactose units were present in con-

siderable amounts next to a few 6-substituted galactose
units. No branching units of 1,4-linked galactan were
found.

A more detailed evaluation of the results for the pine
pulp samples revealed the presence of 4,6-substituted
glucose units in the pine RLCCs. These originated either
from branching points in galactoglucomannan or from
xyloglucan. Xyloglucan is known to be a component of
the primary wall of higher plants and has a backbone of
1,4-linked glucose units, partly branched at position 6.
2-Substituted xylose units are present in the side chains
of xyloglucan (Fry 1989). 2-Substituted xylose units were
identified in the pine samples, too. The total content of
xyloglucan in pulp is minor, but enrichment in enzymati-
cally-isolated RLCC is possible.

RLCCs of spruce kraft pulp - surface material
compared to peeled fiber

As described in the introduction, the structure of galac-
tans was the focus of the present study. The ratio of 1,4-
linked galactan and 1,3/6-linked galactan was calculated
from 4-substituted galactose units on the one hand, and
the sum of 3- and 3,6-substituted galactose units on the
other hand (Table 5). About every third galactose unit was
branched at position 6 in the 1,3/6-linked galactan in all
the proRL fractions of the spruce pulp samples studied.
The ratio of 1,4-linked galactan to 1,3/6-linked galactan
differed between the proRL fractions and was 0.6 for the
SCK1 Fiber, 0.9 for SCK1 and 1.3 for SCK1 Fine. At the
same time, the galactose content in the proRL of SCK1
Fine was lower: 1.4 mg/100 mg compared to 1.9 mg/
100 mg in both proRL of SCK1 and SCK1 Fiber. It has
to be remembered that the proRL fraction of SCK1 Fine
represents less of the total lignin than the proRL fractions
of SCK1 and SCK1 Fiber (Table 3). Still, the trend of the
ratio is clear. The 1,4-linked galactan was thus enriched
in the RLCC of the fiber surface, while the share of 1,3/
6-linked galactan increased towards the inner part of the
fibers. The enrichment of 1,4-linked galactan units in
residual lignin of the surface has been reported earlier
(Minor 1991). However, the higher amount of 1,3/6-linked
galactan in the RLCC of the inner part of the fiber has
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not been shown clearly before. 1,3/6-Linked galactan is
known as water-soluble arabinogalactan and is present
in small amounts in spruce (Picea abies) and pine (Pinus
sylvestris) heartwood (Willfér et al. 2002). Its presence in
RLCCs indicates that 1,3/6-linked galactan also has a

role in linking residual lignin to carbohydrates in the sec-
ondary wall. This linkage may be one reason for difficul-
ties in selective lignin removal in bleaching. Improved
bleachability has been shown after endo-B-1,4-galacta-
nase treatment of unbleached spruce kraft pulp (Tam-
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Figure 5 Suggested structures of carbohydrate residues in
RLCCs of SCK1 and SCK2. The bold arrows show possible
binding sites to lignin.

minen et al. 1999). These positive results could probably
be further improved by using an endo-3-1,3-galactanase
simultaneously (Tenkanen et al. 2002). However, such an
enzyme has not been found (Luonteri et al. 2003). Ara-
binose was present mainly as a 5-substituted unit (Figure
3A). This is in agreement with reports in the literature that
arabinose is present in enzymatically-isolated lignin
mainly in the form of 1,5-linked arabinan and not as side
groups in xylan which would be detected as non-reduc-
ing end groups (lversen and Wannstrom 1986; Minor
1991). Xylose and mannose units were substituted in a
way that corresponded to the known structures of xylan
and glucomannan. Glucose was present as a 4-substi-
tuted unit, and to a small extent also as a 3-substituted
unit. Recently, 1,3-linked glucan was found in the efflu-
ents from the alkaline stage and the oxygen delignifica-
tion of pine kraft pulp (Pinus sylvestris; Laine and
Tamminen 2002). 1,3-linked glucan is therefore linked in
small amounts to the residual lignin.

Sparingly soluble RLCC of spruce pulp

The RLCC prois fraction of SCK1 was studied in more
detail (Figure 3B). The same structural units were found
as those in the proRL fractions studied. The ratio of 1,4-
linked galactan to 1,3/6-linked galactan was higher (1.5)
than for the proRL fraction of SCK1 (0.9). It seems that
the 1,4-linked galactan is more enriched in the prois frac-
tion. Assuming the same trend for the RLCCs of the
SCK1 Fine sample, 1,4-linked galactan would be even
more enriched in the RLCCs of the surface material than

the analysis of the proRL fraction showed, because a
higher share of residual lignin was isolated as the prois
fraction for the SCK1 Fine sample compared to the SCK1
and SCK1 Fiber samples (see above).

The sparingly alkali-soluble (proissP) and alkali-insol-
uble (proisis) fractions of the prois sample of SCK1 were
methylated to a lower degree than the original prois sam-
ple itself. Surprisingly, fractionation, it appeared, some-
how reduced the accessibility of the methylation reagent
to the carbohydrate residues. Apparently, the treatment
with alkaline solution for the fractionation of the prois
fraction had an effect on the accessibility of the oligo-
and/or polysaccharides in the methylation procedure.

During fractionation, the ratio of 1,4-linked galactan to
1,3/6-linked galactan increased further. One reason might
be that there was a larger decrease in reactivity of the 3-
and 3,6-substituted galactose units towards methylation
than there was for the 4-substituted units. It was noted
that large numbers of galactose and glucose units
remained unmethylated in the analysis of the SCK1 proi-
sis fraction. The presence of cellulose probably explains
the increase in 4-substituted units and non-methylated
glucose units in the proisis fraction. Still, the major por-
tion of the cellulose probably remained undetected,
because of its unreactivity under the conditions applied
in the methylation step and subsequent acid methano-
lysis procedure.

RLCCs of pine pulps - comparison of different
alkaline cooking methods

In the pro RL fractions of the RLCCs of the unbleached
pine pulps, the ratio of 1,4- to 1,3/6-linked galactan was
slightly higher for PSoAQ compared to PCK and PPSAQ
(Table 5). There was a clearer difference in the degree of
branching. The proportion of branched units in 1,3/6-
galactan in the RLCCs increased in the order PSoAQ
pulp, PPSAQ pulp and PCK pulp. This indicates that
SoAQ cooking, and to a smaller extent PSAQ cooking,
removes more side-chains from 1,3/6-galactan than CK
cooking. The RLCC of PSoAQ contained more 4-substi-
tuted glucose than the corresponding other two RLCCs.
This may indicate an enrichment of cellulose bound to
the residual lignin in the PSoAQ proRL. A possible expla-
nation for this is the formation of ether-type bonds
between glucose and lignin in sulfur-free SoAQ cooking.
The enhanced formation of this type of bond has been
shown under sulfur-free cooking conditions compared to
sulfur-containing cooking methods in model compound
studies (Gierer and Wannstrom 1986). These small dif-
ferences possibly indicate differences in the linkage of
lignin and carbohydrates in the SoAQ pulp that contrib-
ute to its poorer bleachability.

Generally, the ratios of 1,4-to 1,3/6-linked galactan
were higher than the corresponding values determined
for the corresponding RLCC of SCK1 (Table 5). The pos-
sible reasons for the differences are the higher kappa of
the spruce kraft pulp (36 compared to 30-33), the differ-
ent wood species or the lower degree of methylation due
to the performing of only two methylation cycles for the
RLCC of the spruce kraft pulp. The difference in branch-
ing of 1,3/6-galactan between RLCCs of SCK1 and PCK
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in turn was smaller than the differences between RLCCs
of pulps prepared by different cooking methods.

The ratio of 1,4-to 1,3/6-linked galactan units was
higher for the RLCCs of the oxygen-delignified pulps
than those of the unbleached pulps. The RLCC of the
SoAQ pulp had a higher ratio after oxygen-delignification
than the RLCCs of the other two pulps. This indicated
that 1,4-galactan remains more closely bound to the
residual lignin than did 1,3/6-linked galactan during oxy-
gen delignification, or that relatively more lignin was
removed from the secondary wall compared to the pri-
mary wall in oxygen delignification. The RLCC of the sec-
ondary wall has been shown to be enriched in 1,3/
6-linked galactan compared with the RLCC of fiber
surface material (see above). Consequently, the preferred
removal of lignin from the secondary wall would reduce
the content of 1,3/6-linked galactan in isolated RLCCs
relative to that of 1,4-linked galactan. However, this was
not supported by a study on the structure of carbohy-
drates in oxygen delignification filtrates. In that study no
enhanced dissolution of 1,3/6-linked galactan compared
to 1,4-linked galactan was observed (Laine and Tammi-
nen 2002). The structure of the 1,3/6-galactan remaining
in the RLCCs after oxygen delignification was similar to
that in RLCCs of unbleached pulps, as far as the degree
of branching and share of non-reducing ends was con-
cerned. The 1,3/6-linked galactan in the PSoAQ/O proRL
had the lowest degree of branching which increased in
PPSAQ/O proRL and even more in the PCK/O proRL.

Non-reducing ends of carbohydrate chains

The structural analysis delivered information on the non-
reducing ends of the different oligosaccharide chains
linked to lignin in the RLCCs. The quantity of non-reduc-
ing ends of all methylated units was 14-23 mol% (Table
5). This value provides information on the chain length of
the oligosaccharide residues. The number of non-reduc-
ing ends in the RLCCs closely matched the number of
carbohydrate-lignin bonds of the benzylether type report-
ed for residual lignin of spruce kraft pulp (12.5 mol%;
Choi 1999). For the spruce pulp samples, the share was
smaller for the prois fraction of SCK1 compared to the
corresponding proRL fraction. The values were 15 mol%
and 23 mol%, respectively. This probably means that
there were shorter oligosaccharide chains in the proRL
fraction. For the pine pulp samples, the proportion of
non-reducing end units was lower than in SCK1 proRL.
The non-reducing ends represented 18% of the methyl-
ated units in PCK proRL and PPSAQ proRL. A lower val-
ue of 14% was observed for the PSoAQ proRL indicating
longer chains.

The separate evaluation of non-reducing ends within
each monosaccharide showed that the value was clearly
lower for xylose and glucose units, slightly lower for
galactose in PSoAQ proRL, but comparable for mannose
units compared to PCK and PPSAQ. This meant that the
xylan, cellulose and 1,3-glucan residues in particular had
on average longer chain lengths in the PSoAQ proRL.

The RLCCs of the oxygen-delignified pulp had a higher
proportion of non-reducing ends (21-22%) indicating
that there were shorter oligosaccharide chains attached
to the RLCCs of oxygen-delignified pulps compared to

Table 6 Apparent number average degree of polymerization
(DP,) for carbohydrate residues in RLCCs of the spruce pulp
samples. The calculation is based on either A: ratio of chain units
to non-reducing end or on B: ratio of chain units to reducing
ends.

Sample Based on  Gal Glu Xyl Man
proRL of SCK1 A 4 3 5
proRL of SCK2 B 130* 5 8 10
prois of SCK1 A 8 5 6
prois of SCK2 B 170* 10 10 14

*Exact value >20 and therefore unreliable.
For abbreviations of sugars, see legend to Table 2.

those of unbleached pulps. The chains of glucomannan
and glucan residues were shorter for the RLCCs of all
three pulps. This indicated less steric hindrance for the
enzymes used for RLCC isolation in oxygen-delignified
pulps compared to unbleached pulps. The chains of
xylan residues were significantly shorter for the PSoAQ/
O proRL only. The chain length of the carbohydrate res-
idues was comparable for cellulose, glucan and
glucomannan chains in-between the RLCCs of the oxy-
gen-delignified pulps.

Reducing ends

The reducing ends were analyzed using sodium boro-
hydride reduction, acid methanolysis and GC/MS deter-
mination. The analysis of reducing ends was performed
for RLCCs of a new spruce kraft pulp (SCK2) prepared
under the same conditions as SCK1. It was assumed that
the RLCCs of the new pulp were approximately the same
as the RLCCs of SCK1.

The effectiveness of the reduction was tested first. Half
of the reduced sample was hydrolyzed directly after the
first reduction. The other half of each sample was
reduced a second time before acid methanolysis was
carried out. The quantity of reduced monosaccharides
increased in the second reduction step. The proportion
of reducing ends in the proRL sample was 7.6 mol% and
9.5 mol% after the first and second reduction, respec-
tively. The corresponding values were 4.6 mol% and
5.3 mol% for the prois sample. The repeated reduction
therefore appeared necessary.

Possible lignin-carbohydrate binding sites

An oligomeric or polymeric chain can be bound to the
lignin via the non-reducing end, the reducing end or
another backbone unit of the chain. If a chain of a certain
structural type (xylan, glucan, glucomannan etc.) is
bound only in the middle to lignin, the number of reduc-
ing or non-reducing end units would be the same. Based
on the ratio of either non-reducing ends to chain units or
reducing ends to chain units, the apparent number aver-
age degree of polymerization (DP,) was calculated for
RLCCs of the spruce kraft pulp (Table 6). Conclusions
were drawn on the possible positions of lignin-carbohy-
drate bonds (Figure 5) as discussed in the following.

For glucose, the DP.,s were equal, indicating bonds
between a chain unit of cellulose or glucan to lignin. The
DP,s were approximately 5 and 10 for the proRL and
prois fraction, respectively.
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For xylose, the estimated DP,s differed. A possible rea-
son for this was that the xylo-oligosaccharides were part-
ly bound to the lignin via the reducing end groups. This
is supported by the reported formation of bonds between
reducing ends of xylo-oligosaccharides and lignin model
compounds under kraft pulping conditions (Vikkula et al.
2001). The DP, of xylo-oligosaccharides is estimated to
be between 3 and 5. The situation was similar for the
mannose units, but caution should be exercised because
some of the mannose originated from the protein.

The proportion of reducing ends of galactose was very
small. An estimation of DP, based on the share of non-
reducing ends could not be carried out because the 1,3-
linked galactan chains were branched and the
non-reducing end groups were therefore positioned to a
large extent at the end of side-chains. In addition, the
distribution of the non-reducing end groups between the
1,3/6 and 1,4-linked galactan on the one hand, and sin-
gle unit side-chains of galactoglucomannan on the other
hand, was not known.

A report by Minor (1991) also showed a high apparent
chain length of galactans in residual lignin from the sec-
ondary wall of loblolly pine kraft pulp, based on analysis
of reducing end groups. Another study reported approx-
imately equal amounts of galactose as non-reducing and
reducing ends in residual lignin from pine kraft pulp (Ilver-
sen and Wannstréom 1986). Iversen and Wannstrém’s
study also differed from ours and from that of Minor
(1991) in that the presence of any 3-substituted galac-
tose was not reported. The question still remains whether
the RLCCs differs due to the isolation method or whether
differences in the procedure of the methylation analysis
applied give rise to the different results.

The results for galactose in RLCCs in our study can be
interpreted as chains consisting of galactose units being
rather long due to missing galactanase activity in the
enzyme mixture applied, as suggested in the literature
(lversen et al. 1987). The lack of the necessary enzyme
for hydrolyzing 1,3-linked galactan (Luonteri et al. 2003)
would also support the theory for long chains of 1,3/6-
linked galactan in RLCCs. A second possibility is that
shorter chains of galactose units are connected to lignin
at the reducing end. However, even if galactan residues
in residual lignin had long chains, numerous bonds to
lignin would be expected based on the properties of the
RLCCs. This is further supported by a study on the fre-
quency of benzyl ether bonds between carbohydrates
and lignin which showed there was a high frequency of
bonds between galactose units and residual spruce kraft
lignin (Choi and Faix 1999).

The DP, for arabinan chains was not estimated. The
number of different units of arabinose was so low that
the error limits became too high to allow use of the values
for further calculation.

Conclusions

All RLCC investigated contained oligosaccharides of the
main polysaccharides in wood and pulp. In addition, 1,4-
linked and 1,3/6-linked galactans were present in con-
siderable amounts as well as smaller amounts of

1,3-linked glucan and 1,5-linked arabinan, possibly also
xyloglucan structures.

The ratio of 1,4-linked and 1,3/6-linked galactan in the
RLCC fractions of spruce kraft pulp increased from
peeled fibers to pulp to fines. The presence of consid-
erable amounts of 1,3/6-linked galactan in the RLCC of
the peeled fiber was shown for the first time. It is sug-
gested that 1,3/6-linked galactan has a role in hindering
delignification of the secondary wall.

Methylation was less complete for the prois fractions
and especially low for the prois fraction of the fines,
which may indicate that lignin partly covers the cellulose
fibrils including part of the hemicelluloses, in particular
on the fiber surface.

These results combined with those in the literature,
indicated that xylan residues were partly bound to lignin
via the reducing end groups and that the RLCCs con-
tained either long galactan chains or bonds linking galac-
tans to lignin via the reducing ends.

There were only small differences in the structure of
carbohydrates in RLCCs of three unbleached pine pulps.
Slightly longer oligosaccharide chains, less branching in
1,3/6-galactan residues and more cellulose residues
were found in the RLCC of PSoAQ compared to those
of PCK and PPSAQ pulps.

Oxygen delignification shortened the oligosaccharide
chains present in RLCCs and removed preferably 1,3/6-
linked galactan compared to 1,4-linked galactan struc-
tures connected to residual lignin. The RLCC of PSoAQ/
O differed from those of the other two pulps after oxy-
gen-delignification in that it had a higher ratio of 1,4- to
1,3/6 linked galactan, and shorter xylan residues.

Even this detailed analysis did not reveal large differ-
ences in the PSoAQ pulp that could explain its poor
bleaching response. It is possible that factors other than
the chemical composition and interactions between lig-
nin and carbohydrates affect the bleachability of the
pulps. These factors may be physical rather than
chemical.
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