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Abstract Endo-mannanases and endo-xylanases cleave
di�erent heteromannans and xylans yielding mainly di-
mers and trimers of the corresponding sugars as end-
products. However, in the early stages of hydrolysis,
four puri®ed mannanases and four xylanases from fun-
gal and bacterial origin, examined in this study, showed
a di�erent pattern of released oligomers (determined
up to the pentamers). Furthermore, some of these en-
zymes showed a preference for cleaving the polysac-
charides in the middle of the chain while others acted
more at the end. When the increase in the speci®c ¯uidity
of mannan and xylan solutions per reducing sugar re-
leased (Kv) was measured against the bleaching e�ect of
the enzymes on softwood kraft pulp, a correlation was
found. A xylanase from Penicillium simplicissimum
�Kv � 0:15 l mPaÿ1sÿ1gÿ1� and a mannanase from
Sclerotium rolfsii �Kv � 0:12 l mPaÿ1sÿ1gÿ1� applied in a
O(QX)P bleaching sequence (O � oxygen deligni®ca-
tion, X � treatment with hemicellulolytic enzymes,
Q � chelation of metals, P � treatment with hydrogen
peroxide in alkaline solution) gave a high brightness
increase of 3.0% and 1.9% ISO respectively. A less
signi®cant brightness increase was obtained with
enzymes showing lower Kv values, such as a xylanase
from Schizophyllum commune (Kv� 0.051 lmPa)1s)1g)1,
0:2% ISO) and a bacterial mannanase �Kv � 0:061 l
mPaÿ1sÿ1gÿ1; 0:5% ISO).

Introduction

Many investigations have been carried out in the last few
years to evaluate the potential of enzymes in the pulp
and paper industry. Lipases have shown considerable
potential in resin degradation, solving the pitch prob-
lem, while pectinases have been used for enzymatic de-
barking. Treatment of mechanical and kraft pulps with
cellulases or preferably with endoglucanases has im-
proved pulp properties such as handsheet density and
smoothness, and has resulted in increased pulp freeness
(Mans®eld et al. 1996).

Hemicellulases, the enzymes responsible for the de-
gradation of wood xylans and mannans in nature
(Eriksson et al. 1990), have been used for the modi®ca-
tion of pulp ®bres and for their bleach-boosting e�ects
on pulps. Biobleaching using endo-1,4-b-mannanases
(b-1,4-D-mannan mannanohydrolase, EC 3.2.1.78) in
combination with endo-1,4-b-xylanases (b-1,4-D-xylan
xylanohydrolase, EC 3.2.1.8) led to a signi®cant reduc-
tion in the amount of chemicals required for pulp
bleaching and/or to an increase in brightness (Viikari
et al. 1994). In addition to hemicellulases, oxidative
enzymes, such as laccase and manganese peroxidase,
have been successfully applied in pulp bleaching and for
the reduction of colour in e�uents (Paice et al. 1995;
Call and Strittmatter 1992).

The performance of a great number of hemicellulases
used in the bleaching of pulps has been described ex-
tensively in the literature. Pronounced di�erences have
been reported between the e�ects of xylanases and
mannanases from di�erent organisms on pulp. No cor-
relation was found between carbohydrates released from
pulp and the increase of brightness achieved with the
enzymes (Cuevas et al. 1996). Neither di�erences in pI
values nor those in molecular masses of the enzymes
could explain their di�erent performances on pulp
(Viikari et al. 1993; Elegir et al. 1995).

In this study the relation between the mode of action
of mannanases and xylanases from di�erent microbial
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origin on puri®ed xylans and mannans was investigated
and also their e�ect in total-chlorine-free bleaching of
softwood kraft pulp.

Materials and methods

Enzymes

Four mannanase and four xylanase preparations from di�erent
microorganisms were tested. A mannanase and a xylanase from
Sclerotium rolfsii (ATCC 200224) and xylanases from Ther-
momyces lanuginosus (DSM 5826), Schizophyllum commune (BT
2115) and Penicillium simplicissimum (BT 2246) were isolated as
described by GuÈ bitz et al. (1996, 1995), Schlacher et al. (1996) and
Lischnig (1996). The two latter strains were obtained from the
Austrian TU-Graz culture collection. A puri®ed mannanase from
Trichoderma reesei (ATCC 56765) as well as semipuri®ed manna-
nase preparations from Aspergillus sp. (MF) and Bacillus amyloli-
quifaciens (MB, ATCC 23842) were kindly provided by Genencor
International (San Francisco, USA). The molecular parameters of
these enzymes are listed in Table 1.

Pulp

Softwood kraft pulp was obtained from the Zellsto� AG (PoÈ ls,
Austria) paper mill. The pulp was cooked from 70% spruce, 25%
pine and 5% larch, and oxygen prebleached, resulting in a j
number of 19.2. The carbohydrate content of the samples consisted
of 77.3% glucose, 11.6% xylose, 0.8% arabinose, 5.0% mannose
and 0.7% galactose.

Enzyme assay

Mannanase and xylanase activities were measured according to
Bailey et al. (1992) using a 0.5% solution of locust bean galacto-
mannan (Sigma, St. Louis, USA) and a 1% solution of birch wood
xylan (Roth, Karlsruhe, Germany) respectively, incubated with the
diluted enzyme, solutions for 5 min at 50 °C and pH 4.5. Released
reducing sugars were assayed by adding 2-hydroxy-3,5-dini-
trobenzoic acid reagent, boiling for 5 min and cooling, and the
absorbance was measured at 540 nm. One nanokatal was de®ned as
the amount (nmoles) of xylose and mannose released from xylan
and mannan, respectively, in one second. For their application in
pulp bleaching, the enzymes were dosed according to their activity
under conditions similar to the chelation step, replacing the pulp by
xylan or galactomannan. EDTA (0.5%), 0.84 mg lÿ1 FeSO4 and 2.2
mg lÿ1 MnSO4 were added and reducing sugars liberated were
measured as described above. Similarly, for the hydrolysis experi-
ments the enzymes were dosed according to their activity at 30 °C.

Hydrolysis experiments

Hydrolysis of locust bean galactomannan (Sigma, St. Louis, USA),
ivory nut mannan, wheat arabinoxylan (Megazyme, Sydney, Aus-
tralia) and birch wood xylan (Roth, Karlsruhe, Germany) was
carried out for 90 min at pH 4.5 (50 mM sodium citrate) and 30 °C
using 10 g l)1 substrate, 2 nkat ml)1 enzymes and 10 mg l)1 eth-
ylmercurithiosalicylic acid to prevent microbial growth. Monomers
and oligosaccharides up to the pentamers (standards from Mega-
zyme) were quanti®ed by HPLC using an Aminex HPX 87P and
HPX 87K column (Bio-Rad, Richmond, USA), operated at 85 °C
with H2O and 10 mM K2HPO4 as the mobile phase and with a
refractive index detector. Acid hydrolysis of the pulp was per-
formed at 30 °C for 60 min (72% H2SO4) and after dilution to 4%
H2SO4 at 121 °C (autoclave) for another 60 min followed by
neutralization with BaCO3.

Viscosity measurement

Solutions of 1% w/v locust been galactomannan and wheat arab-
inoxylan in 50 mM sodium citrate bu�er (pH 4.5) were incubated
with 2 nkat ml)1 puri®ed enzymes at 30 °C. The decrease in the
viscosity was monitored using a Rheoscan 115 system with a MS 0±
115 cell (Contraves, ZuÈ rich, Switzerland) at a constant shear rate of
594 s)1. Depolymerisation (Kv) of hemicellulose by the di�erent
enzymes was de®ned as the increase of the speci®c ¯uidity per re-
leased reducing sugars (1 mPa)1s)1g)1).

Bleaching procedure

Softwood kraft pulp was bleached using an O(QX)P bleaching
sequence (O = oxygen deligni®cation, X = treatment with hemi-
cellulolytic enzymes, Q = chelation of metals, P = treatment with
hydrogen peroxide in alkaline solution). Chelation of metals com-
bined with enzyme treatment (300 nkat mannanase or xylanase g)1

pulp) was carried out at pH 4.5 and 60 °C for 60 min (5% consis-
tency, 0.5% EDTA). After washing, the pulp was further bleached
with 3% H2O2 in alkaline solution (10% consistency, 2% NaOH,
0.2% MgSO4) at 80 °C for 100 min. j number and brightness of
handsheets were determined according to the TAPPI standard
method T236 cm-85 (1996) and ISO 2469 (1994) respectively.

Results

Hydrolysis of mannans and xylans

Mannans from ivory nut and locust bean as well as
xylans from birch wood and wheat were used as mod-
el substrate to study the action of mannanases and

Table 1 Molecular properties of
the enzymes employed in this
study

Enzyme Molecular mass Isoelectric point pH optimum Temperature optimum
(kDa) (°C)

Mannanases
S. rolfsii 61 3.5 2.9 74
T. reeseia 52 4.6 3.5±4 60
MFa 42 3.0 4 60±70
MBa 35 5.4 5 ND

Xylanases
P. simplicissimum 35 7.7 5.6 67
T. lanuginosus 26 4.1 6.5 82
S. rolfsii 53 3.8 3.2 72
S. commune 41 5.5 5.9 65

a Data from Cuevas et al. (1996)
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xylanases respectively. The mannanases from S. rolfsii,
T. reesei, MF and MB all hydrolysed both mannans,
yielding mainly oligosaccharides and no mannose, and
they did not attack the xylans. However, the enzymes
di�ered in their ability to release oligosaccharides from
ivory mannan.

While, in the case of the mannanases from T. reesei
and MF, the amount of oligomers liberated decreased
with their chain length, the mannanases from S. rolfsii
and MB released similar amounts of the di�erent olig-
omers (Fig. 1). The mannanase from T. reesei released
more than twice as much mannobiose from this mannan
than did any of the other mannanases tested.

Galactomannan from locust bean was incubated
with each of the mannanases and the decrease in vis-
cosity of the mannan solution was followed during hy-
drolysis. Although equal enzyme dosages were used, the
viscosity decreased in a di�erent manner. The manna-
nase from S. rolfsii caused a rapid decrease in viscosity,
indicating an endo-type breakdown of the polymer,
whereas MF seems to act mainly at the ends of the
chains. A steeper slope in the plot of the speci®c ¯uidity

gÿ1 versus the released reducing sugars (Fig. 2) thus
attested a more pronounced random type of breakdown
of the mannan (Esterbauer et al. 1985). However, these
®ndings did not correlate with the amounts of dimers,
trimers, tetramers and pentamers liberated by these
enzymes.

The xylanases from T. lanuginosus, P. simplicissimum
and S. commune hydrolysed xylan from birchwood,
yielding xylotriose as the main product, and liberated
only relatively small amounts of xylobiose, showing a
very similar pattern of oligomers liberated. However, the
xylanase from S. rolfsii liberated twice as much xylobiose
as did any of the other enzymes. There was no signi®cant
amount of xylose released by these enzymes (Fig. 3).

A xylan from wheat, showing a higher viscosity than
solutions of birch wood xylan, was chosen to study the
action of the xylanases on this polymer. The xylanase of
P. simplicissimum showed the steepest ascent in a plot of
the speci®c ¯uidity gÿ1 versus the released reducing
sugars, indicating a breakdown starting in the middle of
the chain (Fig. 4). Similar to the experiments carried out
with mannans and mannanases, no correlation between

Fig. 1 Mannobiose �M2�; -triose �M3�, -tetraose �M4� and -pentaose
�M5� released from ivory nut mannan after 90 min incubation with
the mannanases from S. rolfsii and T. reesei, and semipuri®ed fungal
(MF) and bacterial (MB) mannanase preparations

Fig. 2 Depolymerisation of locust bean galactomannan by manna-
nases from S. rolfsii , T. reesei, MF and MB

Fig. 3 Xylobiose �X2�, -triose �X3�, -tetraose �X4� and -pentaose
�X5� released from birch wood xylan after 90 min incubation with the
xylanases from T. lanuginosus, S. rolfsii, P. simplicissimum and
S. commune

Fig. 4 Depolymerisation of wheat xylan by xylanases from T. lan-
uginosus, S. rolfsii, P. simplicissimum and S. commune
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this e�ect and the amounts of xylobiose, -triose, -tetra-
ose, and -pentaose released was found.

Bleaching experiments

The highest brightness increases of 1.9% and 3.0% ISO
were achieved with the mannanase from S. rolfsii and
the xylanase from P. simplicissimum respectively, when
these enzymes were applied in a O(XQ)P bleaching se-
quence of a softwood kraft pulp (Figs. 5, 6). Without
enzyme treatment (blank) a brightness of 55.6% ISO
and a j number of 12.9 was reached. The incubation of
the pulp with MF showed a negative e�ect on the re-
sulting brightness. In general, the decrease of j number
obtained with the mannanases was lower when compared
to the decrease seen when the xylanase preparations of
S. rolfsii, T. lanuginosus, and S. commune were used.

Discussion

Several explanations for the pulp prebleaching e�ect of
hemicellulases have been discussed in the literature
during the least few years. E�ects of xylanases and

mannanases in prebleaching comprise uncovering lignin
from reprecipitated xylan and mannan, release of chro-
mophors and increase of the porosity (Kantelinen et al.
1993; Wong et al. 1996; De Jong et al. 1996). Manna-
nases and xylanases from a great number of bacteria and
fungi were tested in these studies, which showed pro-
nounced di�erent e�ects on the pulps, although the same
activities according to the standard assay were dosed.

Treatment of softwood kraft pulp with puri®ed xy-
lanases from S. rolfsii, S. commune, P. simplicissimum,
and T. lanuginosus and with mannanases from S. rolfsii,
T. reesei and the bacterial mannanase MB improved the
bleachability of softwood pulp in peroxide deligni®ca-
tion. This was indicated optically by a pulp brightness
increase and by the decrease of the j number as a
measure for the lignin content. Only the fungal man-
nanase MF decrease the brightness compared to a blank.
The highest brightness increases achieved with a xyla-
nase (3% ISO, P. simplicissimum) and a mannanase
(1.9% ISO, S. rolfsii) are in agreement with results from
Buchert et al. (1993) and Cuevas et al. (1996), though
pulps and/or bleaching conditions were not the same in
those studies.

Puri®ed xylans and mannans were used as model
substrates to ®nd any characteristics of the individual
hemicellulases that could be of importance with regard
to their e�ect in prebleaching of softwood pulp. All
tested mannanases and xylanases liberated oligosaccha-
rides from ivory nut mannan and from birch wood xylan
respectively. Despite the fact that individual enzymes
showed a di�erent pattern of oligosaccharides released,
there was no relation between these characteristics and
the prebleaching e�ect. Neither of the patterns of olig-
omers liberated from softwood pulp by the mannanases
from T. reesei, MF and MB correlated with the bright-
ness obtained in bleaching experiments (Cuevas et al.
1996). In agreement with these results, Clark et al. (1991)
found, for both mannanases and xylanases, that there
was no relation between the extent of hemicellulose re-
moval from radiata pine kraft pulp and improved
bleachability.

The mannanases and xylanases investigated hydro-
lysed locust bean galactomannan and wheat xylan, res-
pectively, in a di�erent manner, acting, either more in
an endo or in an exo fashion. Depolymerisation was
quanti®ed as the increase of the speci®c ¯uidity per re-
leased reducing sugars (Kv). A correlation between Kv

and the e�ect of the enzymes in the bleaching of soft-
wood kraft pulp was found (Figs. 5, 6). A xylanase from
P. simplicissimum (Kv = 0.15 l mPa)1s)1g)1) and a
mannanase from S. rolfsii (Kv = 0.12 l mPa)1s)1g)1)
e�ected a high brightness increase of 3.0% and 1.9%
ISO respectively. A low brightness increase was obtained
only when enzymes showing lower Kv values, such as a
xylanase from S. commune (Kv = 0.05 mPa)1s)1g)1,
0.2% ISO) and a bacterial mannanase (Kv = 0.06 l
mPa)1s)1g)1, 0.5% ISO), were studied. These results are
consistent with the hypothesis that the e�ect of man-
nanases and xylanases in prebleaching results primarily

Fig. 5 Relation between brightness increase, j number decrease of
softwood pulp and depolymerisation (Kv) of locust bean galactoman-
nan for mannanases from S. rolfsii, T. reesei, MF and MB

Fig. 6 Relation between brightness increase, j number decrease of
softwood pulp and depolymerisation (Kv) of wheat xylan for
xylanases from T. lanuginosus, S. rolfsii, P. simplicissimum and
S. commune
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from depolymerisation of hemicellulose but not neces-
sarily from solubilisation of oligosaccharides (Paice et al.
1992).

Besides the speci®c mode of action of the individual
enzymes on the pulp, their molecular mass might also be
an important factor, considering the limited accessibility
of the hemicellulose in the ®bre matrix. In this study,
almost a contrary e�ect was found for mannanases. Out
of the enzymes tested, those mannanases with higher
molecular masses from S. rolfsii (61 kDa) and T. reesei
(52 kDa) showed a more pronounced e�ect on the in-
crease of pulp brightness. Between xylanases with mo-
lecular masses in the range from 26 kDa (T. lanuginosus)
to 53 kDa (S. rolfsii), no tendency was found with regard
to their e�ect on the pulp. In agreement with these re-
sults, no correlation between hemicellulases with mo-
lecular masses ranging from 20 kDa to 50 kDa and the
achieved degree of hydrolysis and bleachability was
found by Viikari et al. (1993). Out of two xylanases from
Streptomyces sp., the enzyme with higher molecular
mass and lower pI caused a higher brightness increase of
kraft softwood and hardwood pulps (Elegir et al. 1995).
Mannanases from T. reesei and B. subtilis had di�erent
e�ects when applied in a peroxide bleaching sequence of
softwood pulp, which could not be explained by di�er-
ences in molecular mass or isoelectric points (Buchert
et al. 1993).

Concluding the results of this study, neither the
molecular mass of mannanases and xylanases nor the
amount of oligosaccharides they released from hemi-
cellulose seemed to be related to their prebleaching ef-
fect. On the other hand, the mode of depolymerisation
of hemicellulose caused by the di�erent enzymes, simply
measured as the increase of ¯uidity, correlated well with
the resulting brightness increase.
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