
Original

Semipilot-scale bleaching of Kraft pulp
with manganese peroxide

M.T. Moreira, G. Feijoo, J. Canaval, J.M. Lema

Abstract Crude Manganese Peroxidase (MnP) preparations from the fungus
Bjerkandera sp. BOS55 were tested for their abilities to bleach and delignify
oxygen delignified Eucalyptus Kraft pulp in a sequence combining a chelating and
a peroxide stage. The inclusion of the enzymatic treatment in the bleaching
sequence helped considerably to improve the final brightness. Other interesting
results included moderate Kappa reduction, slight yield loss and paper sheets
with an acceptable breaking length and burst index.

Introduction
From all the processes involved in the manufacture of paper, the bleaching stage
has one of the highest contributions to environmental pollution (Brunner,
Pulliam 1993). Legislative tightening has led to the almost complete abandonment
of elemental chlorine and to the adoption of other agents resulting in new
bleaching processes, termed ‘elemental chlorine free’ (ECF) or ‘totally chlorine
free’ (TCF) with lower environmental impacts (Johnston et al. 1996). A great part
of the effort put into these environmental actions in the last few years has been
directed towards the reduction of chemical reagents in the pulp bleaching.

The application of biotechnology to the pulp and paper industry has been an
object of many research studies (Eriksson 1998; Tortter 1990). Years ago,
microorganisms began to be used in the treatment of effluents, the fermentation
of sulphate liquors, the preparation of starch for paper sizing and the prevention/
control of slime buildup on paper machines. Nowadays, research is more focused
on improving tree species, pulping, modifying fibres and bleaching. An inter-
esting approach is the use of lignin-degrading fungi, not in a prebleaching stage
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but as an alternative bleaching process. This alternative has already been proven
to reduce by 72% the required bleaching agents for Kraft pulp (Fujita et al. 1991).

The investigation of how these microorganisms degrade a polymer of the
structural complexity of lignin has been the object of many research studies. The
lignin-degrading capacity of these fungi is now known to be due to extracellular
oxidative enzymes that function together with low molecular weight cofactors
(Barr and Aust 1994). Secreted by the fungi in response to low levels of key
nutrients such as C, N or S, these enzymes are mainly lignin peroxidase (LiP)
(Tien and Kirk 1983), manganese peroxidase (MnP) (Glenn and Gold 1985),
manganese-independent peroxidase (MIP) (de Jong et al. 1992), laccase (Eggert
et al. 1995) and H2O2-generating oxidases (Kuwahara et al. 1984). The role of each
of these enzymes is still unclear since the lignin-degrading species differ in the
range of ligninolytic enzymes they produce.

MnP activity is detected in active biobleaching cultures of different strains
(Moreira et al. 1997), and has been correlated with the biobleaching ability of
different white-rot fungi. Kondo et al. (1994) proved the bleaching ability of
purified MnP in in vitro systems, provided that Mn2+, Tween 80, malonate and
H2O2 were supplied in adequate concentrations. Moreover, the use of MnP avoids
operational problems related to the need of a mediator, as in the case of a laccase-
based bleaching, with the larger associated benefits related to economical and
environmental points of view. However, an application of MnP on a pilot or an
industrial scale is still lacking, which would be the first step to involve industrial
partners in the uses of this enzyme.

The main aim of this work is to introduce a MnP-based enzymatic stage in a
bleaching sequence on a pilot scale and analyse its effect on the bleaching and
delignification of oxygen pre-delignified kraft pulp (OKP) of Eucalyptus globulus.
The effect on the physical properties of the handsheets made after the bleaching is
also considered.

Materials and methods

Microorganism and culture conditions
The enzyme manganese peroxidase (MnP) used in all the experiments was iso-
lated from the white-rot fungus Bjerkandera sp. strain BOS55 (ATCC 90940),
which was cultured in malt extract plates at 30º C for 5 days (Mester et al. 1996).
After this first period of growth, four or five 6 mm agar plugs were transferred to
Fernsbach flasks containing 200 ml of a medium composed of glucose (10 g/l),
peptone (5 g/l), CaCl2 (0.1 g/l), salts in traces (100 ml/l) (Tien and Kirk 1988) and
thiamine (to reach a final concentration of 2 mg/l). The microorganism was then
set to grow in static conditions for 5 days at 30º C.

Erlenmeyer 250 ml flasks each containing 81 ml of culture medium were
inoculated with 9 ml of the blended 5-day culture grown fungus. The culture
medium was composed of glucose (10 g/l), peptone (2 g/l), sodium acetate
(1.64 g/l, pH 4.5), BIII medium (15) (100 ml/l), thiamine to reach a final con-
centration of 2 mg/l (added once the medium was sterilised), Tween 80 (0.01%),
MnSO4 (84.51 mg/l) and glycolic acid (380.25 mg/l). The cultures were incubated
in an orbital shaker at 30º C and 150 rpm to favour the formation of pellets. After
4 or 5 days, when the MnP activity was between 200 and 400 U/l, these cultures
were used to inoculate the fermenter.

The fermenter, a BIOSTAT(r)E B. Braun-Biotech International with a 10 l
capacity, was equipped with pH, Redox, temperature and pO2 sensors, a 6-blade
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propeller agitator and internal aeration loops. The acquisition of data was com-
puterised. Nine litres of culture medium (previously described) were added to the
fermenter, which was then inoculated with 1 l of the agitated cultures obtained in
the Erlenmeyer flasks. The temperature was set to 30º C, the agitation rate was set
to 150 rpm and the aeration rate was supplied to maintain oxygen saturation.
Once the peak production of MnP was detected, decreasing temperature stopped
the fermentation and the extracellular liquid was vacuum filtered and ultrafil-
trated through a semipermeable membrane, which permitted the separation of the
solvent from larger enzyme molecules. Then, the enzyme was concentrated by
ultrafiltration. Finally, the enzyme was stabilised by the addition of MnSO4 to
reach a final concentration of 500 lM.

Before its use in delignification assays, the enzyme was subjected to dialysis to
eliminate all the salts remaining in the extracellular fluid. The cellulose membrane
used was from Sigma Chemicals. The dialysis was carried out for 15 h against
10 mM sodium acetate at pH 4.5 and 4º C with agitation.

Measurement of MnP activity
The MnP activity was determined spectrophotometrically (Shimadzu UV-160A)
at 30º C and 468 nm, as described by Field et al. (1992). The method was based on
the oxidation of 2,6-dimethoxyphenol (2,6-DMP) by the MnP system to form a
quinone dimer. The molar extinction coefficient at this wavelength was
49600 M)1cm)1.

The MnP assays were carried out with 200 ll of 250 mM sodium malonate at
pH 4.5, 50 ll of 20 mM 2,6-DMP, 50 ll of 20 mM MnSO4, 50 ll of the sample
whose MnP activity was to be determined and 550 ll of water. The reaction was
started by the addition of 100 ll of 4 mM H2O2, ending up with a volume of 1 ml.
One unit of activity was considered as the amount of the enzyme, which oxidised
a micromol per minute.

Characterisation of the paper pulp
The Eucalyptus globulus paper pulp used in this work was obtained from a Kraft
mill in Spain and was previously subjected to oxygen delignification. The pulp,
provided in 60 g/m2 handsheets, was characterised by a Kappa number of 8.3. The
starting materials and the products obtained from them were characterised
according to the following standard methods (ISO, 1998; TAPPI, 1992;): Kappa
number (TAPPI T236), Hemicellulose content (TAPPI T450), Brightness (TAPPI
T452), Reversion (ISO 5262), Breaking length and Tensile Index (ISO 1924–1),
Burst index (ISO 2758), Tear index (ISO 1974), Porosity (ISO 5636–5) and Density
(ISO 534).

Bleaching assays
A bleaching sequence of X-Q-P (MnP-chelating-peroxide stage) was evaluated on
oxygen delignified Eucalyptus Kraft pulp. The experimental assays were per-
formed in 4 l stainless steel reactors, fitted with stirrers. The temperature inside
was reached by injecting steam into a chamber surrounding the reactor. The assay
conditions were as follows: X stage: consistency (10%), time (540 min), room
temperature, MnSO4 (100 lM), sodium malonate (50 mM), hydrogen peroxide
(0.5 mM every hour), pH (4.5); Q stage: consistency (10%), time (60 min), tem-
perature (85� C), DTPA dosage (0.4% on BD pulp), pH (5.5); P stage: consistency
(10%), time (180 min), temperature (98� C), NaOH dosage (1.7% on BD pulp),
H2O2 (2.8%), MgSO4 (0.11%), sodium silicate (0.3%).
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With the purpose of reliably assessing the extent of delignification attributable
to the enzyme, reference samples with no enzyme addition were used as controls.
The samples were replicated three times.

Results and discussion
Table 1 shows the evolution of brightness, brightness reversion, viscosity and the
final Kappa number at different enzyme dosages in the pre-enzymatic stage
incorporated into the bleaching sequence. The final brightness of pulp increased
with an increased enzyme dosage, reaching a maximum and then remaining
constant. An enzyme dosage of 20 U/g gave very good results and a higher
concentration did not improve bleaching efficiency. This fact is very interesting
for application purposes, as, obviously, a low charge of enzyme is desirable. The
enhancement in pulp brightness (6.1% units ISO higher than in the control assay)
was quite relevant after a single enzymatic treatment, considering that at these
high brightness values (close to 90%) an appreciable bleaching is often achieved
only by using chemical reagents. The increase in brightness was correlated with a
reduction in the final Kappa number, which decreased relatively less markedly
with the increase in enzyme dosage. The major portion of the Kappa number of
the pulp used in this study can be attributed to the presence of hexenuronic acids
(Teleman et al. 1996). Hexenuronic acids could only have been removed by acid
treatment, but not by treatments conducted here (Vuorinen et al. 1996). This is
the reason why the level of the Kappa number remained so stable. Hexenuronic
acids originated from the conversion of 4-O-methylglucuronic acid substituents
of xylan under alkaline conditions. Other pulp parameters such as viscosity, an
indirect measurement of cellulose content, and reversion were comparable to the
reference sample and practically unaltered by the enzymatic treatment, which
indicated that the quality of the paper is quite unaffected.

Table 2 shows the variation in fibre length, the yield and the hemicellulose
content after the sequence with the selected dosage of enzyme (20 U/g). The fibre
length was slightly diminished after the enzymatic stage due to the higher
proportion in fibre length, smaller than 0.45 mm. The yield and hemicellulose
content showed a slight diminution in the case of the pulp treated with MnP.

Table 1. Results after the X-Q-P bleaching sequence

MnP dosage Brightness Reversion Viscosity Kappa no.
(U/g) (%ISO) (%) (ml/g)

Control 80.2 3.2 631 7
10 83.4 2.8 617 6.5
20 86.3 3.7 619 6.6
60 86.1 3.3 715 6.2

Table 2. Results after the X-Q-P sequence at an enzyme dosage of 20 U/g

Physical properties Control Assay

Fibre length (mm) 0.7 0.68
Length less than 0.45 mm (%) 14.5 16
Yield (%) 97.4 96.0
Hemicelluloses (%) 11.4 10.8
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Nevertheless, the very small differences found for all these variables is presumed
to be due to the fact of the higher brightness level achieved and this decrease can
be considered in the admissible range. Since the enzyme preparations were vir-
tually free of cellulase activity, the decrease in yield was possibly mainly due to
the parallel decrease in hemicellulose rather than a decrease in cellulose content.
This hypothesis is also supported by the negligible loss in viscosity in comparison
with control assays.

After performing the bleaching sequence, the pulps were introduced into a PFI
mill to determine conventional papermaking properties, such as the tear index,
the tensile index, the porosity, the density, the burst index and freeness. The
average results for experiments carried at different enzyme dosage are presented
in Figs. 1, 2 and 3. These parameters showed no significant differences between
control and optimum enzymatic assays. In addition, the slight differences
between them were favourable in the case of the enzymatic assays, as observed in
the tensile index, the burst index, the porosity and the freeness. The evolution of
the burst index was similar to the tensile index, due to the fact that both prop-
erties are based on the interfibre bonding potential. Concerning the energy
consumption, some energy savings during the refining stage could be expected by

Fig. 1. Freeness (circles) and the burst index (squares) after the bleaching sequences. Open
symbols correspond to controls and closed symbols correspond to assays

Fig. 2. The porosity (circles) and the density (squares) after the bleaching sequences. Open
symbols correspond to controls and closed symbols correspond to assays
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the decrease in freeness. The tear index was slightly superior in the case of the
reference at a PFI beating time of 2.5 min; this tendency was the opposite, at
4.5 min, indicating that there was no significant difference for both samples. Only
the density was slightly reduced (less than 1%) in comparison with the reference
sample. These results showed that the enzymatic step had no negative effect on
the physical properties of the pulp, compared to the reference values.

Conclusions
Although the gain in brightness and the loss of lignin by an enzymatic MnP
treatment has been previously reported in the literature, so far only laboratory
scale experiments were carried out and no further scaleup was attempted. The
inclusion of the enzymatic treatment in a bleaching sequence on a large scale
produced promising results with the final brightness (6.1% units ISO higher than
in control assay). Moreover, good paper physical properties, such as the tear
index, the tensile index, the burst index and freeness may make it possible to
transfer this technology from the laboratory to the paper mill. Further research
will be focused on the development of bleaching sequences considering the
inclusion of sequential enzymatic treatments and chemical stages.
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