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ABSTRACT Xyhnase-treatedpulp bleached at 10% substitution 
required almost 80% less Ch and 5% less C102 than the controlpulp 
to reach 90% IS0 brightness. Xyhme allows the mill to bleach to 
90% IS0 at a Ch level equivaht to 80% C/O2 substitution but 
with a 33 % reducton in C102. Pretreatment ah0 alhwedpulps of  
92% IS0 to beprqared with a cbhine multiple $0.15, where& 
the anahgous pulp at a mulDpl? of 0.25 reached less than 91 % ISO. 
EYWORD3 Bhaching, bnghmess, chlorine, chhrine dioxiak, 
kraj pulps, pretreatment, reduction, yhnuse. 

rowing public concern about the G environment is giving rise to dra- 
matic technological changes in pulp 
bleaching. Applications of biotechnol- 
ogy in the bleach plant appear to offer 
a viable and novel means of facilitating 
these needed changes. The expected 
short-term impact of these develop- 
ments will be the elimination of mo- 
lecular chlorine from the bleach plant 
without a sacrifice of pulp quality or an 
increaseinchemicalcosts. In thelonger 
term, this new approach will be impor- 
tant in pulp bleaching processes that 
admit no chlorine-containing chemis- 
try, that have effluents that are sub- 
stantially improved in terms of acute 
and chronic toxicological effects, and 
that have process waters that are fully 
recyclable. 

The concept of biological bleaching 
with xylanases emerged from efforts 
to selectively remove hemicellulose 

from chemical pulps and prepare dis- 
solving-grade pulp suitable for  
derivatization to cellulose acetate, 
rayon, etc. ( I ) .  It was later found that 
xylanase pretreatment of pulp caused 
reductions in lignin content and that 
savings in chemicals can be obtained 
(2-8). When cellulase-free xylanases 
have been applied to pulps, reductions 
in bleach chemical requirements have 
been concomitant with improvements 
in viscosity (6, ‘7) and paper properties 
such asbeatability(7, S),tearstrength, 
and brightness (7,s). Reduction in chlo- 
rine usage, in part due to xylanase 
treatment of pulp, has also been shown 
to substantially lower levels of AOX 
(adsorbable organic halogens) and di- 
oxin in mill trial effluents (IO). 

As the pulp and paper industry 
moves toward technology that reduces 
chlorinated organic compounds in 
bleach plant effluents, a growing ten- 
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dency has been toward the use of higher 
percentages of C10, substitution. High 
C10, substitution has been shown to 
reduce dramatically the formation of 
chlorinated organic compounds in 
bleach plant wastewater (11). Chemi- 
calsavings derived fromxylanase treatr 
ments have been reported by various 
workers, using different C10, substi- 
tutions. However, there have been no 
systematic studies on the impact of 
xylanase pretreatment on the chlori- 
nation stage and chlorine dioxide sub- 
stitution. In this regard, there have 
been only limited attempts to properly 
q u a n a  downstream bleaching chemi- 
cal savings following xylanase use and 
to maximize the potential benefits. 
Likewise, theuseofxylanasepretreat- 
ment to improve overall bleached pulp 
brightness has not been described. 

In this report, we focus on the rela- 
tionship between the effectiveness of 
xylanase pretreatment and the levels 
of C10, substitution in the bleaching 
sequence. We also describe the merits 
of xylanase use from the point of view 
of mill operations, looking at how 
xylanase pretreatment facilitates the 
preparation of pulps of very high 
brightness. 

Prepma~aDn ofqlmae e v e  
Xylanase enzyme was produced by 
batch fermentation of Streptomyces 
lividam [pIAF18]. Thishigh-xylanase- 
producing, cellulase-negative microor- 
ganism was obtained through ageneric 
engineering program at the Institute 
Armand Frappier, Montreal. The en- 
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1. Effect of chlorination-stage total equivalent chlorine multiple on the 
final brightness of xylanase-treated and control hardwood kraft pulps 

2. Charges of CI,and CIO, combined to achieve 90% IS0 brightness for 
control and xylanase-treated pulps, for various chlorine dioxide substi- 
tutions 
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zyme was prepared as described by 
Bertrand et al. (12). 

The activity of the enzyme prepara- 
tion was 1033 IU/mL, where an IU 
(international unit) is that amount of 
enzyme which catalyzes the formation 
of 1 p o l  of xylose per minute from a 
solution containing xylan. 

A stock solution of 1.5% (wt/vol) of 
the water-soluble fraction of oat spelts 
xylan was dissolved in 50mM 
McIlvaine's b~ffer~pH6.0, and thiswas 
used as the assay substrate. Assay re- 
action times were 10 min. The reducing 
sugarsproducedwere determined,rela- 
tive to standard xylose solutions, ac- 
cording to the dinitrosalicylic acid 
method of Miller (13). 

Xylanase treatment of pulp 
Xylanase treatments were carried out 
on 200-g batches of hardwood kraft 
pulp ofmixed furnish, as obtainedfrom 
an eastern Canadian mill. The pulp was 
adjusted to pH 5.5-6.0 by the addition 
of 1M H,SO, solution. Xylanase was 
added to the pulp, with mixing in a, 
Mark I1 Quantum Reactor at a consis- 
tency of 6% (wt/wt). 

The enzyme reaction was carried 
out while maintaining the pulp tem- 
perature at 50°C for 2 h. An enzyme 
charge of 0.012% on pulp was applied, 
which was equivalent to 85 IU/g of 
pulp. Following the enzyme treatment, 
the pulps were washed at 1% consis- 
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tency in water and were filtered using 
suction. Control pulps were prepared 
identicallyto the enzyme-treated pulps, 
with the enzyme being replaced with 
water. 

Bleaching experiments 
Control and xylanase-treated pulps 
were subjected to standard (CD)EDED 
bleaching. During the chlorination 
stage, the pulp consistency was ad- 
justed to 3.5%, and the chlorination 
reaction, using 150 g 0.d. pulp, was 
carried out in a stirred vessel at 40°C 
for 30min. Forxylanase-treated pulps, 
chlorinemultiples of0.05,0.10, and0.15 
were applied. Control pulps were 
treatedwith higher multiples, as speci- 
fied in the figures and tables. 

The substitution of C10, for Cl, was 
varied stepwise through percentages 
of lo%, 40%, 70%, and 100%. At 10% 
substitution, C1, and C10, were 
premixed in aqueous solution, prior to 
being added to the pulp. For 40% sub- 
stitution, the C10, was added 30 s be- 
fore Cl,; for 70% substitution, ClO, was 
added 60 s before Cl,. Following the 
chlorination stage, pulps were washed 
with stirring at 1% consistency and 
were filtered using suction. 

Acaustic extraction was carried out 
immediately after the washing stage. 
Pulp and sodium hydroxide solution 
(2% on pulp) were mixed in a Hobart 

mixer. Caustic extraction was carried 
out for 1 h at 70°C in polyethylene bags. 
The first D stages were carried out on 
20-g samples in sealed glass Mason 
jars using C10, charges of 1.2% on pulp 
(except as specified otherwise) at 6% 
consistency and 70°C for 3 h. All first D 
stages were optimized with sodium 
hydroxide addition to achieve an exit 
pH of 3.5-4.0. The second extraction 
stage was performed using caustic 
charges of 0.6% on pulp with the same 
consistency, temperature, and time as 
the first extraction stage. A constant 
C10, charge of 0.4% on pulp in the 
second D stage was used throughout at 
a temperature of 70°C for 3 h. 

We also studied the effect of the 
order of addition of Cl, and C10, on the 
bleachability ofxylanase-treated pulps. 
Xylanase-treated pulp was bleached 
using the sequence (CD)EDED, under 
which the order of addition of Cl, and 
C10, was varied in the (CD) stage. For 
40% C10, substitution and a chlorine 
multiple of 0.10, C10, was added 30 s 
before Cl, in a (DC)EDED sequence, 
ClO, and Cl, were premixed before 
being added to the pulp in a 
(C+D)EDED sequence, and Cl, was 
added30s beforeClO,ina(CD)EDED 
sequence. 

The subsequent extraction stagewas 
carried out as already described. The 
first D charges of C10, were varied 
from 0.4% to 1.2% on pulp followed by 



1. Properties of brownstock and xylanase- 
treated hardwood kraft pulp 

fi 
Brown Xylanase- 
stock treated 

Brightness, YO IS0 31.3 33.9 
Kappa number 13.2 11.2 
Viscosity, mPa . s 28.8 30.9 

3. Total applied equivalent chlorine charges 
(C12 + CIO, as CI,) to achieve 90% IS0 bright- 
ness in treated and untreated pulps 

CIO, SUBSTITUTION, % 

4. Effect of the order of addition of CI, and CIO, 
on pulp brightness at the end of the second D 
stage 

40% Substitution 

E 880.4 0.8 1.2 

CIO2 CHARGE, % on pulp 

an extraction stage and second D stage 
as described. Final stage brightnesses 
were determined to assess the 
bleachability effect. The experiments 
were also repeated using 80% ClO, 
substitution. 

All measurements of kappa num- 
ber, brightness, and viscosity were per- 
formed according to TAPPI and CPPA 
procedures. 

Results and discussion 

Samples of an eastern Canadian hard- 
wood kraft pulp were treated with our 
Streptomyces lividansxylanase prepa- 
ration prior to use in bleaching experi- 
ments. This enzyme functions 
effectively over broad ranges of tem- 
perature and pH (up to 60°C and pH 
4.5-7.0) and thus offers the mill opera- 
tor the flexibility to incorporate 
xylanaseintohis systemwithlittle capi- 
tal expense or retrofitting. 

IC1 xylanase can be readily applied 
in the mill's brownstock storage chest, 
where process conditions are highly 
compatible with the optimum condi- 
tions for xylanase action. Using 
xylanase charges identical to those in 
this work, we have found that substan- 
tial effects can be gained with enzyme- 
stage treatment times as short as 30 
min, while retention times of 16 h or 
longer present no problems to pulp 
viscosity, because of the cellulase-free 
nature of this enzyme (unpublished 
results). 

The brownstock and xylanase- 
treated pulps used for the chlorine 
bleaching had characteristics as de- 
scribedinTable1. Afterxylanase treat- 
ment, we observed an increase in 
brightness of 8% and a reduction in 
kappa number of 16%, which showed 
that xylanase can delignify pulp to a 
limited extent. The improvement invis- 
cosity confirms that there is an enrich- 
ment of the high-molecular-weight 
cellulose fraction, which occurs when 
xylan is selectively removed (1&15). 

Reduction in bleaching chemical 
requirements 
One of our objectives was to quantlfy 
the reduction in first-stage bleaching 
chemicals that can be achieved by pre- 
treating the pulp with xylanase. 
Xylanase-treated pulps were subjected 
to bleaching using fwst-stage total 
equivalent chlorinemultiples from 0.05 
to 0.15 over four levels of chlorine diox- 
ide substitution. The bleaching se- 
quences used at the various levels of 
chlorine dioxide substitution were: 

10% C10,: (C+D)EDED 

40% C10,: (DC)EDED 

* 70% C10,: (DC)EDED 

100% (310,: DEDED. 

At substitution levels of 40% and 
70%, chlorine was added to the pulps 
after chlorine dioxide and after a slight 
delay (as specified). Subsequent to the 
first-stage bleaches, all EDED stages 
were performed using constant chemi- 
cal charges. Exit conditions and bright- 
ness data for the bleached pulps are 
foundin Table 11. Nonxylanase-treated 
pulps prepared as controls were 
bleached with chlorine multiples in the 
rangeof0.15-0.25,unlessindicatedoth- 
erwise. 

Several differences between fully 
bleached, xylanase-treated and un- 
treated pulps were immediately ap- 
parent. At lo%, 40%, and 70% C10, 
substitution, a brightness of 90% IS0 
was readily achieved for the xylanase- 
treated pulps with a substantial reduc- 
tion in chlorination-stage charge (Fig. 
1). Brightnesses of the xylanase pulps 
bleached with 10% and 40% substitu- 
tion were nearly identical and were 
substantially higher than for all other 
treatments. Brightnesses of 91% and 
92% IS0 could be readily achievedwith 
chlorine multiples of 0.10 and 0.15, re- 
spectively, when xylanase-treated pulp 
and low- to medium-C10, substitution 
were used. 

The brightness curve of xylanase- 
treated pulp bleached at 10% ClO, sub- 
stitution is virtually linear and did not 
show signs of reaching a brightness 
ceiling even when the highest chlorine 
multiple (0.15) was used. This outcome 
indicates that pulps of +92% IS0 
brightness could be easily achieved 
while maintaining a lower chlorine 
multiple than with the nonxylanase- 
treated control pulp. The control pulp 
bleached at  10% C10, substitution 
reached an apparent brightness ceiling 
below 91% ISO. Bleaching this control 
pulp at 10% ClO, substitution with a 
chlorine multiple of 0.25 yielded only 
90.7% IS0 brightness. At 70% C10, 
substitution, thexylanase-treated pulp 
easily reached 90% IS0 brightness, 
with less chemical charge than the con- 
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trol pulp required. 

Impact of chlorine reduction on 
chlorine dioxide substitution 
The requirements for bleach chemi- 
cals for control and xylanase-treated 
pulps, bleached at various C10, substi- 
tution levels, indicate the potential 
chemical savings available when 
xylanase is employed. With constant 
chemical charges maintained in the 
first and second D stages, the chemical 
savings could be realized in the chlori- 
nation stage. 

Figure 2 shows the charges of Cl, 
and C10, required to reach 90% IS0 
brightness for control and xylanase- 
treated pulps at each level of ClO, sub- 
stitution. The xylanase-treated pulp 
bleached at 10% substitution required 
almost 80% less Cl, and 5% less C10, 
than the control at 10% substitution to 
reach the target brightness. This 
amount of Cl, is equivalent to that 
required to bleach the control using 
80% substitution (taking the point at 
80% on the extrapolated line). 

Even more important, however, is 
the substantial savingsin C10, that can 
be realized. A mill operating at 80% 
C10, substitution would require a total 
C10, charge of at least 2.4% on pulp for 
this brownstock pulp, whereas only 
1.6% C10, would be required under 
xylanase pretreatment. Xylanase use 
would allow the mill to bleach to 90% 
IS0 brightness at a Cl, level equiva- 
lent to 80% C10, substitution for un- 
treated pulp, gaining at  least a 33% 
reduction in C10, requirement. Also, 
the chlorine multiple (0.05) required to 
obtain +90% IS0 brightness with 
xylanase-treated pulp using 10% sub- 
stitution is well below the threshold of 
0.15-0.17 for chlorinated dioxin and 
furan formation in softwoods (26). 

Chlorine and chlorine dioxide act 
synergistically in pulp bleaching when 
used at a ratio of approximately 1:l 
(2 7). This effect explains why the mini- 
mum requirement for bleaching chemi- 
cals for our control sequence pulps 
occurs at about 40% substitution (Fig:. 
3). Surprisingly, the xylanase-treated 
pulp was found to require less total 

- 
II. E.ffects of xylanase pretreatment on (C+D)EDED bleachability of hardwood kraft pulp using 
1046 chlorine dioxide substitution 

- [C+D)E a First D stage Second D stage 
Total 

available Bright- 
Chlorine chlorine, B i t  Residual, Exit Residual ness, 
mulfiple %onpulp pH %onpulp pH %onpulp %IS0 

Control 0.20 
0.25 

Xylanase 0.03 
0.05 
0.10 
0.15 

Control 0.15 
0.20 

Xylanase 0.05 
0.10 
0.15 

Control 0.20 
0.23 

Xylanase 0.05 
0.10 
0.15 

Control 0.15 
0.20 

Xylanase 0.05 
0.10 
0.15 

10% Substitution 
2.64 3.6 0.15 
3.30 3.7 0.25 

0.34 4.5 0.01 
0.55 4.2 0.04 
1.11 3.7 0.42 
1.67 3.8 0.52 

40% Substitution 
1.98 3.6 0.17 
2.68 3.7 0.19 

0.56 4.1 0.03 
1.12 3.9 0.08 
1.69 3.8 0.20 

70% Substitution 
2.63 3.7 0.25 
3.04 3.6 0.42 

0.56 4.1 0.05 
1.09 3.6 0.22 
1.66 3.7 0.30 

700% Substitution 
1.98 4.5 0.07 
2.64 3.5 0.04 

0.58 4.7 0.06 
1.16 4.2 0.03 
1.73 4.0 0.03 

a First E charge: 2% on pulp. 
CIO, charge: 1.2% on pulp. 

Second E charge: 0.6% on pulp. 
CIO, charge: 0.4% on pulp. 

4.2 
4.5 
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4.0 
3.7 
3.7 
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4.0 
3.7 
3.8 

4.1 
4.0 

3.9 
4.0 
4.2 

0.22 
0.10 

0.09 
0.30 
0.31 
0.31 

0.19 
0.25 

0.17 
0.26 
0.34 

0.21 
0.24 

0.08 
0.09 
0.25 

0.06 
0.15 

0.15 
0.23 
0.26 

90.2 
90.7 

86.1 
90.3 
91.3 
92.0 

89.8 
91.3 

89.8 
91.4 
91.9 

90.2 
91 .o 

89.2 
90.5 
90.8 

83.6 
87.0 

87.5 
87.5 
87.5 

chlorine charge at 10% substitution 
than at other substitutions. For hard- 
wood basestocks, xylanase-pretreated 
pulp is more easily bleached at low 
chlorine dioxide substitution than at 
high substitution. 

Effect of the order of addition of 
chlorine and chlorine dioxide 
Samples of xylanase-treated pulp were 
bleachedusing sequencesin which C10, 
was added30sbefore Cl, [(DC)EDEDl, 
simultaneouslywithC1,[(C+D)EDEDl, 

and 30 s after C$ [(CD)EDEDl. The 
degrees of substitution chosenfor these 
experiments were 40% and go%, and a 
chlorine multiple of 0.lOwas applied to 
the first stage. 

Table I11 shows that the effective- 
ness of bleaching by Cl, and C10, de- 
pends on the order in which they are 
added when xylanase-treated pulp is 
used at 40% ClO, substitution. Using 
40% substitution, the addition of Cl, 
before C10, in the chlorination stage 
was more effective than when the re- 
agents were pre-mixed or when ClO, 
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111. Effect of the order of addition of CI, and Cl0,on the bleaching efficiency of xylanase-treated 
pulps using 4O%CIO, substitution 

Bright- Charge, Bright- Bright- 
Kappa ness, % on ness, ness, Viscosity, 

no. % IS0 pulp % I S 0  % / S O  mPa*s 

40% Substitution 
(DC)EDED 5.0 48.3 0.4 74.9 

0.8 83.3 
1.2 85.6 

(C+D)EDED 2.9 51.4 0.4 81.2 
0.8 86.3 
1.2 87.4 

(CD)EDED 3.2 52.6 0.4 82.1 
0.8 86.6 
1.2 87.4 

80% Substitution 
(DC)EDED 5.6 49.4 0.4 

0.8 
1.2 

(C+D)EDED 5.4 47.4 0.4 
0.8 
1.2 

(CD)EDED 5.1 51.7 0.4 
0.8 
1.2 

(DC): CI, was added 60 s after CIO,. 
(C+D): CI, and CIO, were added simultaneously. 
(CD): CI, was added 60 s before CIO,. 

74.0 
83.4 
85.2 
71.9 
82.1 
85.1 

74.4 
81.6 
85.5 

88.7 
90.4 
91.2 

89.3 
90.4 
90.8 

90.1 
90.8 
91.2 

86.9 
87.2 
88.7 
86.4 
87.9 
88.8 

87.3 
88.7 
89.9 

... 

... 
23.0 

25.7 
23.1 
23.2 

25.2 
24.0 
22.2 

... 

... 

... 

... 

... 

... 

... 

... 

... 

was added first. This result was evi- 
denced by a substantially lower kappa 
number and the higher brightness of 
the extraction-stage pulp. 

Three charges in the first D-stage 
(0.4%, O S % ,  and 1.2% on pulp) were 
then applied to samples of each pulp 
from the three different chlorination- 
stage sequences. InTable 111, compar- 
ing the brightnesses at each charge for 
all three sequences, we see that, again, 
the pre-mixing of Cl, and ClO, or the 
pre-adding of C1, gave higher 
brightnesses than when C10, was 

added first. This effect was more obvi- 
ous at the lowest charge (0.4%). The 
effect of the mode of addition was less 
apparent, however, at the second D 
stage because the pulp brightnesses 
were at the brightness ceiling or were 
approaching it (Fig. 4). Nonetheless, 
for pulps bleachedwith the lowest first 
D ClO, charge (0.4%), a trend in second 
D-stage brightness was observed, with 
brightness increasing according to: 
(DC) < (C+D) < (CD). These results 
are unexpected in light of our conven- 
tional understanding of the effects of 

chlorine dioxide substitution on chemi- 
calpulp bleaching(18,29) andviscosity 
protection (20). 

With 80% substitution, the order of 
additions had minor effects on increas- 
ing the second D-stage brightnesses, 
when C1, was added one minute ahead 
of C10, or simultaneous with C10, 
(Table 111). 

The correct order of addition of Cl, 
and C10, after xylanase pretreatment 
indicates potential for further reduc- 
tion of C10, charges in the first and 
second D stages. Also, the addition of 
the chlorine ahead of chlorine dioxide 
is preferred in order to minimize or 
eliminate chlorinated dioxin and furan 
formation in softwoods (16). Xylanase 
pretreatment appears to facilitate this 
option. 

The improvement in bleaching of 
xylanase-treated pulp at low C10, sub- 
stitution was found to arise following 
the chlorination stage. Figure 5 shows 
that the greatest delignification (as 
measured by kappa number at the end 
of (CD)E)was obtainedwithqlanase- 
treated pulps bleached at low C10, 
substitutions. As the C10, levels were 
increased, progressive reductions in 
delignification were observed. Control 
pulps treated at constant charges, how- 
ever, retained maximal delignification 
at 40% substitution. 

Effm of xylanase pretreatment on 
pulp viscosity 
In previous work, we have observed 
that xylanase pretreatment leads to 
improvements in pulpviscosity. In this 
work also, we found xylanase-pre- 
treated pulps bleached to 90% IS0 
brightness at lo%, 40%, and 70% C10, 
substitution to have higher viscosities 
than untreakd controls (Fig. 6). 

Conclusions 

Xylanase-pretreated hardwood kraft 
pulps that were bleached using a stan- 
dard (CD)EDED sequencewere found 
most susceptible to bleaching when 
low chlorine dioxide substitution was 
applied. A large reduction in Cl, re- 
quirementwas observed, and thetreat- 
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5. Effect of xylanase action on the reduction of kappa number (taken 
after the (CD)E stage). The starting kappa number was 13.2 for the 

6. Effect of xylanase pretreatment on the viscosity of (CD)EDED- 
bleached pulp 

mtrol pulp and 11.2 for the xylanase-treated pulp. 
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ment permitted bleaching to high 
brightness (90% ISO) at Cl, levels 
equivalent to 80% C10, substitution 
without xylanase pretreatment. In ad- 
dition, the C10, level needed to obtain 
the target brightness was even less 
than if 10% C10, substitution was in 
place. 

The results suggest that mil ls using 
xylanase could operate under condi- 
tions equivalent to 80% C10, substitu- 
tion while employing at least 33% less 
ClO,. This valuable reduction in bleach 
chemical requirement would also have 
a major impact on AOX and dioxin 
reductions andwould help improve the 
cost efficiency of mill operations. 
Xylanase use would therefore allow 
hardwood bleach plants currentlypro- 
ducing C10, for 10% substitution to 
reduce chlorine requirements by 80% 
or more without creating any addi- 
tional need for major capital invest- 
ment in facilities to generate chlorine 
dioxide or other oxidizing chemicals. 

The order of addition of C1, and C10, 
during the first bleaching stage was 
found to be important when bleaching 
xylanase-treated pulps. With respect 
to total bleach chemical requirements, 
the addition of Cl, prior to or simulta- 
neously with C10, in the chlorination 
stage using 40% C10, substitution was 
more effective than when C10, was 
added before Cl,. 

Xylanase pretreatment permitted 
pulps of very high brightness of 91- 
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!E% IS0 to be prepared using the 
(conventional bleach sequence 
(CD)EDED. The chlorine multiple 
could be reduced to 0.10 for pulp 
bleached to 91% IS0 and to 0.15 for 
pulp bleached to 92% ISO. Xylanase- 
treated pulps bleached to 92% IS0 
brightness using 10% C10, substitu- 
tion showed no indication of a bright- 
ness ceiling when bleached at 0.15 
chlorine multiple. The resulting pulps 
had better viscosities than the 
nonxylanase-treated control pulps. ill 
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