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ABSTRACT The efect of enzyme pretreatment on ozone and 
chlorine- based bleuching of  kraj-oxygen pulp from radiata pine 
was studied in the hborato ry. Pretreatment conditions with 
Pulpzyme HA, a xylanolytic preparation fiom Novo-Nordisk a/ 
s, were optimized separately far both ZED and (DC)ED 
bleaching. The presence of cellulase activi y in the prepuration 
caused sign&ant cellulose degrudation under some 
pretreatment conditions, particularly low pH und temperature. 
At optimum pretreatment conditions, bleaching efectiveness far 
both sequences was improved about 25% while bleaching 
selectivity was unafected. 
KEYWORDS: Hemicellulase, kra$pu&s, ozone bleaching, 
pinus radiatu> pretreatment. 

raft pulp bleaching with chlo- K rine-based chemicals produces 
chlorinated organic material which 
is considered harmful to the envi- 
ronment. There is worldwide inter- 
est in developing chlorine-free bleach 
treatments which are cost-effective 
and preserve pulp quality. Ozone 
bleaching has great potential in this 
regard and has been extensively 
studied both in the laboratory and 
on the pilot plant scale (1-3). Re- 
cently, a softwood kraft pulp pro- 
ducer in the United States 
announced plans to install ozone 
delignification in a 975-tordday com- 
mercial bleach line (1). 

Questions still remain over the se- 
lectivity of ozone treatment and its 

ability t o  retain the important 
strength advantages of softwood 
kraft pulp, especially after oxygen 
delignification. Selectivity is nor- 
mally defined as the ratio of a desir- 
able bleaching effect (delignification 
o r  brightening) versus an undesir- 
able bleaching effect (loss of pulp 
viscosity or strength). Many pre- 
treatments and additives to improve 
ozone bleaching selectivity have been 
proposed though none to date has 
proved commercially viable (2). More 
effective systems to increase the se- 
lectivity of ozone still need to be de- 
veloped. 

Recent work has shown that en- 
zymatic pretreatments with 
hemicellulases prior to chlorine- 
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based bleaching improve deligni- 
fication effectiveness, i.e., increase 
lignin removal per unit of consumed 
active chlorine (3-6}. The exact 
mechanism of improvement is un- 
known. However, it may involve 
physical effects on the cell wall struc- 
ture or the partial removal of rede- 
posited xylan which may increase 
overall pore size and thus facilitate 
lignin removal (3, 7). If this is the 
case, then hemicellulase pretreat- 
ment may act as a general enhance- 
ment for all delignification processes 
including those using oxygen, hydro- 
gen peroxide, and ozone. Increases 
in the selectivity of ozone 
delignification may also accompany 
any increases in ozone effectiveness. 

This study characterized the ef- 
fects of pretreatment with a com- 
mercial hemicellulase product, 
Pulpzyme HA from Novo-Nordisk 
a/s, on ozone delignification and sub- 
sequent chlorine dioxide brighten- 
ing of kraft-oxygen pulp from radiata 
pine. For comparison, pretreated 
pulps were also bleached with a con- 
ventional chlorine-based sequence. 
After initial pretreatment experi- 
ments at  the manufacturer's recom- 
mended conditions, pretreatment 
conditions were optimized using sta- 
tistically designed experiments. Fil- 
trates from pretreatments were 
analyzed for residual enzyme activ- 
ity and total carbohydrate dissolu- 
tion. Pretreated pulps were bleached 
with standard ZED and (DC)ED se- 
quences. Effects on pulp extracted 
kappa number and viscosity, as well 
as final brightness were then deter- 
mined. 

' 
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1. Experimental variables and their levels in the factorial design. 

- 1  0 + I  

A. Temperature, "C 40 50 60 

B. Enzyme charge, XU/g .o.d. pulp 3.3 6.6 9.9 

C. Buffered pH 5.0 6.0 7.0 

D. Time, h 3.0 5.0 7.0 

E. Consistency, % 6.5 71.0 15.5 

Experimental 

Pretreatment 
Pulpzyme HA is a xylanase prepara- 
tion derived from a. selected strain of 
Trichoderma reesei. According to the 
manufacturer it contains endo-1,4- 
beta D-xylanase as well as exo-l,4- 
beta-D-xylanase activities. A certain 
amount of cellulase activity is also 
present which is minimized at pH 7.0 
and 40-50°C according to the manu- 
facturer. Substantial xylanase activ- 
ity is still reported under these 
conditions. 

Pretreatments were performed 
using 100-g 0.d. samples of commer- 
cial kraft-oxygen pulp (13.0 kappa 
number) from radiata pine. Pulps 
were hand mixed with enzyme in 
plastic bags then immersed in a wa- 
ter bath at the required tempera- 
ture. Following pretreatment, spent 
filtrate was collected and pulp was 
washed with warm tap water. 

The z5-' fractional factorial experi- 
mental design contained six center 
points to estimate pure error vari- 
ance. Variable levels were as shown 
in Table I. 

The half fraction of the full Z5 was 
selected as a resolution V design with 
the defining relation I = ABCDE. 
The 32-run fractional factorial de- 
sign was performed in two blocks for 
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logistical reasons. Since the variables 
of time and consistency were thought 
to be the least significant, the two 
blocks were selected using the defin- 
ing relation I = k ABC. This block- 
ing pattern causes the two-factor 
interaction variable (Time' consis- 
tency) to be confounded with any 
block effects which may be observed. 

To obtain the pH range required 
(5.0-7.0), two buffers were used. So- 
dium citrate buffer (0.05 M )  was used 
for pH 5.0 and 6.0, while sodium phos- 
phate buffer (0.05 M )  was used for 
pH 6.0 and 7.0. The replication of the 
center-point treatment conditions 
(which required pH 6.0) enabled sev- 
eral treatments to be performed with 
each of the two buffers. No differ- 
ences in subsequent bleach response 
were observed between the two 
buffer systems. 

Pretreatment experiments at  op- 
timized conditions were performed 
without buffer using sulfuric acid to 
adjust pH to the desired level. Some 
control pretreatments were also per- 
formed at optimal conditions, but 
without enzyme addition. 

Bleaching 
Pulp (30 g 0.d.) at 10% consistency 
was acidified prior to ozone treat- 
ment. Pulp containing 0.4% DTPA 
was adjusted to pH 2.0 with sulfuric 

1. Effect of Pulpzyme HA concentration on 
reducing carbohydrate release in a standard 

lanase assay 

ENZYME CONCENTRATION, mglmL 

acid, then heated to 75°C for 60 min. 
After dewatering to 30% consistency, 
pulp was ozonated at  room tempera- 
ture in a rotary evaporator unit with 
1.0% consumed ozone. 

Pulp (25 g 0.d.) at 1.5% consis- 
tency was also sequentially chlori- 
nated in a modified pulp disintegrator 
with 2.6% active chlorine (50% C10, 
substitution) at  35°C for 35 min. 

Ozone treated and chlorinated 
pulps were washed with warm tap 
water then alkaline extracted in a 
plastic bag with 2.0% NaOH at 10% 
consistency and 70°C for 60 min. Ex- 
tracted pulp was washed with warm 
tap water then analyzed for kappa 
number and viscosity according to 
TAPPI UM 246 and TAPPI T 230, 
respectively. 

Extracted pulp (20 g 0.d.) at  10% 
consistency was chlorine dioxide 
bleached in a plastic bag with 1.0% 
C10, (0.4% NaOH) at 70"C, for 180 
min. After treatment, pulp was 
washed with warm tap water then 
adjusted to pH 5 with sulfurous acid. 
IS0 brightness was measured ac- 
cording to IS0 3688-1977. 

Analyses 
Pretreatment filtrates were analyzed 
for residual enzyme activity with a 
xylanase assay using beechwood 4- 
OMe-glucuronoxylan (1%) as sub- 



II .  Results after enzyme pretreatment at manufacturer's recommended standard conditions of 6.6 XU/g, 50°C, pH 6.0, 5.0 h and 11% 
consistency. 

Enzyme pretreatment ZED or (DC)ED Bleaching 

Enzyme Dissolved Pulp Kappa Extracted Extracted Selectivity Final 
survival, carbohydrate, yie/d, number kappa pulp (A Kappa no. brightness, 

% % % number viscosity, /A visc.) % IS0 
mPa.s 

ZEDa 
Control -- -- _ _  13.0 3.1 10.2 0.65 86.7 
Pretreated 7.0 2.0 97.8 12.2 2.4 8.0 0.61 87.9 

(DC)ED" 
Control -- -- -- 13.0 2.7 24.0 7.35 86.0 
Pretreated 7.0 2.0 97.8 12.2 1.9 16.2 1.13 87.4 

aAverage of six or more replicates 

strate in 0.05 M sodium acetate 
buffer at pH 5.0. One mL of sub- 
strate was mixed with 0.5 mL of suit- 
ably diluted enzyme. At least three 
enzyme concentrations were tested. 
The mixture was incubated at 46°C 
for 10.0min, whereupon 1.5 mL DNS 
(3,5 dinitrosalicylic acid) reagent was 
added. After boiling for 5.0 min, the 
mixture was cooled; then 10 mL dis- 
tilled water was added. Solution ab- 
sorbance was measured at 530 nm 
against a buffer-only blank. Reduc- 
ing carbohydrate released (mg) was 
determined by reference to a xylose 
standard curve. Readings were cor- 
rected for substrate and enzyme 
blanks. From each assay, a graph of 
milligrams reducing carbohydrate 
released versus enzyme concentra- 
tion was prepared, and the xylanase 
activity was calculated for the en- 
zyme concentration which released 
exactly 0.5 mg reducing carbohy- 
drate (determined by interpolation). 
One xylanase unit (XU) of activity is 
the amount of enzyme which cata- 
lyzes the release of 1 micromole of 
reducing carbohydrate per minute. 

Pretreatment filtrates were also 
analyzed for reducing carbohydrate 
and total carbohydrate content. The 
concentration of reducing carbohy- 
drates was measured by the DNS 
procedure as already described for 
the xylanase assay. Total carbohy- 

drate was determined by a modifica- 
tion of the orcinol/sulfuric acid 
method (8). Xylose solutions (10 mg/ 
L to 120 mg/L) were used to estab- 
lish a standard curve. Sample or stan- 
dard (1 mL) was dispensed into glass 
test-tubes immersed in an ice bath 
for 15 min. Two mL of freshly pre- 
pared orcinol reagent (0.2% w/v 
orcinol dissolved in cone. sulfuric 
acid) was rapidly added to each test 
tube which was vortexed and incu- 
bated in a boiling water bath for ex- 
actly 15 min. Tubes were then cooled 
in an ice bath and their absorbance 
at 540 nm determined. Samples were 
analyzed in triplicate. 

Results and discussion 

Characteristics of Pulpzyme HA 
Pulpzyme HA is a liquid xylanase 
preparation with a stated xylanase 
activity of 500 XU/g of product. Its 
activity was determined using an in- 
house assay procedure as it is well 
known that different assay protocols 
will give different activity results. 
Figure 1 shows the amount of re- 
ducing carbohydrate (as xylose 
equivalents) released in the assay 
versus the concentration of the en- 
zyme preparation. The data indicate 
that this relationship is linear up to 
about 1.2 mg reducing carbohydrate 

released. The xylanase activity was 
calculated by this assay as 3300 XU/ 
g product. The amount of cellulase 
activity was not determined. 

Pretreatment effects under 
standard conditions 
Initial enzyme pretreatment experi- 
ments were performed at standard 
conditions, as recommended by the 
enzyme manufacturer, Le., 6.6 XU/g 
pulp, pH 6,11% consistency, 50"C, 5 
h. The bleach response of enzyme 
pretreated pulp was compared with 
that of untreated control pulps using 
similar ZED and (DC)ED bleach se- 
quences. For ozone treatments, iden- 
tical ozone charges were applied to 
both enzyme pretreated and control 
pulps. For (DC) treatments, a fxed 
ratio of active chlorine charge to 
kappa number was applied, i.e., 0.20 
active chlorine multiple. 

Pulp analysis after enzyme pre- 
treatment but before bleaching 
showed that xylanase pretreatment 
at the standard conditions reduced 
kappa number by 0.8 units and in- 
curred a 2.2% yield loss (Table 11). 
This total yield loss coincided with 
the 2.0% total sugar yield measured 
in the pretreatment filtrate. The ex- 
tent of delignification after both ZE 
and (DC)E prebleaching was in- 
creased by enzyme pretreatment 
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111. Predictive models for pretreatment and bleaching responses derived from statistical analysis of factorial design (95% confidence). 

- Enzyme pretreatment (DC)ED Bleaching ZED Bleaching 
Factor Kappa Pulp Dissolved Enzyme Ext. Pulp Final Ext. Pulp Final 

% % % No. mPa.s % IS0 No. mPa.s % IS0 
no. yield, carbohydrate, survival, kappa viscosity, brightness, Kappa viscosity brightness 

Temp. 0.175 
Enzyme charge 
PH 
Time 
Consistency 
Temp* enz. 
Temp*pH 
Temp*time 
Temp*cty 
Enz*pH 
Enz*time 
Enz*cty 
pH*time 

Time*cty 
Constant 
Mean center 
point 

(adj. for dof) 

PH*Cty 

RZ % 

12.4 
12.2 

18 

0.306 

0.819 

0.244 

-0.256 
-0.281 

97.9 
97.8 

76 

-15.2 
0.341 

0.174 
-0.562 

-5.31 

0.095 0.810 
-0.080 -1.705 
0.126 3.875 -0.284 

-0.251 
0.603 0.303 
1.195 

4.56 
-0.181 0.710 

-0.210 
1.53 16.9 
1.96 7.0 

0.475 
1.92 18.1 87.4 
1.86 16.2 87.4 

91 85 82 98 26 

0.156 

0.244 

-0.069 

-0.231 

2.57 
2.38 

62 

-0.662 

0.704 -0.575 

0.576 
8.81 87.4 
7.98 87.9 

19 66 

(Table 11). ZE :and (DC)E kappa 
numbers were 0.'7-0.8 units, respec- 
tively, lower than similarly treated 
control pulps. Thus final brighten- 
ing after chlorine dioxide treatment 
was also increased by enzyme pre- 
treatment, i.e., 1,2 and 1.4 units, re- 
spectively. Unfortunately, pulp 
viscosity after bleaching was sub- 
stantially decreased by enzyme pre- 
treatment,  esloecially for the 
(DC)ED sequence (Table 11). 

Selective removal of xylan would 
be expected to increase pulp viscos- 
ity since xylan is relatively low in 
molecular weight. Apparently there 
was considerable cellulase activity 
at these standard pretreatment con- 
ditions. The selectivity of (DC)ED 
bleaching, as measured by the ratio 
of kappa number reduction to  vis- 
cosity reduction, decreased dramati- 
cally from 7.4 t o  1.2 after enzyme 
pretreatment. The selectivity ratio 
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decrease for ZED bleaching was less 
pronounced, presumably due to the 
masking effect of the extensive at- 
tack by ozone itself on pulp carbohy- 
drates (1-3). 

These results suggested that the 
standard pretreatment conditions 
were not optimal and that better con- 
ditions might be found which mini- 
mized cellulase activity while still 
promoting sufficient xylanase activ- 
ity to  result in improved deligni- 
fication. 

Optimization of pretreatment 
conditions 
A fractional 25-1 factorial design was 
constructed around the standard 
pretreatment conditions and the ef- 
fects of variations in five process 
variables were determined: tempera- 
ture, enzyme charge, pH, time, and 
consistency (Table I). With only two 

levels used for each variable factor, 
the factorial design was analyzed 
using linear response models. Cen- 
ter-point values for each factor were 
those used previously as standard 
pretreatment conditions. An esti- 
mate of pure error variance was ob- 
tained from center-point repeats, 
and this was used to confirm the 
statistical significance of the terms 
in each model. The predicted con- 
stants from these models were then 
compared to the actual responses at  
the center-point conditions to estab- 
lish the degree of adequacy of the 
linear models. These models in- 
cluded all factors which showed sta- 
tistically significant effects a t  
greater than the 95% level. 

The response models for enzy- 
matic pretreatment factors are pre- 
sented in Table 111. Factor 
coefficients indicate the predicted 
change in the response when that 



2. Relationship between pulp yield after en- 
zyme pretreatment and total dissolved car- 
bohydrates 

:I 1 .o 0 

95 96 

B 

B'Cc. 
~ 97 98 99 100 

PULP YIELD, % 

3. Predicted effects of enzyme pretreatment 
conditions on enzyme survival 

15.5 

s 
i 
0 
2 w 
b 

8 
iii 
Z 

6.5 

TEMPERATURE, "C 

IV. Near-optimal enzyme pretreatment con- 
ditions for (DC)ED and ZED bleaching. 
I 1 I (DC)ED ZED I Temperature, "C 60 40 

Enzyme charge, 6.6 3.3 
XU/g 0.d. pulp 
PH 7.0 5.0 
Time, h 3.0 3.0 
Consistency, % 11 .O 6.5 

factor is increased from its 0 to +1 
level in Table I. The original pulp 
kappa number of 13.0 was decreased 
somewhat by pretreatment, though 
only temperature was shown to have 
a significant effect at the 95% level. 
There was a high level of unexplained 
variability in the data with a R2 of 
only 18%. 

Pulp yield was also affected by 
pretreatment conditions, with sev- 
eral factors showing significance at  

the 95% level. However, a general 
relationship existed between pre- 
treatment pulp yield and dissolved 
carbohydrate in the filtrate since car- 
bohydrates are the major pulp com- 
ponents removed by enzyme action 
(Fig. 2). Statistical analysis showed 
that the measurement of dissolved 
carbohydrate was more precise, and 
therefore, a better indicator of the 
yield effects of enzyme pretreat- 
ment. 

Dissolved carbohydrate varied 
between 0.5 and 3.6% of the initial 
pulp dry weight, averaging 2.0% at 
the center-point conditions (Table 
11). Enzyme charge, pH, tempera- 
ture, and time all affected the amount 
of carbohydrates dissolved from the 
pulp. Increasing enzyme charge and 
increasing time, both increased dis- 
solved carbohydrate yield. The yield 
at pH 5 was also greater than that at 
pH 7, indicating that the xylanase 
(and also possibly the cellulase) was 
more active at pH 5. The rather high 
yields of dissolved carbohydrate un- 
der some conditions (at pH 5 in par- 
ticular) suggested there  was 
substantial attack on the cellulose 
component. 

Significant factors affecting the 
survival of the enzyme were pre- 
treatment temperature, consistency 
and their interaction (Table 111). 
These effects are graphically illus- 
trated by the two-way table in Fig. 
3. Temperature had the greatest ef- 
fect on enzyme survival with very 
little residual enzyme activity pre- 
dicted at  60°C. This was likely due to 
excessive thermal inactivation of 
xylanase at this temperature. The 
signficiant decrease in enzyme sur- 
vival at high consistency, especially 
at 40°C, was unexplained. Conditions 
which promote enzyme survival are 
desirable since there may be poten- 
tial to recover and reuse residual 
enzymes and, therefore, reduce over- 
all enzyme requirements. 

The effects of pretreatment con- 
ditions on subsequent chlorine-based 
bleaching are summarized in the pre- 
dictive models in Table 111. Ex- 
tracted pulp kappa number and 

viscosity after (DC)E bleaching were 
significantly affected by enzyme 
charge, temperature, and particu- 
larly pH. There were also signifi- 
cant interactions between these 
variables. A graphical resolution of 
these complex effects is presented 
in Fig. 4 as three-way tables for 
kappa number, viscosity, and the cal- 
culated selectivity ratio. 

The response of kappa number at 
constant active chlorine charge is a 
measure of bleaching effectiveness. 
As shown in Fig. 4, the highest ef- 
fectiveness, hence lowest kappa 
number, was obtained at  pretreat- 
ment conditions of high enzyme (9.9 
XU/$), low temperature (40°C), and 
low pH (5). Unfortunately, these con- 
ditions also resulted in the lowest 
pulp viscosity, indicating a positive 
correlation between the effects of 
enzyme pretreatment on overall re- 
moval of lignin and attack on cellu- 
lose after chlorine-based bleaching. 
The existence of substantial cellu- 
lase activity at these conditions was 
supported by the response of dis- 
solved carbohydrate yield in the pre- 
treatment filtrates (Table 111). 

Calculated selectivity ratios based 
on predicted kappa number and vis- 
cosity responses showed that pre- 
treatment at low enzyme (3.3 XU/$), 
high temperature (60°C), and high 
pH (7) resulted in the highest over- 
all selectivity (Fig. 4). Extracted pulp 
kappa number at these conditions 
was predicted to be 2.2 at  24.4 mPas 
viscosity which was still a substan- 
tial improvement over control 
bleaching which resulted in 2.7 kappa 
number a t  24.0 mPa.s viscosity 
(Table 11). Interestingly, these con- 
ditions were opposite to those re- 
sulting in the greatest bleaching 
effectiveness, indicating that suffi- 
cient xylanase activity was main- 
tained to promote delignification 
while at the same time cellulase ac- 
tivity was effectively suppressed. 

The response of final brightness 
to changing process conditions was 
less precisely modeled (Table 111). 
Only pretreatment pH was shown to 
have a significant main effect while 
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4. Predicted effects of enzyme pretreatment conditions on kappa 
number, viscosity, and selectivity ratio after (DC)E bleaching 

a 
m W 
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d 
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if 
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TEMP., "C 

18.4 

24.4 
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11.6 

15.6 

60 
TEMP., "C 

TEMP., "C 

5. Predicted effects of enzyme pretreatment conditions (6.5% con- 
stency) on kappa number, viscosity, and selectivity ratio after ZE 

E 
I 
d 

m 

z 

3 

m trr n 
E 

B 
0 

5 

i 
5: 

TEMP., "C 

the model explained only 26% of the 
experimental variation. The pre- 
dicted brightness at the optimum 
conditions for selectivity ratio re- 
sulted in 87.4% IS0 brightness com- 
pared with 86.0% for control 
bleaching (Table 11). 

Table IV presents near-optimal 
enzyme pretreatment conditions 
chosen for conventional (DC)ED 
bleaching. They were based prima- 
rily on maintaining adequate selec- 
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tivity. Pretreatment at 60°C and pH 
7 were clearly required to preserve 
pulp viscosity. Since time and con- 
sistency are not significant, the 
shorter time of 3 h and 11% consis- 
tency were chosen. Enzyme charge 
was selected at  6.6 XU/g. 

The effects of pretreatment con- 
ditions on subsequent ozone bleach- 
ing are summarized in the predictive 
models in Table 111. There were 
much higher levels of random error 

variance apparent in the data (com- 
pared with the (DC)ED data), with 
the fitted models explaining only 20- 
70% of the overall experimental 
variation. 

Extracted pulp kappa number gave 
the best fit to the data with pretreat- 
ment temperature and pH having sig- 
nificant main effects. Surprisingly, 
consistency was also a significant vari- 
able in two first-order interaction 
terms (Table 111). The model pre- 



6. Effect of optimized enzyme pretreatment on (DC)E bleaching 
effectiveness selectivity ratio 

7. Effect of optimized enzyme Pretreatment on (DC)E bleaching 

2.4 
Enyme pretreated 

I I 
0.14 0.18 0.22 0.26 

ACTIVE CHLORINE MULTIPLE 

5 1  1 

0 0 
C 

y d 3  !./ A -  

0.14 0.18 0.22 0.26 

ACTIVE CHLORINE MULTIPLE 

dieted that lower kappa number is 
obtained at pH 5 when the pretreat- 
ment is performed at low consistency 
(6.5%); however, at high consistency 
(15.5%), pH 7 and pH 5 conditions 
result in similar kappa number. Over- 
all the lowest predicted kappa num- 
ber was at low consistency (6.5%), 
low temperature (40°C), low enzyme 
charge (3.3 XU/g) and low pH (5) (Fig. 
5). Treatment time had no significant 
influence. 

The model for final brightness af- 
ter ZED bleaching showed that pre- 
treatment pH had the only 
signficiant main effect (Table 111). 
Enzyme pretreatment at pH 5 re- 
sulted in greater final brightness 
which was similar to the result for 
(DC)E D bleaching. 

In contrast t o  chlorine-based 
bleaching, the effect of pretreatment 
conditions on extracted pulp viscos- 
ity was barely observable after ozone 
bleaching (Fig. 5). Only one first- 
order interaction term was signifi- 
cant in the viscosity model. Ozone 
treatment itself caused substantial 
cellulose degradation as evidenced 
by the low viscosity after control 
bleaching (Table 11). The effect of 
cellulase activity during enzyme pre- 
treatment was apparently masked 
by the much greater effect of ozone 
on pulp cellulose. 

Optimum selectivity ratio was, 
therefore, not constrained by the 

adverse effect of cellulase activity 
on viscosity and was achieved at con- 
ditions resulting in superior 
delignification (Fig. 5). As shown in 
Table IV, the chosen optimum pre- 
treatment conditions were quite dif- 
ferent for ozone and chlorine-based 
bleaching due primarily to the need 
to preserve the inherently higher 
selectivity of chlorine-based bleach- 
ing through suppression of cellulase 
activity. 

Pretreatment effects under 
optimized conditions 
Kraft-oxygen pulp after enzyme pre- 
treatment at  near-optimal conditions 
(Table IV) was ZE and (DC)E 
bleached over a range of bleach 
chemical charges and compared with 
untreated control pulps. To better 
simulate industrial conditions, the 
use of citrate and phosphate buffers 
during pretreatment was abandoned 
and pulps were adjusted to target 
pH with sulfuric acid. 

Active chlorine multiple for the con- 
trol (DOE pulp was varied from 0.20 
to 0.26 while active chlorine multiple 
for pretreated pulp (based on the 
kappa number after pretreatment) 
was varied from 0.14 to 0.20. As ex- 
pected, enzyme pretreatment im- 
proved the effectiveness of 
chlorine-based bleaching. Pretreated 
pulps were bleached to lower ex- 

tracted kappa number at constant ac- 
tive chlorine multiple, or conversely, 
bleached with less active chlorine at 
constant extracted kappa number 
(Fig. 6). For example at 1.8 extracted 
kappa number, enzyme pretreatment 
reduced active chlorine multiple by 
23%. This level of chemical savings 
for chlorine-based prebleaching of 
pine kraft pulps was similar to that 
reported in other enzyme studies us- 
ing this, as well as other, commercial 
xylanase products (3-6). 

(DC)E bleaching both with and 
without enzyme pretreatment at op- 
timized conditions had very little ef- 
fect on selectivity ratio (Fig. 7). This 
confirmed that optimization of the 
enzyme pretreatment conditions had 
minimized the detrimental effects of 
cellulase activity on pulp viscosity 
after (DC)E bleaching. There was, 
however, a small drop in selectivity 
as active chlorine multiple increased 
from 0.14 to 0.26. 

For ozone bleaching, the response 
of pulp pretreated both with and 
without enzyme present was com- 
pared to that of untreated control 
pulp. Again, optimized pretreatment 
conditions were used (Table IV). Two 
kraft-oxygen pulps were assessed; 
the original Pulp A at low kappa 
number (13.0) and Pulp B at  high 
kappa number (19.8). Ozone appli- 
cations were varied from about 0.2 
to 1.0% consumed 0,. 
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chi 
8. Effect of optimized pretreatment with and without enzyme on ZE 9. Effect of optimized enzyme pretreatment on ZE bleaching selec- 
bleaching effectiveness tivity ratio 
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Pretreatment with no enzyme 
present functioned effectively as a 
further washing stage and reduced 
kappa number from 13.0 to 12.4 for 
Pulp A and 19.8 to 17.8 for Pulp B. 
Similar pretreatment with enzyme 
present (3.3 XU/g) resulted in kappa 
numbers of 12.7 and 17.1, respec- 
tively, demonstrating that the en- 
zyme had limited direct interaction 
with residual lignin. However, the 
effect of the enzyme was apparent 
on subsequent ZE bleaching. Ex- 
tracted kappa number was about 
25% lower for both Pulp A and Pulp 
B after enzyme pretreatment (Fig. 
8). Thus the extent of improved 
bleaching effectiveness after enzyme 
pretreatment was similar for both 
ozone and chlorine-based bleaching. 

The main aim for pretreatments 
prior to oxygen-based bleaching is not 
so much to increase bleaching effec- 
tiveness but to improve bleaching se- 
lectivity. This will allow these 
treatments to be safely extended to 
greater extents of delignification 
without concomitant pulp strength 
degradation. As more bleaching is 
performed by oxygen-based treat- 
ments, less of the total bleaching will 
remain for chlorine-based treatments. 

For ozone bleaching, enzyme pre- 
treatment had little effect on overall 
selectivity (Fig;. 9). While there were 
differences in the selectivity ratios 
for high kappa number pulp versus 
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low kappa number pulp, the effect of 
enzyme pretreatment in both cases 
was negligible. 

Conclusions 

Pretreatment with Pulpzyme HA was 
shown to increase the effectiveness 
of both conventional chlorine-based 
bleaching and ozone bleaching to 
similar extents. However, the selec- 
tion of pretreatment conditions was 
very important due to  the presence 
of cellulase activity in the prepara- 
tion. This was particularly critical for 
(DC)ED bleaching where substantial 
reductions in pulp viscosity occurred 
when the enzyme pretreatment was 
performed at low pH and tempera- 
ture. At optimized pretreatment con- 
ditions (6.6 XU/g, 60°C, pH 7.0, 3 h, 
11% consistency), active chlorine 
charge could be reduced 23% com- 
pared with bleaching untreated pulp, 
while maintaining pulp viscosity. 

For ZED bleaching, the adverse 
effects of cellulase activity were less 
discernible during optimization stud- 
ies since ozone itself caused a sub- 
stantial reduction in pulp viscosity. 
Selection of optimal pretreatment 
conditions was, therefore, less con- 
strained by the need to control cel- 
lulase activity. The optimal 
pretreatment conditions for ozone 
bleaching (3.3 XU/g, 40°C, pH 5.0,3 
h, 6.5% consistency) were markedly 

different from those for chlorine- 
based bleaching. Optimized enzyme 
pretreatment improved only ozone 
bleaching effectiveness (= 25%) but 
not selectivity over that for un- 
treated control bleaching. a 
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