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ABSTRACE Dimet4yUioxirane hm demonstnated superb selectivity 
and reactivity in pulp bleaching. It can completely rqhce  chlorine/ 
chlorine dioxid in the chlocimhon szzge, and it bleaches both 
hardwood and so&ood krdftpulps. 
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concerns about the formation of C chlorinated organic compounds 
when using chlorine-containing agents 
in chemical pulp bleaching have has- 
tened the search for selective 
nonchlorine-containing bleaching 
agents. Several well known nonchlo- 
rine-containing oxidants, i.e., molecu- 
lar oxygen, hydrogen peroxide, 
peracids, and ozone, have been con- 
sidered as potential candidates for the 
replacement of elemental chlorine or 
chlorine dioxide. Unfortunately, oxy- 
gen delignifkation cannot exceed a 
50% delignifkation because of its lim- 
ited selectivity (l), and hydrogen per- 
oxide is not an effective delignifying 
agent either under alkaline (2) or acidic 
conditions (3). Peracetic acid delignfi- 
cation causes a severe penalty in pulp 
viscosity (4). Ozone exhibits poor 
bleaching selectivity and low genera- 
tion efficiency. Since ozone is a very 
aggressive oxidant and reactsvery fast 
with pulp, improved equipment con- 

cepts will be required to allow a homo- 
geneous bleaching effect (5, 6). Re- 
cently, a great deal of effort has been 
focused on monoper-oxysulfuric acid 
pulp delignification with encouraging 
results (7-9). 

Paprican’s recent effort in the 
search for a new selective nonchlorine- 
containing bleaching agent has in- 
cluded a new class of oxidants termed 
dioxiranes (10, 11). The chemistry of 
dioxirane was indisputably character- 
ized after the first isolation and identi- 
fication of dimethyldioxirane (DMD) 
by Murray et al. (1 2). 

Bleaching with isolated 
activated oxygen 

A joint project was undertaken by 
Paprican and the University of Mis- 
souri, St. Louis, to bleach pulp with 
dimethyldioxirane, termed activated 
oxygen (AO), and prepared according 
to Murray’s method (12). The results 
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were extremely promising in selectiv- 
ity and effectiveness of chemical pulp 
delignification (13). These were later 
confirmed by Ragauskas’ findings (1 4). 
Aspen pulp (kappa no. 16.4) was 
treatedwith activated oxygen at 0.55% 
active oxygen charge on od pulp, des- 
ignated as A in a bleaching sequence 
at 14.2% pulp consistency for 1 h. This 
one-stage treatment decreased the 
kappa number t o  3.4, a 79% 
delignification, as shown in Table I. 
The chlorine dioxide bleaching stage 
(0.8% ClO, charge by weight on oven- 
dried pulp) following A stage produced 
a pulp of 86.8% IS0 brightness. This 
A-bleached aspen pulp had a far supe- 
rior zero-span tensile strength (17.0 
km) to that of the same pulp delifled 
by oxygen to a level of 67% (10.6 km). 
It should also be noted that the pulp 
bleached by an AD sequence had a 
comparable zero-span tensile strength 
to those of the unbleached pulp and 
the pulp fully bleached via a conven- 
tional bleaching sequence, (C+D)ED. 

In a further trial, aspen pulp was 
treated with activated oxygen (0.55% 
A0 on od pulp) at 7.6% pulp consis- 
tency for 1 h. The resulting pulp of 5.3 
kappa (68% delignification) displayed 
a 2.0% yield loss based on the un- 
bleached pulp. When the aspen pulp 
was oxygen-deligmfied to 5.4 kappa, it 
suffered a 7.3% yield loss. This result 
confirmed the selective nature of acti- 
vated oxygen. 

As a result, activated oxygen is in- 
disputably a promising candidate for 
selective delignifymg agent for chemi- 
cal pulps. However, the chemical yield 
of activated oxygen in isolated form 
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based on the charge of monoperoxy- 
sulfate is extremely low, less than 1%, 
according to the published method. The 
use of isolated activated oxygen via 
this method would not be practical for 
an industrial application. Therefore a 
method of in-situ generation of acti- 
vated oxygen in the pulp slurry was 
tested (15). 

Bleaching with in-situ generated 
activated oxygen 

Bleaching with in-situ generated acti- 
vated oxygen was carried out by mix- 
ing the pulp slurry with an appropriate 
amount of acetone in water solution 
for 10 min and then adding an appro- 
priate amount of sodium bicarbonate 
(NaHCO,) for pH control (7.0-7.5). 
Monoperoxysulfate (the active compo- 
nent of Oxone) was then added to the 
resulting pulp slurry at 25°C with only 
initial kneading. The reaction of ac- 
etone with monoperoxysulfate at  
nearly neutral pH generated activated 
oxygen in situ, which subsequent1;y 
bleached the pulp. 

A mill hemlock kraft pulp (kappa 
31.5) was treated with activated oxy- 
gen generated in situ using 0.9% A0 
charge, whichresultedin a34.6% kappa 
number reduction, as listed in Table 
11. The following caustic extraction con- 
dition further reduced the kappa num- 
ber by 21.9%. Activated oxygen reacts 
with residual kraft lignin in a way simi- 
lar to elemental chlorine/chlorine di- 
oxide. After A treatment, the residual 
lignin was further solubilized in a sub- 
sequent caustic extraction stage. The 
AE-bleached pulp has a comparablle 
viscosity to the same hemlock kraft 
pulp bleached by a (C + D)E sequence 
to the same degree of deligmfication 
(57% kappa reduction), as shown in 
Table 11. The viscosity preservation 
by activated oxygen bleaching is supe- 
rior to that by molecular oxygen delig- 
nification. 

Critical to activated oxygen bleach- 
ing is the charge of acetone which in- 
fluences the amount of DMD formed 
under the in situ bleaching conditions. 
For example, the hemlock kraft pulp 

1. Kappa number, zero-span tensile and brightness of aspen kraft pulp bleached with DMD or 
molecular oxygen or by conventional bleaching 

Chemical 
Bleach charges, Kappa Degree Zero-span Brightness, 
sequence % od pulp number of delig., % tensile, km % /so 

16.3 40.6 Unbleached - 16.4 - 
AD A:0.55% A 0  3.4 79 17.0 59.4 

17.4 86.8 

0 0,:lOO psig 5.4 67 10.6 70.7 

D:0.8% CIO, - - 

:2.0% NaOH 

(C,,+D,,)ED C+D:3.3% CI, - - - - 
- - E:2.0% NaOH - - 

D:l .O% CIO, - - 18.4 89.9 
I 

II. Kappa number and viscosity of hemlock kraft pulps bleached by in-situ-generated activated 
oxygen, oxygen delignification and a conventional (C+D)E sequence. 

Chemical 
Bleach charges, Kappa Degree of viscosity, 
sequence % od pulp number delig., % mPa.s 

Unbleached - 31.5 - 33.5 

AE Aa:0.9% A 0  
E:3.0% NaOH 

E:3.3% NaOH 
Pc:4.0% H,O, 
:2.5% NaOH 

0 0,:lOO psig 
:1.8% NaOH 

(C+D)E C+D:3.0% CI, 
E:2.0% NaOH 

AEP Ab:2.7% A 0  

20.6 
13.7 

5.4 
4.0 

22.1 

- 

- 
13.6 

35.0 
57 

82.9 
87.3 

30 

- 

- 
57 

28.3 
26.0 

21 .o 
21 .o 

23.2 

- 

- 
28.5 

a A stage was carried out using 16% acetone charge at 25°C for 30 min. 
A stage was carried out using 32% acetone charge at 25°C for 30 min. 

c Peroxide stage was carried out at 60°C and 14% pulp consistency for 60 min with 3.0% 
sodium silicate and 0.5% MgSO,. 

was deligmfied to a kappa of 13.7 units 
after the AE stages using 0.9% A0 
and 16% acetone charges at the A 
stage, while the same pulp was 
deligmfied to a kappa of 17.2 units un- 
der the same conditions except that 
4% of acetone charge was used instead 
of 16%. 

The hemlock kraft pulp can also be 
delignified by the AE sequence at 2.7% 
A0 charge to a kappa number as low 
as 5.4 (82.9% kappa reduction) while 

maintaining the bleached pulp viscos- 
ity as high as 21.0 mPas. This AE- 
bleached pulp was further brightened 
by a peroxide brightening stage to 71% 
IS0 without further loss of viscosity. 

The AE-bleached pulp of 5.4 kappa 
was subsequently bleached by a DED 
sequence to a 90.9% IS0 brightness. A 
complete replacement of elemental 
chlorine with activated oxygen in 
chemical pulp bleaching to high mar- 
ket pulp brightness was achieved. The 
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111. Optical and strength properties of pulps produced by AEDED, (C+D)EDED and, O(C+D)EDED sequences. 

~~ _ _ ~ ~  ~ 

AEDED A:2.7%AO 
E:3.2% NaOH 

E:l .O% NaOH 

(C+D)E C+D:6.O% CI, 
DED E:3.6% NaOH 

E:l .O% NaOH 

O(C+D) 0,:IOO psig , DED :I .8% NaOH 
C+D:4.8% CI, 
E:2.9% NaOH 
D:l .O% CIO, 

E:l .O% NaOH 
D:l.O% CIO, 19 29.5 2.2 14.0 1.97 91.8 

D:l .O% CIO, 

D:l .O% CIO, 19 90.9 

D:l .O% CIO, 

D:1.0% CIO, 18 90.1 

Bleach Chemical Tear ind., Tens.ind., Burst Zero-span Bulk, Bright., 
sequence charges m ” V g  Nm/g ind., kPa&/g tens., km cm3/g % IS0 

32.2 

33.2 

2.4 

2.5 

14.2 

15.1 

2.01 

2.06 

IV. Kappa number and viscosity of hemlock kraft pulps bleached via AE and OAE sequences. 

Chemical 
Bleach charges, Kappa Degree of delig., Viscosity, 
sequence % od pulp number % mPas 

Unbleached - 31.5 - 33.5 

OAE 0,:lOO psig 22.1 30.0 23.2 
:1.8% NaOH 

A:0.9% A 0  12.6 60.0 21 .o 

E:2.0% NaOH 8.0 75.0 19.0 

strengths of the pulp produced via 
AEDED are identical to those of pulps 
bleached by conventiord processes such 
as (C+D)EDED and O(C+D)EDED, 
as illustrated in Table 111. 

Activated oxygen was also success- 
fully applied to oxygen delignified pulp. 
It should be noted that there is much 
less viscosity loss during the AE stages 
than that in oxygen delignification 
stage, as illustrated in Table IV. 

Aspen kraft pulps of greater than 
85.0% IS0 brightness were produced 
via totally chlorine-free bleaching se- 
quences, such as AEP or OAEP. The 
use of oxygen deli@cation before the 
activated oxygen stage reduce substan- 
tially the required activated oxygen 
charge for a given brightness. For in- 
stance, a reduction of A0 charge from 
2.7% to 0.9% was realized by an oxy- 
gen delignification (30% kappa reduc- 
tion) before the A stage, as illustrated 

in Table V. Viscosity, zero-span ten- 
sile and brightness were comparable 
for both AEP- and OAEP-bleached 
Pulps. 

C h d U S i O O  

Anew nonchlorine oxidant, in isolated 
form or generated in situ in the pulp 
slurry, has demonstrated superb se- 
lectivity and reactivity in chemical pulp 
bleaching. We conclude that activated 
oxygen is a selective nonchlorine 
bleaching agent which: 

1. Reacts with residual lignin via elec- 
trophilic oxidation in a way similar 
to elemental chlorine/chlorine diox- 
ide and renders the residual lignin 
soluble in the following caustic ex- 
traction 

2. Can completely replace chlorine/ 
chlorine dioxide in the chlorination 
stage 

3. Bleaches effectively both hardwood 
and softwood kraft pulps 

4. Results in little yield loss in the acti- 
vated oxygen stage. Ql 
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11. Strength and optical properties of the aspen kraft pulps bleached by AEP and OAEP 
sequences. 

Bleach Chemical Kappa Zero-span Viscosity, Brightness, 
sequence charges number tens., km mPa.s %IS0 

Unbleached - 16.4 16.3 50.5 40.6 

AEP Aa:2.7% A 0  2.3 18.5 34.1 76.8 
E:0.5% NaOH - - - - 
Pb:2.0% H,O, - 16.8 19.2 86.7 
:2.5% NaOH 

OAEP 0,:lOO psig 1 1.5 14.5 43.6 50.1 
:1 .O% NaOH 
Ac:0.9% A 0  3.7 15.7 30.1 71.6 
E:0.5%NaOH - - 
Pb:2.0% H202 - 15.5 18.9 85.4 
:2.5% NaOH 

- - 

a A stage was carried out using 32% acetone charge at 25°C and 13.6 Yo pulp consistency 
for 30 min. 

Peroxide stage was carried out at 60% and 14% pulp consistency for 100 min with 3.0% 
sodium silicate and 0.5% MgSO,. 

A stage was carried out using 8% acetone charge at 25°C and 13.6% pulp consistency 
for 30 min. 
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