PEER REVIEWED

Other ways to use ozone in a

bleaching sequence

CHRISTINE CHIRAT AND DOMINIQUE LACHENAL

ZONE IS NOW BEING USED AS A
bleaching agent in both
elemental chlorine-free
(ECF) and totally chlorine-
free (TCF) sequences in several mills
(D). Tts strong delignification ability
and rapid reaction rate makes ozone a
good candidate to replace chlorine,
which is being phased out for envi-
ronmental and marketing reasons.

Ozone is normally better used in
the beginning of a bleaching se-
quence, where its delignification effi-
ciency is the best and where the
degradation of cellulose is retarded by
the high amount of lignin still present
in the pulp.When ozone is used later
in a bleaching sequence, its charge is
usually limited to very low amounts
(lower than 0.5%); otherwise signifi-
cant degradation of cellulose can
occur.

So far, the main justification of
using ozone has been mainly to com-
plement oxygen (and peroxide) delig-
nification either in TCF or ECF
sequences. In TCF sequences, fully
bleached pulp could then be pro-
duced. In ECF sequences, ozone made
it possible to further extend the chlo-
rine-free part of the sequence.

In this work, we have been investi-
gating two other possible applications
of ozone. The first one consists of re-
placing part of the chlorine dioxide
(D) by ozone (Z) in various ECF se-
quences. In this respect, the combina-
tion of chlorine dioxide and ozone in
one stage (DZ) is also considered. The
second application deals with the use
of ozone as a polishing stage at the
end of a bleaching sequence. Indeed,
the last points of brightness in a

bleaching sequence are sometimes dif-
ficult to obtain and usually require res-
idence times greater than 2 hours
when hydrogen peroxide (P) or chlo-
rine dioxide (D) stages are used. The
high reactivity of ozone could make it
a good candidate to be used in a last
stage.

RESULTS AND DISCUSSION
Substitution of ozone for chlorine
dioxide in various ECF sequences

The replacement of chorine dioxide
by ozone was studied in two cases.
The first case (see Table I) concerns a
hardwood kraft pulp bleached by
D, EOP D, D,, and the second case
(see Table II) involves a softwood
kraft pulp bleached by D, EO D, ED,.
Replacing CIO, by ozone in the
first D, stage reduced the amount of
AOX considerably. To obtain similar re-
sults in final brightness, the replace-
ment ratio of chlorine dioxide by
ozone was better for the hardwood
pulp than for the softwood pulp.In the
case of the softwood pulp (Table ID),
1.2% O, replaced 1.05% ClO,, whereas
in the case of the hardwood pulp
(Table 1),0.6% O, replaced 1.31% CIO,.
The full replacement of the D,
stage by a Z stage required the use of
significant amounts of ozone, which
can explain the lower final viscosities.
Some experiments, where only a part
of the CIO, was replaced by O,, were
then carried out. (DZ) stages were per-
formed where D was applied before Z,
and no washing was carried out be-
tween D and Z. This concept has been
previously described by others (2-4).
There are several advantages of com-
bining D and Z in one stage. First, one

and pulp viscosity was generally main-
tained.

An ozone stage was also added at
the end of the TCF and ECF sequences
to increase the final brightness. Ozone
charges as low as 0.2% were particu-
larly efficient. Acidification was not need-
ed before ozonation. Pulp viscosity and
brightness stability were not affected.

Application:

Ozone may be used in combination
with chlorine dioxide, (DZ), in replacing
D stages as a means to reduce AOX
formation and to save bleaching chemi-
cals. Ozone may also be used as a final
bleaching stage to rapidly increase the
final brightness by 2—3 units.

washing step can be avoided. Second,
chlorine dioxide stages are acidic; this
avoids having to acidify the pulp for
the Z stage. Third, ozone has the abili-
ty to destroy some AOX that is present
in bleaching effluents (5), so one can
assume that some of the AOX formed
during D may be eliminated by Z.
Fourth, the chemistry of CIO, and O,
with residual lignin complement each
other (6), which should make (DZ)
particularly efficient as a delignifying
stage.

Table III presents results for
bleaching hardwood pulps using the
(DZ) concept. It shows that 0.25% O,
(consumed) and 1.55% CIO, (con-
sumed) in the (DZ) EOP DD sequence
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SEQUENCE

Parameter D, EOP D, D, ZEOPD,D,
Chemicals, % o.d.p.
(% consumed)
Clo,: D, 1.35 (1.35) 0

D, 1.00 (0.90) 1.00 (0.99)

D, 0.25 (0.25) 0.25 (0.25)
Total amount of CIO,% 2.65 (2.55) 1.25 (1.24)
0,,% 0 0.6 (0.56)
DPyv (viscosity, mPa-s) 1520 (25.2) 1310 (18.5)
ISO brightness 87.7 87.5
AOX, kg/ton (o.d.p.) 0.80 0.20

“Starting pulp: kappa no. = 14.8, DPv = 1710, viscosity = 33.2 mPa's. D,: 50°C, 90 min, 3% consistency. EOP:
70°C, 60 min, 0.3% MgSO,-7H,0,0.5% H,0,,0.2 MPa O,, 10% consistency. D,: 75°C, 90 min, 10% consistency.
D,:80°C, 180 min, 10% consistency, 0.2% NaOH. Z: 40% pulp consistency,pH = 2.5.
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I. Complete substitution of O, for CIO, in the D, stage for the hardwood pulp*

SEQUENCE

Parameter D EOD,ED, ZEOD,ED,
Chemicals, % o.d.p.
(% consumed)
Clo;: D, 2.2 (1.65) -

D, 1.5 (1.40) 1.5 (1.50)

D, 0.5 (0.45) 1.0 (0.95)
Total CIO, ,% 42 (3.50) 2.5 (2.45)
0,% 0 12 (1.17)
ISO brightness 90.8 90.0
DPv 1100 930
Viscosity, mPa‘s 13.5 10.5
AOX, kg/ton (0.d.p.) 1.7 027
“Starting pulp: kappa no. = 24, DPv = 1480, viscosity = 23.7 mPa's. D : 50°C, 90 min, 3.5% consistency. EO: 3%
NaOH, 0.5% MgSO4~7HZO, 0.2 MPa Oz' 70°C, | hour, 10% consistency. Dz: 80°C, 120 min, 10% consistency.
D,:80°C, 180 min, 10% consistency. Z: pH = 2.5,40% consistency.

Il. Complete substitution of O, for CIO, in the D, stage for the softwood pulp®

gave the same brightness as 2.55%
ClO, in the DEOPDD sequence (Table
D. The ClO,/O, replacement ratio is
then 4, which is very high. For the
higher brightness of 90.2, the replace-
ment ratio was lower (about 2) but
still high. Furthermore, since less
ozone is needed in (DZ) than in Z,
higher viscosities were obtained at a
given final brightness of 88. The AOX
level with the (DZ)EOPDD sequence
was, as expected, higher than with Z
EOPDD, as more ClO, was used, but
the AOX levels were still significantly
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lower than with the D EOP DD se-
quence.

Note that the pH of the Z stage in
the (DZ) process was 4.3; this is high-
er than the pH usually recommended
in a Z stage (1). However, the results
were very good.

Table IV shows the effect on
bleaching of the pH in Z during the
(D7) process. Adjusting the pH to 2.5
before charging the ozone gave better
results in brightness than when the pH
was 4.3, but the selectivity (kappa num-
ber versus DPv) remained the same.

I.The effect of reaction time of D in the
(DZ) process on the kappa number of the
softwood kraft pulp after (DZ) and (DZ)
EO. (1% CIO, in D and 0.35% O, con-
sumed in Z, 3.5% consistency, room tem-
perature).

Table V shows the results of
bleaching softwood using the (DZ)
concept. By comparing these results
with those obtained with the DEODE
D and ZEODED sequences (Table ID), it
can be concluded that combining D
and Z in (DZ) stages leads to a more ef-
ficient bleaching process. With the
(DZ)EO(DZ)ED sequence, 2% ClO,
and 0.6% O, gave a similar brightness
to the DEODED sequence, where
3.5% CIO, was required. Thus, the use
of 0.6% O, saved 1.5% ClO,. Using the
(DZ)EODED sequence in which all of
the ozone was introduced in the first
D stage, the replacement ratio was
lower but still good: 0.7% O, replaced
1.2% CIO,. As expected, the AOX lev-
els were lower than for the DEODED
sequence, and the final viscosities
were higher than for the ZEODED-
bleached pulp. This is explained by
the fact that lower quantities of ozone
were used.

Figure 1 shows the effect of the
reaction time of D in the (DZ) process
on the kappa number of the softwood
pulp after (DZ) and (DZ)EO.When the
time was increased, the delignification
was improved, but after 10-15 min re-
action time, there was no further
change in the kappa number. This also
corresponded to the time when all of
the chlorine dioxide was consumed
by the pulp. This means that CIO, and
O, are better used if not present in the
pulp at the same time.



In a previous study (6), it was
shown that the residual lignin in the
pulp after a D stage is more depoly-
merized than after a Z stage, at the
same lignin content. On the other
hand, there are more carboxyl groups
formed on lignin during ozonation
than during a CIO, stage; this explains
why the lignin can be easily solubi-
lized during an ozone stage. Ozone is
also known to react with almost all
types of structures in the lignin,
whereas ClO, reacts only with the free
phenolic groups. CIO, must be added
first so that it can react with the free
phenolic groups before the highly re-
active ozone is introduced. The superi-
ority of DZ on ZD has been shown
previously (7).

The results presented in Table VI
show that, when a washing is carried
out between D and Z, the brightness
after DZEOP is slightly better than
after (DZ)EOP, but the selectivity is not
changed. The improved brightness is
due to the fact that the washing step
eliminated some dissolved organics
that may consume ozone.

The use of ozone in a final

bleaching stage (polishing stage)
Ozone is very efficient when used as a
delignifying agent. Its high reactivity
could be used at the end of a bleaching
sequence as well (8), where the last
points of brightness are usually diffi-
cult to obtain and require a long resi-
dence time. Final P stages often
require 4 hours; this can be reduced to
1-2 hours when these stages are pres-
surized. Final D stages usually require
2-3 hours. Furthermore, final P or D
stages are carried out at high tempera-
ture (higher than 70-80°C). Tables
VII and VIII show the effect of a final
Z stage carried out after OQZP and
DEDED sequences on a softwood kraft
pulp. Acidic, neutral, and alkaline pH
conditions in the ozone stage were
compared.

It appears that a small charge of
ozone increased the brightness by sev-
eral points,leading to brightness levels
higher than 90% ISO. As a small ozone

Parameter

D2
% ClO,
% O, charge

pH after D
% O, consumed

Kappa no.
ISO brightness
DPv (viscosity, mPa-s)

EOP
DPv (viscosity, mPa-s)
ISO brightness

D, (0.75% CIO,)
% CIO, consumed
ISO brightness

D, (0.15% CIO,)
% ClO, consumed

DPv (viscosity, mPa-s)
ISO brightness

ClO, charge, %
ClO, consumed, %

AOX; kglo.d. ton

0.8
0.6

4.3
0.25

39
54.4
1440 (22.4)

1400 (21.1)
69.4

0.67
86.2

0.08

1420 (21.8)
88.9

1.7
1.55

0.35

SEQUENCE
(D,Z) EOP D, D,

0.8
1.2

4.3
0.51

2.4
59.6
1330 (18.9)

1310 (18.5)
733

0.65
87.9

0.07

1300 (18.2)
90.2

1.7
1.52

0.31

“(D,Z): pulp consistency 3.0%. First 0.8% CIO, during 10 min, 50°C, then O, is charged. EOP: same conditions

as inTable I

IIl. Bleaching hardwood kraft pulp with the (D Z) EOP D, D, sequence®

Parameter

(Dz)

pH before Z

% O, charge

% O, consumed

DPv
Viscosity, mPa-s
ISO brightness

EOP

DPv

Viscosity, mPas
Kappa no.

ISO brightness

4.3
0.6

0.25
1440
22.4
54.4

1400

21.5
1.9

69.4

SEQUENCE
(DZ) EOP

26 43
0.6 12
035 0.5
1370 1330
202 18.9
58.6 59.6
1340 1310
19.1 185
1.4 1.7
752 733

“(DZ): see Table Ill. EOP: same conditions as in Table II.

2.6
1.2

0.63

1230
16.5
65.2

1160
14.8
1.3
79.0

IV. Effect of the pH in Z in the (DZ) process on the bleaching results after (DZ) EOP for
the hardwood kraft pulp”
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SEQUENCE charge was used, the viscosity of the
(D,Z) EO (D,Z)EO pulp was only slightly impaired. The
Parameter (D,Z) ED, D,ED, difference between the viscosity mea-
sured before and after reduction with
(>4 NaBH, revealed the formation of car-
% CIO, 0.5 1.0 bonyl groups on carbohydrates during
% O, consumed 0.36 0.7 ozonation (9). Nevertheless, the
pH before Z 79 32 brightness stability upon heat expo-
sure, known to be sensitive to the pres-
EO ence of carbonyl groups on
Kappa no. 8.4 24 carbohydrates, was not significantly af-
\?i:osity Pas ;8;) IIZ‘.‘?E) fected, and the brightness of the
AOX (D’Z) EO, kg/ton 015 0.4 ozonated pulps after aging was still
: much higher than for the starting
(D.2) or D (D.2) D pulps. The ozone charge was high
% é:l o 2 0'25 I.; enough to increase the brightness sig-
. 2 nificantly but sufficiently low to not
% O, consumed 024 0 impair the brightness stability.
pH bef?re Z 25 N Furthermore, ozonation at neutral
ISO brightness 669 871 or alkaline pH gave a similar increase
ED in brightness to that obtained at pH
% C3I o, | 05 2.5.The viscosities at neu;ral pHand at
o pH 2.5 were equal. A slightly lower vis-
% CIO? consumed 097 046 cosity was observed at the alkaline pH.
:g?v brightness ?Ilj(’) ?33%) Ozone decomposition in water in-
Viscosity, mPa's 13.9 121 creases when the pH is higher.
According to some authors (10), this
Total CIO,, % 2 27 decomposition is accompanied by the
Total O, % 0.6 0.7 formation of higher amounts of hy-
Total AOX, kg/o.d. ton 0.44 0.49 droxyl radicals, which are harmful to
cellulose.We have shown in a previous
“(D,2): 15 min, 50°C, 3.5% consistency, no pH adjustment prior to Z.(D,Z), D,: 5 min, 20°C, 3.5% consistency, study that7 at neutral pH7 no more hy-

pH adjustment to 2.5 before Z. EO, E conditions: see Table II. Dz' D3 other conditions: see Table Il. In Dz, all the

CIO, was consumed droxyl radicals were detected from an
X .

ozone solution than at a pH of 2.5
V. Bleaching softwood kraft pulp using the (DZ) concept” (11). Therefore, when the pH is in-
creased from 2.5 to 6-7,0zone may de-
compose more but with no detectable

Species Softwood Hardwood formation of hydroxyl radicals. This
finding is consistent with the observa-
Stage (DZ) Dz (D2) Dz tion that the cellulose was not further
%ClO, I I 0.8 08 degraded during an ozone stage at
% O, consumed 0.33 0.25 0.35 0.36 neutral pH than at acidic pH. The effi-
Initial Z pH 25 25 25 25 ciency of the ozone treatment was
only slightly reduced at neutral and al-
Stage EOC EO EOP EOP kaline pH, as shown by the brightness
Kappa no. 32 28 1.4 1.3 levels.
ISO brightness 55.1 572 752 78.8 From an industrial point of view,
DPv 1420 1400 1340 1300 o . .
o note that an acidification to low pH is
Viscosity, mPas 21.7 21.1 19.1 18.2
not needed.
“D:30 min, 50°C, 3.5% consistency. Z: 3.5% consistency, pH adjusted at 2.5 before Z. EO: see Table II. EOP: see
Table l EXPERIMENTAL
VI. Comparison between D Z EOP and (DZ) EOP bleaching results for softwood and hard- Starting material
wood species” The pulps used in this study were a
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softwood kraft pulp (kappa no. = 24,
DPv = 1480, and viscosity = 23.7
mPa-s) and a hardwood kraft pulp
(kappa no.= 14.8,DPv = 1710, and vis-
cosity = 33.2 mPa-s).

Ozone stages
Ozone bleaching at high consistency
was performed in a rotating spherical
glass reactor at room temperature.
Before ozonation, the pulp was
brought to the target pH, at a pulp con-
sistency of 1.5%, by adding either sul-
furic acid or caustic soda. The pulp
was then dewatered to 40% consisten-
cy and fluffed. The ozone concentra-
tion in oxygen was set at 5.5%.

Ozone bleaching at low consisten-
cy was performed at 3.5% pulp consis-
tency. The pH was adjusted by adding
sulfuric acid.

(DZ) bleaching was performed at
low consistency (3.5%). The D stage
was performed either directly in the
low-consistency ozonation reactor or
in an Erlenmeyer flask for the experi-
ments at 50°C. The reaction time was
between 30 seconds and 30 min. The
pulp was then ozonated, with or with-
out adjusting the pH to 2.5. No wash-
ing was performed between D and Z.

Characterization of the pulp
Kappa number, viscosity, and ISO
brightness were determined accord-
ing to TAPPI Test Methods. DPv was
calculated from the viscosity value, ¢,
using the following equation (72):

DPv = [0.75 x 954 (log) — 325)}
1)

If not otherwise indicated, the viscosi-
ties were measured after reduction of
the pulp with 2% sodium borohydride
at room temperature and 5% pulp con-
sistency for 30 min.

Brightness reversion upon heat ex-
posure was performed according to
ISO Standard 5630/1: The handsheets
were placed in a dry oven at 105°C for
3-24 hours.

Brightness reversion upon light ex-
posure was performed in a Suntest ap-
paratus equipped with an ultraviolet

Parameter

%0, 0

Initial ozonation pH -

DPv

Viscosity, mPa‘s
DPv before
reduction by
NaBH,

ISO brightness

1280
17.7
1280

87.8

Heat aging
After 3 hours
ISO brightness
After 24 hours
ISO brightness

81.2

77.1

“Ozonation carried out at 40% pulp consistency.

Sequence

DEDEDZ
0.2 0.2 0.2
2.8 5.8 10.2
1240 1230 1190
16.6 16.4 15.5
1060 1060 980
91.5 91.2 9l.1
86.7 872 872
823 832 832

VII: Effect of a final Z stage on the DEDED-bleached softwood kraft pulp characteristics

Parameter

% O,inZ, 0
Initial ozonation pH -

DPv® 920
Viscosity, mPa-s® 10.3
ISO brightness 86.0
Heat aging

After 24 hours

ISO brightness 79.5
Light aging

After | hour

ISO brightness 84.7

*0:2% NaOH, 1% MgSO,-7H,0, | hour, 100°C, 0.5 MPa O,. Q: 0.5% EDTA, 30 min, 90°C. Z : 40% pulp consis-
tency, 1% O,, pH = 2.5.P:2% H,0,, 2% NaOH, 0.5% MgSO,'7H,0, 4 hours, 70°C. Z : 40% pulp consistency.
®Viscosities were measured after reduction with sodium borohydride.

Sequence

OQZ,PZ,
0.2 02 0.2
28 7.0 10.7
880 860 800
9.70 9.40 8.60
90.5 90.0 89.8
85.1 835 83.0
87.0 87.0 86.6

VIIl. Effect of a final ozone stage carried out on an OQZ P softwood kraft bleached pulp*

(UV) filter, simulating exposure to sun-
light. The handsheets were irradiated
for 1 hour.

CONCLUSION
In ECF bleaching sequence AOX can
be reduced by replacing part of the
chlorine dioxide by ozone. (DZ)
stages, in which ozone is added after
chlorine dioxide with no washing,

were particularly efficient since, in
some cases, 1 kg ozone could save up
to 4 kg of chlorine dioxide in a full
bleaching sequence. Substitution of
ozone for chlorine dioxide could then
reduce the chemical costs significant-
ly.

Adding a Z stage at the end of a
TCF or ECF bleaching sequence ap-
peared to be an efficient way to im-

VOL. 80: NO. 9 TAPPI JOURNAL 213



PULP BLEACHING

prove the final  brightness.
Acidification to pH 2.5, as is usually
recommended for ozone stages, was
not necessary here;this is of high prac-
tical interest. T}
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