
AOX Reduction 

Reduction of AOX formation 
by intrastage washing 
Yonghao Ni, George J. Kubes, and Adriaan R. P. van Heiningen 

~~ 

ABSTRACT It is acceptedpractice to add chlorine dioxide 
shortly before chlorine in apulp chlorination stage. In the 
present study, by applying CIO, at a kappa fdctor o f  0. I I 
followed by a washing step (called intrastage washing) and then 
a minor chlorine treatment, a threefold reduction in AOX 
formation was achieved compared to conventional bleaching; 
the same degree of deligniFcation ds found in a standard DsoCs0 
operation was maintained 

In order to fdcilitate introduction in a commercial bleach 
pkznt, we investigated whether chlorine dioxide treatment time 
before the intrastage washing can be decreased An optimal time 
o f  about 10 min was found when the initialpH of the C102 
treatment is reduced to about 2. With these process 
modzjcations, and C102 and chlorine charges o f  1.20% and 
1.53%, respectively, a kraj7 black spruce pulp with a kappa 
number o f  about 30 can be bleached to a kappa number below 
4 ajer  cuustic extraction, with a total AOXproduction of  less 
than I S  kghon for the untreated combined chlorination and 
extraction efluents. 
"Oms: Adsorbable organic halogen, bLeaching, chlorine 
compounds, chlorine dioxide, kappa num be6 multistage process, 
washing. 
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fully bleached pulp include (a) de- 
creasing the lignin content of pulp 
entering the bleach plant by ex- 
tended delignification (1) andor oxy- 
gen delignification @), (b) increasing 
replacement of chlorine by chlorine 
dioxide (3), (e) reducing the kappa 
factor combined with a peroxide-re- 
inforced oxidative extraction stage 
(Eo,) (4), and (d) wastewater treat- 
ment of the bleach plant effluent (5). 

Ni et al. (6) show that a charge of 
1.20% chlorine dioxide ((210,) to a 
kappa no. 28.7 unbleached kraft pulp 
(equivalent to a kappa factor of 0.11) 
results in a decrease to about kappa 
no. 15 at an AOX content in the ef- 
fluent of only 0.34 kg/ton pulp. When 
the pulp suspension is subsequently 
contacted with chlorine, as is typi- 
cally done in an industrial DC chlo- 
rination stage, it is likely that the 
dissolved lignin generated during the 
chlorine dioxide treatment will com- 
pete with the residual lignin in the 
pulp for reaction with the charged 
chlorine. This not only results in less 
efficient use of chlorine for 
delignification, but also in additional 
AOX formation. Thus, by introduc- 
ing a washing stage between the con- 
secutive additions of C10, and 
chlorine (Cl,), it is expected that the 
delignification efficiency of chlorine 
will be increased while the forma- 
tion of organically bound chlorine 
will be decreased. The objective of 
this paper is to explore the possibil- 
ity of reducing AOX formation by 
introducing a washing stage between 
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AOXReduction 
The effect of intrastage washing on AOX formation 

Effluent Total Total 
Kappa AOX, NaOH Viscosity AOX kappa 

C'2 number kg/ton pulp charge, D/C E, D+C+E, factor 

Test factor C E C E % mPa6 kg/ton D+C 

1 0.05:3 7.2 3.5 0.92 0.28 2.55 26.1 1.52 0.163 
2 0.037 9.0 4.2 0.55 0.21 2.29 26.5 1.08 0.147 
3 0.053 11.6 6.0 1.53 0.48 2.57 2.01 0.163 
4 0.110 6.7 3.4 4.03' 0.51 3.47 4.54 0.220 

kaPPfJ 

'AOX of the combined D/C stage 

the consecutive additions of chlorine 
dioxide and chlorine (called 
intrastage washing). 

Results and di.scussion 

Intrastage washing 
The intrastage washing experiments 
consisted of treating a kappa no. 28.7 
kraft pulp with a C10, charge of 1.20% 
on pulp (kappa-factor of 0.11) at 45°C 
and 2% consistency for 45 min. After 
45 min, both the C10, and the gener- 
ated (310,- were completely con- 
sumed. The kappa number and 
organically boiind chlorine content 
of the chlorinated pulp were 15.8 and 
0.50 kg/ton pulp, respectively, while 
the AOX content of the filtrate was 
0.32 kg/ton pulp. After being thor- 
oughly washed,, the pulp was further 
treated with different charges of 
chlorine; chlorination conditions were 
45"C, 1% consistency, and 45 min con- 
tact time. The kappa number of the 
chlorine-treated and washed pulp as 
well as the AOX content of the chlo- 
rination filtrate were determined. 
Subsequently, the pulp was extracted 
with caustic soda. The NaOH charge 
was 0.55 times the sum of the active 
chlorine charges as chlorine dioxide 
and chlorine audded in the two stages. 
Kappa number after extraction, vis- 
cosity of the extracted pulp, and AOX 
content of the extraction filtrate were 
measured. The analysis results for 
two experiments with different chlo- 
rine charges .are identified in Table I 
as Tests 1 and 2. 

II. Organically bound chlorine formation and kappa number after the D stage. Consistency: 
2%: temo.: 45°C: time: 45 min: initial DH: 3.0: final DH: 2.5. 

Charge, % on pulp Org. chlorine, kgkon D 
Test Chlorite C/O, Total AOX Opulp Kappa no. 

A 0.060 1.140 1.20 0.22 0.35 14.6 
0 0.084 1.596 1.68 0.35 0.42 12.0 

For comparison, two conventional 
D/C E bleaching experiments are 
also included in Table I as Tests 3 
and 4. In these tests, pure chlorine 
water is added 1 min after adding 
chlorine dioxide to the unbleached 
pulp without an intrastage washing 
step. The C10, and C1, charges in 
Test 3 are 1.20% and 1.52% (on 0.d. 
pulp), respectively. In Test 4, the 
C10, and C1, charges are 1.20% and 
3.16%, respectively. Comparing Test 
3 with Test 1 shows that intrastage 
washing reduces the combined AOX 
production of the D/C E stages from 
2.01 to 1.52 kg/ton, respectively, while 
the CE kappa numbers are 6.0 and 
3.5, respectively. There is less 
delignification in Test 3 because part 
of the charged chlorine reacts with 
the dissolved lignin generated dur- 
ing the chlorine dioxide treatment 
rather than with the residual lignin 
in the pulp. Since the CE kappa num- 
ber of Test 3 is rather high, a fairer 
evaluation of intrastage washing ef- 
fectiveness is obtained by compar- 
ing Test 1 with Test 4; they have 
almost the same CE kappa numbers 

(3.4 and 3.5, respectively). In Test 4, 
the combined effect of the higher to- 
tal active chlorine charge and the 
absence of intrastage washing leads 
to a combined AOX production of 
the D/C and E stages of 4.54 kg/ton 
0.d. pulp, three times larger than that 
obtained in Test 1. The lower AOX 
formation with intrastage washing is 
obviously due to the lower chlorine 
charge and the removal of dissolved 
lignin generated as  a result of 
delignification by C10,. 

Next a series of bleaching experi- 
ments with intrastage washing was 
performed. The objective was to ob- 
tain a well delignified semibleached 
pulp (kappa no. < 4) at a total AOX 
production (i.e., the sum of D, C, and 
E effluents) of less than 1.5 kg/ton 
pulp. Variables were the charges of 
chlorine dioxide and chlorine. Five 
percent of the chlorine dioxide in the 
D stage of the D/C sequence with 
intrastage washing was substituted 
with chlorite to further reduce the 
formation of AOX (7). The results 
for two different chlorine dioxide 
charges are given in Table 11. 

140 September 1994 Tappi Journal 



111. AOX formation with intrastage washing I 
Effluent Total Total 

Kappa AOX, NaOH Viscosity AOX kappa 

Test % C E C E % mPas kg/ton D+C 
number kg/ton pulp charge, D/C E, D+C+E, factor 

C'2 
charge, 

A1 1.53 6.6 3.5 0.95 0.27 2.57 28.1 1.44 0.163 
A2 1.05 8.1 3.7 0.44 0.17 2.31 27.5 0.83 0.147 
61 1 .oo 6.4 3.4 0.51 0.21 2.98 26.8 1.07 0.189 
82 0.70 7.6 3.8 0.38 0.13 2.82 26.4 0.86 0.178 

IV. The effect of NaOH charge on E kappa number during caustic extraction of the pulp 
obtained from the intrastage washing technique 

NaOH. Extracted AOX in E effluent, 1 
10.1 I % kappa no. kdton pulp I 0.586 4.9 0.39 

0.840 4.3 
1.285 3.9 
1.800 3.7 
2.570 3.6 

0.40 
0.42 
0.42 
0.25 

11.1 
11.8 
12.0 
12.3 

The kappa factors for Tests A and 
B are 0.11 and 0.154, respectively. 
Some HC1 was added to the mixture 
of chlorine dioxide and chlorite, giv- 
ing a pH of 2.5 after 45 min of reac- 
tion with C10,. 

The chlorine-dioxide-treated and 
washed pulp Samples A and B were 
then subjected to a mixture of chlo- 
rine and chlorine dioxide (C10, sub- 
stitution level of 15%). Subsequently 
the pulps were extracted with caus- 
tic soda using the same standard con- 
ditions as used for the experiments 
shown in Table I. The results are 
shown in Table 111, with Tests All 
A2, B1, and B2 performed on the 
chlorine-dioxide-treated samples 
listed as A and B, respectively, in 
Table 11. 

The results in Table I11 show that 
a total AOX production of less than 
1.5 kg/o.d. ton pulp can be obtained 
with the intrastage washing tech- 
nique after applying 1.20% chlorine 
dioxide on pulp (corresponding to a 
kappa factor of 0.11) while at  the 
same time producing a well 
delignified pulp after caustic extrac- 

tion. Further increase in the C10, 
charge, from 1.20% to 1.68%, de- 
creases the AOX production to only 
about 1 kghon at  the expense of a 
slightly higher total kappa factor. 

Effect of intrastage washing 
on caustic extraction 
Because the total kappa factor can 
be reduced significantly below the 
traditional value of 0.22 with 
intrastage washing (see Table III), 
we investigated whether a similar 
charge reduction can be realized for 
caustic in the extraction stage. The 
pulp was prepared using a C10, 
charge of 1.20% [with an addition of 
0.03% H,O, on pulp for AOX reduc- 
tion (711 for 30 min at 45°C and an 
initial pH of 3.0. Intrastage washing 
was then followed by chlorination at  
a total active chlorine charge of 1.53% 
((210, substitution level of 20%) for 
30 min at  45°C. In the subsequent 
extraction stage, the sodium hydrox- 
ide charge was varied from 0.586% 
to 2.57%. The other extraction con- 
ditions are 70°C for 1 hour at 10% 
consistency. 

The kappa number after extrac- 
tion, the AOX content in the extrac- 
tion (E) filtrate, and the final pH in 
the extraction stage are shown in 
Table IV. The final pH is higher than 
11 when the alkali charge is greater 
than or equal to 0.84% [i.e., when the 
alkali charge is equal to 0.55 times 
the chlorination stage charge of 
1.53%, as is recommended for con- 
ventional chlorination (8) ]. A final pH 
above 11 after 1 hour extraction is 
generally considered sufficient for 
efficient alkali extraction. Note also 
that an alkali charge of 2.57% (0.55 
times the combined active chlorine 
charge of the D and C stages) results 
in significant dechlorination of the 
dissolved organically bound chlorine 
by the excess alkali in the E-stage 
effluent. More importantly, however, 
the present results show that, with 
intrastage washing, an NaOH charge 
of 1.285% is sufficient to reach an 
extracted kappa number of less than 
4. This caustic charge should be com- 
pared to a charge of 3.47%, which is 
recommended for extraction of the 
present kappa no. 28.7 pulp after a 
conventional chlorine bleaching stage 
(28.7 x 0.22 x 0.55 = 3.47%). 

For comparison, two conventional 
D/C E bleaching experiments were 
also performed with a caustic charge 
of 1.285%. In these tests, 1.53% and 
3.16% (on pulp) of chlorine, respec- 
tively, was added 1 min after mixing 
the unbleached pulp with pure chlo- 
rine dioxide at a charge of 1.20% (on 
pulp). Then, after washing, both 
pulps were extracted with caustic 
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A OX Reduction 
soda at a charge of 1.285% but oth- 
erwise at standard extraction condi- 
tions. The kappa factors of these two 
tests were 0.163 and 0.22, respec- 
tively. A comparison of the kappa 
number and fina,l pH after caustic 
extraction of these two tests with 
those of the corresponding 
intrastage washing experiment in 
Table V shows that a caustic charge 
of 1.285% is insufficient for conven- 
tional bleaching. Therefore, by in- 
troducing a washing stage between 
the chlorine dio gide treatment and 
chlorine addition, a significant caus- 
tic savings can be realized in addi- 
tion to reducing the amount of AOX 
produced in the bleaching process 
and decreasing lbe chlorine require- 
ment. In a commercial bleach plant, 
because of carryover to  the extrac- 
tion stage, more than 1.285% caustic 
is probably required in the subse- 
quent caustic extraction stage after 
applying the intrastage washing 
technique. However, we expect that 
large caustic savings could still be 
achieved in comparison with the nor- 
mal caustic requirement in conven- 
tional bleaching. 

Practical implementation 
of intrastage washing 
In the previous section, we showed 
that intrastagt: washing is beneficial 
from the AOX reduction and chemi- 
cal savings standpoints. However, 
the 45-min duration of the D stage in 
the intrastage washing experiments 
requires the addition of another re- 
tention tower. In order to facilitate 
the industrial introduction of 
intrastage washing, it is of interest 
to investigate whether the reaction 
time of the chlorine dioxide treat- 
ment before intrastage washing can 
be decreased so that the C10, treat- 
ment can be performed in a reten- 
tion leg. 

At a chlorine dioxide charge of 
1.20% on pulp, we found that chlo- 
rine dioxide IS completely consumed 
within 2 min (6). This is in agree- 
mentwith Histed et al. @), who found 
that C10, is consumed within 2 min 
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1. Development of residual CI0,- and CIO, during bleaching of kraft pulp at an initial CIO, 
charge of 1.20% with and without pH adjustment. Consistency: 1%; CIO, charge: 1.2%; 
Temp.: 45°C. 

I 
No pH adjustment, CIO, 

No pH adjustment, CIO; 

pH 2.0, CIO, 

pH 2.0, CIO; 

0 
0 10 20 30 40 50 

TIME, min 

V. Comparison of intrastaae-washed and conventionallv DIC-arocessed pula. Chlorine . .  
dioxide charge: 1.2%; NaOh charge: 1.285%. 
r 1 

Chlorine Total 

Test washina % factor after E in E 
1 No 1.53 0.163 7.3 10.9 
2 No 3.16 0.220 4.2 10.8 
3 Yes 1.53 0.163 3.9 11.8 

lntrastage charge, kappa Kappa no. Final pH 

for a kappa factor of 0.19 and a C10, 
substitution ratio of 50% at 30°C for 
a similar unbleached kraft pulp. 
However, a significant amount of re- 
sidual chlorite still remains. Since 
chlorite can be converted into chlo- 
rine dioxide, an intrastage washing 
operation at this point would result 
in a loss of potential delignification. 
Thus, in order to decrease the D- 
stage time before intrastage wash- 
ing, the conversion rate of chlorite 
to chlorine dioxide must be in- 
creased. 

The formation rate of chlorine di- 
oxide from chlorite can be enhanced 
by increasing the acidity (10). Fig- 
ure 1 shows the chlorite and chlo- 
rine dioxide concentrations during 
C10, treatment of the standard kraft 
pulp without initial pH adjustment 

and with initial pH adjustment to 2.0 
by hydrochloric acid. The chlorite is 
essentially consumed at about 30 min 
and 10 min, respectively, with or 
without initial pH adjustment. This 
shows that the D-stage time before 
intrastage washing can be decreased 
to about 10 min by initial acidifica- 
tion. 

The development of the D kappa 
number and AOX formation during 
the D stage at an initial pH of 2 are 
shown in Figs. 2 and 3, respectively. 
Also included are the corresponding 
values for the same pulp without pH 
adjustment after 45 min of reaction. 
These results show that, after 10 min 
at a pH of 2.0, the D kappa number 
and AOX formation have approached 
their respective plateau values, 
which are also close to the corre- 



2. Development of the D kappa number in a D stage at an initial pH 
of 2. Consistency: 1%; CIO, charge: 1.2%; Temp.: 45°C. 

35 

3. Development of AOX formation in a D stage at an initial pH of 2. 
Consistency: 1%; CIO, charge: 1.2%; Temp.: 45°C. 

- 
- No pH adjustment pH 2.0 

0 m 
K 2.0~ 
w ‘  m 
I 2 5 -  
3 z 
a 20- n 
a 15 
Y 

IO- 

? 

- ‘ m  m 0 

I 

O b  10 20 30 40 
TIME, min 

0’51 
m 

No pH adjustment pH 2.0 

0 10 20 30 40 

TIME, min 

sponding values obtained after 45 
min without initial pH adjustment. 
Therefore, the benefits shown in the 
previous sections can also be ob- 
tained by performing the D stage in 
a retention leg (rather than a new 
tower), which provides a reaction 
time of about 10 min before applica- 
tion of intrastage washing. In prac- 
tice, of course, one should use 
medium-consistency operation for 
the D stage rather than the 2% con- 
sistency used in the present experi- 
ments. The higher concentrations 
associated with medium-consistency 
operation will further increase the 
rate of chlorite consumption and thus 
the required C10, reaction time in 
the retention leg. 

Conclusions 

The AOX formation during a con- 
ventional D/C stage can be decreased 
by decreasing the concentration of 
dissolved lignin before adding chlo- 
rine to the pulp. This can be accom- 
plished by introducing a washing 
stage between the sequential addi- 
tions of chlorine dioxide and chlo- 
rine. Introducing a washing step 

between chlorine dioxide treatment 
and chlorine addition in a conven- 
tional D/C bleaching sequence, with 
a C10, charge corresponding to 50% 
C10, substitution and a kappa factor 
of 0.22, reduces AOX formation by a 
factor of nearly three when com- 
pared at the same degree of 
delignification as in a conventional 
sequence. 

Other advantages of introducing 
this intrastage washing step are a 
reduction in the chlorine charge by 
a factor of about two and significant 
savings in the caustic requirement 
of the extraction stage. The chlorine 
savings are the result of eliminating 
the further reaction of chlorine with 
dissolved lignin produced during 
C10, delignification in a conventional 
D/C sequence. This also explains the 
large reduction in AOX formation 
with the intrastage washing tech- 
nique. A pulp washer and a reten- 
tion leg providing 10 min reaction 
time for the chlorine dioxide treat- 
ment are needed for practical imple- 
mentation of the intrastage washing 
technique in a conventional D/C E 
sequence. 

Experimental procedures 

A kappa no. 28.7 kraft black spruce 
pulp was bleached with chlorine di- 
oxide in a three-neck round bottom 
flask. The chlorine dioxide solution 
was added to 4 grams of pulp, which 
were well dispersed in deionized wa- 
ter by mechanical stirring. A high 
ClO, concentration was used, so the 
chlorine dioxide addition could be 
completed in about 5 seconds. After 
chlorine dioxide treatment, the pulp 
was thoroughly washed with a large 
amount of tap water, washed three 
times with distilled water in a Brit- 
ish handsheet-making machine, and 
subsequently air dried. Chlorination 
was performed in the same reactor. 
First a specified amount of chlorine 
water was introduced by a pipette 
into the reactor. The required 
amount of pulp was then rapidly 
added to the reaction in the form of 
a concentrated suspension with a 50- 
mL open-end syringe. Before addi- 
tion of the pulp, the chlorine 
concentration in the reactor was de- 
termined, and chlorine water and 
water were added so the desired 
chlorine concentration and consis- 
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tency would be obtained at  the start 
of pulp chlorination. At specified 
times, a small amount of bleach li- 
quor was removed from the pulp sus- 
pension for AOX analysis. The pulp 
was washed and made into a 
handsheet for further treatment or 
analysis. 

Alkali extraction was performed 
at 10% consistency with the required 
amount of caustic at 70°C. After 1 
hour, the extracted pulp was thor- 
oughly washed, and the air-dried 
handsheets were saved for further 
analysis. 

The AOX content of the filtrates 
was measured with a Dohrmann 
DX20 analyzer. The organically 
bound chlorine content of chlorine- 
dioxide-treated pulp was determined 
using the method described in Ref- 
erence 6. The kappa number and vis- 
cosity were determined according to 
CPPA standard methods. 
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