
11 EXPERIENCE 
WITH CHLORINE DIOXIDE 

DELIGNIFICATION 
Produces good pulp accompanied by an improvement i n  effluent quality 

BY R .  WILSON, J. SWANEY, D.C. PRYKE, C.E. LUTHE AND B.I. O'CONNOR 

OWE SOUND PULP and Paper 
(HSPP) was formed in April H 1988 as an equallpwned joint 

enterprise between Canfor Corporation 
and Oji Pulp and Paper of Japan. The 
thrust behind this alliance was to 
expand and modernize the existing 
kraft pulp mill in Port Mellon, B.C. and 
to diversify into the manufacture of 
high quality newsprint. The goal was to 
construct a modern facility which 
would meet both pulp quality and envi- 
ronmental standards well into the next 
century. 

The site at Port Mellon has recently 
completed a $C1.1 billion expansion 
and modernization. The project includ- 
ed the construction of a new 585 air 
dry tonnes/day (adt/d) newsprint and 
thermomechanical pulp mill and a 
major modernization of the existing 
kraft mill. Market kraft pulp produc- 

tion increased from 650 to 1200 adt/d. 

included 
A 140@adt/d Kamyr MCC@ digester; 
A two-stage Kamyr atmospheric diffus- 

er; 
IngersolCRand knotters, screens and 

deckers; 
Kamyr two-stage MC@ oxygen deligni- 

tication; 
A Dorr-Oliver causticizing system; 
A Boledin-Allis lime kiln; 
Five-effect Kamyr falling film evapora- 

tors; 
A Babcock and Wilcox recovery boil- 

er; 
A Mitsubishi 62.5-MW turbo genera- 

tor. 
A second Mitsubishi 50-MW turbo 

generator was commissioned in Decem- 
ber 1991 and a new high-pressure Bab- 
cock and Wilcox power boiler will 

The kraft mill modernization 
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become operational in September 
1992. 

Environmental protection systems 
for air include: dilute and concentrat- 
ed noncondensible gas collection and 
incineration, a low-odor recovery boil- 
er, and Flakt electrostatic precipitators 
to minimize particulate emissions from 
both the lime kiln and recovery boiler. 
The new power boiler will also be 
equipped with a Flakt electrostatic pre- 
cipitator. 

Environmental protection systems 
for water include a primary effluent 
clarifier and secondary effluent treat- 
ment using an oxygen activated sludge 
system (UNOX) complete with sec- 
ondary clarification of the efiluent pri- 
or to discharge via a submerged diffus- 
er. Of primary importance in the 
modernization was the incorporation 
of the best available technology to min- 
imize the formation and discharge of 
2378-TCDD/-TCDF and adsorbable 
organically bound halogen, AOX. 
To achieve these goals, in addition 

to design features such as extended de- 
lignification and oxygen delignifica- 
tion. a new 35t/d R8 chlorine dioxide 
generator was installed, replacing the 
existing 12-t/d modified Mathieson 
generator. The increased chlorine 
dioxide capacity allows the mill to oper- 
ate the first stage of bleaching with up 
to 100% chlorine dioxide substitution. 
This and the fact that the chlorine 
dioxide produced has extremely low 
chlorine content, allow the mill to satis- 
fv customer demands for “molecular- 

Pulp Gmde 1 Pulp Gmde 2 

m c n 2  lOo%Clo2 6006Clo2 loO%Clo, 

htes Feb. 5-7 Feb. 9-1 2,22 Feb. 16-20,26 Feb. 13-1 5 

770 827 905 810 iverage bleached 
pulp production, adt/doy 

irownstock, 0 2  Kappa No. 21.3 20.2 20.0 20.1 

$leaching chemical consumption 

Kappa Factor 
Molecular C12 Multiple 

19.0 
0.3 

10.9 
47.9 
0.22 
0.09 

0.0 
0.6 

20.6 
54.8 
0.27 
0.00 

18.6 
0.3 

10.6 
46.8 
0.23 
0.09 

(E 41 Stage 
NaOH (kg/adtl 
O2 (kg/adtl 
End pH 
NaOH/Active 
NaOH/Molecular CI, 1.1 2.0 1 .o 

26.7 23.2 25.1 
5.3 5.2 5.1 

0.5 
10.4 10.5 10.1 
0.6 0.4 _ -  

9.2 8.8 
11.6 14.8 14.8 

82.8 80.4 84.4 

DE Stage 
7.3 CIO (k /adtl 

NaOH/CIO 
Brightness, drepho 
N& Eg/adtl I .6 1.6 1.7 

D Stage 
CIO (kg/adt) 
Brigkneu. Elreoho 

4.0 3.4 3.4 
90.6 88.9 90.1 

0.0 
0.6 

20.9 
55.5 
0.28 
0.0 

19.6 
5.2 

10.5 
0.4 
1.7 

10.7 
15.7 
1.5 

82.1 

3.9 
89.1 

Active chlorine consumption 19.0 0.0 18.6 0.c 
1 .o 0.7 1.1 

93.5 87.3 59.9 
88.3 79.2 94.: 

0.4i 0.40 

0.7 
58.3 
77.9 

CI2 (kg/adt) 
CI in CIO (kg/odt) 
CI& as Ci’, (kg/adt) 
Totu? Active CI, (kg/adti 
Sequence Kappa Factor 0.37 0.44 

ktal bleaching chemical consumption 18.6 OS 
19.0 0.0 

CI (k /adt) 22.2 33.2 22.8 35.1 
Clb 8( /adt) 

38.3 38.0 39.9 35.: NadH [g/adtl 
5.3 5.2 5.1 5.: 0 2  (kg/adtl 

~ 

88.6 90.5 89.1 
Pulp uality 

Dirt, ppm 
Shivs! ppm 
VisCoSlty, CP 

91.4 

0.1 
Bri&neu, Elrepho 3.5 2.5 1.3 1 .: 

0.0 0.0 0. 
21.7 21.4 21.3 22.: 

chlorine-gas-free” market pulps. 
The purpose of this paper is to 

report mill experience with increasing 
chlorine dioxide substitution from 60 
to 100% in the first stage of bleaching. 
Specifically, this paper examines the 
effect of chlorine dioxide delignifica- 
tion (100% substitution with chlorine 
dioxide) of oxygen delignified soft- 
wood pulps and addresses: 

Bleaching chemical consumption; 
Bleaching cost; 
Pulp quality, 
Effluent quality and treatability. 

O L E A C H  PLANT DESIGN 
The pre-expansion, conventional 

five-stage (C+D) (E+O)DED bleach 
plant was converted to (D,C+D) (E+O) 
(DE) D, incorporating two parallel 
(E+O) (DE) stages between the 
(D,CtD) and D stages. 

The preexpansion bleaching strate- 
gy used 10% chlorine dioxide substitu- 
tion in the first stage (C+D) at approxi- 
mately 0.28 Kappa factor. All chlorine 
dioxide was supplied by a 12-t/d modi- 
fied Mathieson generator normally 
operating at 8 to 10 t/d. Chlorine was 
injected as a chlorine-water dispersion 
into the pulp and subsequently mixed 
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c . 
via two static Komax mixers. Chlorina- 
tion was controlled with a Kajaani opti- 
cal and residual sensor system. Conven- 
tional (EtO) extraction technology, 
including an upflow preretention tube, 
was installed in 1984. incorporating a 
sintered metal oxygen sparger follow- 
ing a Kamyr MC@ pump. The final 
three stages, DED. operated at typical 
industry conditions. Pulp washing was 
jumpstage counter-current. Semi- and 
fully-bleached market pulps were pro- 
duced. 

The new four-stage (D,C+D) (E+O) 
(DE)D bleaching line was designed to 
nearly double capacity to 1200 adt/d. 
Following a common (D,CtD) tower, 
3.5% consistency stock is equally split to 
two washers; an existing Ingersoll-Rand 
and a new LaValley. Following washing, 
two parallel (E+O) (DE) stages denoted 
"A" and "B", extract and bleach the 
pulp to 82 Elrepho brightness. 
Bleached stock from the (DE) stages is 
combined and fully bleached iy a new 
final D tower. The pulp is again washed 
using two new LaValley washers. 

Jump-stage countercurrent washing 
is used. Water usage was decreased 
from 48 to 30 mS/adt. 
(D,C+D) stage: The first stage of 
bleaching, (D,C+D) was designed for 
70% substitution by chlorine dioxide. 
As shown in Fig. 1, chlorine dioxide 
solution is added first to a Komax static 
mixer approximately 40 seconds before 
a Sunds SMB high shear mixer. The 
total applied chlorine dioxide is split 
8!% to the first mixer, with the balance, 
for Viscosity protection, added to the 
second mixer just before chlorine gas 
addition. 

Following chemical addition, the 
stock line diameter increases to permit 
10 seconds of retention prior to the 
Kajaani brightness and residual sensors 

used to control chemical application. 
The control system incorporates a 
brightness sensor at the outlet of the 
25-minute (D,C+D) tower which adjusts 
the tower inlet compensated brightness 
setpoint. Temperature is typically 45 to 
48°C and final pH is 1.8 to 2.0. 
Chlorine dioxide deli@ication: When 
practising chlorine dioxide delignifica- 
tion, (i.e., without molecular chlorine 
gas), chlorihe dioxide is also split 
between the two mixers, with 70% to 
the first mixer. The control strategy is 
identical. However, setpoints are differ- 
ent. The temperature is increased by 
approximately 5°C to compensate for 
the slower chlorine dioxide reactions. 
The pH is not controlled, increasing 
slightly to 2.0 to 2.2. 

@ILL EXPERIENCE 
Mill experience with chlorine dioxide 
delignification: HSPP produces semi- 
and fully-bleached market softwood 
kraft pulp from three furnish mixes: 

Grade 1,50% cedar:50% spruce-pine- 
fir; 

Grade 2.100% western hemlock; 
Grade 3,50% hemlock50% fir; 

Grades 1 and 2 were produced dur- 
ing the current trials. 

Normally, 60% chlorine dioxide sub- 
stitution is used in the first stage. Howev- 
er, to meet increasing customer demand 
for "molecularchlorine-gas-free" pulps, 
increasingly greater amounts of pulp are 
being produced with only chlorine diox- 
ide in the first stage of the bleach plant. 

Results are presented comparing 
60% chlorine dioxide substitution to 
chlorine dioxide delignification. Bleach- 
ing chemical consumption and bleach 
plant operating data were taken from 
operating log sheets and computer 
summaries. Data are reported as aver- 

age values for at least three consecutive 
operating days during February 1991. 
The detailed data summary is found in 
Table I. 

Effluent quality is based on analyses 
of 24hour composite samples into the 
oxygen activated sludge treatment sys 
tem and out of the secondary clarifiers. 
Samples were time-shifted to account 
for system retention time. Three con- 
secutive composites were obtained for 
each operating condition. 
Bleaching chemical consumption: Sub- 
stitution of a portion of the available 
chlorine demand of unbleached pulp 
with chlorine dioxide can significantly 
improve delignification. For a fixed 
charge of oxidizing power (equivalent 
chlorine) the minimum extracted Kap 
pa no. is typically achieved at 30 to 50% 
substitution [ l ]  when the chlorine 
dioxide has been applied in advance of 
chlorine. As chlorine dioxide is further 
substituted, the extracted Kappa no. 
increases. Complete replacement with 
chlorine dioxide results in a higher 
extracted Kappa no. than would be 
achieved with "low substitution" (i.e.. 
10%). This has been shown by a num- 
ber of researchers [2, 3, 41 for conven- 
tionally delignified as well as for oxygen 
delignified pulps, the effect being more 
pronounced for the latter pulp. Chlo- 
rine dioxide is less reactive with oxygen 
delignified pulps as both oxygen and 
chlorine dioxide attack the free pheno- 
lic groups in lignin [5]. Laboratory 
studies have shown that to overcome 
this inefficiency. either the Kappa fac- 
tor applied in the first stage or perox- 
ide and/or chlorine dioxide addition 
in subsequent bleaching stages, must be 
increased. 

The mill experience supports the 
above discussion. As shown in Fig. 2, 
the Kappa factor in the first stage of 
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Bleaching cost: Bleaching cost increases 
with chlorine dioxide delignification 
for two reasons. Chlorine dioxide delig- 
nification (100% chlorine dioxide) is 
less efficient than bleaching with 60% 
chlorine dioxide substitution. Signifi- 
cantly more equivalent chlorine is re- 
quired in the entire sequence to bleach 
brownstock pulp with the same un- 
bleached Kappa no. to the same final 
brightness. This inefficiency is shown 
graphically in Fig. 3. 

The second factor contributing to 
increased bleaching cost is the replace- 
ment of chlorine with more expensive 
chlorine dioxide. As bhown graphically 
in Fig. 4. bleaching cost increases a p  
proximately 20% comparing chlorine 
dioxide delignification to 60% chlorine 
dioxide substitution. 
Pulp quality While average final pulp 
brightness was 2.8 points lower for the 

cedar-spruce-fir grade (Pulp Grade 1). 
comparing chlorine dioxide delignifica- 
tion to 60% chlorine dioxide substitu- 
tion, no appreciable difference in 
brightness for the two levels of substitu- 
tion was observed for the hemlock 
grade (Pulp Grade 2). All other pulp 
quality parameters (dirt, shives and vis- 
cosity) were unchanged as shown in 
Table I. 

Pulp strength was maintained. How- 
ever, reaching the same freeness re- 
quired approximately 5 to 10% more 
revolutions in the PFI mill comparing 
chlorine dioxide delignification to 60% 
chlorine dioxide substitution. This may 
result in increased refining energy 
requirements for papermakers. 

Pulp samples were analyzed for 
organically-bound chlorine in pulp 
according to the method described by 
Reeve [7]. The results are shown in 
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Table 11. For both pulp grades, the 
water extractable organically-bound 
halogen (termed AOX) obtained at 60 
and 100% chlorine dioxide substitution 
were typical of fully-bleached softwood 
pulp [7]. The organically-bound chlo- 
rine extractable by ethanol/toluene, 
for both pulp grades at 60% chlorine 
dioxide substitution, was also character- 
istic of fully-bleached softwood pulp 
[7]. However, for both pulp grades, the 
increase in chlorine dioxide substitu- 
tion to 100% resulted in a significant 
decrease in the ethanol/toluene 
extractable organically-bound chlorine. 

OFFLUENT QUALITY 
Formation of chlorinated organic com- 
pounds: Of the elemental chlorine 

used during bleaching, about 90% is 
converted to inorganic chloride ion 
and only about 10% becomes bound to 
the organic material removed from the 
pulp [8-121. This organically-bound 

chlorine is commonly measured as 
AOX. Its inadequacies as a relevant 
indicator of environmental impact are 
well known [ 13-14]. Nonetheless, an 
understanding of the response of the 

100 

Pulp Grade 1 1 2 

CIO,, % 60 100 60 
I I 

Treatment system: 
Inlet LC5 , % 23 26 22 22 
oulet L&,, % 100 100 100 100 

Effluent color 
kg/adt (oulet) 106 73 129 85 

I I 

Pulp Gmde 1,  g/adt Pulp Gmde 2, g/adt 

60% 100% Decrease 60% 100% Decrease 
a 0 2  CIO, %++ a 0 2  a 0 2  % ++ 

Phenols 
2,4-dichlorophenol 0.49 0.10 80 0.36 0.08 79 
2,4,6-trichloraphenoI 0.36 ND 100 0.2 1 ND 100 
2,3,4,6-tetrachlorophenol 0.09 ND + 0.06 ND + 
pentachlorophenol 0.05 ND + ND ND 8 

Phenol sub total 
T M  sub total 

1 .oo 0.10 88 0.63 0.08 
0.17 0.01 94 0.10 ND 

87 
95 

Guaiacols 
4,6-dichloroguaiacol 
3,4-dichloroguaiacol 
4,~-dichloraguaiacol 
3,4,6-trichloroguaiacol 
3,4,5-trichloroguaiacol 
4,5,6-trichloroguaiacol 
tetrachloroguaiacol 

Guaiacol sub total 
TEQ sub total 

0.04 0.88 - 0.17 0.23 
0.88 0.38 56 0.84 0.10 
2.60 0.1 1 96 0.58 0.09 
0.05 ND + ND ND 
0.02 ND + ND ND 
0.50 ND 100 0.28 ND 
0.28 ND 100 0.1 1 ND 

- 
88 
84 

100 

8 

8 

+ 
4.36 1.37 88 1.98 0.42 89 
0.47 0.10 92 0.20 0.03 94 

Catechols 
4,ti-dichloracatechol 4.99 0.13 97 3.51 0.06 98 
3,4,5-trichlorocatechol 2.47 ND 100 1.09 ND 100 
tetrachlorocatechol 0.43 ND 100 0.15 ND 100 

Catechol sub total 
T M  sub total 

7.89 0.13 
1.02 0.01 

98 4.75 0.06 99 
99 0.52 ND 100 

Vanillins 
6-chlorovanillin 
5,6-dichlorovanillin 

Vanillin sub total 
TEQ sub total 

0.29 0.25 14 1.69 0.22 87 
0.29 0.02 94 0.58 ND 100 

0.58 0.26 54 2.27 0.22 90 
0.03 0.01 78 0.09 0.01 93 

CPC total 
T M  total 

13.83 1.86 93 9.63 0.77 94 
1.69 0.12 96 0.92 0.04 98 

++ 
+ - 
* 
ND 
TEQ = toxicity equivalent basedlon pentachloro phenol. 
CPC = chlorinated phenolic compound. 

Calculation based on doto where a numericol value could be ossigned to the % decrease in inlet CPC levels. 
Increased C102 substitution appears to decrease CPC formotion. 
increased C102 substitution appeors to increase CPC formation. 
Increased CIO substitution appears to have no effect on CPC formation. 
= less than 0.66 g/adt; fi ures cited in table may be lower because they represent averages. 
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AOX parameter to process change is 
imperative, since its discharge is being 
regulated in several regions of Canada. 

The low molecular weight AOX 
(AOX < 1000 Daltons; reported to 
range from 25 to 50% of AOX in 
untreated effluents [1518]) is of some- 
what greater potential environmental 
significance, in that it has the ability to 
penetrate cell membranes and contains 
the relatively lipophilic EOX (extrac- 
table organically-bound halogen; about 
1 to 3% of AOX [19]). A small fraction 
of this EOX (0.1% of AOX) has the 
pro-pensity to bioaccumulate in the fat- 
ty tissue of higher organisms and con- 
tains compounds such as the polychlo- 
rinated aromatics which are considered 
to be potentially the most toxic and 
persistent in the receiving environ- 
ment. Chlorinated phenolic com- 

pounds (CPCs) may form a significant 
portion of this latter category, and for 
this reason it is instructive to monitor 
changes in their formation when mill 
process modifications are being made. 
Effect of increased chlorine dioxide 
substitution: Acute toxicity and effluent 
color: Table 111 shows that increasing 
chlorine dioxide substitution from 60 
to 100% did not have a significant 
effect on the rainbow trout acute toxici- 
ty of the whole mill effluent, prior to 
secondary treatment. It is possible that 
the bleach plant effluent toxicity was 
decreased but the effect was not large 
enough to overcome contributions 
from other mill effluent streams. Con- 
centrations of resin and fatty acids, 
before biotreatment, measured by the 
gas chromatographic method of Voss et 
al. [20] were low, ranging from 0.02 to 

0.05 kg/adt (0.26 to 0.90 mg/L). 
Effluent color was expected to de- 

crease as chlorine dioxide substitution 
was increased from 60 to 100% [ill. As 
shown in Table 111, emuent color, mea- 
sured at the outlet of the treatment sys- 
tem, was decreased by approximately 30 
to 35%. 
AOX and EOX: It is well known that 
decreasing applied molecular chlorine 
by increasing chlorine dioxide substitu- 
tion decreases the formation of chlori- 
nated organic compounds [il, 5,21241. 
Many predictive equations have been 
developed to estimate AOX formation 
from various bleaching sequences. 
Such equations take the following form 
when chlorine and chlorine dioxide are 
expressed in kg/adt: 

AOX, kg/adt = 

, 

Pulp gmde 1 Pulp grade 2 

60% CI02 100% c102 6o%CIO~ loo%Cl02 

Removal, % Removal, % Removal, % Removal 

Range A*. Range A*. Range A*. 

Phenols 
2,4-dichlorophenol -88 +O -38 
2,4,6-trichlorophenol 50 -83 67 

pentachlorophenol 

Phenol sub total -29 +21 -2 
T M  sub total 0 +49 18 

2,3,4,6-tetrachlorophenol + 

- -160+-100 -137 - 
. . e 

+ 
+ 

-160- -100 -137 
-160-+-100 -137 

~~~ ~ 

Guaiacols 
4,6-dichloroguaiacol 
3,4-dichloraguaiocoI 
4,~-dichloquaiacoI 
3,4,6-trichloroguaiacol 
3,4,5-trichloroguaiacol 
4,5,6-trichloroguaiacol 
tetrachloroguoiacol 

Guaiacol sub total 
TEQ sub total 

- 
40 -59 52 
-33 +94 38 

-11 +25 5 
67 

-6 +81 40 
1 1-73 39 

5 +67 42 
-25 +25 -7 . 

-6 +54 27 
-3 +54 28 

+ + 
83 +lo0 89 + 
22 -50 34 * 

-25 -40 13 e 

+ 
52 -67 58 
46 -52 48 

Catechols . - -150+-100 -125 21 -53 36 
- 57 -71 63 

4,5-dichlorocatechol 6 +46 29 
3,4,5-trichlorocotechol 60 +65 62 
tetrachlorocatechol 61 -70 65 - + - 

Catechol sub total 
T M  sub total 

31 +50 42 31 -57 43 -1504 -100 -125 
48 453 51 41 -61 49 -150+-100 -125 

Vanillins 
6-chlotwanillin 
5,6-dichlotwanillin 

56 76 -84 79 + 
88 +90 89 75 480 78 

-167416 -75 40 471 

Vanillin sub total 
T M  sub total 

79 -85 82 i:. 81 -86 83 
-13 +16 1 40 +71 
16 430 25 71 4100 

cpc total 
T M  total 

16 456 39 6 427  17 41 +55 49 
36 +59 47 3 427  17 40 -56 47 

+ Treatment appears to promote CPC removal. TEQ = toxicity equivalent b o d  on pentachloro phenol. 
- Treatment oppeors to increase CPC loadings. CPC = chlorinated phenolic compound. 
*% Treatment appeon to have no effect on CPC loadings. 
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' ,  * 
k(C12 + 0.53 ClO,) k-O.10 [21] 

Based on such an equation, forma- 
tion of AOX should decrease by 
approximately 45% for Pulp Grade 1 
and 35% for Pulp Grade 2, when chlo- 
rine dioxide is increased from 60 to 
100%. The levels of AOX and low 
molecular weight AOX (AOX < 1000) 
in the effluent before treatment, for 
both operating conditions and pulp 
grades, are shown in Fig. 5. Measure- 
ments were performed on unfiltered 
samples using a Dohrmann analyzer 
according to U.S. EPA Method 9020 
[25]. The low molecular weight AOX 
fraction w a s  prepared by ultrafiltration 
using an Amicon YM2 membrane. 

The data in Fig. 5 indicate that an 
increase in chlorine dioxide substitu- 
tion from 60 to 100% significantly 
decreased the AOX in the untreated 
effluent: 70% for Pulp Grade 1 and 
60% for Pulp Grade 2. The low molecu- 
lar weight AOX was found to form 
approximately 30 to 40% of the total 
AOX, and its decrease, with increased 
chlorine dioxide substitution, paral- 
leled that of the total AOX. Interesting- 
ly the proportion of the low molecular 
weight AOX generated was not affected 
by the increase in chlorine dioxide sub- 
stitution. These findings are in agree- 
ment with previously reported research 
[16] at two mills using 10 and 70% 
chlorine dioxide substitution, respec- 
tively. 

This greater than predicted decrease 
in AOX formation supports work by 
Liebergott et al. [3] which showed that 
the relationship between the formation 
of AOX and applied elemental chlorine 
changes dramatically at 90 to 100% 
chlorine dioxide substitution. With 
chlorine dioxide delignification, the 
fraction of applied elemental chlorine 
becoming organically-bound is signifi- 
cantly less than at 60% chlorine dioxide 
substitution. The results demonstrate 
that use of predictive equations such as 
those mentioned above must be 
applied cautiously as the proportionali- 
ty factor, k, may not only be dependent 
on the wood species 131, but may also 
be a function of the chlorine dioxide 
substitution in the first stage of bleach- 
ing. 

In this investigation, the effluent 
EOX was determined by a cyclohexane 
extraction method. As indicated in Fig. 
6, for the untreated effluent the 
decrease in EOX due to the increase in 
chlorine dioxide substitution was vari- 
able, with a 63% decrease for Pulp 
Grade 1 and 17% for Pulp Grade 2. 
The observed differences may be in 
part attributed to the substantially low- 
er initial effluent EOX for Pulp Grade 
2 at 60% chlorine dioxide substitution. 
In all cases, the EOX accounted for 0.3 
to 0.9% of the total AOX. 

T281 4 

Chlorinated phenolic compounds: The 
chlorination of aromatic compounds, 
including phenolics, is known to pro- 
ceed stepwise from the mono- to di-, to 
tri-. to tetra, and in the case of phenols, 
to penta-substitution [26]. It has been 
shown that decreasing the applied 
molecular chlorine by increasing chlo- 
rine dioxide substitution decreases the 
formation of the more lipophilic, high- 
er chlorinated (tri-, tetra-, and penta-) 
phenolic compounds [3, 5, 13, 22, 23, 
2'7, 281. It is also expected that other 
higher chlorinated compounds which 
are found in the very lipophilic portion 
of the EOX will be concomitantly 
decreased. Evidence supporting this 
position has been reported for chlori- 
nated thiophenes [27] and chlorinated 
methyl-substituted furans [29]. 

CPCs are not all equally deleterious 
to the receiving environment. For this 
reason, conclusions based on total CPC 
loadings in the effluent tend to be mis- 
leading, To address this composite 
parameter problem, a scale has been 
developed based on chronic toxicity 
data for trout, fathead minnow, and 
other aquatic species reported in the 
literature [30]. Pentachlorophenol, the 
most toxic of the CPCs, was given a tox- 
icity equivalency Eactor (TEF) of 1, and 
the other phenols, were given lower fac- 
tors, reflecting their lower relative toxi- 
cities. 

Among the other families of pheno- 
lics (Le., guaiacols, vanillins, etc.) dig 
ferences in toxicity were found to be 
related primarily to the degree of chlo- 
rination, rather than family type. 
Hence all classes of compounds having 
the same extent of chlorine substitution 
on the aromatic ring were assigned 
identical toxicity factors. This scale, for 
CPCs, provides a way to sum the toxicity 
of a mixture of compounds. The total 
value is expressed as pentachlorophe- 
nol toxicity equivalents (TEQs) , and 
CPC loadings are then calculated as g 
PCP/adt. This allows a relative assess- 
ment of the effect of process modfica- 
tions on effluent quality. 

Table IV indicates the average efflu- 
ent concentrations, before biological 
treatment (three daily composites), of 
total CPCs as well as their pen- 
tachlorophenol-based TEQs for the two 
pulp grades, at the two levels of chlo- 
rine dioxide substitution studied. All 
effluent samples were treated with 
ascorbic acid to convert any quinones 
to their respective catechols and were 
analyzed for chlorinated phenolics by 
the gas chromatographic method of 
Voss et al. [31]. Since the CPC loadings 
were, in general, very low, often close to 
the detection limit, and were measured 
by gas chromatography only, the results 
must at all times be interpreted with 
caution. For example, the CPC concen- 
trations at 100% chlorine dioxide sub- 

stitution were so low, in particular with 
Pulp Grade 2, that in many cases, only a 
qualitative assessment of the effect of 
increased chlorine dioxide substitution 
on CPC loadings could be- made. 

As expected from the sequential 
mechanism of chlorination of aromatic 
compounds, the more highly chlorinat- 
ed phenolics were generally non- 
detectable at 100% chlorine dioxide 
substitution. Using only the "before bio- 
logical treatment" emuent data, where 
a numerical value could be assigned to 
the decrease in CPCs due to increased 
chlorine dioxide substitution, a greater 
than 95% overall decrease in pen- 
tachlorophenol-based TEQs for both 
pulp grades was observed. 

In early 1989, HSPP was operating at 
10% chlorine dioxide substitution and 
was discharging approximately 6 kg 
AOX/adt [32]. The curved line shown 
in Fig. 7, which is based on laboratory 
studies investigating the effect of a 
range of Kappa factors (0.14 to 0.28) 
and chlorine dioxide substitution levels 
(0 to 90%) on effluent loadings of 
CPCs and AOX, estimates the corre- 
sponding pentachlorophenol TEQ dis- 
charge at 13 g/adt [13,28]. Data from 
the current mill trials are plotted on 
the laboratory generated curve. 

Modernization and incorporation of 
oxygen delignification. in conjunction 
with 60% chlorine dioxide substitution, 
account for a 90% decrease in pen- 
tachlorophenol TEQ discharge to 1.3 
g/adt (average effluent concentration 
for Pulp Grades 1 and 2 before biotreat- 
ment). Increasing chlorine dioxide sub- 
stitution to 100% decreased the 
remaining 1.3 g/adt pentachlorophe- 
nol TEQ discharge an additional 95%. 
Overall, modernization, incorporation 
of oxygen delignification, and adoption 
of chlorine dioxide delignification have 
decreased the pentachlorophenol TEQ 
discharge to less than 1% of its 1989 
value. 
Treatab-%ty of chlorinated organic com- 
pounds: The effectiveness of conven- 
tional secondary (biological) treatment 
systems in decreasing AOX and chlori- 
nated phenolic compounds has been 
documented in recent years, especially 
at low to moderate chlorine dioxide 
substitution [24, 33-40]. However, with 
the exception of the work by Rempel et 
a1 [36], information concerning the 
effectiveness of oxygen activated sludge 
treatment in decreasing these com- 
pounds is notably lacking. Its ability to 
decrease the more environmentally-sig- 
nificant parameters such as low molecu- 
lar weight AOX and EOX is also 
unknown. 

This aspect of the investigation was 
undertaken to examine the effect of 
wood furnish and chIorine dioxide sub- 
stitution on the treatability of these 
chlorinated compounds by an oxygen 
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activated sludge system. Details on the 
design and operation of this system can 
be found in a paper by Strang [41]. 
Acute toxicity: The effectiveness of the 
oxygen activated sludge secondary 
effluent treatment system in removing 
acute lethal toxicity to fish was shown 
previously in Table 111. All treated emu- 
ents during the investigation period 
had a 96-hour LC50 2 100%. In all cas- 
es, treatment removed greater than 
97% of the resin and fatty acids. 
AOX and EOX The ability of the treat- 
ment system to remove AOX, and that 
fraction of the AOX with molecular 
weight < 1000 Daltons w a s  evaluated for 
both operating conditions and pulp 
grades. The results are shown in Fig. 5. 
The average discharge of AOX in the 
final, biotreated mill effluent was 1.6 
kg/adt at 60% chlorine dioxide substi- 
tution and 0.65 kg/adt at 100% chlo- 
rine dioxide substitution. 

For Pulp Grade 1, treatment result- 
ed in moderate removal of the total 
AOX, ranging from 17 t9 25% for 60% 
chlorine dioxide substitution and 0 to 
18% for 100% chlorine dioxide substi- 
tution. A large proportion of the AOX 
removed was due to a decrease in the 
low molecular weight fraction. 

The decrease in the AOX < 1000 
fraction accounted for 40 to 93% of the 
total AOX removed for Pulp Grade 1 at 
60% chlorine dioxide, and for two of 
the data sets, accounted for all the 
AOX removal at 100% chlorine dioxide 
substitution. There was no apparent 
removal of AOX for one of the data sets 
at 100% chlorine dioxide substitution, 
though AOX < 1000 appeared to be 
reduced slightly. 

For Pulp Grade 2. treatment also 
resulted in moderate removal of the 
total AOX, ranging from 17 to 27% for 
60% chlorine dioxide substitution for 
two of the data sets, with no apparent 
removal for the third. Again, the bulk 
(70 to 72%) of the AOX removed was 
due to a decrease in the AOX < 1000 
fraction. As was the case for Pulp Grade 
1, at 100% chlorine dioxide substitu- 
tion, treatment of the effluents did not 
give rise to any significant decrease in 
AOX. However, in two cases, low molec- 
ular weight AOX appeared to be 
decreased across the treatment system. 

The preferred removal of the low 
molecular weight AOX observed in this 
study is in agreement with previous 
findings [16-18] which reported that 40 
to 80% of the decrease in the total 
AOX, across an aerated lagoon, could 
be directly attributed to the degrada- 
tion of the AOX < 1000 fraction. 

The results in Fig. 6 indicate that the 
average removal of EOX by oxygen acti- 
vated sludge treatment varied between 
35 to 68%. An apparent increase in the 
average EOX was noted for Pulp Grade 
1 at 100% chlorine dioxide substitution. 

Chlorinated phenolic compounds: 
Chlorinated phenolics are known to be 
biodegradable [ 15, 421. Removal effi- 
ciencies are dependent on treatment 
conditions, and are different for indi- 
vidual members of each class of com- 
pounds [33-36,381. Furthermore, since 
the distribution of individual chlorinat- 
ed phenolics changes with chlorine 
dioxide substitution [13, 22, 24, 27, 28, 
381, the question was asked whether 
the effluents would be equally 
amenable to biological treatment. This 
portion of the investigation was 
designed to address this question. 

The relevant chlorinated phenolic 
data are summarized in Table V. The 
average percent removals were calculat- 
ed using the three daily composite 
treatment efficiencies at each operating 
condition. Negative numbers indicate 
an apparent increase in CPC loadings 
across the treatment system. 

The data indicate that despite con- 
siderable variability in observed treat- 
ment, total pentachlorophenol-based 
TEQ loadings were decreased for all 
four operating conditions. The concen- 
trations at 100% chlorine dioxide sub- 
stitution were so low before treatment, 
in particular with Pulp Grade 2, that in 
many cases only a qualitative assessment 
of the treatment effectiveness could be 
made. Furthermore, since only the data 
where a numerical value could be 
assigned to the percent removal effi- 
ciencies of individual CPCs during 
treatment were used to calculate total 
average reductions, the apparently low- 
er treatment efficiencies at 100% chlo- 
rine dioxide substitution (Le., 17% vs 
40% for Pulp Grade l),  should not be 
interpreted to mean that the CPCs pro- 
duced during chlorine dioxide deligni- 
fication are more recalcitrant to biolog- 
ical treatment. 

QUMMARY 
Chlorine dioxide delignification at 

HSPP's modernized and expanded 
pulp mill has been adopted to respond 
to customer demand for "molecular- 
chlorine-gas-free" fully-bleached market 
softwood pulp. 

Comparing chlorine dioxide deligni- 
fication (100% chlorine dioxide substi- 
tution) to 60% chlorine dioxide substi- 
tution with a 20 Kappa no. oxygen 
delignified pulp: 

Fully-bleached market softwood kraft 
pulp with identical strength and quality 
was produced. 

Final pulp brightness was slightly low- 
er (-3 points Elrepho) for the cedar- 
spruce-fir grade but essentially the 
same for 100% hemlock. 

Water extractable AOX in pulp was 
unchanged. 

Ethanol/toluene extractable organi- 
cally-bound chlorine in pulp was 
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decreased significantly. 
Bleaching efficiency was decreased. 
Cost of bleaching increased by 20%. 
The effect of chlorine dioxide delig- 

nification and oxygen activated sludge 
treatment on effluent environmental 
quality parameters was dramatic. 

When chlorine dioxide substitution 
was increased from 60 to 100%: 

AOX and AOX < 1000 in the untreat- 
ed effluent were decreased by 60 to 
70%. 

The decrease in EOX was variable, 
ranging from 17 to 63%. 

The chlorinated phenolics in untreat- 
ed effluent, expressed as pen- 
tachlorophenol-based toxicity equiva- 
lents, were decreased by about 95%. 

Emuent color was decreased by 30 to 
35%. 

With oxygen activated sludge sec- 
ondary biological effluent treatment: 

Treatment of the total mill effluent 
removed 17 to 27% of the AOX at 60% 
chlorine dioxide substitution but was 
only marginally effective at removing 
AOX produced at 100% chlorine diox- 
ide substitution. 

A large portion of the AOX removed 
was due to a decrease in the low molec- 
ular weight fraction (AOX < 1000). 

The average discharge of AOX in the 
final, biotreated mill effluent was 1.6 
kg/adt at 60% chlorine dioxide substi- 
tution and 0.65 kg/adt at 100% chlo- 
rine dioxide substitution. 

Removal of pentachlorophenol-based 
TEQs at 60% chlorine dioxide substitu- 
tion was 47%. The decrease of chlori- 
nated phenolic compounds at 100% 
chlorine dioxide substitution could not 
be quantified as the concentrations at 
the inlet of the treatment system were 
very low, often close to the detection 
limit. 

Final mill effluents were not acutely 
toxic to rainbow trout. 
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\ RBsumB: L'experience en wine avec une pate kraft provenant d e  bois d e  resineux ddllg- 
nifi6 B I'oxygbne, utilisant une d6lignification au dioxyde d e  chlore (100% dioxyde d e  chlore) 
dans la premiere &ape d e  blanchiment. e kt6 rappottee e t  comparke B une autre p6te avec 
substitution 8 60% d e  dioxyde d e  chlore. Une pBte kraft entierement chlorke a &6 produite 
avec la m6me resistance et la m6me qualit6 mais avec une blancheur finale ldgbrement 
inferieure. La dCharge moyenne des  COA dans I'effluent final a p r b  un traitement d e  boue 
ac t ivb  B l'oxygene Btait d e  1.6 kgladt avec substitution B 60% d e  dioxyde d e  chlore et d e  
0.65 kg/adt avec substitution B 100% d e  dioxyde d e  chlore. 

Abstract: Mill experience with a n  oxygen delignified softwood kraft pulp using chlorine 
dioxide delignification (100% chlorine dioxide) in the first stage of  bleaching is reported 
a n d  compared to operation with 60% chlorine dioxide substitution. Fully-bleached market 
kraft pulp with identical strength a n d  quality, bu t  slightly lower final pulp brightness, was 
produced. The average discharge of  AOX in the final mill effluent after oxygen activated 
sludge treatment was 1.6 kg/adt a t  60% chlorine dioxide substitution and  0.65 kg/adt a t  
100% chlorine dioxide substitution. 

Reference: WILSON, R, SWANEY, J., PRYKE, D.C., LUTHE, C.E., O'CONNOR, B.I., Mill 
expeirence with chlorine dioxide delignification. Pulp Paper Can 93( 10): T275-283 (Oct. 
1992). Paper presented a t  the 1991 Pacific Coast-Western Branches Joint Conference of the 
Technical Section, CPPA, a t  Whistler, B.C. o n  May 16 to 18 1991. Not to  be reproduced with- 
o u t  permission. Manuscript received March 9, 1991. Revised manuxript  approved for publi- 
cation by the  Review Panel April 20,1992. 

Keywords: CHLORINE DIOXIDE, DELIGNIFICATION, BLEACHING, EFFLUENTS 
K R A n  PULPS, PULP MILLS, CHLORINE COMPOUNDS, ADSORBABLE ORGANIC 
HALOGEN (AOX), PHENOLS, ACUTE TOXICITY 
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