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ABSTRACT

Aerobic biodegradability of effluents from different Eucalyptus kraft pulp bleaching processes was studied.
Bleaching effluents were obtained from: i) Chlorine Bleaching (CB) processes, with partial substitution of chlorine
by chlorine dioxide and ii) Total Chlorine Free (TCF) processes. The overall biodegradability, in terms of Chemical
Oxygen Demand (COD) was higher for TCF effluents (96-98%) than for CB ones (82-93%). Taking into account the
higher organic load of CB effluents, this fact implied a much higher residual COD for them (100-180 mg/L) than for
TCF effluents (10-30 mg/L). Furthermore, a refractory fraction of molecular weight higher than 43,000 Da was
found in CB effluent, which implied the necessity of a further specific treatment. The toxicity was completely
removed after the biological treatment.

Key words: Kraft pulp bleaching wastewater, Aerobic biodegradation, Pulp bleaching technology, TCF, CB.

                                                          
* Author for correspondence

INTRODUCTION

Forest industry effluents are responsible for
large amounts of Biological Oxygen Demand
(BOD), Chemical Oxygen Demand (COD),
Suspended Solids (SS), color and toxicity
discharges into natural waters. BOD results from
the easily biodegradable components such as
carbohydrates, organic acids and alcohols.

Bleaching effluents from the production of kraft
pulps are important sources of both BOD and
toxic compounds. Toxicity in chlorine bleaching
effluents is related to the presence of
organochlorine compounds (AOX) and wood
resin compounds (Sierra et al., 1994; Puhakka et
al., 1994). Toxicity may affect both the natural
ecosystem (ecotoxicity) (Eysembach et al.,
1990; Crooks and Sikes, 1990) and
microorganisms involved in biological
treatments.

Reduction of COD, BOD and AOX have
received much attention in recent years. New

technologies as extended cooking and/or oxygen
delignification (Kinstrey, 1993) were developed
in order to lower the consumption of bleaching
reagents. Besides, elemental chlorine was
partially or totally substituted by chlorine
dioxide to produce Elemental Chlorine Free
(ECF) pulps (Wong et al., 1978; McFarlane et
al., 1971). More recently the use of non-chlorine
bleaching reagents such as hydrogen peroxide
and ozone etc. (Abbot and Sun, 1993; Cates et
al., 1995) allowed to produce Totally Chlorine
Free (TCF) pulps.

In spite of the pollution reductions achieved by
these modified processes, external treatment of
bleached kraft mill effluents is now required to
meet legal discharge criteria. Activated sludge
process or aerated lagoons are the main systems
used for the treatment of kraft mill wastewaters
(Strehler and Welander, 1994). Aerobic
treatments allow for the removal of most of the
biodegradable charge, reaching BOD reductions
of 70-98% (Boman et al., 1991; Saunamäki et
al., 1991). However, COD and AOX removals



are lower, ranging from 17 to 69% for COD
(Boman et al., 1991; Çeçen et al., 1992) and
from 10 to 65% for AOX (Haberl et al., 1991;
Stuthridge and McFarlane, 1994).

The biological removal of AOX in aerated
systems seems to be more difficult for hardwood
pulp bleaching effluents (Bryant and Amy,
1991), no removals being reported for
Eucalyptus pulp bleaching effluents (Boyden et
al., 1994). Furthermore, the molecular weight of
AOX compounds influences biodegradation as
the biodegradability is higher for low molecular
weight fractions (Bryant et al., 1987). Aerobic
treatment allows the removal of wood
extractives to a high extent, while chlorinated
phenolic compounds are only partially removed
(Eysembach et al., 1990). Besides, internal
process modifications would interact with the
characteristics and treatability of the effluents
and, therefore, the efficiency of biological
treatment may be affected.

The goal of this paper is to study the influence
of bleaching technologies on the aerobic
biodegradability of effluents from Eucalyptus
kraft mills. The bleaching sequences assessed
include both CB processes with partial
substitution of chlorine by chlorine dioxide and
TCF processes.

MATERIALS AND METHODS

Analytical methods. COD was measured as
described in Standard Methods (APHA, 1985).
Total and soluble COD (CODt, CODs) were
obtained on the whole and fiber glass filtered
samples, respectively. Total Carbon (TC) and
Total Organic Carbon (TOC) were determined
using a TOC-5000 Shimadzu equipment with
infrared detector. The acute toxicity was
determined by luminescence with
Photobacterium phosphoreum (Arbucke and
Alleman, 1992), using a Microtox apparatus.
The results are reported as EC50 (%v/v), that is,
the effluent concentration that reduces 50% of
the light emission.

Molecular weight distribution was analyzed by
Fast Performance Liquid Chromatography
(FPLC), equipped with a Superdex 75 HR 10/30
column (Pharmacia, Piscataway, USA) and a
ultraviolet absorbance LCC 501 Plus analyzer.
The ultraviolet absorbance at 280 nm, UV280,
was considered indicative of the lignin content
of wastewaters. A 750 mM buffer solution
containing 10% (v/v) of methanol was used as
eluent. The biochemicals used for molecular
weight markers included Aprotinin (MW =
6,500), Ribonuclease (MW = 13,700) and
Ovalbumin (MW = 43,000).

Wastewaters. The wastewaters used in this
study came from two different mills that apply
the kraft process to pulp Eucalyptus wood. Two
types of wastewater were considered: the first
was derived from a C/D(EO)C/D bleaching
sequence, whereas the second was produced in a
TCF process, using peroxide as bleaching agent
(PQP). All samples were collected at steady
state conditions.

Biomass. Two sludges were used in the
preliminary selection assays. The first one (S1)
came from an aerated pond, treating only the
bleaching effluent (aerobic sludge), while the
second (S2) came from an aerated pond, treating
the overall effluent from kraft pulp mill
(facultative sludge).

Biological assays. The aerobic biodegradability
batch assays were carried out at 20 °C in 500
mL open bottles (with 300 mL of working
volume) in a shaker at 80 rpm. Each assay was
carried out in duplicate, and the average values
are reported. The assay medium was prepared by
adding macronutrients to the wastewater until a
final ratio C:N:P:KCl of 100:20:5:2 was
reached. The pH was adjusted to 7.0 ± 0.1 with
concentrated NaOH or HCl. The medium was
then inoculated with either sludge, resulting a
sludge concentration of 3 gVSS/L in all
experiments. TOC was monitored daily in all of
the assays, while only initial and final values for
pH, COD, acute toxicity and MW distribution
were determined.



RESULTS AND DISCUSSION

Wastewater characteristics. Table 1 presents
the main characteristics of the wastewaters used
in this work.

Table 1: Characteristics of wastewater from kraft
pulp bleaching.
                                     Effluent

Bleaching
sequence

C/D(EO)C/D PQP

CODt (mg/L) 800-1,350 670-730

CODs 
(mg/L) 730-1,360 550-650

TC (mg/L) 452-776 306-407

TOC (mg/L) 448-735 294-401

pH 3.5-7.0 7.1-10.4

EC50(%vol.) 4.4-7.4 10.6-27.5

The type of industrial process used to bleach
Eucalyptus kraft pulps has a strong influence on
the characteristics of the effluents. The pH of
effluents from bleaching sequences containing
chlorination step is acidic, while the pH is
neutral or alkaline for those utilizing peroxide.
In all cases the content of suspended solid is
very low. COD, TOC and TC values are
considerably higher for CB effluents than those
for TCF effluents. Furthermore, acute toxicity,
measured by the Microtox method, is higher for
effluents from chlorine bleaching.

Sludge selection. Figure 1 shows the results of
preliminary biodegradability assays carried out
to select the best sludge. S1 and S2 sludges were
tested on both C/D(EO)C/D and PQP effluents.

In general, the aerobic sludge S1 allowed for
higher COD and TOC removals, hence, it was
selected for the next experiments. Therefore,
sludge adaptation was shown to be an important
step towards bioremedation, particularly for
chlorine bleaching effluents such as the
C/D(EO)C/D effluent.

The acclimatization of the aerobic sludge to the
bleaching wastewater seems to be a key factor
affecting the efficiency of organic matter
removal. Therefore, it is recommendable to

design a start-up of the biological system
including a strategy to acclimate the sludge
before treating bleaching effluents.

Figure 1: COD and TOC removals reached during
the preliminary sludge selection assays.

Biological treatment and detoxification of
bleaching effluents. The results of
biodegradability assays for C/D(EO)C/D and
PQP bleaching effluents are shown in Table 2.
The efficiency of COD removal was higher for
TCF effluents, probably due to the higher
content of refractory compounds in the CB
effluents. This point will be analyzed and
discussed later.

Biological treatment and detoxification of
bleaching effluents. The results of
biodegradability assays for C/D(EO)C/D and
PQP bleaching effluents are shown in Table 2.
The efficiency of COD removal was higher for
TCF effluents, probably due to the higher
content of refractory compounds in the CB
effluents. This point will be analyzed and
discussed later.

However, in spite of the different TOC
concentration of the two effluents, TOC removal
rates were very similar: 8.2 (C/D(EO)C/D) and
7.1 (PQP) mg TOC/L·h (Figure 4, curve C1).
The overall TOC removal (TOCr) after a
treatment period of 13 days was in the range of
80-91%, while the overall COD removal (CODr)
ranged from 82 to 98% for both effluents.



Table 2: Biodegradability of wastewater from bleaching process.
Bleaching Process CODr(%) TOCr(%) EC50(%vol.) Final COD(mg/L)
C/D(EO)C/D 82-93 80-91 >100 100-180
PQP 96-98 85-90 >100 10-30

The final COD values for the treated effluents
was much higher in the CB wastewater (100-180
mg/L) compared to that from the TCF process
(10-30 mg/L). This was probably a function of
the initial organic load of both effluents. The
ecotoxicity, measured by the Microtox method,
was completely removed in all of the assays,
yielding final effluents with EC50 higher than
100%.

In a previous study (Vidal et al., 1997), we have
found that the anaerobic biodegradability of
TCF effluents was 10% higher than that of the
corresponding CB effluents. This showed that,
compared to the anaerobic treatment, aerobic
processes were less influenced by the presence
of different compounds produced by each of the
bleaching technologies. Besides, a residual
toxicity still remained after the anaerobic
biodegradation.

Biodegradability of high molecular weight
compounds. In Figures 2 and 3, the molecular
weight (MW) distributions of C/D(EO)C/D and
PQP effluents are shown before and after the
biological treatment. The MW compounds were
higher for the C/D(EO)C/D effluent, compared
to the PQP effluent. For the C/D(EO)C/D
bleaching effluent, the main fraction had a MW
over 40,000 Da, although minor fractions with
lower MW were also detected. In contrast, the
main fraction of the PQP bleaching effluent had
a MW of about 4,000 Da.

These results agreed with those obtained by
Cates et al. (1995) and Dahlman et al. (1995),
taking into account that hydrogen peroxide was
responsible for a faster oxidation of the lignin
constituents, compared to chlorine or chlorine
dioxide (Folke et al., 1993).
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Figure 2: MW distribution of ultraviolet absorbing
(280 nm) organic constituents for C/D(EO)C/D
bleaching effluent before and after aerobic
treatment.

0 20 40
E L U E N T    (mL)

0

60

%

40

20

5010 30

A
pr

ot
in

in
 (

6,
50

0)

R
ib

on
uc

le
as

e 
(1

3,
70

0)

O
va

lb
um

in
 (

43
,0

00
)

PQP

Untreated

Treated

Figure 3: MW distribution of ultraviolet absorbing
(280 nm) organic constituents for PQP bleaching
effluent before and after aerobic treatment.

In both the cases, the aerobic treatment removed
an important fraction of the high MW
compounds, as shown by the differences in the
MW distribution obtained before and after the
biodegradation assays. MW fractions lower than



40,000 Da were completely removed from
C/D(EO)C/D bleaching effluent, although a
refractory fraction with a MW higher than
43,000 Da was still detected.

Dahlman et al. (1995) have also found that the
aerobic biodegradation of high MW compounds
is more difficult than that of low MW fractions.
Fractions of lower MW are also degraded by
anaerobic bacteria (Sierra-Alvarez, 1990).

The effect of wastewater concentration on the
aerobic biodegradability. Different samples of
C/D(EO)C/D and PQP effluents were
concentrated by evaporation and used for
biodegradability assays to study the effect of
wastewater concentration. From an original
TOC of 744 mg/L (C1), the C/D(EO)C/D
effluent was concentrated up to 1100 (C2) and
1370 (C3) mg/L, whereas, the PQP effluent,
with an original TOC concentration of 401 mg/L
(C1), was concentrated to 632 (C2) and 901 (C3)
mg/L. Therefore, the highest assayed
concentrations were about twice the original
one. The TOC removal for these assays is shown
in Figure 4.

The percentages of TOC removals were similar,
suggesting that the initial TOC concentration of
the wastewater was not a key factor for
biodegradation.

The TOC removal rates, associated with
different wastewater concentrations, were
obtained from Figure 4 and plotted in Figure 5
against TOC concentration. For the
C/D(EO)C/D effluent, the rate increased almost
linearly with respect to TOC concentration,
while a practically constant value was obtained
for the PQP effluent. These experiments clearly
showed that no inhibition problems were likely
to appear when were higher wastewater
concentration are produced in the mill.

However, the concentration of refractory
compounds in the treated effluents became
higher as the wastewater load increased. This
would imply the necessity for a complementary
treatment system when higher loaded
wastewaters are expected to be produced in the
mill.
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Figure 4: Kinetics of TOC removal in aerobic
batch assays for C/D(EO)C/D and PQP bleaching
effluents at different TOC levels.
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Figure 5: TOC removal rate as a function of TOC
concentration for C/D(EO)C/D and PQP bleaching
effluents.

CONCLUSIONS

The industrial bleaching process of Eucalyptus
kraft pulps has a strong influence on the
characteristics of the effluents. Bleaching
sequences containing chlorine steps produce
effluents with lower pH and higher COD, TOC



and TC values than those utilizing peroxide.
Besides, ecotoxicity, measured by the Microtox
method, is higher for effluents containing
chlorine.

The overall TOC removal by aerobic bacteria
was in the range 80-91% for both types of
effluents, while the overall COD removal ranged
from 82-93% and 96-98% for CB and TCF
wastewater, respectively.

The ecotoxicity was observed to be completely
removed in all cases, obtaining final effluents
with a EC50 higher than 100% in volume.

The aerobic treatment allowed for the almost
complete removal of the main fraction of lignin
related compounds, although a refractory
fraction of MW higher than 43,000 Da was
found in the C/D(EO)C/D bleaching effluent.

Higher organic concentration of the effluents up
to twice the original organic concentration (from
744 to 1370 mg TOC/L for the C/D(EO)C/D
effluent, and from 401 to 901 mg TOC/L for
PQP effluent) did not affect the biodegradation
rate, although the concentration of refractory
compounds in the remaining effluents increased.
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RESUMO

A biodegradabilidade aerobica das águas
residuais provenientes de diferentes procesos de
branqueos de pulpa kraft foi estudada. Os
efluentes s±o gerados no branqueo com cloro ou
parcialmente sustituido com dioxido de cloro
(CB) ou bem em processos livres do cloro
(TCF). A biodegradabilidade, quantificada como
DQO foi maior para as águas do processo CB.
Tendo em conta o elevado conteúdo orgânico do
efluente CB obteinse uma maior concentraç±o
do DQO final neste efluente comparado com o
efluente TCF. Uma fracçao recalcitrante maior a

43,000 Da no effluente BC foi encontrada, isto
significa um tratamento adicional específico
para sua eliminaç±o. A toxicidade foi totalmente
eliminada despois do tratamento aeraç±o.
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