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ABSTRACT

Bleached eucalyptus kraft pulps are largely used for manufacturing tissue and print & writing (P&W) paper
grades. High final brightness (92+ % ISO) and brightness stability (<2% ISO) are rather significant for
P&W for it affects optical brighteners demand. Bleaching chemical demand, bleaching yield, water
consumption, effluent load & treatability, pulp OX, brightness stability, refinability and strength are drivers
for choosing bleaching technology. This work critically reviews the state-of-the-art processes for oxygen
delignification, first stage, second stage and final bleaching of eucalyptus kraft pulp in the light of the
aforementioned drivers. The potential of new bleaching technologies such as the PMo stage and the use of
formaldehyde in D-stages are also presented. Implementation of single or double-stage oxygen
delignification is determined by the true pulp lignin content (discounted the HexA´s). The high pulp HexA´s
content and poor oxygen stage selectivity limits dropping kappa number under 9-10 in single or double O-
stage.  Application of Mo-catalyzed acid peroxide delignification after O-stage allows further reduction of
kappa number to 3-4. Efficient post-oxygen washing is the key for low cost bleaching, with a kg of
COD/odt consuming the equivalent to 0.085% active chlorine. A  D-(EP)-D type three stage sequences
suffices for bleaching eucalyptus kraft pulps. The inclusion of a fourth stage is desirable for production of
high brightness/ low reversion pulps. Bleaching chemical consumption is strongly influenced by brown
pulp origin, with variations of 3.2 to 7.7% active Cl2 demand depending upon the pulp type. The type of
ECF Bleaching technology, based on chlorine dioxide, affects chemical consumption only slightly.   Hot
acid/hot chlorine dioxide bleaching technology saves small amounts of active chlorine for high
bleachability pulps but none for low bleachability ones. Atmospheric extraction (EP) suffices for eucalyptus
kraft pulp bleaching. Formaldehyde saves more chlorine dioxide when used in D1 than in D0/DHT stages.
A final peroxide stage significantly improves pulp brightness stability. The production or organically bound
chlorine decreases by 30% with hot chlorine dioxide bleaching but this gain disappears after effluent
biological treatment.

INTRODUCTION

Eucalyptus wood has become the most important source of bleached market pulp in the world. The
demand for market pulp from eucalyptus reached 8 million tons in 2003 and this number is projected to
reach 14 million tons in 2015 (1). This high demand is motivated by the fact that fibers derived from single
species are currently the world's preferred market pulps. Unlike mixed species pulps, single species offer
specific benefits and well-defined attributes. In this regard, eucalyptus pulp fibers produced from cloned
plantations have emerged as the most desired fibers in the market.

Bleached eucalyptus kraft pulps are largely used to manufacture tissue and print & writing (P&W) paper
grades. Particularly for P&W grades, final brightness and brightness stability are rather strict for it affects
optical brighteners demand during paper manufacture. The pulp bleaching technology for tissue grades is
quite well established, with a three stage sequence of the D-(EPO)-D type being sufficient (88-90% ISO



brightness). For P&W grades, however, the best bleaching technology is still a matter of debate. Four-
stage bleaching sequences of the D-(EPO)-D-D and D-(EPO)-D-P type are recommended to guarantee
brightness of 92+ % ISO with reversion lower than 2% ISO.

Bleaching chemical demand, bleaching yield, water consumption, effluent load & treatability, and pulp OX,
brightness stability, refinability and strength are drivers that decide bleaching technology. Issues such as
first stage bleaching with D0 vs AHT/D vs DHT  vs ZHC/E vs Z/D, fully pressurized (PO) vs partially
pressurized (EPO) vs atmospheric (EP) second stage and final bleaching with D vs DN/D vs DD vs DP
stages are not yet settled. In addition, emerging bleaching technologies such as the molybdenum
catalyzed acid peroxide delignification (PMo stage) and the use of formaldehyde in D-stages are currently a
matter of discussion in regard to eucalyptus kraft pulp bleaching.

This paper addresses such issues using data collected at UFV Pulp and Paper Laboratory and the
pertinent literature. The main purpose of the work is to present a progress on eucalyptus kraft pulp
bleaching through a critical review of the state-of-the-art and emerging technologies.

EXPERIMENTAL

Two brown pulp samples of kappa number c.a. 17 and various oxygen delignified eucalyptus kraft pulps
(industrial and laboratory made) of kappa number in the range of 9-11 were used throughout this study.
Single/double stage oxygen delignification (O), ozone bleaching (Z/E and Z/D), pressurized peroxide
bleaching (EPO and PO), hot chlorine dioxide (DHT) and hot acid hydrolysis followed by chlorine dioxide
(AHT/D) stages were performed with 280-300 g oven dried pulp samples in a teflon-lined mixer/reactor
(Quantum Technologies, model Mark V). The charges of chemicals were added to the reactor after the
desired pulp temperature was reached and the reaction pressure was adjusted with oxygen when
necessary. After the pre-established reaction time elapsed, the reactor pressure was released, the pulp
was discharged into a 150 mesh screening box and 300 mL of liquor were squeezed from the pulp for
analysis. Chlorine dioxide/chlorine (DC), chorine dioxide (D), atmospheric alkali extraction (E, EP) and
hydrogen peroxide (P) bleaching stages were performed in polyethylene bags. In all cases, the required
amounts of water and reagents were mixed with the pulp at room temperature and the mixtures heated to
the desired temperature in a microwave oven. The samples were than placed in a heating bath for the
desired reaction time. All bleaching stages were carried out in duplicate and inter-stage washings
simulated a vacuum filter operating at a dilution factor of two (inlet and outlet consistencies of 2% and
12.5%, respectively). After bleaching, pulp was diluted to 0.3% consistency, pH was adjusted to 5.5-6 with
SO2/H2SO4  or SO2/NaOH, and hand sheets were formed and dried for 12 hours to 9-10% humidity in an
environmentally controlled room (50±2% relative humidity and 23±1 °C). Brightness reversion tests were
performed in conformity with Tappi UM 200 method using 10 repetitions (4 h, 105±3°C, 0% relative
humidity). Reversion results were expressed as percent brightness loss across the accelerated reversion
test or as post color number (PCN), in conformity with Tappi standard TIS 017-10. Pulp metal content was
measured according to the SCAN-CM 38:96 procedure. Pulp kappa number,  brightness, viscosity and
xylan contents were determined according to Tappi T236 cm-85, T525 om-92, T 230 om-94,  and T249
cm-85 standard methods, respectively. Pulp contents of hexenuronic acids and bound chlorine (OX) were
measured according to the HUT (2) and PTS-RH: 012/90 (3) methods, respectively. Bleaching yields were
determined indirectly via analysis of bleaching filtrate TOC values. Effluent AOX, BOD, COD and TOC
were measure according to ISO procedures.

RESULTS AND DISCUSSION

Modern eucalyptus kraft pulp bleach plants are usually equipped with: (1) single (O) or double (O/O)
oxygen delignification; (2) a first bleaching stage comprised of a conventional chlorine dioxide stage (D0)
or hot chlorine dioxide bleaching at high temperature (DHT) or a sequential treatment with hot acid
hydrolysis and chlorine dioxide (AHT/D) or a sequential treatment with ozone and alkali (Z/E) or a
sequential treatment with ozone and chlorine dioxide (Z/D); (3) a second bleaching stage comprised of
oxidative extraction with hydrogen peroxide (EP), oxidative extraction with oxygen and peroxide (EPO) or



peroxide pressurized extraction (PO);  a third bleaching stage with one chlorine dioxide reactor (D1) or
with two reactors, without inter-stage washing (DN/D) ; (5) a fourth bleaching stage with chlorine dioxide
(D2) or hydrogen peroxide (P). The fourth stage is optional and required only when brightness of 92+

%ISO are needed. There are some variations of these basic strategies, but the large majority of the pulp
mills that bleach eucalyptus use them.

Oxygen delignification

Oxygen delignification has been implemented in single or double stage. For eucalyptus pulps that contain
significant amounts of hexenuronic acids (HexA´s), the second stage is rather ineffective. After being
treated in the first oxygen stage, the pulp contains very little lignin left, with the remaining kappa number
being comprised mostly of hexenuronic acids. Oxygen does not react with hexenuronic acids (4).  The
second oxygen stage has little impact on kappa number because the remaining lignin quantity is small
and well distributed in the cell wall. However the second stage improves brightness, which is a useful
asset ahead in the bleaching sequence  The results shown in Table 1 for samples A (high HexA´s) and B
(low HexA´s), respectively, illustrate the point. Sample B has low HexA´s content and does benefit from a
second oxygen stage, but sample A has very high HexA´s content and benefits little from a second stage.
The double stage process is in fact very well fitted for softwoods since the kappa number after the first
oxygen stage is still quite high and comprised mostly of lignin. For hardwoods, the use of a second
oxygen stage is always questionable and depends significantly on pulp actual lignin content.

Table 1. Single (O) vs double (O/O) stage oxygen delignification for two well-washed and DCM extracted
eucalyptus kraft pulp samples containing different amounts of hexenuronic acids

Sample A Sample BPulp Characteristics before and
after Oxygen Delignification Brown O O/O Brown O O/O

Total Kappa No. 17.2 11.7 11.2 17.4 10.8 9.5
Lignin Kappa No. 9.9 4.6 4.0 15.1 8.8 7.5
HexA´s Kappa No. 7.3 7.1 7.2 2.3 2.0 2.0
Viscosity, mPa.s 55.0 35.8 27.3 39.7 27.8 23.8
Brightness, % ISO 36.4 51.4 53.4 29.8 48.8 52.5
Kappa drop across O-stage, % - 32.0 34.9  37.9 45.4
Viscosity drop across O-stage. % - 34.9 50.4 - 30.0 40.1
Brightness gain. % ISO - 15.0 17.0 - 19.0 22.7
O-stage yield loss, % - 1.8 2.0 - 2.0 2.2

O: 10% consistency, 100°C, 45 min, 1.8% O2, 1.8% NaOH, 500 kPa.
O/O: 10% consistency, 100/100°C, 45/45 min, 1.8/0.9%O2, 1.8/0% NaOH, 500/600 kPa.

The development of oxygen delignification technology for eucalyptus kraft pulp has centered on the
evolution of two-stage systems for increased degrees of delignification. One of the drivers for this is the
desire to increase pulp yield by terminating the kraft cook at a higher than normal kappa number and
using the more selective oxygen stage to complete the delignification to kappa numbers at which other
bleaching agents can take over. This is exemplified by the work of Colodette et al. (4) that illustrates the
superior selectivity of oxygen delignification relative to that of kraft pulping. The yield benefit of stopping
the cook at kappa 19 instead of 15.5 and following the delignification with oxygen was 2-2.5%.
Furthermore, the study clearly demonstrated that the kappa number entering the bleach plant is not
greatly affected by the out of digester kappa number since oxygen delignification efficiency is much higher
for the higher kappa pulps (4). Similar trends have been observed by other workers in connection with
softwood pulps (5).



Washing Efficiency

Modern eucalyptus kraft pulp bleach plants are usually equipped with state-of-the-art washing
equipments, which deliver pulp to the bleach plant with COD values as low as 5 kg O2/odt pulp. However,
the brown stock and post-oxygen washing of older mills are usually over loaded and it is not uncommon to
find bleach plants with carry over COD to the bleach plant in the range of 20-30 kg O2/odt pulp. Carry over
COD can be very harmful to the bleaching operation. Evaluations done in our laboratory indicated an
increase in active consumption in the order of 0.085% for each unit COD carried over with the oxygen
delignified pulp. For example, a well washed pulp having a COD of 5 kg O2/odt pulp consumed 1.7%
lesser active chlorine than a poorly washed pulp having a COD of 25 kg O2/odt pulp (Fig. 1). This result
emphasizes the great importance o good washing prior to the bleaching operation. Similar numbers have
been reported in other reviews (7,8).
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Figure 3. Impact of post oxygen washer COD carryover on total active chlorine consumption with the
sequence D(EP)D to achieve 90.00% ISO brightness. Industrial oxygen delignified kraft pulp (kappa 10.3,
HexA´s 59.4 mmol/kg, COD adjustments done with industrial spent liquor). D0 = 10% consistency, 70°C,
30 min,  end pH 3.0, kappa factor 0.26; (EP): 10% consistency, 80°C, 120 min,  end pH 10.5, 0.3% H2O2 ;
D1: 10% consistency, 80°C, 120 min, end pH 4.5.

Further Delignification after Oxygen Stage

Oxygen delignification of eucalyptus kraft pulp has been limited to kappa numbers in the range of 9-10 for
selectivity reasons.  Thus, lowering the kappa number prior to ECF bleaching requires the use of other
techniques and other chemicals. Enzyme bleaching is becoming increasingly popular in the United States.
Currently there are over 20 mills using xylanases in the USA (9) and many others in other parts of the
world. For eucalyptus kraft pulp, there has not been much interest towards implementation of xylanase
bleaching. Xylanases are usually applied in the high density chest after oxygen delignification, thus
requiring low capital investment. A slight kappa number reduction is achieved but chemical savings in
subsequent ECF bleaching can reach 20% active chlorine (9).



Acid peroxide catalyzed with molybdenum salts (PMo stage) also show good potential for further reducing
kappa number (10). Table 2 shows that a treatment of an oxygen delignified eucalyptus pulp of kappa 11
with the PMo stage resulted in kappa reduction up to 3.2, depending upon Mo dose and reaction time. Pulp
viscosity also decreased but ended at acceptable values for bleached grade eucalyptus pulps. Further
optimization studies in our lab have led to significant viscosity improvements. A recent mill trial with such a
treatment in a bleached eucalyptus kraft pulp mill has reproduced the lab results and showed potential of
this technology to decrease bleaching costs.

Table 2. Results of  PMo stage (10% cst, 90 °C, 1.0% H2O2, pH 3.1-3.3) performance applied to an oxygen
delignified eucalyptus kraft pulp (kappa 11, HexA´s 58.4 mmol/kg, visc. 35.7 mPa.s, bright. 51.5% ISO).
Reaction time, hs 2 2 3 3 4 4
Mo, % 0.01 0.02 0.01 0.02 0.01 0.02
Brightness, %ISO 64.1 64.1 63.4 62.9 63.2 62.3
Kappa Nº 4.4 3.6 3.7 3.3 3.4 3.2
Viscosity, mPa.s 23.7 23.0 21.0 20.9 20.8 20.6
HexA´s, mmol/kg 15.0 10.3 10.9 7.9 5.3 4.9
Yield loss, % 1.9 1.9 2.0 2.0 2.0 2.1

ECF Bleaching

ECF bleaching is dominant but there are considerable variations in the way ECF bleaching is practiced for
eucalyptus kraft pulp. Oxygen delignification plus a core sequence of the D(EPO)DD type seems to
predominate but there are variations, particularly in the modes of  chlorine dioxide application in the first
stage and hydrogen peroxide application in the second stage. In older bleach plants the first chlorine
stage has been replaced by chlorine dioxide or ozone. In the case of ozone the replacement has been
total (Z/E) or partial (Z/D). In some cases the D2 stage has been replaced by a final P-stage. Newer
bleach plants already come with hot acid/chlorine dioxide in the first stage (DHT or AHT/D technologies)
instead of a conventional 30-min D0 stage. Only a limited number of mills, which are interested in
minimizing water consumption, resort to using ozone as the first bleaching stage. In this case, the choice
has been the OZ/EDP and OZ/(EP)DP sequences with ozone being implemented at high consistency.

Some alternate bleaching sequences have been recently proposed for eucalyptus kraft pulp, motivated
mainly by two major forces: (1) decreasing capital costs and (2) facilitating mill closure. To minimize
capital costs, sequences comprised of only two bleaching stages such as D/Q(PO), DHT/Q(PO) and Z/ED
have been proposed. Although these sequences allow for the achievement of full pulp brightness, their
chemical requirements are considerably higher than those required for bleaching with a conventional four-
stage sequence and the pulps produced show low brightness stability. To facilitate mill closure a few
sequences that do not contain the first chlorine dioxide bleaching stage (D0) have been proposed. These
include the AHT(EOP)DP, Z/(EO)DD and Z/(EO)DP ones. In all three cases, the filtrates from both the first
and second bleaching stages can be cycled back to recovery, thus minimizing water consumption and
effluent treatment volume.

First Bleaching Stage:

The preferred technology for ECF bleaching of eucalyptus kraft pulp is a core sequence of the D(EPO)DD
type. There are many nuances to this sequence. The D0 stage may be conventional (30 min, 50-70°C) or
at high temperature (120 min, 90-95°C) to extend removal of pulp hexenuronic acid. When operated at
high temperature, it can be done two different ways, namely: the DHT (also designated D* or D/AHT) and
the AHT/D technologies. Although they are similar, in principle, there are differences in the application
(Figs. 2 and 3). While the first concept requires a slightly lower capital investment and less
sulfuric/hydrochloric acid to operate, the performance of the two concepts has been a matter of much
debate.



A recent study (11) indicated that the DHT technology is more effective than the AHT/D in decreasing
chemicals, yield loss and effluent AOX and increasing brightness stability. The sequences D(EPO)D,
AHT/D(EPO)D and DHT(EPO)D were compared and showed total active chlorine consumptions (including
H2O2) of 4.34, 4.14 and 3.74%, respectively. According to this data, the AHT/D stage saves about 4.6%
while the DHT saves 13.8% of the total active chlorine used in the sequence.  The creators of the AHT/D
technology claim active chlorine savings in the order of 45% in the ECF bleaching of birch kraft pulp when
the AHT stage is optimally performed (12). They also claim (13) that a South American pulp mill reported
savings of >30% active chlorine at their new eucalyptus fiberline that uses the AHT/D- prebelaching stage.

It is been postulated that the large differences in results between the two technologies as applied to
eucalyptus kraft  pulp can be traced to differences in raw materials, with the type of eucalyptus pulp used
in lab trials and industrial operation being the major cause of differences reported (14). The results shown
in Table 3 indicate that the type of eucalyptus pulps indeed affect bleaching performance, a fact quite well
established in the specialized literature. However, the differences occur regardless of the ECF bleaching
technology being used. The differences in bleaching chemical consumptions among D0, AHT/D and DHT
technologies showed a similar trend for all pulps (Samples A-G), with the benefits due to the hot
acid/chlorine dioxide bleaching technologies being slightly significant for the pulps easier to bleach only
(samples A-D). Another important point to mention is that in none of the cases, the active chlorine savings
due to hot acid/hot chlorine dioxide bleaching technologies (AHT/D ofr DHT) exceeded 14%, in
disagreement to the >30% reported industrially for eucalyptus (15).

Active chlorine savings due to hot chlorine dioxide bleaching technology seems to disappear for pulps
very difficult to bleach (samples E-G). In fact, hot stages can make bleaching more difficult (sample G).
Increasing kappa factor in the D0 stage from 0.20 to 0.26 has the same benefit as hot acid stage (AHT/D)
for easy to bleach pulps (Samples A-D). The benefit of using a high kappa factor maintains regardless of
the pulp being easy or difficult to bleach (samples A-G). The benefit of increasing kappa factor has been
shown by other workers in connection with eucalyptus kraft pulp bleaching to high brightness (16-17)).
The order of efficiency for the easy to bleach pulps (samples A-D) is DHT>AHT/D=DHKF>DLKF (HKF and LKF
designates high and low kappa factors, respectively). For the difficult to bleach samples (E-G) the best
approach seems to be conventional D0 stage run at high kappa factor.

From the results presented in Table 3 it is seen that pulps having similar kappa numbers and HexA´s
contents show very different bleachabilities, depending upon their origin. Laboratory cooked pulps are
apparently easier to bleach than industrial cooked ones. Lignin nature is the major factor affecting
chemical demand in eucalyptus kraft pulp bleaching, with hexenuronic acids being of little importance.
That explains why hot stages do not significantly affect bleaching chemical consumption, particularly for
pulp samples of low bleachability. In those cases where hot stages have more effect is not very unlikely
that acid soluble lignins are removed from the pulp by hot acid hydrolysis. Studies with Eucalyptus
globulus kraft pulps have also indicated the low importance of HexA´s in ECF bleaching (18).

The large bleachability differences among the various pulps is rather intriguing but real. The differences
were seen in the lab but they are also true in the mills the samples were extracted from. Since kappa
number and HexA´s content of the various pulps did not vary significantly ant that hot acid stages had
very little impact on bleachability, the only  options left to explain these facts is indeed the residual lignin
structure. Therefore, wood origin and pulping technology are the only possible explanations for such large
differences, a matter that still remain to be investigated. The large bleachability differences among various
hardwood pulps has also been observed by other researchers (19), which also claim that hot chlorine
dioxide bleaching efficiency depends very much on the type of hardwood fibers under investigation.

In regard to chemical consumption, the sequences beginning with the Z/D technology is far more effective
than the one beginning with the Z/E one (Table 3). However, the latter is more interesting in regard to
water consumption and effluent discharge. The choice between the two approaches relies upon
environmental regulations and water availability constraints. The pulp bleached with the Z/(EP)DP
sequence showed  high brightness stability. This trend has been also observed in commercial
applications, particularly when the final peroxide stage is carefully optimized (20-21).



Figure 1. The DHT technology for the first
bleaching stage of a modern ECF bleach plant.

Figure 2. The AHT/D technology for the first bleaching
stage of a modern ECF bleach plant.

Table 3. Total active chlorine demand (%)* for bleaching various oxygen delignified eucalyptus pulp
samples to reach 90.00% ISO brightness, with various sequences.

Bleaching
Technology

E.
globulus

Lab.

E. grandis
Lab.

E.
urograndis

Lab.

E. spp.
Inds.

E. spp.
Inds.

E. spp.
Inds.

E. spp. Inds

Sample Charact. A B C D E F G
Kappa No. 10.2 10.4 10.2 10.5 10.3 10.1 10.3
HexA´s mmol/kg 55.8 54.3 57.1 67.2 59.4 63.1 52.8
COD, kg O2/odt 4.5 4.2 4.6 8.7 9.3 8.8 22.4
Act. Cl2 demand, % A B C D E F G
D(EP)D1 3.20 3.43 3.57 3.89 5.57 6.56 7.74
D(EP)D2 2.83 3.05 3.23 3.59 5.19 6.12 7.19
AHT/D(EP)D3 2.82 3.04 3.25 3.61 5.38 6.59 7.98
DHT(EP)D4 2.75 2.98 3.16 3.51 5.31 6.42 7.91
Z/D(EP)D5 - - - 4.31 - - -
Z/(EP)DP6 - - - 5.62 - - -

*Total active Cl2 =  ClO2*2.63 + H2O2*2.09 + O3*2.63
1D0 = 10% consistency, 70°C, 30 min,  end pH 3.0, kappa factor 0.20; (EP): 10% consistency, 80°C, 120
min,  end pH 10.5, 0.3% H2O2 ; D1: 10% consistency, 80°C, 120 min, end pH 4.5.
2D0 = 10% consistency, 70°C, 30 min,  end pH 3.0, kappa factor 0.26; (EP): 10% consistency, 80°C, 120
min,  end pH 10.5, 0.3% H2O2 ; D1: 10% consistency, 80°C, 120 min, end pH 4.5.
3AHT/D = 10% consistency, (95/90°C), (110/10) min, end pH 3.0, kappa factor 0.20; (EP): 10% consist.,
80°C, 120 min,  end pH 10.5, 0.3% H2O2 ; D1: 10% consist., 80°C, 120 min, end pH 4.5.
4DHT = 10% consistency, 95°C, 120 min, end pH 3.0, kappa factor 0.20; (EP): 10% consist., 80°C, 120
min,  end pH 10.5, 0.3% H2O2 ; D1: 10% consist., 80°C, 120 min, end pH 4.5.
5Z/D = 10% consistency, 45°C, 1 min, end pH 3.0, 0.4% O3, 0.6% ClO2 ; (EP): 10% consist., 80°C, 120
min,  end pH 10.5, 0.3% H2O2 ; D1: 10% consist., 80°C, 120 min, end pH 4.5, 0.4% ClO2.
6Z/(EP) = 40/10% consistency, 40/70°C, 2/30 min, end pH 3.0/10.0, 0.6% O3/ 0.6% NaOH, 0.3% H2O2; D:
10% consist., 80°C, 120 min, end pH 4.5, 0.9% ClO2; P: 10% consist., 80°C, 120 min, end pH 10.0, 0.5%
H2O2.
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A limited number of pulp mills have implemented ozone in the first bleaching stage, with total (Z/E mode)
or partial (Z/D mode) substitution of chlorine dioxide, in sequences such as Z/(EP)DP or Z/D(EPO)D.
Some variants of these sequences may include addition of a hot acid stage (AHT) prior to the ozone
treatment. Although the acid hydrolysis decreases the efficiency of the subsequent ozone stage, it has
been commercially proven that the introduction of the AHT stage can reduce bleaching costs of the
Z/(EP)DP sequence (22).  The main motivations to include ozone in the bleaching of eucalyptus pulps has
been  the possibility of partially reusing the effluent from the first and second bleaching stages and the low
pulp OX content and brightness reversion of ozone based sequences.

Impact of Formaldehyde on Chlorine Dioxide Bleaching

It has been suggested that using formaldehyde as additive in the chorine dioxide stage may convert some
byproducts formed in side reactions back to chlorine dioxide, thereby increasing the efficiency of this
reagent (23). The positive effect of formaldehyde has been attributed (23) to its capacity to regenerate
chlorine dioxide from chlorite, according to reaction [1]. Note that the products of reaction [1] are acidic in
nature and will drop the reaction pH if sufficient NaOH is not previously added to the system. In this study,
the results were compared at equal end pH values so as to avoid such potential problem.

HCHO + 3HClO2 → 2 ClO2 + HCO2H + HCl + H2O           [1]

Table 4. Effect of adding formaldehyde in the D0/DHT and D1 stages of the  D(EP)D and DHT(EP)D
bleaching sequences to reach 90.00% ISO brightness with an oxygen delignified eucalyptus pulp*

Bleaching
Technology

Bleaching
parameter

No
Formaldehyd

e

1% Formaldehyde
Applied in D0 or DHT

1% Formaldehyde
Applied in D1

Tot Act Cl2, %** 3.89 3.53 3.22
Viscosidty, mPa.s 16.3 16.0 16.4
Reversion, % ISO 2.5 2.6 2.7

D(EP)D1

Yield loss, % 1.9 2.0 2.0
Tot Act Cl2, % 3.51 3.48 3.18
Viscosidty, mPa.s 14.8 14.5 15.1
Reversion, % ISO 2.0 1.9 1.9

DHT(EP)D2

Yield loss, % 2.2 2.3 2.3
* Kappa 10.5, HexA´s 67.2 mmol/kg, brightness 53.5% ISO and viscosity 36.8 mPa.s.
**Total active Cl2 = ClO2*2.63 + H2O2*2.09
1D0 = 10% consistency, 70°C, 30 min,  end pH 3.0, kappa factor 0.20; (EP): 10% consistency, 80°C, 120
min,  end pH 10.5, 0.3% H2O2 ; D1: 10% consistency, 80°C, 120 min, end pH 4.5.
2DHT = 10% consistency, 95°C, 120 min, end pH 3.0, kappa factor 0.20; (EP): 10% consist., 80°C, 120
min,  end pH 10.5, 0.3% H2O2 ; D1: 10% consist., 80°C, 120 min, end pH 4.5.

The results shown in Table 4 indicate that formaldehyde is more effective when applied to the final D
stage of the sequences D(EP)D and DHT(EP)D. The chemical savings due to formaldehyde were also
more visible for the D(EP)D sequence in relation to the DHT(EP)D one. Considering that both D0 and DHT
stages were run at pH 3.0 and that the final D stage (D1) was run at pH 4.5, it is reasonable to assume
that formaldehyde better performance in D1 is due to a larger formation of chlorite in such stage. In the
stages run at pH 3.0, formation of chlorite is minimal leaving very small room for formaldehyde to function.

The reason why formaldehyde is less effective when the dioxide stage is performed at high
time/temperature (DHT) is not clear. Likely, less chlorite is formed in the DHT treatment in relation to the D0
one since chlorine dioxide is consumed rather quickly in the former case.



Second Bleaching Stage:

The second bleaching stage of most eucalyptus bleach plants is comprised of an extraction reinforced
with oxygen (EO), with peroxide (EP) or with low pressure (EPO) and high pressure (PO)
oxygen/peroxide. The (EO) stage is rather ineffective for bleaching eucalyptus pulps but the use of (EP)
stages is growing rather significantly, particularly for bleaching processes that requires only 0.3-0.5%
H2O2. In such cases, it is possible to consume almost all peroxide dosed under atmospheric conditions,
and the (EP) technology is the most recommended (Table 5). However, bleach plants that are short in
chlorine dioxide generation capacity require use of high peroxide doses in the extraction (0.8-1.0%), which
requires more severe conditions to consume the peroxide. In these cases, pressurized systems are
suggested and the (PO) stage is better for it allows temperatures of 95 °C under pressure all along the
reaction time.

For bleaching sequences starting with a hot chlorine dioxide stages (AHT/D or DHT) it is interesting to run
the extraction stage at higher temperatures to take advantage of the hot pulp. Thus, the choice of
temperature in the extraction is no longer limited by steam demand but rather by the stage performance.
Therefore, the extraction temperature must be carefully optimized, taking into account peroxide dose and
especially the content of transition metals existing in the pulp. Too high temperatures can be harmful for it
accelerates peroxide losses through decomposition. When the (PO) stage was run at 90 °C the overall
chemical consumption of the sequence increased, no peroxide residual was found and a higher yield loss
was observed (Table 5). Although the increase in yield loss was rather small, the data are quite reliable
since they were obtained by a very precise technique, namely by determination of the total organic carbon
(TOC) present in the bleaching filtrates. A detailed report about this technique is given in reference (24).
Another technique that can be used to quantify yield loss is through quantification of the chemical oxygen
demand (COD) present in the bleaching filtrates, and indirectly relating it to yield losses (25).

The use of oxygen in the extraction is unnecessary for pulps treated with hot chlorine dioxide (AHT/D or
DHT) in the first stage (Table 5). Oxygen is a very helpful delignifying agent when applied in the extraction
stages of softwood bleach lines. Softwood pulp contains a sizeable kappa number (4-6 units), largely
comprised of lignin, when it reaches the first extraction stage. On the other hand, eucalyptus pulp enters
the first extraction stage with very low kappa numbers (1.5-3.0), which are largely comprised of
hexenuronic acids. Since oxygen does not react with hexenuronic acids (12), it has very little role when
applied in the first extraction stage. Oxygen may actually impair peroxide reinforced extraction efficiency in
pulps containing large quantities of manganese. Wekeza & Ni´s (26) propose that oxygen accelerates
peroxide decomposition through the redox mechanism shown below (reactions 2-4). The production of
Mn3+ by oxygen complicates peroxide stabilization by Mg2+, which is more effective in stabilizing peroxide
against Mn2+ but not so effective against Mn3+.

4 Mn2+    +    O2   +   2 H2O    →      4 Mn3+   +   4 HO-                  [2]

2 Mn2+    +    H2O2   →   2 Mn+3    +   2 HO-                                   [3]

2 Mn+3    +    H2O2   +  2HO-  →  2 Mn+2   +   O2   +  2 H2O          [4]

The use of magnesium sulfate in the (PO) stage improved its performance (Table 5). According to Lidén &
Öhman (27) this should be expected given that magnesium precipitates (hydroxides, carbonates) are
effective in counteracting the negative impact on peroxide stability of manganese present in the pulp,
particularly in the form of Mn2+.  Magnesium present in precipitates formed under the alkaline conditions of
peroxide bleaching is replaced isomorphically by Mn2+. In fact, higher peroxide residuals were observed in
the experiment having magnesium as an additive (Table 5).

For sequences having ozone as the first stage, the use of peroxide in the extraction has not been
widespread. For example, the world's largest bleach plant containing ozone stage bleaches with the
sequence Z/EDP. Recent study (28) has indicated, however, that the use of peroxide in the extraction of
such sequence, converting it into the Z/(EP)DP, reduces overall bleaching chemicals demand and costs,
and decreases bleached pulp OX content.



Table 5. Bleaching results of  an oxygen delignified eucalyptus kraft pulp* to 90.00% ISO, with the
DHT(EO)D, DHT(EP)D, DHT(EPO)D, DHT(PO)D sequences.

Bleaching
Performance

DHT(EO)D,
(EO)  s/ Mg,

80°C

DHT(EP)D,
(EP)  s/ Mg,

80°C

DHT(EPO)D,
(EPO)  s/ Mg,

80°C

DHT(PO)D,
(PO)  s/

Mg,  80°C

DHT(PO)D,
(PO) c/ Mg,

80°C

DHT(PO)D,
(PO) s/ Mg,

90°C
Total act Cl2, %** 4.53 3.51 3.55 3.55 3.38 3.64
Viscosity, mPa.s 15.7 14.8 15.4 15.6 17.6 13.5
Reversion, PCN 1.8 2.0 2.1 2.0 1.8 2.3
Residual H2O2, % - 7 2 3 20 0
Yield loss, % 2.1 2.2 2.2 2.3 2.2 2.4

*Kappa 10,5, HexA´s 67.2, brightness 53.5% ISO and viscosity 36.8 mPa.s.
**Total active Cl2 = ClO2*2.63 + H2O2*2.09.
DHT = 10% consistency, 95°C, 120 min, end pH 3.0, kappa factor 0.20; (EO): 10% consist., 80°C, 120 min,
end pH 10.5; (EP): 10% consist., 80°C, 120 min,  end pH 10.5, 0.3% H2O2 ; (EPO): 10% consist., 80°C,
120 min,  end pH 10.5, 0.3% H2O2; (PO): 10% consist., 80 and 90°C, 120 min,  end pH 10.5, 0.3% H2O2,
0 and 0.15% MgSO4 ; D1: 10% consist., 80°C, 120 min, end pH 4.5.

Final Bleaching:

Final bleaching of eucalyptus kraft pulps can be done several different ways, namely: D, DN/D, DD, DND,
DP and DED. Although the three and two stage approaches were popular in the past, the trend nowadays
is for the one stage approach to minimize capital investment. The D and DN/D are both one-stage
approaches since they require only one washing system. The one stage approaches are the lowest capital
costs although they show low flexibility and higher operating costs. Kappa number excursions in the
digester may complicate brightness target achievement since there are few opportunities to correct the
problem along the sequence. Also, pulps bleached with only one final bleaching stage tend to present low
brightness stability. Among the two stage approaches (DD and DP), the DP one has been considered the
most interesting for it warrant high final brightness and good brightness stability (29-31). Purportedly, the
DP final bleaching also produces bleached pulp of better refinability and tensile strength as compared for
example with the DD approach (32). For improved brightness stability, it is suggested the use of high
temperature in D2 and P stages, and high peroxide charge and high peroxide residual in the P stage (33).

Table 6 shows a comparison among various final bleaching alternatives in regard to overall bleaching
chemical consumption, relative chemical costs, and pulp yield, viscosity and brightness stability. It is
apparent that the lowest relative bleaching cost sequence is the one ending with a single final chlorine
dioxide stage. The use of final peroxide stage increases overall bleaching cost because peroxide
bleaching does not require only peroxide but also sodium hydroxide.
Table 6. Bleaching performance or an oxygen delignified eucalyptus kraft pulp* to 90.00% ISO, with the
DHT(EP)D, DHT(EP)DN/D, DHT(EP)DD and DHT(EP)DP sequences.

Bleaching Performance DHT(EP)D DHT(EP)DN/D DHT(EP)DD DHT(EP)DP
Total Act Cl2, %** 3.51 3.30 3.10 3.32
Relative Bleaching cost, % 100 102.5 103.0 103.8
Viscosity, mPa.s 14.8 15.6 16.0 14.5
Reversion, % ISO 2.0 2.0 1.7 1.4
Yield loss, % 2.2 2.1 2.2 2.5

*Kappa 10,5, HexA´s 67.2, brightness 53.5% ISO and viscosity 36.8 mPa.s.
**Total active Cl2 = ClO2*2.63 + H2O2*2.09.
DHT = 10% consistency, 95°C, 120 min, end pH 3.0, kappa factor 0.20; (EO): 10% consist., 80°C, 120 min,
end pH 10.5; (EP): 10% consist., 80°C, 120 min,  end pH 10.5, 0.3% H2O2 ; (EPO): 10% consist., 80°C,
120 min,  end pH 10.5, 0.3% H2O2; (PO): 10% consist., 80 and 90°C, 120 min,  end pH 10.5, 0.3% H2O2,



0 and 0.15% MgSO4 ; D1: 10% consist., 80°C, 120 min, end pH 4.5; DN/D: 10% consist., 80°C, 60→5/60
min, end pH 4.0→9.0/4.5; D2: 10% consist., 80°C, 120 min, end pH 4.5.
Brightness Stability

Eucalyptus kraft pulps bleached to high brightness under certain conditions may show poor brightness
stability (34-35).  The causes of such problem have not been identified in most cases and therefore
implementation of definitive solutions has not been possible. The interaction of environmental factors such
as UV light, temperature and humidity with pulp residual lignin, uronic acids and oxidized carbohydrates
has been postulated as the main cause of reversion (36). Therefore, the chemical nature of the bleached
pulp may significantly affect pulp brightness stability.

Brightness stability was evaluated in oxygen-delignified eucalyptus kraft pulps, fully bleached (90-90.5%
ISO) by the sequences (DC)(PO)DD, (DC)(PO)DP, D(PO)DD, D(PO)DP, DHT(PO)DD, DHT(PO)DP,
AHT/D(PO)DD and AHT/D(PO)DP by running heat reversion tests with 20 repetitions for each sequence
(Table 7). Details about this study are presented in reference (37). A final P stage improves brightness
stability. Some reducing groups present in the fully bleached pulps are likely the major cause of reversion.
Pulp bleached with the sequence (DC)(PO)DD had low brightness stability despite containing only trace
amounts of hexenuronic acids and lignin. Hot acid/hot chorine dioxide stages improved pulp brightness
stability, but only in sequences without a final P stage.

Table 7 lists bleached pulp reversion values (PCN) and chemistry measured by kappa number and
contents of hexenuronic acids (HexA´s), reducing groups (expressed as copper number), carboxyl groups,
chlorinated organics (OX) and xylans. Pulp residual kappa number did not correlate to any extent with
reversion. Bleaching sequences ending with a final P stage showed the highest values for kappa number
and yet the lowest PCN values. Also, no clear relationship exists between brightness stability and pulp
hexenuronic acid (HexA’s) content. In fact, the sequences ending with a final P stage tended to produce
pulps of higher HexA´s contents and higher brightness stabilities than sequences ending with a final D
stage. For example, the pulp bleached with the (DC)(PO)DD sequence presented very low kappa number
and HexA´s levels and very high brightness reversion, while the opposite occurred for the pulp bleached
by the D(PO)DP sequence.

The results of this work with eucalyptus wood pulp do not corroborate the strong evidence reported in the
recent literature (38-39) that HexA´s play a very important role in pulp brightness stability of various
northern wood pulps.  Wood pulp differences may explain the contradictory results since wood itself is an
important factor affecting reversion (34). Furthermore, the type of bleaching process (ECF, TCF, etc.)
under comparison may impact the conclusions of HexA´s effect on reversion. For example, if one
compares only the D(PO)DD and DHT(PO)DD sequences in Table 7 it is possible to conclude that HexA´s
play  some role in reversion. The pulp bleached by the latter sequence had a 29% lower PCN value and
46% lower HexA´s content than the former, apparently indicating a role for HexA´s in reversion. However,
when comparing the sequences D(PO)DD with D(PO)DP it is impossible to rationalize the effect of HexA´s
since the latter sequence showed 40% lower PCN and  three folds higher content of HexA´s. It is apparent
that the final P stage removes reducing groups derived from carbohydrates and lignins such as oxidized
cellulose and xylans, and o- and p-quinoid structures generated and incompletely removed in the chlorine
dioxide stage that would otherwise interact with pulp HexA´s, thus enhancing reversion. In other words,
HexA´s are troublesome to reversion only if there are enough reducing groups in the pulp. Significantly
more p-quinoid structures have been detected (40) in chlorine dioxide bleached pulp compared with
peroxide treated ones.

There is some positive correlation between bleached pulp reducing groups content and brightness
reversion. Systematically, sequences having a final P stage produced pulps of lower reversion and lower
reducing groups content than those ending with a D stage (Table 7).  This trend is consistent with the
reported effectiveness of alkaline peroxide stages in destroying reducing groups (41-42). Proof that
peroxide reacted with some reducing groups is the observed decrease in these groups and increase in
carboxyl content when pulp was treated with a final P stage (Table 7). However, the negative impact of
reducing groups on reversion may be counterbalanced by other factors. For example, the (DC)(PO)DD



bleached pulp showed only 4% higher PCN than the D(PO)DD bleached one despite the fact that the
latter  contained 38% less reducing groups than the former. In another example, the DHT(PO)DD bleached
pulp showed much lower brightness reversion than the D(PO)DD pulp and yet both contained similar
reducing group contents.

Pulp xylan content was not significantly affected by the bleaching sequence, except for a slight drop in
those sequences containing hot chlorine dioxide stages. No correlation was observed between xylan
content and pulp brightness stability, within the small range of variation observed (12.7-13.6%). The
content of chlorinated organics in the pulp bleached with the various sequences changed according to
their active chlorine requirement. A quick look at the numbers in Table 7 gives the impression that pulps
containing low OX values tend to present lower reversion. However, the pulp bleached with the
(DC)(PO)DP sequence also showed very low reversion despite having a very high OX content (284 mg Cl-
/kg of pulp).  This matter is being further investigated in our laboratories.

Table 7. Brightness reversion (PCN) and chemistry of oxygen-delignified Eucalyptus kraft pulps bleached
to 90±0.5% ISO with different sequences

Sequences* Kappa
Number

HexA´s
mmol/kg

pulp

Copper
Number,
g Cu2O /

100 g
pulp

COOH
meq/100g

pulp
Xylans,

%
OX, mg
Cl-/kg
pulp

PCN±SD

 (DC)(PO)DD 0.2 0.08 0.36 5.5 13.6 310 0.54±0.032

 (DC)(PO)DP 0.5 0.42 0.24 5.9 13.0 284 0.17±0.006

D(PO)DD 0.9 5.10 0.28 5.1 13.0 182 0.52±0.036

D(PO)DP 1.7 15.9 0.16 7.0 12.9 136 0.18±0.009

DHT(PO)DD 0.5 2.76 0.28 5.5 12.8 165 0.37±0.020

DHT(PO)DP 1.3 12.2 0.20 6.1 12.7 81 0.22±0.007

AHT/D(PO)DD 1.0 6.40 0.26 5.3 13.2 139 0.27±0.019

AHT/D(PO)DP 1.6 15.4 0.19 6.6 13.2 86 0.22±0.015
*The operating conditions for each bleaching stage of the sequence as well as t he pulp sample used  for
the reversion studies are described in reference (37) .

According to Süss and Filho (43) the brighter the pulp, the more stable the brightness becomes, and the
bleaching process has only a limited impact on reversion. Neither ozone, nor hot acid hydrolysis
negatively affects brightness stability. If compared at the same brightness level sequences with hot D
stages do not revert differently from sequences with an ozone stage. There is, however, a big impact of
the final bleaching stage. A pulp bleached in its final stage with chlorine dioxide (D2) more likely loses
brightness in ageing than pulp bleached with a final P stage. The reason is the improved extraction of any
kind of "impurities" under alkaline conditions. The effectiveness of the final washing stage is the most
important factor for obtaining good brightness stability.

Organically Bound Chlorine

The pulp content of organically bound chlorine has been a matter of concern for ECF bleached market
pulp manufacturers. Although a limiting value for pulp OX is not clearly established in the market, some
especial clients may show preference for pulps having lower OX contents. For example, there is a limited
demand for the so-called ECF-light pulps, which should contain less than 30 mg Cl-/kg pulp. Regular ECF
pulps contain between 120 and 200 mg Cl-/kg pulp. Although no premium is paid to low OX ECF pulps,



this may become criteria in the future. Thus, there is always some interest in decreasing the OX content of
ECF bleached pulps.

There are several ways to minimize the content of OX in ECF bleached pulps. Süss et al. (44) presented
several alternatives that include minimization of chlorine dioxide use by partial replacement with hydrogen
peroxide but also more simple alternatives such strong alkaline extractions after chlorine dioxide stages
and very thorough pulp washing.

Organically bound chlorine measured in the bleaching filtrates (AOX) and pulp (OX) is affected not only by
the amount of active chlorine used but also by the bleaching process and chemical composition of the
pulp. For example, effluent AOX of bleached eucalyptus kraft pulp mills originates largely from
hexenuronic acids, whereas pulp OX derives significantly from pulp lignin (45-46).  A recent study (47)
indicated that a significant fraction of the effluent AOX derived from eucalyptus kraft pulp bleaching is
unstable and can be removed during storage of the effluent (10 days, pH 7, 35°C). Furthermore, it was
postulated that the easily removed AOX likely originates from the chlorination of hexenuronic acids while
the stable AOX originates from lignin (47).

Table 8, extracted from reference (48) shows that the quantity of AOX present in the DHTE filtrate is about
50% lower than that found in the DE filtrate for a given kappa factor. The lower AOX values in DHTE
filtrates is apparently due to two factors: 1) slightly lower chlorinated organics generation and (2)
conversion of organically bound chlorine into chloride. The slightly lower generation of chlorinated
organics under conditions of higher time/temperature is explained by the partial acid hydrolysis of HexA’s,
which are important sources of AOX (45-46). Evidence for the second hypothesis, the most significant
one,  is the reduction of AOX levels and simultaneous increase in filtrate chloride levels, with the increase
in reaction time at 95 °C (Table 8). At the end of the reaction, a 22.5% higher level of chloride was found
in DHTE filtrates. This additional chloride probably arose from degradation of chlorinated organic
compounds under the condition of high time/temperature of the DHT stage. The conversion of chlorine
dioxide into chlorate was not significantly influenced by reaction time/temperature and was only 7% lower
in the DHTE process, while chlorite was not detected in either case.

The amount of OX bound to the pulp after the extraction stage was slightly influenced by the high reaction
time/temperature condition. The pulp OX value after DHTE was only 9% lower than after DE (Table 8). It
should be noted that the pulp OX content was 34% lower after DHT than after D. Apparently, a significant
fraction of the pulp OX generated in the chlorine dioxide stage is destroyed in the alkaline extraction
stage. It has been shown that pulp OX content is directly related to the residual lignin content (45).
Therefore, it is reasonable to assume that the lignin content in the pulps after DE and DHTE did not differ
significantly. The difference between pulp kappa number values in the two cases was probably due to
differences in their HexA´s contents.

A possible link between organically bound chlorine and pulp brightness stability has been established in
recent work and this matter is being further investigated (49).

Effluent Load and Treatability

Typical effluent load and treatability of modern eucalyptus ECF bleach plants are given in Table 9 for the
D(EP)DD, DHT(EP)DD, AHT/D(EP)DD and AHTD(EP)DD sequences. Details about this study can be
obtained in reference (50). The pulp used in this study was of very low bleachability, partially because of
its unusually high COD carryover value (25.5 kg O2/odt pulp) entering the bleach plant. The bleaching
difficulty has also been observed at the pulp mill from where it was extracted. Total active chlorine
consumptions were 7.1, 8.4, 8.4 and 7.1 %, respectively, for the aforementioned sequences. These
results exemplify a case where hot acid/ hot chlorine dioxide stages are deleterious to overall bleaching
performance.



Table 8. Effect of time/temperature on chlorine dioxide performance and fate in bleaching of kraft-O2
pulp* (details about this study can be found in reference (48)

DE Treatment DHTE TreatmentResults
D E DHT E

ClO2 applied, kg/t 7.6 (3997 g
Cl-/t)

- 7.6 (3997 g
Cl-/t)

-

Temperature, ºC 60 70 95 70
Time, min 30 60 120 60
Kappa Number 4.7 4.1 2.8 2.2
Brightness, % ISO 72.0 73.5 66.5 71.0
Yield loss, % 1.20 0.88 1.70 0.95
Pulp OX, g Cl-/t 281** 114 185** 104
Filtrate TOC, kg C/t 4.8 3.5 6.8 3.8
Filtrate AOX, g Cl-/t 350 60 180 40
Filtrate chloride, g Cl-/t 1665 288 2295 225
Filtrate chlorate, g Cl-/t 842 65 780 61
Filtrate chlorite, g Cl-/t not detected not detected not detected not detected
Total chlorine compounds, g Cl-/t 2857 527 3255 430

*Kraft-O2 pulp: kappa number 10 and brightness 49.8 % ISO;
** Not included in total chlorine compounds calculation;
D and DHT: 10% cst, end pH 3.0, kappa factor 0.20; E: 10% cst, pH 11.5-11.8, 12 kg/t NaOH.

An evaluation of effluent organic load (BOD, TOC, COD and color) till the second stage - D(EP) vs
DHT(EP) -   indicate that  the DHT(EP)  treatment produces slightly higher values in relation to the D(EP)
one, which should be expected since it decreases pulp kappa number to a larger extent. After biological
treatment, with exception of COD, the organic load differences remained practically unaltered, which
suggests no difference in organic load biodegradability between D(EP) and DHT(EP) effluents (Table 9).
However, the AOX generation by the DHT(EP)  treatment was about 36% lower than that of the  D(EP) one
(Table 9).

The destruction of AOX in the DHT stage has been shown by other workers (48) and has been explained
by the conversion of organically bound chlorine into inorganic chloride due to the harsh conditions of this
stage (high temperature, long retention time). It is worth noting that after biological treatment the AOX
content of the effluents from D(EP) and DHT(EP) had virtually the same amount of AOX (Table 9). In other
words,   the efficiency of AOX removal from the D(EP) effluent was much higher than that of the DHT(EP)
effluent. It is apparent that the amount of AOX destroyed during the hot chorine dioxide stage would be
destroyed during the activated sludge treatment anyway. This leads to the conclusion that chlorine dioxide
bleaching of eucalyptus pulps generates a large quantity of phony bound chlorine compounds, which are
quite easily removed by a hot treatment or biodegraded in the effluent treatment station. This phony AOX
likely originates from reactions of chlorine dioxide and its derivatives with pulp hexenuronic acids (47).

An evaluation of the combined effluents of the whole bleaching sequence for the D(EP)DD, DHT(EP)DD,
AHT/D(EP)DD and AHTD(EP)DD bleaching technologies (Table 9) show that, with exception of the
parameter  color,  slightly higher organic loads are produced by the sequences having a hot chlorine
dioxide or hot acid stages, but such differences tend to become less significant after the biological
treatment. On the other hand, the sequences having a hot chlorine dioxide or hot acid stages produce less
organically bound chlorine but after biological treatment this benefit tend do disappear. The data in Table
9 suggest that hot acid or hot chorine dioxide bleaching has little impact on biological effluent treatment
station.



Table 9. Load and treatability* with activated sludge of combined effluents from the sequences  D(EP)DD
and DHT(EP)DD produced during bleaching of an oxygen eucalyptus kraft pulp** to 90.00% ISO brightness

Results COD,
kg O2/odt

BOD5,
kg O2/odt

AOX,
kg Cl-/odt

TOC,
kg C/odt

COLOR,
kg Pt/odt

Activated Sludge* before after before after before after before after before after
D(EP) 32.5 9.9 15.4 0.78 0.475 0.170 12.6 5.55 37.8 34.7

DHT(EP) 34.8 11.1 18.2 0.93 0.304 0.179 14.6 4.92 40.6 38.2
D(EP)DD1 41.1 14.3 17.7 1.19 0.566 0.203 15.8 5.46 39.6 44.6

DHT(EP)DD2 44.0 13.8 18.5 1.44 0.510 0.204 17.2 6.09 42.1 39.5
AHT/D(EP)DD3 43.7 14.3 16.9 2.25 0.530 0.200 13.8 3.8 30.4 39.7
AHTD(EP)DD4 50.9 17.9 18.1 1.13 0.410 0.160 17.6 5.8 46.2 52.2

*Batch activated sludge biological treatment (10 cycles of 24 h - 2 hs sedimentation, DBO:N:P = 100:5:1,
28 °C, pH 6.8-7.2, dissolved O2 2-5 mg/l.
**Kappa 11.9, HexA´s 45 mmol/kg, viscosity 33.3 mPa.s, brightness 36.7 %ISO, COD 25.5 kg O2/odt
pulp.
1D0: 30 min, 60°C, 10% cst, end pH3.0, kappa factor 0.28; (EP): 120 min, 90 o C, 10% cst, end pH11,
0.5% H2O2; D1: 120 min, 70°C, 10% cst, end pH3.5, 0.95% ClO2; D2: 120 min, 70°C, 10% cst, end pH 4.0,
0.08% ClO2.
2DHT : 120 min, 95ºC, 10% cst, end pH3.0, kappa factor 0.28; (EP): 120 min, 90 o C, 10% cst, end pH 11,
0.5% H2O2; D1: 120 min, 70°C, 10% cst, end pH 3.5, 0.95% ClO2; D2 : 120 min, 70°C, 10% cst, end pH
4.0,  0.57% ClO2.
3AHT/D : 110/10 min, 95/90ºC, 10% cst, end pH 3.0/3.0, kappa factor 0.28; (EP): 120 min, 90 o C, 10% cst,
end pH 11, 0.5% H2O2; D1: 120 min, 70°C, 10% cst, end pH 3.5, 0.95% ClO2; D2 : 120 min, 70°C, 10%
cst, end pH 4.0,  0.57% ClO2.
4AHT : 120 min, 95ºC, 10% cst, end pH 3.0; D0: 30 min, 60°C, 10% cst, end pH3.0, kappa factor 0.28;
(EP): 120 min, 90 o C, 10% cst, end pH 11, 0.5% H2O2; D1: 120 min, 70°C, 10% cst, end pH 3.5, 0.95%
ClO2; D2 : 120 min, 70°C, 10% cst, end pH 4.0,  0.57% ClO2.

CONCLUSIONS

• The choice between single and double-stage oxygen delignification depends upon the
true pulp lignin content (discounted the HexA´s).

• Application of Mo-catalyzed acid peroxide delignification after O-stage allows further
reduction of kappa number to 3-4.

• Efficient post-oxygen washing is the key for low cost bleaching, with a kg of COD/odt pulp
consuming the equivalent to 0.085% active chlorine.

• Three-stage bleaching of the D-(EP) D types suffices for eucalyptus kraft pulps. The
inclusion of a fourth stage is desirable for production of very high brightness/ low
reversion pulps.

• Bleaching chemical consumption is strongly influenced by brown pulp origin, with
variations of 3.2 to 7.7% active Cl2 demand depending upon the pulp type.

• The type of ECF Bleaching technology, based on chlorine dioxide, affects chemical
consumption only slightly. Hot acid/hot chlorine dioxide bleaching technology saves only
small amounts of active chlorine for high bleachability pulps but none for low bleachability
ones.

• Atmospheric extraction (EP) suffices for eucalyptus kraft pulp bleaching.
• Formaldehyde saves more chlorine dioxide when used in D1 than in D0/DHT stages.
• A final peroxide stage significantly improves pulp brightness stability.
• The production or organically bound chlorine decreases by 30% with hot chlorine dioxide

bleaching but this gain disappears after effluent biological treatment.
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