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Abstract
Environmental concern and tighter public regulations have created new pressures to reduce effluent
loading from kraft pulp bleaching during the past decades. This trend has forced both pulp mills and
the related engineering industries to develop and optimise equipment for the pulping processes which
fulfils these demands. New pulp washers and washing systems connected with the introduction of
new oxygen-based reagents have in particular provided considerably improved tools for reusing
process water and thereby essentially reducing effluent discharge or even allowing the
implementation of a totally closed water circulation system in kraft pulp bleaching.

This study was performed mainly on a laboratory scale at the University of Oulu, but some pilot-scale
tests were also performed to confirm the findings of the laboratory-scale evaporation test. Another
aim of the pilot-scale tests was to produce enough concentrate for further processing. Conditions were
strictly controlled in all the experiments in order to ensure that conclusions could be reached
regarding the phenomena examined.

The results reported here indicate that the amounts of transition metal ions such as iron, copper or
manganese in the process water or water to be recirculated should be kept as low as possible during
chlorine dioxide or peracetic acid bleaching, as even a small amount (<<5 ppm) markedly reduced
pulp quality and increased reagent consumption. The results also show that evaporation can be used
as a method for purifying acidic effluent from both chlorine dioxide and peracetic acid bleaching, and
that the resulting condensates were free of transition metals and clean enough for reuse in both
bleaching processes. The purity of the condensates was further improved by neutralising the feed pH
of the acidic effluents from the bleach plant before evaporation. The results also indicate that the
chloride ions in the concentrate arising from evaporation of the acidic effluent from chlorine dioxide
bleaching can be removed by a combined acidification/re-evaporation system.

Keywords:closed systems, purification, wastewater, water circulation.
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List of symbols and abbreviations

Latin letters

a activity of the component or mass fraction of dissociated molecules in a
solution

CW mass of the whole sample of concentrate, g
KI ionic product
KS conventional solubility product
KS

’ solubility equilibrium
Kw ion product of water
M+ counterion to the cation exhanger
Mez+ hydrolysable cation
N+ counterion to the cation exhanger
PC precipitate fraction of the concentrate, %
PW mass of the residual fraction of total solids, g
R gas constant, 8.31 J mol-1K-1

ra evaporation enthalpy of solution, kg/kmol
T temperature,oK
t boiling point of the pure solvent at a pressure p,oC
x denote the number of cations, Mez+

y denote the apparent number of OH- ions
z charge on an ion or number of ions into which a molecule of the dissolved

substance is dissociated

Greek letters

∆G change in the Gibbs energy, J mol-1

∆Go change in the Gibbs energy of the system in steady state, J mol-1

τ’ rise in boiling point caused by dissolved substances,oC
µS molar mass of dissolved substance, kg/kmol
ξ mass concentration of dissociated molecules in a solution, %



Abbreviations

A acidic stage in bleaching where sulphuric acid or sulphuric dioxide water is
used as a reagent

Ac acetic acid
ADt air dry tonne of pulp
AOX adsorbable organic halide
BCRP bleach chemical recovery process
BFR bleach filtrate recycle
BOD biological oxygen demand
C acidic bleaching stage where chlorine gas is used as a bleaching reagent
CD or C/D acidic bleaching stage where chlorine gas and chlorine dioxide are used as

bleaching reagents
COD chemical oxygen demand
CODMe chemical oxygen demand caused by methanol
CODFo chemical oxygen demand caused by formic acid
CODAc chemical oxygen demand caused by acetic acid
CODD chemical oxygen demand caused by condensate from evaporation of the

effluent from the first chlorine dioxide stage
Conox concentrate oxidator
D acidic bleaching stage where chlorine dioxide is used as a bleaching reagent

or washing stage after this stage
Do first acidic bleaching stage in ECF bleaching with chlorine dioxide as a

bleaching reagent or washing stage after this stage
D1 second acidic bleaching stage in ECF bleaching with chlorine dioxide as a

bleaching reagent or washing stage after this stage
D2 third acidic bleaching stage in ECF bleaching with chlorine dioxide as a

bleaching reagent or washing stage after this stage
DC, DC acidic bleaching stage where chlorine dioxide and chlorine gas are used as

bleaching reagents or washing stage after this stage
DF dilution factor
DN washing stage after chlorine dioxide stage with neutralisation
DR displacement ratio
DTPA diethylenetriaminepentaacetic acid
E alkaline extraction stage where sodium hydroxide is used as a extraction

reagent or washing stage after this stage
E1 first alkaline extraction stage in ECF bleaching with sodium hydroxide as a

extraction reagent or washing stage after this stage
E2 second alkaline extraction stage in ECF bleaching with sodium hydroxide

as a extraction reagent or washing stage after this stage
ECF elemental chlorine free
EDTA ethylenediaminetriacetic acid
EDR equivalent displacement ratio
EFM effluent free mill
EO, EO alkaline extraction stage where sodium hydroxide and oxygen are used as

extraction reagents or washing stage after this stage



EOP, EOP alkaline extraction stage where sodium hydroxide, oxygen gas and peroxide
are used as extraction reagents

EPO alkaline extraction stage where sodium hydroxide, peroxide and oxygen are
used as extraction reagents or washing stage after this stage

Est Modified Nordén efficiency factor
Fo formic acid
H alkaline bleaching stage where sodium hypochlorite is used as a bleaching

reagent
HC high consistency
HexA hexenuronic acid
HU Hazen unit
ISO % unit for pulp or paper brightness analysed by SCAN-C11:75 standard
LC low consistency
LWFL length weighted fibre length
M middle lamella in fibre
MC medium consistency
Me methanol
MW molecular weight
NTU netherometrical turbity unit
O alkaline delignification stage where oxygen is used as a delignification

reagent
ODt oven dry tonne of pulp
O/O double oxygen delignification stage without washing between stages
P alkaline bleaching stage where hydrogen peroxide is used as a bleaching

reagent or primary wall in fibre
Paa acidic bleaching stage where peracetic acid is used as a bleaching reagent
pH logarithm of the reciprocal of the hydrogen ion concentration of a solution
pKa logarithm of the reciprocal of the acid ionisation constant of a solution
PO alkaline bleaching stage where peroxide and oxygen gas are used as

bleaching reagents
Q acidic stage where a chelating agent is used to remove metals from the pulp
R wash liquor ratio
S1, S2, S3 secondary walls in fibre
SW soft wood
TCF total chlorine free
TEF total effluent free
TOC total organic carbon
TOCl total organic chlorine
TRS total reduced sulphur
VOC volatile organic compound
W washing or weight liquor ratio or warty layer in fibre
Y washing yield
Z acidic bleaching stage where ozone is used as a bleaching reagent or

bleaching stage where enzyme is used as a delignification reagent
Zedivap zero discharge evaporator



ZQ acidic bleaching stage where ozone is used as a bleaching reagent and a
chelating agent is used to remove metals from the pulp
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1. Introduction

1.1. Towards closed water systems in kraft pulp mills

Environmental concern has increased the pressure to minimise effluent loading from pulp
mills. This means that the amount of water used at various places in the pulp mill should
be reduced and the degree of circulation of the process water increased. The ultimate goal
will be a totally closed water circulation system in a kraft pulp mill.

The use of process water and effluent discharge from the different parts of the pulp
mill have been decreasing steadily over past decades (Table 1).

Table 1. Total effluent loading from a softwood kraft pulp mill at various times
(Saunamäki 1993).

Year 1970b 1985b 1993c 1998d

m3/ADt m3/ADt m3/ADt m3/ADt
Wood handling 20 8 2.5 1.5
Washing / Screening 110 17 0.5 0.5
Bleaching 100 35 31 5.5
Condensates 10 5 1 0.5
Othersa 90 5 3 3
Total 330 70 38 11

a Others includes emissions from the cellulose drying machine and occasional emissions
from the mill. b Average value for pulp mills.c Estimated value for a modern pulp mill in
1993.d Estimated value for a modern kraft pulp mill in 1998 (Saunamäki 1998).

As indicated in Table 1, the bleach plant effluent nowadays accounts for 50% of the
total effluent load, so it is reasonable that the latest efforts, including this research, and
most practical arrangements concerning the reduction of effluent loading from pulp mills
should be focused on the bleach plant. The decline in effluent loading from the bleach
plant is mainly a consequence of the extensive development that has taken place in
bleaching technology during the last decade, mainly in equipment and reagents.
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There are nowadays three main ways to bleach kraft pulp: conventional bleaching,
elemental chlorine free (ECF) bleaching and (TCF) totally chlorine free bleaching.
Bleaching processes are classified according to their use of bleaching agents containing
chlorine. In the conventional bleaching process all kinds of bleaching reagents can be
used, including chlorine gas, while processes in which molecular chlorine is not used are
defined as ECF processes, and those that do not use bleaching agents containing chlorine
in any form are defined as TCF processes. As seen in Fig. 1, most bleached pulp
produced in the world 1997 was the result of conventional and ECF bleaching
technology, while minor ones was result of TCF bleaching technology.

Fig. 1. Volumes of conventional, ECF and TCF kraft pulp produced during the years 1990 –
1997 (Meuller et al.1998).

In addition to the use of various bleaching sequences and reagents, the construction of
the water circulation systems and the types of washers used in kraft pulp bleaching can
vary considerably from one plant to another. These factors combined have led to
differences in loading and the nature of the effluent, which can make closing of the water
circulation system in pulp bleaching very complicated.

During the history of kraft pulp bleaching only one mill-scale attempt has been made
to close off the water circulation in conventional bleaching (Reeve 1977, Reeve 1984,
Pattysonet al.1981), while some other fairly discreet experiments are still going on in the
case of ECF (Mapleset al.1994) and TCF bleaching (Pekkanen & Kaila 1997, Blombäck
et al.1998, Kiiskilä 1998).

In spite of these unsuccessful or ongoing water circulation closure attempts, the goal
of most pulp mill today is to produce pulp of as high a brightness as possible with
acceptable technical properties, low reagent consumption and minimum effluent
discharge. The ultimately goal will be totally closed water cycles in a kraft pulp mill, but
unfortunately no simple, functional solution exists that fulfils all the stated goals. On the
contrary, a lot of local practical work and research will be required in every bleach plant
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where any substantial reduction in effluent loading or total closure of the water circulation
systems is planned.

1.2. Problems to be solved

The following list includes the most important driving forces behind this work and
reasons for undertaking it:

1. Concern for the environment.Concern for the environment has increased in recent
decades, leading to tighter public regulations regarding effluent discharge from pulp
mills. To meet public demands now and in the future, alternative means of treating
effluent will be needed.

2. Lack of published basic data. Some basic research, and even mill-scale
experiments, have been carried out or are still going on to implement a closed water
circulation system for use in kraft pulp bleaching. The existing body of published data on
such basic research are still limited, however.

3. Improvements in bleaching technology. Although the pulp industry has been very
conservative, new types of equipment and reagents for the bleaching of pulp have been
introduced during recent years. These improvements may provide a better basis for
achieving total closure of bleach plant effluent systems.

1.3. Preliminary assumptions

Because of the extensive area of research involved, numerous assumptions have had to be
made in this research to keep it to reasonable proportions. All the assumptions are
nevertheless grounded in existing knowledge and common-sense demands that selected
processes or phenomena should be implemented on a mill scale as well. The following
assumptions and arguments lie behind this research:

1. Only softwood kraft pulp and the acidic effluents from its bleaching were used in
the experiments.This was chiefly a consequence of the common assumption that by
solving the problems associated with closure of the water circulation in softwood kraft
pulp bleaching, the problems of hardwood bleaching could be solved at the same time.
The main reason for examining only the acidic effluents was that the alkaline effluents can
presumably be led to the recovery boiler on the counter-current washing principle without
serious problems affecting either the process equipment or the quality of the pulp. The
effluent from the first chlorine dioxide stage and the peracetic acid stage of softwood kraft
pulp bleaching was selected, because chlorine dioxide is the most commonly used
bleaching agent today and peracetic acid is the latest selective bleaching agent to be
introduced and is available for use with, without or in place of chlorine dioxide in order to
reduce the concentration of chloride ions in the process water.

2. Evaporation was used as a method for purifying acidic effluents. This was a
consequence of several laboratory bleaching tests, which showed that very small amounts
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of transition metals in the process water could detract from pulp quality and essentially
increase reagent consumption in chlorine dioxide or peracetic acid bleaching (see Chapter
3). In addition, evaporation is a well-known technology in the pulp industry and meets
current demands concerning the efficiency of transition metal removal. It also
concentrates materials at a vapour pressure lower than that of water at the evaporation
temperature and which might have unexpected negative impacts on pulp bleachability.
Membrane technology was also considered, but rejected because of the insufficient
capacity and poor endurance of membrane materials under acidic conditions such as
prevail in kraft pulp bleaching. This could be a potential method in the near future,
however, in view of rapid advances in membrane materials. Electrolytic flocculation
(Dahl et al. 1998a) was considered as well, but rejected because it cannot remove
univalent ions from acidic effluent.

3. The concentrate was processed further with the aim of rendering it pure enough for
burning in the recovery or bark boiler. The main idea was to use the exits infrastructure
in the pulp mill and to avoid additional investment costs. Another argument for
incineration of the concentrate was to ensure that incineration products did not contain
any chlorinated organics before passing it into the environment.

1.4. Hypothesis

The research reported here was based on the following main hypotheses:
1. The amounts of the transition metals iron, copper and manganese in re-use water

used in kraft pulp bleaching should be as low as in the chemically purified fresh water
entering the bleach plant.

2. The acidic effluent from kraft pulp bleaching can be purified by evaporation to
meet the demands of the first hypothesis, whereupon and the resulting condensate should
be clean enough for re-use in the acidic stages of the bleaching process.

3. The univalent ions (Na+, K+ and Cl-), or a proportion of them, can be selectively
removed from the concentrate produced during acidic effluent evaporation in such a way
that the concentrate is pure enough to be incinerated in the recovery or bark boiler.

1.5. Methodology

This study based mainly on laboratory and pilot-scale tests, as there are very few full-
scale totally closed water circulation systems for kraft pulp bleaching in existence and
little in the way of basic data. Conditions were strictly controlled in all the experiments in
order to ensure that conclusions could be reached regarding the phenomena examined.
The methodology was based on the following eight main steps:

1. Identification of the problem(s)
2. Examination of the relevant literature
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3. Re-evaluation of the problem(s)
4. Selection of background assumption(s)
5. Statement of hypothesis(es)
6. Testing of hypothesis(es)
7. Discussion of results
8. Reaching of conclusion(s).

1.6. Outline of the thesis

This thesis gives some ideas on re-circulating acidic effluent from kraft pulp bleaching,
with a view to the re-usability of its purified fraction. It also introduces an approach for
reasonable further processing of the residual fraction of the purified effluent. A schematic
flow sheet for the whole research area concerning closed water circulation systems in
kraft pulp bleaching is presented in Fig. 2.

Evaporation

Further
processing

Univalent
ions

DD DE

Condensate from black liquor evaporation

Condensate

Support
fuel

to Recovery

Concentrate

WW WW

Incineration

Energy

Residual concentrate

Ash

Gases

Pulp in Pulp out

Fig. 2. Schematic flow sheet for the whole research area.
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The structure of the thesis from this point onwards is the following:
Chapter 2 discusses briefly the evolution of kraft pulp bleaching technology and the

currently existing water circulation systems. It also defines guidelines for the quality of
the process water and introduces briefly the composition of effluent from kraft pulp
bleaching.

Chapter 3 is concerned with problems of the increasing concentrations of certain
common ions in the process water and their effects on the bleachability of the softwood
kraft pulp in the chlorine dioxide and peracetic acid processes.

Chapter 4 deals with the applicability of evaporation as a means of removing acidic
effluents from chlorine dioxide and peracetic acid bleaching. It also addresses the
question of the re-usability of the condensates in these processes.

Chapter 5 considers the problems of further processing of the concentrate remaining
from evaporation and provides a solution for removing chloride ions from it.

Chapter 6 introduces the whole system for treating the chloride-containing acidic
effluent arising from kraft pulp bleaching and discusses critically the basis for the
construction selected for this system.

Chapter 7 sums up the most important findings.



2. Water use and effluent discharge in kraft pulp bleaching

As mentioned in Chapter 1.1. above, the use of process water, and therefore the effluent
load, have been reduced greatly during the history of kraft pulp bleaching. The main
reason for this has been increasing concern for the environment and tighter public
regulations, which have forced both pulp mills and allied branches of the engineering
industry to optimise existing processes and develop totally new kinds of equipment. The
new pulp washers and washing systems connected with the introduce of new oxygen-
based reagents have in particular provided much better tools for re-using the process
water and have thereby essentially reduced the effluents discharged from kraft pulp
bleaching.

2.1. Evolution of kraft pulp bleaching

The basic idea of the kraft pulp process was developed in 1889 by German chemist Carl
Dahl, who modified the soda process by using sodium sulphate or salt cake as a make up
chemical in the soda recovery process (Clark 1985). Dahl was also responsible for
implementing the first sulphate pulp mill, in Sweden in 1891. In the same year a soda mill
in Canada was modified to employ the sulphate process. The benefits of this as compared
with the soda process were shorter cooking times and the better technical properties of the
pulp. On account of its better strength properties, the product was called kraft pulp, using
the German and Swedish word for strength.

Since, kraft pulping produced odorous gases and the pulp itself was darker than soda
or sulphite pulp and more difficult to refine and bleach, it was several decades before it
became one of the predominant pulping methods in the world, as it is today. Once these
problems had been solved the process easily replaced existing soda and sulphite pulping
methods, because it could be used for all wood species as well as achieving better pulp
quality and shorter cooking times.

According to Singh (1979), the idea of using chlorination in bleaching with
intermediate alkali extraction provided the basis for modern continuous multi-stage kraft
pulp bleaching during the 1930‘s. The selectivity and brightness of the kraft pulp were
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further improved by using chlorine dioxide as the bleaching reagent from the 1940’s
onwards. The first commercial five-stage CEDED bleaching sequence was developed in
the 1950’s, and full brightness, >90%, was attained in the early 1960’s. By the late 1960’s
the environmental legislation had been tightened, leading to the introduction of new
oxygen-based bleaching reagents. The first non-chlorine bleaching process, developed by
the Scott Paper Company in 1968, involved the use of ozone, peroxide and caustic soda,
and also gave rise to the idea of a totally closed water circulation in bleaching recovery,
because of the absence of chlorine ions when counter-current washing was used (Singh
1979). The use of oxygen-based chemicals nevertheless led only to poor brightness, and
thus there was little support for their large-scale commercial use. Nevertheless, an oxygen
delignification stage was installed between cooking and bleaching in some cases during
the 1970’s, lowering reagent consumption and improving effluent quality in the primary
bleaching of kraft pulp.

A decade later, the use of oxygen in alkaline extraction was commercialised and
several other important developments took place: medium-consistency pumping and on-
line measurement technology were introduced, chlorine gas was replaced by chlorine
dioxide for bleaching, and extended delignification in cooking was introduced (Dence &
Reeve 1996). The last-mentioned procedure reduced the lignin content of the unbleached
pulp and led to more economical reagent consumption in bleaching, while the substitution
of chlorine dioxide for chlorine gas essentially reduced the formation of chlorinated
organic compounds. Both measures led to an essential improvement in effluent discharge.

In the early 1990’s many kraft pulp mills installed one or more oxygen delignification
stages before the chlorination stage to ensure the capacity of the chlorine dioxide plant
before abandoning the use of chlorine gas as a bleaching reagent completely. The
resulting process, called ECF bleaching, rapidly became one of the dominant bleaching
technologies in the world, as it still is today. Even so, new tools such as extended
delignification, connected with one or more oxygen delignification stages before the
bleaching, led to the emergence of final bleaching based on pure oxygen reagents,
commonly known as TCF bleaching. Thus kraft pulp is nowadays bleached on a
commercial scale in three main ways, these being classified according to the use of
bleaching agents containing chlorine, as noted in Chapter 1.

2.2. Modern bleaching

As mentioned above, kraft pulp can be bleached nowadays using a combination of
reagents and sequences. The existing construction of each bleaching process has been
developed to produce the brightness needed at minimum cost while ensuring adequate
technical properties of the pulp. This can be done by a suitable choice of processing
equipment and by strictly controlling the quality of the process water.
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2.2.1. Quality guidelines for process water

There are no exact guidelines for the quality of the process water used in kraft pulp
bleaching, as enough fresh water has been always available for pulp mills so far. The
situation may change, however, if the availability of fresh water is disturbed and/or the
water circulation has to be closed off for environmental reasons. The quality guidelines
for water supplies to the pulp and paper industry published by the Canadian Council of
Resource and Environment Ministers are presented in Table 2.

Table 2. Water quality guidelines for unbleached and bleached chemical pulp (Barnes
1994).

Characteristic Bleached Unbleached
pH 6-8 6-8
Colour (HU) <50 <100
Turbidity (NTU) <40 <100
Calcium, ppm <20 <20
Magnesium, ppm <12 <12
Iron, ppm <0.1 <1.0
Manganese, ppm <0.05 <0.5
Chloride, ppm <200 <200
Silica, ppm <50 <50
Hardness, ppm <100 <100
Dissolved solids, ppm <200 <250
Suspended solids, ppm <10 <10
Temperature,oC <36 no

As indicated in Table 2, colour, turbidity and the manganese and iron concentrations
in the process water should be kept at a very low level to avoid colour problems in the
pulp bleaching. The recommendation for the concentration of chloride ions is probably
aimed at avoiding corrosion in the process equipment. From a practical point of view, the
recommendations mean that untreated water has to be purified before introduction into the
pulp bleaching section. This can be done by a combination of mechanical and chemical
purification and simple filtration.

The amount of treated fresh water used in the process can nowadays alter considerably
from one bleaching plant to another, being greatly dependent on the construction of the
existing water circulation system. Treated fresh water is used for washing the pulp,
diluting the bleaching reagents and as seal water at various points in the bleaching
equipment. However, due to the use of the counter-current washing principle, the quality
the process water used in washing (the wash liquor) is normally poorest at the beginning
of the bleaching sequence, just before it is led into the external effluent treatment system
such as activated sludge plant or aeration lagoon.
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2.2.2. Stages and Sequences

When aiming at full brightness in kraft pulp, the main purpose of the whole bleaching
process is to remove the residual lignin from the fibres as selectively as possible. This can
be done using different types of bleaching sequences with various stages. The most
reasonable way to classify bleaching stages is into alkaline and acidic ones according to
their optimum final operative pH (Table 3).

Table 3. Commonly used bleaching stages with reagents and typical operative conditions
(Singh 1979, Dence & Reeve 1996).

Stage Acting
chemical

Additive
Chemical(s)

Concis-
tency

pH Delay,
min

Tempera-
ture,oC

Pressure,
bar

Alkaline
O a,b O2 NaOH MC

HC
10-11
10-11

50-60
30

85-100
100-115

4-8
4-6

E b,c NaOH O2 or H2O2 MC 10-11 60-90 60-80 -
P a,d H2O2 NaOH MC 10-11 120 90 -

POa,d H2O2 NaOH and O2 MC 10-11 120 100-130 4-6
H a,b,d NaOCl No MC 10-11 8-90 80-35 -
Acidic

C a,e Cl2 No LC 2-3 10-30 < 60 -
CD a,b,d,e Cl2 and ClO2 No LC 2-3 10-30 < 60 -

D a,b,d ClO2 NaOH MC 2-4 10-30 < 60 -
Z a,b,d O3 H2SO4 or

SO2

MC
HC

2-3
2-3

5-10
5-10

20-60
20-60

-
-

Paaa,b,d CH3COOOH H2SO4 or
SO2

MC 3-5 60-90 70-90 -

Q f EDTA or
DTPA

H2SO4 or
SO2

MC 3-5 10-30 60-90 -

A f H2SO4 or
SO2

No MC 3-5 10-30 60-90 -

Z g enzyme H2SO4, SO2

NaOH
MC 4-10 >60 40-80 -

a oxidise lignin, b solubilise lignin,c hydrolyse chlorolignin,d decolorise lignin,e chlorinate lignin,f remove
metal ions,g catalyse xylan hydrolysis and assist in lignin removal.

The appropriate bleaching sequence can be formed by connecting both alkaline and
acidic stages in sequential order using the selective properties of various bleaching
chemicals and sufficient washing between stages. Perhaps the most typical conventional
sequence for bleaching kraft pulp to full brightness (> 88% ISO) is C/DEDED, and the
corresponding ECF choice DEDED. There is no typical TCF sequence, but it has been
reported that full brightness in softwood kraft pulp can be achieved using the sequence
O(ZQ)PO(ZQ)PO at least (Liias & Merikallio 1998).

2.2.3. Washers
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The washing of pulp is becoming an increasingly important unit process for minimising
the effluent load from a bleach plant. Since the more water is used for washing, the higher
will be the effluent load, the main aim in the washing process is to remove both soluble
organic and inorganic material from the pulp suspension using as little wash liquor as
possible.

Washing as a unit process can be divided into two basic operations: dilution/extraction
and displacement washing. In dilution/extraction washing the dirty pulp slurry is diluted
and thoroughly mixed with wash water and then thickened by filtering or pressing, while
in displacement washing, the liquor in a pulp pad is displaced with wash water. In both
principles use can be made of weaker wash liquor from the following washers, or of clean
water. Performance can be evaluated on various parameters, which can be generalised
from Fig. 3.

Fig. 3. Schematic diagram of a washing module (Crotoginoet al.1987).

The dilution factor (DF) and the wash liquor (R) and weight liquor (W) ratios are the
parameters most commonly used to describe the amount of water used in pulp washing
operations. The dilution factor represents the net amount of water added to the pulp
during washing, while the wash liquor ratio is defined with reference to the liquor leaving
with the pulp and the weight liquor ratio relates the filtrate flow rate to the liquor entering
the washers with the pulp (Crotoginoet al.1987).

Washing efficiency can be described by the washing yield (Y) and the displacement
ratio (DR). The amount of solute removed from the pulp during washing can be described
by the washing yield, on the assumption that no solute enters the washers with the wash
liquor, or by the displacement ratio, which accounts for solute entering with the wash
water (Crotoginoet al.1987).

The above parameters are valid only for characterising the performance of different
types of washers or washing systems, given that the processes examined operate at the
same feed and discharge consistencies. The measures developed for comparing the
efficiency of different types of washers and washing systems with various inlet and
discharge consistencies are the modified Nordén efficiency factor (Est,) and the equivalent
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displacement ratio (EDR). The former defines the number of ideal counter-current mixing
stages in series required to achieve the same departing stream flows and concentrations as
in the actual washing system or washer, while the latter expresses washer performance in
terms of a hypothetical washer operating at 12% discharge consistency that has the same
dilution factor as the actual washer.

Today, the most commonly used washers in the bleach plant operations are vacuum
drum washers, pressure washers and wash presses. Drum washers and wash presses
operate mainly on the dilution/extraction principle, while pressure washers are based
mainly on displacement. From a closed water circulation point of view, the best washers
produce as clean pulp as possible with small amounts of wash liquor and low effluent
loading. To minimise the effluent load from bleaching further, various types of counter-
current washing systems have been developed.

2.2.4. Counter-current washing systems

The effluent load from bleaching is nowadays about 5-70 m3/ADt, being greatly
dependent on the washing system used (Towers & Turner 1998). The majority of the
water used in bleaching is not treated fresh water, however, but originates mainly from the
drying machine and the condensate from black liquor evaporation.

The main counter-current washing systems in kraft pulp bleaching can be described as
involving jump-stage, split-flow and/or direct counter-current washing, all of which can
be used effectively to reduce the effluent load from bleaching (Singh 1979). According to
the jump-stage counter-current washing principle, the acidic and alkaline filtrates are kept
separate in bleaching and filtrates from later stages are used as wash water in two or more
previous stages in the bleach plant, while in the split-flow principle the filtrates can also
be used for some showers in the previous stage. The principle of direct counter-current
washing is based on use of the whole filtrates (acidic and alkaline) from each washer as
wash water in the previous washer. Typical water usage with various washing principles is
shown in Table 4.

Table 4. Typical water usage and resulting effluent discharge to the (DC)(EO)DED
bleach plant sequence (Dence & Reeve 1996).

Filtrate system Effluent discharge, m3/ADt
Theoretical Actual

Jump-stage counter-current 23-25 30-40
Split-flow counter-current 23-25 30-40
Split-flow-jump-stage counter-current 11-15 12-25
Direct counter-current 13-15 15-25

A combination of the jump-stage and split-flow washing principles is the most
common approach in pulp bleaching today (Fig. 4). Direct counter-current washing
produces almost same effluent load, but entails an obvious risk of precipitate problems
with increasing ion concentrations at the beginning of bleaching. The least soluble



29

compounds are barium and calcium salts, which tend to attach to the process equipment,
causing functional problems, while precipitated metals such as iron and manganese
primarily adhere to the pulp suspension and detract from pulp quality. These problems
can be totally or at least partly avoided by using the split-flow and jump-stage principles,
however.

Fig. 4. One flowsheet for split-flow and jump-stage counter-current washing in a modern
kraft bleach plant, where the unit of numbers is m3/ADt. (Carter & Gleadow 1994).

As seen from Fig. 4, the pulp is bleached, washed and pumped up at MC consistency
and about one fifth of the sewered effluent will issue from the pulp machine as white
water. The amount of hot water used in bleaching is about 16 m3/ADt, of which a
maximum of 50% may originate from black liquor evaporation as a warm, stripped
condensate. The rest of the hot water used in bleaching is likely to be treated fresh
process water, which is also used for dilution of the bleaching regents. Thus modern
bleaching consumes about 10 m3/ADt of fresh water, amounting to about 45% of all
sewered effluent. When closed water circulation systems are planned, both the acidic and
the alkaline fraction must be treated in an appropriate way (see Section 2.3.). The effluent
discharge can be further minimised by internal circulation and the adoption of a total
split-flow and jump-stage counter-current washing principle, as seen in Fig. 5.
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Fig. 5. One flowsheet for total split-flow and jump-stage counter-current washing with
internal circulation in a modern kraft bleach plant, where the unit of numbers is m3/ADt.
(Carter & Gleadow 1994).

Syberget al. (1998) have been reported that by using first stage (Do or DC) filtrate for
pre-bleach washer dilution and oxidised extraction stage (EO) filtrate on Do washer and
recycle the EO filtrate to brownstock washing the amount of total effluent load 5 m3/ADt
can be achieved for the bleach plant presented in Fig. 5.

2.3. Water reuse in closed systems

The first serious attempt at total closure of the water circulation system in a mill was
made in the late 1970’s at Thunder Bay, Ontario, Canada, using an EFM (effluent free
mill) process with the bleaching sequence (DC)EDED (Mapleset al. 1994). The main
idea was to apply the principle of counter-current washing and conduct the whole of the
effluent from the bleach plant into the recovery cycle and prevent the accumulation of
chloride ions there by removing them from the white liquor and reusing them in the
manufacture of bleaching chemicals. Reeve (1977, 1984) and Pattysonet al. (1981)
reported that the main problems were corrosion in the salt removal process equipment and
the superheaters of the recovery boiler. Other problems were increased reagent
consumption in the chlorine and chlorine dioxide stages, leading to a high chloride load in
the salt removal process. These included poor brown stock washing and consumption of
chlorination chemicals by recycled chlorination filtrate. Although the effluent free
objective was not achieved, this pioneering work resulted in the evaluation of many new
concepts and served to illustrate the difficulties that must be overcome in order to achieve
bleach plant closure.

Another attempt to close of the water circulation, made by Mapleset al. (1994), was
planned for mill-scale use with the OD(EOP)D sequence for bleaching pine kraft pulp
with water circulation from a BFR (bleach filtrate recycle) process. This process was
designed to overcome the difficulties experienced during the EFM demonstration at
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Thunder Bay, Ontario, Canada (Caron & Fleck1995), and involved using the wash water
from the bleach plant to wash the pulp and recycling dissolved substances to recovery
boiler (see Chapter 5., Section 5.1.3.).

The latest mill-scale closed water cycle installation has been reported in a Swedish
pulp mill (Pekkanen & Kaila 1997, Blombäcket al. 1998, Kiiskilä 1998), where the
acidic effluent from TCF bleaching was evaporated and the resulting condensate reused in
the bleaching system and the concentrate mixed with concentrated black liquor and
burned in the recovery boiler (see Chapter 5., Section 5.1.2.).

As can be noted, closing of the water circulation in kraft pulp bleaching has now been
tested on a mill scale, or is currently under test, for all the existing main bleaching
principles. The first attempt proved that closing the water circulation when using a
conventional bleaching sequence with direct counter-current washing will not succeed,
but the tests with ECF and TCF bleaching sequences are still going on. It is now widely
accepted, however, that the following main steps will have to be implemented before the
water circulation can be closed off:

- Chlorine gas will have to be abandoned entirely and the use of chlorine dioxide
minimised in order to reduce the concentration of chloride ions in the process
water, and if chlorine dioxide is used as a bleaching chemical the accumulation of
chloride ions in the cycles of the pulp mill will have to be prevented.

- The effluent load have to be minimised by using appropriate washers and counter-
current washing systems in which the acidic and alkaline streams are mostly kept
separate to avoid precipitate problems in the pulp and process equipment.

- The alkaline effluent must be led directly to the recovery cycle on the principle of
counter-current washing, and the acidic effluent must be purified in an appropriate
way before introduction into bleaching as re-use water.

Additionally, the following questions (Myréen & Johansson 1996, Myréen 1998) and
their effects on mill balance will have to be taken account of regardless of the bleaching
sequence used:

- process water balance in the mill
- sodium-sulphur balance
- accumulation of chloride ions, potassium ions and other non-process elements
- accumulation of volatile organic compounds
- fouling of equipment by precipitated salts.
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2.4. Effluent discharge

In addition to the fact that the amount of effluent can vary considerably from one kraft
pulp bleach plant to another, the composition of the leaving effluent can also vary greatly
between bleaching sequences (Fig. 6).

- raw material
- lignin content
- wash loss
- other impurities in

pulp suspension

Effluent discharge

Bleach plant

- process water quality
- amount of wash liquor

- impurities in
pulp suspension

- sequence
- reagents, residuals,

decomposition products
- washers and washing system

Fig. 6. Main factors affecting effluent discharge from kraft pulp bleaching.

As shown in Fig. 6 various factors can affect on effluent discharge, but one of the
main factor is the entering lignin content of the pulp, because the more lignin in the pulp
the more bleaching reagent is needed to remove it. Vosset al. (1980) reported that about
70% of effluent discharge (COD and BOD) is generated from the first two stages in
conventional bleaching (C and E), in which the kappa number of the pulp decreases by
60-70%.

Since the entering lignin content of the brown stock is essentially lower nowadays on
account of extended cooking and oxygen delignification in bleaching, effluent discharge
is also markedly lower. The abandonment of the use of elemental chlorine, or its
replacement with chlorine dioxide, and the increasing use of oxygen-based bleaching
reagents, has also greatly reduced the amounts of chlorinated organics in the effluent
(Pryke 1989, O’Connoret al.1993). These may be the main reasons for the fact that there
is no essential difference in effluent discharge between ECF and TCF bleaching today.
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2.4.1. Composition of effluent

The effluent from kraft pulp bleaching can include varying amounts of either organic or
inorganic substances, or a combination of the two being greatly dependent on factors
mentioned above. Generally, the composition of the effluent can be characterised in
biological and chemical terms. The most common way of describing effluent composition
is to determine the amounts of solid and dissolved matter, the latter being further divided
into organic and inorganic fractions. The organics typically represent one third of the
dissolved material and the inorganics two thirds. Total solids of the dissolved matter in
effluent rarely exceed 0.6% and are mainly in the range 0.2-0.4%.

The solid matter includes mainly fibres, pieces of fibres and the additives used in
bleaching. The total amount of solid matter is greatly dependent on wire size and the
condition of the wire of washing equipment. The amount of solid matter in effluent is
typically 20-200 mg/l, about 80-90% of which can be removed by external purification.

The organic matter dissolved in the effluent from bleaching consists of various species
of organic compounds originating mainly from the raw material. According to Dahlman &
Mörk (1993), the high molecular organic material (MW>1000) is mainly strongly
oxidised lignin matter with high contents of olefinic structures and carboxylic acid
groups. It also contains oligosaccharides and/or polysaccharides, mainly arising from
hemicelluloses. These compounds account for most of the chemical oxygen demand and
organic chlorinated compounds and a major proportion of the colour. The low molecular
organic material (MW<1000) can be classified into three groups (Dahlman & Mörk
1993): acids, phenolic compounds and neutral compounds, of which the phenolic
compounds and some of the acids are degradation products and the oxidised fragments
originate from residual lignin in the pulp. Other compounds such as resin and fatty acids,
terpenes and sterols are residues of extractives carried over into bleaching with the pulp.

Because of the large number of organic compounds in the effluent from bleaching, it
is not reasonable to provide a general complete list of them in daily analyses. Instead,
sum parameters such as COD, BOD, AOX, TOCl and TOC are used to measure the total
amounts of organic material. In addition, the colour content can be used to indicate the
amount of organic material in the effluent from bleaching.

Total dissolved inorganic matter in the effluent from bleaching can easily be described
by measuring the ash content. However, when the total dissolved inorganic material from
acidic effluent is measured, the possible loss of certain acids and chloride ions have to
take account. The most common inorganic elements in the effluent are sodium, sulphur
and chloride, which originate mainly from the bleaching reagents. The effluent also
contains large quantities of calcium, magnesium, potassium and silicon, but minor
concentrations of manganese, iron, aluminium, copper and barium, mainly from the raw
material. In addition to cations and chloride anions, the effluent from kraft pulp bleaching
contains various other species of anions such as sulphate, carbonate, nitrate, phosphate,
acetate and oxalate, which can together form certain cation-insoluble compounds and
cause serious precipitate problems in the process equipment (Ester 1994, Ulmgren 1996,
Dexter & Wang 1998, Bryant 1996, Kiiskilä & Lindberg 1995, Tederet al.1990).
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2.4.2. Toxicity of the effluent

The toxicity of the effluent arising from kraft pulp bleaching is assessed mainly by means
of biological tests, commonly performed with algae, fishes, fish eggs or water fleas. These
methods are quite expensive and difficult to reproduce, but extremely important when
evaluating the effect of the effluent from bleaching on living creatures.

The toxicity of the effluent is mainly caused by chlorinated lignin-based compounds
such as phenols, catechols, guaiacols and aromatic hydrocarbons, and to a minor extent
by resin and fatty acids (Vertaet al. 1994). Since this toxicity is mainly identified as a
consequence of the amount of chlorinated lignin present, it will obviously decrease with
decreasing lignin content of the entering pulp, and can be further reduced by gradually
substituting chlorine dioxide for chlorine or increasing the use of oxygen-based bleaching
reagents. Vertaet al. (1994) determined average toxicity indices for the effluents from
various types of bleaching process and concluded that the most toxic effluent arose from
conventional bleaching, with an index of 0.88, while the figures for ECF and TCF
effluents were 0.67 and 0.63, respectively. The toxicity index of the effluent could be
lowered to 0.02 by activated sludge plant treatment. Kovacset al. (1995) examined also
the toxicity of effluent arising from ECF and TCF bleaching and concluted that none of
the effluents tested were found to be highly toxic, while TCF effluent was somewhat less
toxic than ECF effluent. Nevertheless, after secondary treatment the differences between
the toxicity of ECF and TCF effluents were insignificant. Lehtinen (1992) concluted that
various ecotoxicological studies using pure natural substances occurring in the wood raw
material, group of substances or whole mill effluents give no evidence that chlorinated
substances are any more hazardous than non-chlorinated ones. However, the possible
toxicity problem of effluent arising from various types of bleach plants of kraft pulp mills
can be eventually avoided by closing up the water circulation system.



3. The role of certain ions in kraft pulp bleaching

As discussed earlier in Section 2.3., effluent discharge from bleaching can be minimised
by leading the alkaline filtrates to the recovery cycle and treating the acidic filtrates in an
appropriate way before recycling. If this treating is insufficient, it will lead to an
accumulation of organic and inorganic matter in the process water, and therefore in the
pulp suspension including certain ions which may cause unexpected problems in
bleaching.

This Chapter describes determination of the maximum acceptable levels of certain
cations such as Fe2+, Mn2+, Cu2+, Mg2+, Ca2+ and K+, and the SiO3

2- anion in the process
water, using existing knowledge and laboratory tests performed at the acidic peracetic
acid and chlorine dioxide stages. The information obtained will be used later in this work
as a basis for selecting an external purification method for acidic effluent. In addition,
laboratory tests were performed at the first alkaline stage in order to ascertain the
behaviour of added ions in the following chlorine dioxide stage.

In order to understand the behaviour of certain common ions in bleaching, the
structure of fibres with certain surface properties, the hydrolysis of ions and the properties
of pulp suspensions also have to be taken into account.

3.1. Structure and surface properties of pulp fibres

Woody fibres are formed as a consequence of the evolution of wood cells, at the end of
which the softwood cells, or longitudinal tracheids, which represent 90-95% of all cells,
die and form long, woody fibres with a hollow structure, closed ends and bordered pits
(Ilvessalo-Pfäffli 1977). Typical average dimensions for the fibres of Nordic softwoods
are length of 3.4 mm (1.8-4.5 mm) and width of 35µm (14-46 µm) for pine (Pinus
sylvestris) and 3.4 mm (1.1-6.0 mm) and 31µm (21-40µm) for Norway spruce (Picea
abies), respectively (Ilvessalo-Pfäffli 1995). A simplified structure of the cell wall of a
woody fibre with several layers is presented in Fig. 7.
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Fig. 7. Simplified structure of a woody cell (Ilvessalo-Pfäffli 1977).

A highly lignified middle lamella (M) (Fig. 7) is located between the cells and serves
the function of binding the cells together. According to Sjöström (1993) its thickness,
except at the cell corners, is 0.2-1.0µm. The primary wall (P) is a thin layer, 0.1-0.2µm,
consisting of cellulose, hemicelluloses, pectin and protein and is completely embedded in
lignin. The secondary wall consists of three layers: a thin outer layer (S1, 0.2-0.3µm) and
thin inner layer (S3, 0.1 µm) and a thick middle layer (S2, 1-5 µm), which is the most
valuable because it contains the most cellulose, but also lignin and hemicellulose. The
warty layer (W) is a thin amorphous membrane located in the inner surface of the cell
wall in all conifers, containing warty deposits of a still unknown composition. The cell
wall also includes pits, which are recesses in the trough of the cell wall and function
laterally as liquids pass from one cell to the next.

In the pulping process the wood cells (fibres) are separated from one another by
removing the middle lamella from their structure. At the same time the lignin inside the
cell wall is also released, leading to a swelling of the wall and an increase in the number
of pores in this layer. Pulping also alters the surface properties of the fibres by increasing
negatively charged groups in the cell wall such as carboxyl, phenolic, alcoholic and
hemiacetal groups, which can act as cation exchangers according to the following formula
(Eklund & Lindström 1991):

++++ +−↔+− MNFibreNMFibre (1)

where M+ is counterion to the cation exhanger and
N+ counterion to the cation exhanger.

The number of charged groups may vary from about 5 to 500 mmol/kg of fibre
(Eklund & Lindström 1991), implying that different fibres have widely different affinities
to positively charged chemical additives. The pKa value of the charged groups in the cell
wall of a fibre is also closely dependent on the current hydrogen ion concentration,
increasing with an increasing degree of dissociation of the charged groups.
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The formed pores in pulping, already existing pits and surface properties of the fibre,
together with the water in the pulp suspension, also play an important role in bleaching.
The water can occur in different parts of the fibre network in a pulp suspension, e.g.
between fibres, between fibrils on the fibre surface, in the lumen and in the cell wall
(Eklund & Lindström 1991). Since the pulp suspension in bleaching consists mostly of
water, the hydrolysis reactions of ions will also play an important role in bleaching.

3.2. Hydrolysis of ions

Hydrolysis reactions are common to most cations, as most metal atoms form strong bonds
with oxygen, and OH- ligands are always present in water. Only the hydrolysis of iron will
be discussed in detail here, as this is a very common cation in pulp suspensions and is
known to cause serious problems in bleaching. The simplified reactions and formula for
the hydrolysis of metals can be written as follows (Baes & Mesmer1976):

+−−+ ↔+ )yxz(
yx

z )OH(MeyOHxMe (2)

where Mez+ is hydrolysable cation,
OH- hydroxide ion,
x denote the number of cations (Mez+) and
y denote the apparent number of OH- ions.

Iron ions can commonly be in both +II and +III oxidation states and form numerous
complexes with a variety of ligands, and also chloride. Fe(II) ions in pure aqueous
solution are easily oxidised to Fe(III) ions, however, which hydrolyse much more readily
than ferrous ion. Thus under acidic conditions such as prevail in acidic bleaching, all the
free iron ions present in the pulp suspension can be assumed to be in ferric form, Fe(III).

As seen in Fig. 8, ferric ions can form various species of hydroxide complexes, the
solubility of which will be greatly dependent on the pH of the solution and the
concentration of ferric ions. The various soluble species formed are mainly colourless, but
there may also be some coloured ones. Ferric ions, for example, can also form coloured
octahedral complexes such as purple hexaaquo ions, Fe(H2O)6

2+, or yellow ones such as
Fe(H2O)5OH2+ (Baes & Mesmer 1976).
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Fig. 8. Distribution of hydrolysis products (x,y) at I=1 m and 25oC in (a) 0.1 m Fe(III), (b) 10-

5 m Fe(III), and (c) solution saturated with αααα-FeO(OH) (Baes & Mesmer 1976).

Fe(III) ions can also form precipitated ferric hydroxide,α-FeO(OH), in aquatic
solution. The rate of formation of this stable specie is very slow(Baes & Mesmer 1976),
however, so that in bleaching, where delays last from some minutes to a few hours, the
formation of amorphous Fe(OH)3 is more likely, if the circumstances are advantageous.
As seen in Fig. 9, the higher the concentration of Fe(III) ions in an aquatic solution, the
lower the concentration of hydrogen ions will be needed to precipitate the amorphous
Fe(OH)3 complex. With an iron(III) concentration of 5 ppm, for example, this complex
can be formed at a pH of about 3.5.

Fig. 9. Solubility of amorphous Fe(OH)3 (Stumm & Morgan 1981).
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The solubility of ions in an equilibrium can be estimated if the conventional solubility
product and actual ion activity product are known. For instance, if a pure solid hydroxide
is in equilibrium with free ions in an aquatic solution as follows:

( ) )()()()( 2 aqrOHaqqMelOnHsOHMe r
rq

−+ +↔+ (3)

the conventional solubility product (KS) is given by

( ) ( )
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−+
= (4)

where a is activity of the component.

The activity of ions in weak solutions is equal to their concentration, and the activity
of the solvent and solid material are 1, so that the conventional solubility product can also
be written as follows:

rqr
S OHMeK ][][ −+= (5)

The actual ion activity product, which indicates only temporary concentrations of ions
in solution, can be calculated if the exact concentrations of both ions are known. The
ionic product is given by

rqr
I OHMeK ][][ −+= (6)

The state of saturation of a solution with respect to a solid is defined as KI > KS

(oversaturated), KI = KS (equilibrium) and KI > KS (undersaturated), although solubility
can also be expressed in terms of a reaction with protons (see Figs. 8 and 9). Then the
solubility equilibrium can be characterised as follows (Stumm & Morgan 1981):

[ ]
[ ]r

r

S
H

Me
'K

+

+
= (7)

The definitions of the solubility equilibrium contained in Eqs. (5) and (6) are
interrelated. For Meq(OH)r the following general equation obtains:

w

S
S K

K
'K = (8)

where Kw is the ion product of water.
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When the constants for solubility equilibria are known, the following equation can be
written as a function of pH:

[ ] rpH'KlogMelog S
r −=+ (9)

Using Eg. (8), we can rewrite (9) as

[ ] rpHrpKKlogMelog wS
r −+=+ (10)

Equation (10) can be used to plot curves for the solubility of hydroxides and oxides,
as seen in Fig. 10.

Fig. 10. Solubility of certain oxides and hydroxides. Free metal-ion concentration in
equilibrium with solid oxides or hydroxides (Stumm & Morgan 1981).

Figure 10 shows that at least Fe(III) and Cu(II) ions can form insoluble complexes in the
pH range 2-5 which normally prevails in the acidic stages of kraft pulp bleaching, while
most cations can form insoluble complexes at pH over 10.5, which typically prevails in
the alkaline stages.

The behaviour of the silicate anion in aquatic solution is quite different than cations.
At its simplest, this behaviour can be evaluated (Fig. 11), which indicates the solubility of
amorphous silica as afunction of pH. Amorphous silica dissolves in water as a
monomeric silica when the pH of the solution is less than 9 and as a silicate anion when
the pH is over 9 (Jones & Handreck 1963).
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Fig. 11. Solubility of amorphous silica as a function of pH at temperatures of 20–30oC (Iler
1979).

Figure 11 indicates that at pH 2-5, which prevails at the most acidic stages in kraft
pulp bleaching, soluble monomeric silica can be formed in aquatic solution if the
concentration of amorphous silica is lower than 150 ppm when the pH is about 2. When
the pH is about 5 the concentration limit is correspondingly about 120 ppm. At pH over
10.5, which typically prevails in the alkaline stages, all the amorphous silica is likely to
form a soluble silicate anion. The solubility of amorphous silica will increase with
increasing temperature (Iler 1979).

The behaviour of chemical reactions in aquatic solutions can also be examined in
terms of thermodynamics, which shows that the change of Gibbs energy is dependent on
the concentration of certain components. Using thermodynamics, equation (3) in an
equilibrium can be written as follows (Laitinen & Toivonen 1987):
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where ∆G is change in the Gibbs energy,
∆Go change in the Gibbs energy of the system in steady state,
R gas constant and
T temperature.

When the reaction is in equilibrium,∆G is zero. If ∆G > 0, a precipitate will be
formed, and if∆G < 0 the precipitate will dissolve.
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In addition to pH, ion concentration and temperature, the quantities of other ions
present, complex formation (Figs. 8 and 9) and the sizes of the crystals have also
influence hydrolysis reactions and have to be considered in an evaluation of complete
solubility. For these reasons, the exact prediction of ion precipitation by means of the
conventional solubility product and actual ion activity product or the thermodynamic
approach is quite complicated in practice. As far as pulp bleaching is concerned, the
situation is more complicated due to additional reagents with their residuals, the
dissolving of organic and inorganic substances from the wood and the affinities of the
fibres themselves.

3.3. Ions in a pulp suspension

The cations in a pulp suspension (fibres and surrounding water) can be of different
origins, but the wood is the major input source. The total quantities of ions in a pulp
suspension are dependent on the species of wood, the soil and the age of the tree, and also
on the chemicals used in pulping and bleaching, the quality of the process water and the
degree of corrosion of the equipment (Chirat & Lachenal 1997b).

According to Sjöström (1993), metals in a pulp suspension are partially bound to the
carboxyl groups present in xylan and pectins, or, in the case of transition metals, held by
the forces complexing the wood constituents or existing as free ions in the water. Such
metals can easily be displaced and washed out of the suspension, as described in Section
3.3.2., but some metal salts are only soluble to a limited extent or are present in
inaccessible regions in the fibre. Thus the pulp suspension after various bleaching and
washing phases, and also the final pulp, will usually contain greater or lesser amounts of
inorganic impurities.

The amounts of metals present in the fibres are usually measured from the ash, which
originates mainly from a variety of salts deposited in the cell walls and lumina. The
amounts of inorganic matter measured as ash in the wood seldom exceed 1% of the dry
weight of the wood (Sjöström 1993). Typical deposits are various metal salts, such as
carbonates, silicates, oxalates and phosphates. The most abundant cation in pulp
suspension is calcium, followed by magnesium and potassium, while the minor ones are
iron, manganese, copper and the other transition metals, as seen in Table 5. The amounts
of sodium and chloride ions in fibres are greatly dependent on the bleaching reagent used.
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Table 5. Cation content of several pulps (ppm) from different mills and places (Dence &
Reeve 1996, Basta et al. 1995, Hill et al. 1992).

Pulp type Mn Fe Cu K Ca Mg Na
Loblolly pine kraft 20 49 66 <50 2470 465 <50
Softwood,a 86-210 3-25 1-2 - - 200-300 -
Softwood,b 40-100 4-15 <1 - - 250-550 -
Softwood,a 71 24 2.8 - 2170 374 -
Pine Kraft 73 33 1 - - - -

a After cooking andb after oxygen/alkali-delignification. - not given.

Although the quantities of cations in pulp suspension can be easily measured, no detailed
information is available on their oxidation state, their distribution in the whole pulp
suspension, or the character of their bonds with the pulp or dissolved organic substances.
Thus our existing knowledge of the behaviour of cations in bleaching is mainly empirical.

3.3.1. Effect of ions on the bleaching of pulp

Various laboratory and mill-scale tests have been performed to find out the effect of
cations contained in the pulp suspension on the bleaching of pulp. Most of the research
has nevertheless been focused mainly on oxygen-based bleaching, and therefore the
behaviour of ions in oxygen itself, hydrogen peroxide and ozone is quite well known but
their effects on certain acidic stages of the bleaching process, such as chlorine dioxide or
peracetic acid, are not so well understood. The main reasons are the relatively small
amounts of harmful ions present in pulp suspensions today and the good selectivity of the
reagents themselves at the low operative pH used in bleaching. The following survey of
the literature on the behaviour of certain ions in bleaching applies only to softwood kraft
pulp. In the most cases the concentration of ions in the pulp suspension is not directly
indicated, so that exact values have had to be calculated from the published data.

It is well known that transition metal ions such as iron, copper and manganese
increase the rate of decomposition of hydrogen peroxide. This decomposition is a radical
process in which hydrogen peroxide reacts with metal ions and leads to the formation of
hydroxyl and other radicals (Ni Yet al.(1994). Hobbs & Abbot (1992), Ni Yet al.
(1994), Giereret al. (1993) and Chirat & Lachenal (1997a) explain that the hydroxyl
radical easily reacts with carbohydrates, causing their depolymerisation. Thus transition
metal ions not only consume the bleaching agent but also detract from the selectivity of
the oxygen-based bleaching stage. Gellerstedt & Pettersson (1982) reported that selective
removal of manganese and iron from the pulp increased brightness, lowered the kappa
number and reduced reagent consumption. They reduced the concentration of manganese
in the pulp suspension from 12.7 to 2.6 ppm and that of iron from 4.8 to 2.8 ppm.
Transition metal ions from the alkali or the water itself, as well as residual metals
remaining in the pulp after chelation, can induce catalytic decomposition of peroxide,
giving a catalytic activity order for the transition metal ions in pulp suspension of iron >
manganese > copper, while the order in the absence of pulp was manganese > copper >
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iron (Brown & Abbot 1995). Smith & McDonough (1985) obtained similar results with a
combination of a synthetic organic compound, metal ions and peroxide in a pulp
suspension, while Lachenalet al. (1996) showed that the addition of copper(II), iron(II)
and iron(III) ions at the peroxide stage increased reagent consumption and reduced
viscosity, brightness and the delignification rate. These effects were a consequence of the
decomposition of peroxide to radical species, while the addition of manganese(II) ions
did not reduce viscosity, indicating that no radicals were formed. The lowest harmful
amounts of added ions in the pulp suspension were 0.5 ppm for copper(II), 1 ppm for
manganese(II) and 2 ppm for iron(II) and iron(III). Although removing the transition
metals improves pulp properties, it alters the reaction kinetics of the peroxide stage
significantly by retarding the reactions between lignin and hydrogen peroxide (Hobbs &
Abbot 1991).

Transition metal ions also affect oxygen and ozone bleaching. Landucci & Sanyer
(1975) reported that manganese ions specifically accelerate lignin oxidation in oxygen
delignification, and are therefore a useful additive, while copper ions catalyse the rapid
degradation of both lignin and carbohydrates and iron ions catalyse only carbohydrate
degradation. The amount of ions added in each case was 15 ppm in the pulp suspension.
Lachenalet al. (1997) demonstrate that the addition of 10 ppm iron(II), copper(II) or
manganese(II) to a pulp suspension reduced the viscosity and brightness of the pulp in
oxygen delignification. Chirat & Lachenal (1994, 1997a) observed that quite small
additions of iron(II) and copper(II) ions, 3 ppm in the pulp suspension, caused a dramatic
loss of viscosity during ozone bleaching, while no negative effect was observed after
adding a similar concentration of manganese(II). These effects were connected with the
formation of hydroxyl radicals due to spontaneous production of a large amount of
peroxide during ozone bleaching. Thus the differences in behaviour between the ions can
be explained by the mechanisms proposed earlier by Lachenalet al. (1996). Parthasarathy
& Peterson (1990) reported that the order of effective decomposition for ozone is:
cobalt(II) > iron(II) > iron(III) > manganese(II) > copper(II). For the reasons mentioned
above, the selectivity of oxygen and ozone bleaching can be improved by removing
transition metals before bleaching, as concluded by Thompson & Corbett (1976), Süsset
al. (1989) and Parthasarathy & Peterson (1990).

Metal management is not so critical in peracetic acid bleaching, and the stage has
successfully been performed both with metal removal, e.g., by Devensyset al. (1993) and
Bastaet al. (1995), and without, by Hill et al. (1992) and Liebergott (1994). Nevertheless,
manganese, copper, iron and cobalt ions are all known to accelerate the decomposition of
peracetic acid in aqueous solutions even at low temperatures, yielding compounds such as
ethanol, carbon dioxide, carbon monoxide, acetic acid and oxygen (Klenk et al. 1991).
This decomposition proceeds by a chain radical mechanism. In alkaline solutions,
peracetic acid is rapidly hydrolysed to the sodium salt of acetic acid and hydrogen
peroxide, a reaction that is accelerated by magnesium salts (Swern 1970). Chiratet al.
(1997b) have shown that distilled peracetic acid generates hydroxyl radicals as well when
iron ions are present, but the exact source of radicals, directly from peracetic acid or via
the liberated hydrogen peroxide, is stillunknown.

Lachenalet al. (1998) report that the addition of iron(II) ions during chlorine dioxide
bleaching reduces the viscosity of the pulp, possibly due to the formation of Cl• radicals.



45

They also suggest that the origin of the Cl• could be either reaction (12) or reaction (13).
The concentration of iron(II) ions added was about 50 ppm in the D stage.

HClO2 + ClO• ÿ HClO3 + Cl• (12)
HOCl + Fe2+ÿ Cl• + OH- + Fe3+ (13)

In spite of the harmful effects of transition metals, certain ions have been reported to
be useful additives in oxygen-based alkaline kraft pulp bleaching. Alkali-earth metal
compounds, e.g., magnesium and calcium compounds, and silicate anions, are known to
retard the degradation of alkaline oxygen-based chemicals. These compounds may form
complexes which prevent the reaction between transition metals and the bleaching reagent
and may act as scavengers for hydroxyl radicals, as proposed by Zeronian & Inglesby
(1995) and Abbot (1991). However, the exact mechanisms of this stabilisation are not
well understood (Dence & Reeve 1996). Bouchardet al. (1995) and Axegårdet al.
(1996) propose that there may be an optimum amount of magnesium that should be
present at the alkaline peroxide stage, and any shortfall or excess will detract from the
properties of the pulp. Bastaet al. (1991) concluded that pulp having low levels of
transition metals and a high level of alkali earth metals (magnesium) will give much better
results in peroxide bleaching in terms of delignification, brightness and viscosity.

3.3.2. Removal of ions from the pulp suspension

To remove harmful transition metal ions or achieve the optimal balance between
transition metal and alkali-earth metal ions, the pulp has to be pre-treated in an
appropriate way before bleaching. This can be done using chelating agents, such as DTPA
and EDTA, acidic treatment or selective acidic hydrolysis of hexenuronic groups (Tables
6 and 7).

Table 6. Manganese, iron and magnesium content (ppm) of softwood kraft pulp (SW) and
oxygen/alkali-delignified softwood kraft pulp (SW-O2) before and after chelation or acid
treatment (Bouchart et al. 1995).

Treatment Manganese Iron Magnesium
SW SW-O2 SW SW-O2 SW SW-O2

Initial 246 84 52 30 - 250
Q 11 8 32 17 - 183
A(pH 5.0) - 60 - 24 - 163
A(pH 3.0) 8 15 23 21 - 42
A(pH 1.5) 6 1.5 24 18 - 8

- not given.

As indicated in Table 6, the amounts of transition metals remaining after both
treatments are approximately the same, whereas the amount of alkali-earth metals is much



46

higher after chelation than after acid washing. Table 6 also demonstrates that the lower
the pH at the A stage, the higher the removal of cations that can be achieved. The amount
of magnesium remaining after chelating is sufficient to ensure itsprotective role, whereas
some magnesium has to be added at the peroxide stage after acid washing and the Mg/Mn
weight ratio on pulp should be set over 30 to sufficiently suppress wasteful side reactions
(Devenynset al.1994).

Bouchardet al. (1995) reported no difference in metal removal efficiency between the
acids used in the acidic treatment (H2SO4, HNO3 and HCl), given the same pH. For this
reason, Lapierreet al. (1996) concluded that the pH of the solution is the main
determinant of the degree of metal removal, either through increased solubility of metal
salts adsorbed on the fibres or through more complete ion exchange (H+ from solution
exchange with metals from the pulp), while the use of chelating agents was based on the
fact that these have a higher affinities for metals than the pulp itself.

The selective hydrolysis of hexenuronic acid (HexA) groups is one of the latest
introductions for controlling cation profiles in a kraft pulp suspension. It differs from
ordinary acidic treatment in its milder acidic conditions and higher reaction temperature.
A major proportion of the HexA groups formed during kraft pulping are attributable to
the conversion of 4-O-methylglucuronic acid groups of native wood xylans (Telemanet
al. 1995). HexA groups dominate the chelating ability of kraft pulps, and therefore their
removal reduces the chelating ability of the pulp to the level determined by the remaining
glucuronic acids (Devenyns & Chauveheid 1998). Telemanet al. (1996) have shown that
during selective acid hydrolysis the HexA groups were removed from the fibre and
thereby reducing the negative charges in the fibre. Buchertet al. (1995) reported that
HexA groups are unreactive under alkaline conditions, such as prevail in the oxygen and
peroxide stages, but reactive under acidic bleaching conditions, where electrophilic
bleaching reagents such as chlorine, chlorine dioxide, ozone and peracids are used,
causing mainly additional reagent consumption. The other benefits of selective hydrolysis
apart from lower reagent consumption (Vuorinenet al. 1996) are decreases in post-
yellowing of the pulp, oxalic acid formation and the kappa number and better selectivity.
As seen in Table 7, selective hydrolysis removed manganese ions as effectively as did
EDTA and DTPA, and unlike these chelators it removed the majority of the magnesium
ions as well. No difference in iron removal efficiency was found between chelating and
selective hydrolysis treatment, however, where oxygen-delignified kraft pulp was
concerned.
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Table 7. Effects of complexing with EDTA or DTPA and selective hydrolysis of
hexenuronic acid groups on the metal ion content (ppm) of softwood kraft pulp (Vuorinen
et al. 1996).

Mn Fe Cu Mg
Softwood pulp I 37 22 6.5 -
Q(EDTA) 1.8 21 0.9 -
A 2.4 11 5.7 -
AQ(EDTA) 0.2 10 1.3 -
O2-Softwood pulp II 7.6 57 4.3 692
OQ(DTPA) 1.6 35 5.8 554
OA 2.1 33 5.0 128

- not given.

Although the basic reaction mechanism of selective acid hydrolysis is well
understood, arguments for the exact mechanism of binding between HexA or other
negatively charged compounds in fibres and cations are still lacking, even though two
main mechanisms, one via electrical forces and the other via chemical bonds, have been
proposed at least by Devenyns & Plumet (1994).

3.4. Experimental part

The purpose of the following experimental part was to examine the effects of certain
cations and the silicate anion on chlorine dioxide and peracetic acid bleaching and alkali
extraction, mainly with respect to various pulp properties and to reagent consumption,
and to determine the maximum acceptable levels of these in the process water and the
whole pulp suspension.

3.4.1. Preliminary treatment of pulp

The pulp used in the laboratory experiments was obtained from a mill which produces
batch-cooked, oxygen/alkali-delignified, fully bleached softwood kraft pulp using the
bleaching sequence Do-E1-D1-D2. The pulp for the Do or peracetic acid tests was taken
from the oxygen stage at the mill, that for the E1 tests from the Do stage, that for the D1
tests from the E1 stage and that for the D2 test from the D1 stage. The samples were pre-
treated carefully by the following method in 200 g (oven-dry) batches before laboratory
bleaching to eliminate carry-over.
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The pulp was first diluted to 2% with de-ionised water and then filtered to a
consistency of 20%. After washing twice with 10 times the amount of water and filtering
to 20% consistency between these two washings, the pulp was finally centrifuged to 35%
consistency, packed hermetically and stored in a refrigerator to ensure consistent quality
during the tests. The initial properties and the element concentrations of the pulps after
the preliminary treatment are shown in Table 8.

Table 8. Main properties and initial element concentrations of the various pulps after
preliminary treatment (Dahl et al. 1997b, 1998d, 1998b, 1998e).

O D0 E1 D1

Kappa number 11.9 8.8 2.9 n.m.
Brightness, ISO% 36.4 56.4 73.3 86.4
Carry over as COD, kg/ODt <1 <1 <1 <1
Viscosity, dm3/kg 850 864 n.m. n.m.
Ca, ppm 1400 81 79 85
Mg, ppm 250 21 43 48
Na, ppm 510 230 1200 220
K, ppm 95 41 24 18
Si, ppm <120 <220 <100 <100
Fe, ppm 16 <11 7.8 39
Cu, ppm 1.3 <5.5 1.0 8.4
Mn, ppm 28 5.5 2.9 2.9

n.m not measured.

3.4.2. Bleaching procedure and laboratory analyses

The pulp was placed in a plastic bag and its exact consistency regulated to 10% with de-
ionised water heated to 60°C in a water bath after the addition of the element solution and
chlorine dioxide or peracetic acid solution. The prescribed amounts of the elements for
each test were added separately as solutions of FeSO4, MnSO4, CuSO4, K2SO4, Ca(NO3)2

or CaCl2, MgSO4 or Na2SiO3. The pulp was then mixed thoroughly for five minutes.
Finally, the plastic bag was placed in the water bath. After the given reaction time, a
sample of the filtrate was taken to determine residual bleaching reagents and final pH.
Residual element concentration was measured from the effluent after dilution and
filtration as described below. After the bleaching stage, the pulp was diluted from 10% to
4% consistency, filtered to 20% consistency and a sample of the effluent was taken to
determine the residual of the added ions. After that the pulp was washed twice with 10
times its own weight of de-ionised water. The bleaching conditions observed in the
various laboratory tests are shown in Table 9.



49

Table 9. Bleaching conditions and the dose of added ions in the chlorine dioxide stages,
peracetic acid stage and the first alkali stage (Dahl et al. 1997b, 1998d, 1998e &
1998b).

Do Paa E1 D1 D2

Consistency, % 10 10 10 10 10
Temperature,oC 60 80 75 75 75
Reaction time, min 45 80 120 180 180
pH 2 4-5 10-11 3-5 3-5
Pressure, bar 1.0 1.0 1.0 1.0 1.0
Amount of pulp, g OD 50 50 50 50 100
ClO2, % on ODa pulp 3.5 n.a. n.a. 1.0 0.75
NaOH, % on OD pulp n.a. n.a. 1.0 0.15 0.1
H2SO4, % on OD pulp 0.2 n.a. n.a. n.a. n.a.
Paa, % on OD pulp n.a. 1.5 n.a. n.a. n.a.
Fe2+, % on OD pulp 0.005/

0.025/0.05
0.005/

0.01/0.05
0.003/

0.006/0.03
0.005/

0.01/0.05
0.005/

0.01/0.05
Cu2+, % on OD pulp 0.005/

0.025/0.05
0.005/

0.01/0.05
0.005/

0.01/0.05
0.005/

0.01/0.05
0.005/

0.01/0.05
Mn2+, % on OD pulp 0.005/

0.025/0.05
0.005/

0.01/0.05
0.005/

0.01/0.05
0.005/

0.01/0.05
0.005/

0.01/0.05
Mg2+, % on OD pulp n.a. 0.05/

0.1/0.5
0.05/

0.1/0.5
0.05/

0.1/0.5
n.a.

K+, % on OD pulp n.a. 0.02/
0.1/0.5

0.02/
0.1/0.5

0.02/
0.1/0.2

n.a.

SiO3
2-, % on OD pulp n.a. 0.02/

0.1/0.5
0.02/

0.1/0.5
0.02/

0.1/0.5
n.a.

Ca2+, % on OD pulp n.a. 0.1/
0.5/1.5

0.15/
0.75/1.5

0.15/
0.75/1.5

n.a.

a as equivalent chlorine, n.a. not added.

The chlorine dioxide used in the tests was prepared by the Mathieson technique and
the residual chemicals measured by the methods described by Wartiovaara (1982). The
distilled peracetic acid used in the test was manufactured by Kemira Chemical Co. and
diluted to a concentration of 10% before introduction into the bleaching process. Residual
peracetic acid was measured by the methods described by Greenspan & MacKellar
(1948). The pulp and filtrate tests were carried out by the following methods: kappa
number by SCAN-CM 15:88, viscosity by SCAN-C 1:77, brightness by SCAN-C11:75,
fibre length with a Kajaani FSA fibre length analyser and residual ions with an atomic
absorption spectrophotometer. The initial pulp element content was assessed by SCAN-
CM 38:87. Boron hydride viscosity, when needed, was measured by SCAN-C 1:77 after a
pre-treatment in which the pulp was first diluted to 2%, after which 3% sodium boron
hydride (ODt) was added and the pulp was washed with de-ionised water after a 24-hour
retention time. The treatment temperature was 20oC.
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3.5 Results and discussion

The pulp properties were mainly evaluated in terms of brightness and viscosity, since
these analyses are quite common in the pulp industry, they are easy to measure and they
cover both the visual and technical characteristics of the pulp sufficiently well. The load
of added ions in the pulp suspension was evaluated by measuring their amount relative to
that of ions in the effluent discharge.

3.5.1. Effect of added ions on bleaching in the peracetic acid stage

The decrease in brightness with increased Cu2+ or Fe2+ ion concentration is shown in Fig.
12. This amounted to 2% ISO at a Fe2+ ion concentration of 5 mg/l in the peracetic acid
stage and about 1% ISO at 5 mg/l Cu2+ ions, while the Mn2+ ion concentration had no
effect on brightness in the peracetic acid stage. The reason for the brightness loss when
Cu2+ or iron Fe2+ ions were added can mainly be explained by exhaustion of the bleaching
reagent, as seen in Table 10. This may indicate that peracetic acid in the presence of Cu2+

and Fe2+ ions generates hydroxyl radicals, which are ineffective for pulp brightening, as
proposed by Chiratet al. (1997b). Another reason could be the formation of coloured iron
or copper complexes between certain ligands present in the pulp suspension. From a
theoretical point of view, Fe2+ ions can oxidise to Fe3+ ions and then form colourful
complexes such as hydroxide under the circumstances that prevail in peracetic acid
bleaching.
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Fig. 12. Effects of additions of Mn2+, Cu2+ or Fe2+ ions at the Paa stage on the brightness of an
oxygen-delignified softwood kraft pulp (Dahl et al. 1997b). Dotted lines indicate the standard
deviation for brightness.
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Dahl et al. (1997b) also found that the addition of various amounts of magnesium,
potassium, calcium or silicate ions in the peracetic acid stages had no detrimental effect
on brightness. The increased brightness achieved when a large amount of silicate was
added was presumed to be a consequence of the higher final optimal pH of the stage.

As indicated by the curves in Fig. 13, viscosity was found to decrease markedly in
relation to the increase in Cu2+ or Fe2+ ion concentration. The loss of viscosity was 200
dm3/kg at a Fe2+ ion concentration of 5 mg/l, while an equal Cu2+ concentration reduced it
by 100 units. The same effect, but less pronounced, was observed when boron hydride
(Bo) viscosity was measured. These results illustrate that the depolymerisation of
carbohydrates is real and may take place via the formation of hydroxyl radicals in the
presence of copper or iron during peracetic acid bleaching. Since the concentration of
Mn2+ ions had no effect on either viscosity or boron hydride viscosity at the peracetic acid
stage, it can be assumed that no radical reaction occurs in the presence of manganese. No
clear explanation was found for the lower viscosity loss (Fig 14), when K+ or SiO3

2- ions
were added during peracetic acid bleaching
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Fig. 13. Effects of additions of Mn2+, Cu2+ or Fe2+ at the Paa stage on the viscosity of an
oxygen-delignified softwood kraft pulp (Dahl et al. 1997b). Bo denote theboron hydride
treatment. Dotted lines indicate the standard deviation for brightness.
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Fig. 14. Effects of additions of Mg2+, SiO3
2-, K+ or Ca2+ at the Paa stage on the viscosity of an

oxygen-delignified softwood kraft pulp (Dahl et al. 1997b). Bo denote theboron hydride
treatment. Dotted lines indicate the standard deviation for brightness.

As indicated in Table 10, all the reagent was consumed in the reaction when the
concentration of Fe2+ or Cu2+ ions was 5 mg/l or more, whereas a Mn2+ ion concentration
of less than 10 mg/l had no effect. Table 10 also shows that reagent consumption
increased markedly when the concentration of K+ or SiO3

2- ions was 20 mg/l or more,
whereas Mg2+ and Ca2+ ions had no effect on reagent consumption at the peracetic acid
stage. The effects of added Fe2+, Cu2+ or Mn2+ ions on reagent consumption can be
explained by possible formation or non-formation of hydroxyl radicals. No clear
explanation was found for the higher reagent consumption when K+ or SiO3

2- ions were
added in peracetic acid bleaching.

Table 10. Effects of ion additions on reagent consumption and final pH at the peracetic
acid stage (Dahl et al. 1997b). Reagent consumption (kg/ODt) and final pH without the
addition of ions were, respectively, 11.6±1.7 and 4.0±0.1.

Mn2+ ions (5/10/50 mg/l) addition 11.4 (3.9) / 11.6 (3.6) / 13.7 (3.3)
Cu2+ ions (5/10/50 mg/l) addition 14.9 (4.0) / 14.9 (4.0) / 14.9 (4.0)
Fe2+ ions (5/10/50 mg/l) addition 14.8 (3.9) / 14.9 (3.9) / 14.9 (3.9)
Mg2+ ions (50/100/500 mg/l) addition 11.4 (3.9) / 11.0 (3.9) / 11.0 (3.9)
SiO3

2- ions (20/100/500 mg/l) addition 14.0 (4.1) / 13.1 (4.3) / 14.2 (5.1)
K+ ions (20/100/500 mg/l) addition 13.3 (4.0) / 13.6 (4.1) / 13.8 (4.1)
Ca2+ ions (100/500/1500 mg/l) addition 11.1 (4.0) / 11.4 (3.9) / 12.1 (3.8)

As indicated in Table 11, the more Mn2+ or Fe2+ ions were added, the higher was the
Mn2+ or Fe2+ concentration of the effluent, whereas this effect was not observed with
additions of Cu2+, Mg2+, SiO3

2-, K+ or Ca2+ ions. It was noted, however, that nearly all the
inhibitors added were washed out of the pulp into the effluent, whereas the transition
metals seemed to remain in the residual pulp. These effects are probably a consequence of
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the higher affinity of transition metals for pulp than of inhbitors in the form of either pure
ions or possible hydroxide complexes.

Table 11. Effects of certain ion additions on the ion concentration as a percentage of the
effluent feed after the Paa stage (Dahl et al. 1997b). Initial element concentrations in the
oxygen-delignified softwood kraft pulp are listed in Table 8.

Mn2+ ions (5/10/50 mg/l) addition 34 / 48 / 63
Cu2+ ions (5/10/50 mg/l) addition 43 / 36 / 39
Fe2+ ions (5/10/50 mg/l) addition 48 / 53 / 59
Mg2+ ions (50/100/500 mg/l) addition 101 / 91 / 93
SiO3

2- ions (20/100/500 mg/l) addition 120 / 130 / 119
K+ ions (20/100/500 mg/l) addition 73 / 91 / 92
Ca2+ ions (100/500/1500 mg/l) addition 80 / 95 / 95

3.5.2. Effect of added ions on bleaching in the chlorine dioxide stage

The clear decrease in brightness with increased Fe2+ ion concentration in the D1 stage is
shown in Fig. 15 and that observed with increased Mn2+ and Fe2+ ion concentrations in the
D2 stage (Fig. 16). An addition of Cu2+ ions reduced brightness only in the D1 stage and at
a very high concentration. The detrimental effects of added ions on pulp brightness
cannot be attributed directly to exhaustion of the bleaching reagent in the D1 stage,
because the reagents were totally consumed even without any addition of ions. However,
the addition of manganese ions in the D2 stage clearly increased reagent consumption,
while additions of Fe2+ and Cu2+ ions had no such effect at all, as seen in Table 12. This
may indicate that manganese ions can decompose chlorine dioxide to non-reactive
chlorate or chlorite ions under acidic conditions. These reactions will increase reagent
consumption and therefore reduce pulp brightness. Since the decrease in brightness after
Fe2+ addition cannot be explained by exhaustion of the bleaching chemical, it is
presumable that at least some formation of coloured complexes takes place during
bleaching.

Dahl et al. (1998b) also reported that additions of K+, Ca2+ and Mg2+ ions in the D1

stage have no clear effect on pulp brightness even at high ion concentrations. The
detrimental effects of silicate ions on brightness was explained by the alkalinity of the
added solution itself, which increased the final pH of the chlorine dioxide bleaching,
causing disproportionation of chlorine dioxide into insufficient chlorate and chlorite
causing a poor brightness improvement in the pulp. Dahlet al. (1998b) also concluded
that the detrimental impacts of silicate ions can be reduced or totally avoided by
controlling the final pH of the D1 stage to an optimum level of 3 to 4.
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Fig. 15. Effects of additions of Fe2+, Cu2+ and Mn2+ ions at the D1 stage on the brightness of
softwood kraft pulp (Dahl et al. 1998d). Dotted lines indicate the standard deviation for
brightness.
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Fig. 16. Effects of additions of Fe2+, Cu2+ and Mn2+ at the D2 stage on the brightness of
softwood kraft pulp (Dahl et al. 1998d). Dotted lines indicate the standard deviation for
brightness.

As indicated by the curves in Figs. 17 and 18, viscosity was found to decrease as the
concentration of Fe2+ ions increased in both the D1 and D2 stages. The loss of viscosity in
the D1 stage was 45 dm3/kg with Fe2+ ions 5 mg/l, while the same concentration of Fe2+

ions in the D2 stage reduced it by over 100 dm3/kg. Greater amounts of added Fe2+ ions
had no further detrimental effects on viscosity, however. No clear effect of increased
concentrations of Cu2+ or Mn2+ ions on viscosity was observed in the D1 or D2 stage.
These results indicate that Fe2+ ions in chlorine dioxide bleaching may generate radicals
such as Cl• or ClO•, as proposed by Lachenalet al. (1998), and therefore cause
depolymerisation of carbohydrates.
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Fig. 17. Effects of additions of Fe2+, Cu2+ and Mn2+ ions at the D1 stage on the viscosity of
softwood kraft pulp (Dahl et al. 1998d). Dotted lines indicate the standard deviation for
viscosity.
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Fig. 18. Effects of additions of Fe2+, Cu2+ and Mn2+ ions at the D2 stage on the viscosity of
softwood kraft pulp (Dahl et al.1998d). Dotted lines indicate standard deviation for viscosity.

Viscosity loss was found to decrease markedly when the dose of Mg2+ ions was
increased, as seen in Fig. 19. The same effect, but much less pronounced, was observed
when less than 1 kg/ODt of K+ ions was added in the D stage. Fig. 19. also indicates that
the addition of SiO3

2- ions clearly reduced the viscosity, whereas the addition of Ca2+ ions
in the D stage had no effect. The harmful effect of added silicate ions on viscosity can be
explained by the alkalinity of the Na2SiO3 solution itself, which increased the final pH of
the chlorine dioxide bleaching, as seen in Table 13. The detrimental effect of alkali on
pulp viscosity has been reported earlier by Dahlet al. (1997c). According to Dence &
Reeve (1996) an increase in pH at the chlorine dioxide stage leads to greater formation of
inefficient chlorite ions, so that it may these that are responsible for the depolymerisation
of carbohydrates in chlorine dioxide bleaching. This assumption does not exclude the
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possibility of radical formation as well. The results also indicate that the viscosity loss
diminished greatly when small doses of magnesium ions were added at the chlorine
dioxide stage, and diminished slightly when small doses of potassium ions were added.
These effects cannot be explained by hydroxide formation, as has been proposed by
Dence & Reewe (1996) and Zeronian & Inglesby (1995), because magnesium and
potassium ions do not form hydroxide complexes or deposit at all at the pH of about 4
which prevailed in these tests. It is therefore believed that the surface chemistry of the
fibre and the physical properties of the added ions have a great influence on the above
effects. Since the pulp used in the tests was very carefully washed free of all kinds of
impurities which might disturb the ability of magnesium ions to adsorb to the fibre in a
real bleaching system, it is possible that the decrease in viscosity loss after the addition of
magnesium to the chlorine dioxide stage will not be clearly observable on a mill scale.
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Fig. 19. Effects of additions of Mg2+, K+, Ca2+ and SiO3
2- ions at the D stage on the viscosity of

softwood kraft pulp (Dahl et al.1998b). Dotted lines indicate standard deviation for viscosity.

The effects of Fe2+, Cu2+ and Mn2+ additions at the D stages on reagent consumption and
the final pH of softwood kraft pulp are shown in Table 12, indicating that only the
addition of Mn2+ ions at the D2 stage increased reagent consumption slightly, and then
only when the manganese content was over 10 mg/l, while the addition of Fe2+ markedly
reduced the final pH of the D2 bleaching. The more SiO3

2- ions were added, the lower was
the reagent consumption and the higher the final pH in the D1 stage, as shown in Table
13, which also indicates that the doses of other ions had no effect on reagent consumption
or on the final pH in the D1 stage. The higher reagent consumption when Mn2+ ions were
added in D2 bleaching has earlier been linked to possible radical formation due to the loss
of pulp brightness. The behaviour of added Fe2+ and SiO3

2- ions can be explained by the
experimental arrangements, since the natural alkalinity of the solution of sodium silicate
ions used in the experiments was very high and the solution of iron ions was rendered
acidic to avoid hydroxide problems beforehand. The addition of the solution of sodium
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silicate ions therefore raised the final pH and reduced reagent consumption in D1

bleaching, while addition of the solution of iron ions reduced the final pH.

Table 12. Effects of additions of Fe2+, Cu2+ and Mn2+ at the D stages on reagent
consumption in a softwood kraft pulp (Dahl et al. 1998d). Reagent consumption after the
Do stage with no metal addition was 34.0±0.6 kg/ODt and the final pH (2.4±0.4), the
corresponding figures after the D1 stage being 9.9±0.1kg/ODt (3.7±0.3) and those after
the D2 stage 6.9±0.2 kg/ODt (3.9±0.2).

Fe2+ ions (5/10/50 mg/l) addition in Do stage 33.9 (2.1) / 33.7 (2.2) / 33.9 (2.0)
Cu2+ ions (5/10/50 mg/l) addition in Do stage 33.3 (2.2) / 33.4 (2.2) / 33.1 (2.1)
Mn2+ ions (5/10/50 mg/l) addition in Do stage 33.9 (2.1) / 33.7 (2.1) / 33.9 (2.0)
Fe2+ ions (5/10/50 mg/l) addition in D1 stage 9.9 (3.9) / 9.9 (3.8) / 9.9 (3.4)
Cu2+ ions (5/10/50 mg/l) addition in D1 stage 9.9 (3.7) / 9.9 (3.5) / 9.9 (3.4)
Mn2+ ions (5/10/50 mg/l) addition in D1 stage 9.9 (3.6) / 10 (3.6) / 10 (3.6)
Fe2+ ions (5/10/50 mg/l) addition in D2 stage 7.2 (2.9) / 6.9 (2.9) / 6.7 (2.2)
Cu2+ ions (5/10/50 mg/l) addition in D2 stage 7.0 (3.6) / 7.0 (3.6) / 7.0 (3.4)
Mn2+ ions (5/10/50 mg/l) addition in D2 stage 7.2 (3.9) / 7.5 (3.6) / 7.5 (3.3)

(±) the S.D. are results of zero tests and include both human errors and errors in the whole bleaching procedure.

Table 13. Effects of additions of Mg2+, K+, Ca2+ and SiO3
2- ions at the D1 stage on reagent

consumption and final pH in a softwood kraft pulp (Dahl et al. 1998e). Reagent
consumption with no addition of ions was 18.8±0.4 kg/ODt and the final pH 3.8±0.4.

Mg2+ ions (50/100/500 mg/l) addition 18.9 (4.0) / 18.8 (4.0) / 19.1 (3.9)
K+ ions (20/100/200 mg/l) addition 18.9 (4.0) / 18.5 (4.0) / 19.1 (4.0)
Ca2+ ions (150/750/1500 mg/l) addition 18.2 (3.9) / 18.3 (3.8) / 19.4 (3.8)
SiO3

2- ions (20/100/500 mg/l) addition 18.9 (3.7) / 17.9 (4.3) / 15.1 (10.2)

As shown in Table 14, 78-100% of the added transition metals passed through the Do

stage, the corresponding percentages for the D1 stage varying from 29 to 74% and those
for the D2 stage from 34 to 82%. These effects can be mainly explained by the aquatic
chemistry of the metals as a function of pH. Comparing the results of the Do bleaching,
for example, where the final pH values were about 2.2 or less, with those for D1

bleaching, where the final pH was about 3.4 or more, it may be said that the lower the pH
of the solution was, the higher was the percentage of added ions that passed through,
although the quantities of negatively charged carboxylic acid groups on the fibres are
presumably higher in pulp produced from Do bleaching than from D1. The above facts
indicate that the concentration of hydrogen ions together with the aquatic chemistry of the
metal ions will be very important factors when evaluating the binding ability of ions in a
pulp suspension, as suggested earlier by Lapierreet al. (1996).
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Table 14. Effects of additions of Fe2+, Cu2+ and Mn2+ on metal content as a percentage of
the feed of effluent after the D stages (Dahl et al. 1998d).

Fe2+ ions (5/10/50 mg/l) addition in Do stage 100 / 94 / 100
Cu2+ ions (5/10/50 mg/l) addition in Do stage 87 / 89 / 86
Mn2+ ions (5/10/50 mg/l) addition in Do stage 78 / 84 / 85
Fe2+ ions (5/10/50 mg/l) addition in D1 stage 74 / 50 / 29
Cu2+ ions (5/10/50 mg/l) addition in D1 stage 59 / 69 / 64
Mn2+ ions (5/10/50 mg/l) addition in D1 stage 53 / 53 / 54
Fe2+ ions (5/10/50 mg/l) addition in D2 stage 70 / 73 / 80
Cu2+ ions (5/10/50 mg/l) addition in D2 stage 82 / 78 / 67
Mn2+ ions (5/10/50 mg/l) addition in D2 stage 34 / 49 / 64

As seen in Table 15, about 80% of the added Mg2+ ions were washed out of the pulp
suspension after D1 bleaching, and almost all of the other ions examined. Since the
concentration of hydrogen ions was about the same in every test, the better adhering
ability of Mg2+ ions than Ca2+ or K+ ions in pulp suspension may be explained by the
different physical properties of the added ions. For example, the ionic radius of Mg2+ is
65 pm, that of Ca2+ 97 pm and that of K+ 133 pm (Kivinen & Mäkitie 1993), and it is clear
according to the principles of ion exchange that a smaller ionic radius and higher charge
will mean better chances of attaching to the negatively charged carboxylic acid groups on
pulp.

Table 15. Effects of additions of Mg2+, K+, Ca2+ and SiO3
2- ions on ion concentration as a

percentage of effluent feed after the D1 stage (Dahl et al. 1998b).

Mg2+ ions (50/100/500 mg/l) addition 84 / 78 / 82
K+ ions (20/100/200 mg/l) addition 108 / 94 / 93
Ca2+ ions (150/750/1500 mg/l) addition 87 / 106 / 92
SiO3

2- ions (20/100/500 mg/l) addition 146 / 125 / 123

3.5.3. Effect of added ions on bleaching in the alkali stage and
the following chlorine dioxide stage

The kappa number after the E1 stage increased only slightly when a relatively high dose of
calcium or magnesium ions was added at the E1 stage, as shown in Table 16, which also
indicates that brightness decreased markedly after the E1 stage, the effect being dose-
dependent when small amounts of iron ions were added at this stage. A loss of brightness
was observed only in the D1 stage and when high doses of iron ions were added at the E1

stage. Brightness also decreased at the E1 stage after an addition of magnesium or calcium
ions. The addition of a large quantity of magnesium ions at the E1 stage also reduced the
brightness after the D1 stage. A loss of brightness after the E1 stage was similarly
observed when over 50 mg/l copper or manganese ions were added at the E1 stage. No
brightness loss was observed after the D1 stage, however.
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As also shown in Table 16, the addition of iron ions at the E1 stage slightly reduced
the viscosity after the E1 stage but had no effect on that in the following D1 stage. A
similar effect was observed after the addition of calcium ions, while their addition at the
E1 stage also reduced the viscosity of the pulp after the D1 stage. A clear increase in
viscosity was observed after the D1 stage, however, when various amounts of manganese
ions were added at the E1 stage. Potassium and silicate ions behaved in an inert manner
with regard to kappa number, brightness and viscosity.

The addition of a solution of iron ions at the E1 stage increased reagent consumption
and lowered the final pH only in E1 bleaching, as shown in Table 17. A similar but less
pronounced effect was found when various amounts of a solution of calcium ions were
added. The addition of a solution of magnesium ions (over 100 mg/l) at the E1 stage also
increased reagent consumption and lowered the final pH at that stage. An addition of
magnesium ions at the E1 stage also reduced reagent consumption and raised the final pH
in the following D1 stage (Table 17). The addition of a solution of silicate ions at the E1

stage notably reduced reagent consumption, an effect which was highly dose-dependent.

Table 16. Effects of additions of Fe2+, Cu2+, Mn2+, Mg2+, SiO3
2-, K+ and Ca2+ at the E1

stage on the kappa number, LWFL, brightness and viscosity of oxygen-delignified
softwood kraft pulp at the E1 and subsequent D1 stages (Dahl et al. 1998e).

Kappa number Brightness,
ISO %

Viscosity,
dm3/kg

Without element addition E1
D1

3±0.1
n.m.

60.6± 0.4
82.7± 1.7

858± 9
829± 22

After Mn2+ (5.6/11.1/55.6 mg/l)
addition in E1 stage

E1

D1

2.9
n.m.

2.4
n.m.

2.9
n.m.

60.5
83.7

60.5
82.7

59.1
80.8

867
854

859
859

850
850

After Cu2+ (5.6/11.1/55.6 mg/l)
addition in E1 stage

E1

D1

2.8
n.m.

2.6
n.m.

2.7
n.m.

61.2
83.7

60.4
82.3

58.4
83.0

850
836

850
829

836
828

After Fe2+ (3.2/6.4/32.0 mg/l)
addition in E1 stage

E1

D1

3.1
n.m.

3.2
n.m.

3.4
n.m.

58.5
83.2

57.9
81.6

52.0
72.2

843
845

844
832

858
841

After Mg2+ (55.6/111/556 mg/l)
addition in E1 stage

E1

D1

3.1
n.m.

3.0
n.m.

3.9
n.m.

60.1
83.2

58.9
83.7

57.1
77.2

851
859

849
854

849
836

After SiO3
2- (22.1/111/556 mg/l)

addition in E1 stage
E1

D1

2.9
n.m.

3.0
n.m.

3.0
n.m.

60.7
82.9

60.4
83.1

60.3
82.3

846
839

853
839

853
843

After K+ (22.2/111/556 mg/l)
addition in E1 stage

E1

D1

3.0
n.m.

3.0
n.m.

3.0
n.m.

60.8
83.9

60.9
83.5

60.9
83.6

847
830

847
832

839
815

After Ca2+ (167/833/1667 mg/l)
addition in E1 stage

E1

D1

3.1
n.m.

3.6
n.m.

3.6
n.m.

59.3
83.0

58.8
81.7

59.1
82.0

847
815

831
813

833
817

n.m. not measured.
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Table 17. Effects of additions of Fe2+, Cu2+, Mn2+, Mg2+, SiO3
2-, K+ and Ca2+ at the E1

stage on reagent consumption and final pH in oxygen-delignified softwood kraft pulp at
the E1 and subsequent D1 stages (Dahl et al. 1998e).

Reagent consumption,
kg/ODt

Final pH

Without element addition E1 5.5± 0.8 11.9± 0.1
D1 14.8± 0.1 3.1± 0.7

After Mn2+ (5.6/11.1/55.6 mg/l)
addition in E1 stage

E1

D1

5.5
14.9

5.8
15.0

6.1
15.0

11.9
2.9

11.9
3.2

11.9
3.6

After Cu2+ (5.6/11.1/55.6 mg/l)
addition in E1 stage

E1

D1

6.5
14.8

6.2
15.0

6.3
15.0

11.7
3.2

11.8
3.4

11.7
3.3

After Fe2+ (3.2/6.4/32.0 mg/l)
addition in E1 stage

E1

D1

7.8
14.9

9.3
14.9

9.2
15.0

11.6
2.8

10.9
2.8

11.1
2.9

After Mg2+ (55.6/111/556 mg/l)
addition in E1 stage

E1

D1

6.3
14.9

7.5
14.1

9.4
10.0

11.9
3.2

11.6
4.5

10.4
8.9

After SiO3
2- (22.1/111/556 mg/l)

addition in E1 stage
E1

D1

5.0
15.0

4.6
15.0

0.2
15.0

11.9
2.7

11.9
2.9

11.6
2.8

After K+ (22.2/111/556 mg/l)
addition in E1 stage

E1

D1

5.5
15.0

5.2
15.0

5.2
15.0

12.0
2.9

12.1
2.9

12.1
2.8

After Ca2+ (167/833/1667 mg/l)
addition in E1 stage

E1

D1

6.5
14.9

7.1
15.0

6.8
15.0

11.9
3.1

11.7
3.0

11.7
3.1

Some of the results can be explained by the experimental arrangements. The natural
alkalinity of the solution of sodium silicate ions, for example, was very high and that of
iron ions was rendered acidic to avoid hydroxide problems beforehand. Consequently,
addition of the solution of sodium silicate ions reduced reagent consumption in E1

bleaching but had no effect on the final pH, while the solution of iron ions lowered the
final pH and increased reagent consumption.

The brightness loss in the E1 and subsequent D1 stages when iron ions were added at
the E1 stage can be explained by the formation of insoluble and soluble colourful
hydroxide complexes. The differences in behaviour between the manganese and copper
ions during the tests indicate that they form mainly colourless soluble hydroxide
complexes under the conditions that prevail in the E1 and D1 stages, and only form
colourful complexes at very high ion concentrations.

The increase in reagent consumption, the lowering of the final pH and the increase in
the kappa number at the E1 stage when calcium or magnesium ions were added can be
explained by the formation of hydroxide complexes, which then adhere to the fibres in the
E1 stage and are only released during the following acidic D1 stage. This effect reduces
the amount of free hydroxide ions in the E1 stage, which causes the effects mentioned
above. The release of hydroxide ions in the following D1 stage after an addition of
magnesium ions at the E1 stage caused the increase in final pH during bleaching, which
led to markedly lower reagent consumption, because chlorine dioxide undergoes dispro-
portionation into chlorate and chlorite under alkaline conditions (Dence & Reeve 1996).
These phenomena also explain the loss of pulp brightness after the D1 stage. The lower
brightness after the E1 stage when magnesium or calcium ions were added at that stage is



61

due to the higher kappa number, which means more colourful lignin-based compounds.
While the lower loss of pulp viscosity after the D1 stage when magnesium ions were
added at the E1 stage may indicate that magnesium ions have the ability to hinder the
degradation of carbohydrates. The reason why calcium ions do not behave in this way
may lie in their different physical properties, as proposed in Section 3.5.2. above.

As indicated in Table 18, copper or manganese ions or large quantities of iron,
magnesium or calcium ions added at the E1 stage also increased the concentration of
added ions in the effluent of the subsequent D1 stage, while the addition of potassium or
silicate ions had no such effect. The mechanisms whereby ions and soluble or insoluble
hydroxide complexes adhere to fibre surfaces are very complicated. Although the surfaces
are negatively charged due to the phenolic groups of lignin and the uronic acid from
carbohydrates, the results show that the univalent potassium ions do not adhere to the
pulp suspension at all during bleaching tests, while some of the bivalent ions behaved in a
totally different way. Based on these observations, it is more likely that when insoluble
metal hydroxide complexes are formed, they will also adhere to the fibre surface or the
flocs by mechanical forces under conditions such as those that prevail during pulp
bleaching and pre-eminently during washing after bleaching (filtration effect).

Table 18. Effects of additions of Fe2+, Cu2+, Mn2+, Mg2+, SiO3
2-, K+ and Ca2+ at the E1

stage on element concentrations in the effluent from the E1 and subsequent D1 stages in
the bleaching of oxygen-delignified softwood kraft pulp (Dahl et al. 1998e).

Element concentration in the effluent, mg/l
Without element addition E1 Fe 0.5, Cu 0.1, Mn 0.0,

Mg 1.0, Si 2.7, K 2.5 and Ca 2.9
D1 Fe 0.2, Cu 0.4, Mn 0.2,

Mg 1.4, Si 4.4, K 2.9 and Ca 4.6
After Mn2+ (5.6/11.1/55.6 mg/l)
addition in E1 stage

E1

D1

1.3
3.0

4.0
4.3

20.5
23.0

After Cu2+ (5.6/11.1/55.6 mg/l)
addition in E1 stage

E1

D1

1.3
4.0

1.5
7.7

2.5
41.3

After Fe2+ (3.2/6.4/32.0 mg/l)
addition in E1 stage

E1

D1

3.5
1.4

7.5
1.9

9.9
7.8

After Mg2+ (55.6/111/556 mg/l)
addition in E1 stage

E1

D1

13.1
14.8

25.1
56

33.3
245

After SiO3
2- (22.1/111/556 mg/l)

addition in E1 stage
E1

D1

29.6
1.4

145
1.4

717
1.6

After K+ (22.2/111/556 mg/l)
addition in E1 stage

E1

D1

25.3
6.5

104
21

490
65

After Ca2+ (167/833/1667 mg/l)
addition in E1 stage

E1

D1

79
80

595
125

1450
130
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3.6. Conclusions

Closure of the water circulation in a bleach plant will increase the concentrations of all
kinds of harmful substances – including various ions. A lot of information has been
provided on the behaviour of various ions in oxygen-based bleaching under alkaline
conditions, whereas information on their behaviour in acidic bleaching is still
unfortunately lacking. To fill this gap, many laboratory tests were performed during this
work to determine the maximum acceptable levels of certain ions in the process water and
whole pulp suspension.

The results indicate that the concentrations of some very common transition metal
ions, iron, copper or manganese, in the process water used in an acid bleaching process,
such as those involving chlorine dioxide and peracetic acid, should be keep as low as
possible, as increased concentrations of these ions detract from both the brightness and
the viscosity of the pulp and increase reagent consumption. The detrimental effects on
pulp brightness were principally connected with exhaustion of the bleaching chemicals,
but the possibility of coloured complex formation with transition metals and ligands
present in pulp suspension also has to be considered. It was concluded that the loss of
viscosity was a consequence of the formation of radical species in the presence of
transition metals, causing depolymerisation of carbohydrates. These detrimental effects
could be partially or totally avoided, however, by removing transition metals from the
pulp suspension by appropriate methods such as chelating or acidic treatment. For the
reasons mentioned above, the following guidelines can be set for process water in the
acidic stages of chlorine dioxide or peracetic acid bleaching: iron <<3.2 ppm, copper
<5.5 ppm and manganese <5.5 ppm. These guidelines are slightly higher than those
proposed earlier for fresh process water used for bleached or unbleached pulp (see
Section 2.2.1).

The other ions examined, magnesium, potassium, calcium and silicate, have no clear
detrimental effect on pulp properties or reagent consumption. On the contrary, magnesium
ions seem to hinder the loss of pulp viscosity during chlorine dioxide bleaching. Thus no
guidelines can be given for these.

The results of tests with ions added at the alkali stage indicate that those ions which
can form solid hydroxide complexes in an aquatic solution can easily remain in the pulp
suspension and pass to the following stage with it, causing similar effects there to ions
which already exist in the stage.

These findings indicates that the reuse water has to be similar in quality to the fresh
process water used in kraft pulp bleaching — at least as far as transition metals are
concerned. The results also illustrate that the mechanisms whereby ions attach to the pulp
suspension cannot be explained only by the surface chemistry of the fibres, but may also
involve mechanical forces under conditions such as those that prevail during pulp
bleaching, and pre-eminently during washing after bleaching (filtration effect). This
possibility also has to be considered if insoluble hydroxide complexes or other solid
compounds are formed.



4. Evaporation of acidic effluent from kraft pulp bleaching

The idea of using evaporation as a method for purifying acidic effluent from kraft pulp
bleaching arises from the fact that it can be used to remove solid dissolved substances
with vapour pressures considerably lower than the solvent at the evaporation temperature.
It is therefore obvious that it can be used to remove dissolved ions such as iron,
manganese and copper, which are known to be very harmful to the bleachability of the
kraft pulp (see Chapter 3), from acidic effluent as well. Evaporation is also a very well
known technology in the pulp industry, because it has been used for many years to
concentrate the spent chemicals and dissolved wood components in black liquor.

Evaporation is still of limited applicability as a method for purifying acidic effluent,
although some previous laboratory, pilot and even mill-scale evaporation tests have been
made on various filtrates from kraft pulp bleaching. Nevertheless, no systematic study has
yet been carried out which takes account of the possible chemical reactions of the
concentrate with the increasing amounts of total solids.

4.1. General

Evaporation is a unit process in which a solvent is converted into a vapour so that the
dissolved solid can be separated out, simply because its vapour pressure at the
evaporation temperature is negligible compared with that of the solvent (Billet 1989). The
boiling point of a solution is the temperature at which vaporisation takes place within that
solution, implying that the vapour pressure is equal to the external pressure (Laitinen &
Toivonen 1987). A schematic diagram of the principle of evaporation is shown in Fig. 20.
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Fig. 20. Schematic diagram of the evaporation principle (Billet 1989).

The total amount of heat needed for evaporation is always more than that needed for
vaporisation alone, because heat losses are always present in the evaporation system. The
performance of evaporation is normally estimated by measuring the total energy
consumption, which is dependent on the evaporation system and to a great extent on the
physical and chemical properties of the input material. The energy efficiency of
evaporation can be improved by pre-heating the feed, using principle of vapour
recompression and/or using multiple-effect evaporation systems (Billet 1989).

In a multiple-effect system a number of evaporator stages are connected together in
such a manner that the solvent vapours generated in one stage serve as the heating
medium for a succeeding stage, while in vapour compression all or part of the vapour is
compressed and recirculated in the evaporator for heating. Both systems are widely used
in industry today. Nevertheless, the principle of evaporation is always the same,
regardless of the equipment used. The evaporation temperature always plays an important
role, because it directly affects the properties of the concentrate.

According to the evaporation principle, the main assumption when acidic effluents
from kraft pulp bleaching are evaporated is that the components with vapour pressures
higher than that of water will transfer to the condensate while the concentrate will include
the most non-volatile components of the feed. Another assumption is based on the fact
that ions of low water solubility will form insoluble salts or complexes with increasing
total solids. These assumptions do not, however, take account possible chemical reactions
with the increasing amounts of total solids in the concentrate, which could generate
unexpected compounds in both the condensate and the concentrate. Numerous practical
tests on each fraction to be evaporated are therefore needed in order to determine the
applicability of evaporation as a purification method — for effluents arising from the
kraft pulp bleaching as well as for other purposes.
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4.2. Previous experiences with the evaporation of bleaching
effluents

4.2.1. Condensate quality

As mentioned above evaporation is a separation process, which produces fairly pure
condensate from input material. Välttiläet al. (1995) evaporated certain effluents from
TCF bleaching and their mixtures with a pilot falling film evaporator and concluded that
the condensates include volatile organic compounds, mainly methanol (representing 80-
95% of all organic substances determined) and some ethanol and acetone. In addition,
formic, acetic and propionic acids were seen in the condensates when acidic effluents
were evaporated. COD in the condensates varies from 960 to 2340 mg/l, being slightly
higher in that from acidic effluents than from alkaline ones, while the highest values were
achieved when a mixture of acidic and alkali effluents was evaporated. Välttiläet al.
(1995) assumed, however, that the condensates are clean and odourless after stripping,
which removed over 90% of the COD, and can be used in the pulp-drying machine
without risk. COD in the condensates after stripping was under 100 mg/l. Manolescuet
al. (1995) have shown in a batch evaporation test that the bulk of the organic material
present as COD or TOC is contained in the first 20% of the distillation evaporating
mixture effluents from the D-E stages, and that the main reason for this is methanol. The
same authors also observed very low amounts of sodium, chloride and organic acids in
the condensate (Manolescuet al. 1995). The carry-over of organic compounds, measured
in terms of COD in the feed and distillate, is typically about 30%, and the main reason for
the low pH of the condensates when evaporating filtrates from the DC stages is the fairly
high concentration of hydrochloric acid, which also causes a concentration of 50 - 100
mg/l chloride ions in the condensates (Myréen 1993). Myréen & Johansson (1996) report
that condensate from the evaporation of ECF bleaching effluent in a pilot-scale
evaporator was contaminated only by the volatile substances in the feed, primarily
methanol.

4.2.2. Concentrate quality

Evaporation also produces a concentrate, which includes both organic and inorganic non-
volatile components from the input material and can form quite complicated compounds,
particularly at high concentrations. Ulmgren (1996) estimated that it is mainly the alkaline
earth metal ions calcium and barium, which can precipitate to calcium oxalate, calcium
carbonate or barium sulphate, that cause deposit problems in ECF or TCF bleaching, and
that the solubility of precipitates can be affected by temperature, pH, ionic strength,
dissolved organic substances and chelating agents. Manolescuet al. (1996) adduces that the
solubility of compounds during evaporation can similarly be affected by residence time and
sodium concentration.
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Another concern when acidic effluent containing chlorides is evaporated may be
corrosion due to the high concentration of chloride ions in the residual concentrate, as the
rate of corrosion depends markedly on pH, chloride ion concentration and temperature,
being higher at higher temperatures and lower pH values (Boffardi 1992). Blackwellet al.
(1995) have observed corrosion of the stainless steel rings in evaporation equipment when
effluent from chlorination stages with solids above 50% was evaporated at a temperature
above 105oC. They also report that a light brown precipitate, probably lignin, was formed at
0.5% solids, while at 20 - 25% solids dense crystals formed, which quickly settled and led to
boiling. Further analyses indicated that the resulting crystals were mainly calcium sulphate
decahydrate. Blackwellet al. (1995) also reported that upon the concentration of extraction
effluent from conventional bleaching a small amount of fine, hard, white crystalline sediment
formed at a solids concentration of 10-15%, while further concentration did not increase the
amount of precipitate. Myréen & Johansson (1996) also showed that ions of low solubility,
such as calcium and barium salts, tend to build up a scale on heat transfer surfaces when
effluent from ECF bleaching is evaporated. They did not observe any viscosity or corrosion
problems at 10% solids, however. Myréen & Niemi (1998) estimated that the dry solid
concentration limit for effluent from ECF bleaching is 10%, due to boiling point elevation in
evaporation, when the evaporation process with the mechanical vapour compression
principle is used. The boiling point elevation limit for the process mentioned above lies at
about 1-1.5oC (Koistinen 1996).

Välttilä et al. (1995) upon measuring physical properties of a concentrate from
alkaline TCF effluent, showed that the viscosity of the concentrate was very low up to
50% dry solids and increased to 200 mPa at a dry solid concentration of 75%. This exact
value is also considered the viscosity limit for the evaporation of black liquor. The
viscosity measurements were unsuccessful when concentrates from acidic or mixed
effluent were measured, however, due to pronounced precipitate formation. The rise in
boiling point was observed to be less than 5oC at a dry solid concentration of 40%, being
much lower in acidic concentrates from TCF bleaching than in alkaline ones. The rise in
boiling point in a solution,τ’, can be theoretically calculated from the mass fraction of
dissolved matter as expressed in Eq. 14 (Billet 1989).
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whereτ’ is rise in boiling point caused by dissolved substances,
z number of ions into which a molecule of the dissolved substance

is dissociated,
a mass fraction of dissociated molecules in a solution,
ξ mass concentration of dissociated molecules in a solution,
t boiling point of the pure solvent at a pressure p,
µS molar mass of dissolved substance and
ra evaporation enthalpy of solution.
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4.3. Reusability of the condensate

Specific information on the reusability of condensates arising from kraft pulp bleaching is
very limited, but the use of condensates from black liquor evaporation in kraft pulp
bleaching may provide a hint of the behaviour of bleaching condensates as well. Although
condensate from black liquor evaporation is normally reused directly in different parts of
the pulp mill and as warm water — as well its use in bleaching, only limited published
data were found on this subject. Annolaet al. (1995) showed in laboratory tests that black
liquor condensate can be reused in the ozone and peroxide stages of TCF bleaching
without harmful effects, except for a small increase in reagent consumption and possibly a
small loss in viscosity in the peroxide stage due to the contaminants present in the
condensate. They assumed that the viscosity loss was due to radical formation in the
bleaching reagent, which is not so selective as hydrogen peroxide. Typical contaminants
in black liquor condensate are alcohols, mainly methanol, ketones, organic acids,
terpenes, phenolics and dissolved gases (Blackwellet al. 1979). According to Sebbas
(1987) the condensate is also contamined with odorous compounds such as hydrogen
sulphide and other TRS compounds. Additionally there may be black liquor carry-over
and fibres. Therefore, to avoid problems before using certain fractions of the condensate
from black liquor evaporation in different parts of the pulp mill, the condesate should be
stripped, which efficiently removes TRS and alcohol contaminants. Emilssonet al. (1997)
report that about 85% of COD in all black liquor based condensates can be removed by
stripping, and that by replacing normal fresh water with stripped condensates the peroxide
consumption in TCF bleaching can be reduced and strength of the pulp improved.

4.4. Experimental part

The purpose of this experimental work was to examine the applicability of
evaporation to acidic effluents from the first chlorine dioxide (Do) stage of ECF bleaching
and peracetic acid (Paa) stage of TCF bleaching. The tests were carried out both in the
laboratory and using a pilot-scale evaporator. The primary aim of the pilot scale tests was
to obtain additional information on evaporation and produce enough concentrate for further
processing tests, as discussed in detail in Chapter 5. The reusability of the condensates was
assessed in laboratory bleaching tests to find out their real effects on chlorine dioxide and
peracetic acid bleaching.
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4.4.1. Evaporation equipment and procedure in the laboratory-scale tests

The batch evaporation tests were carried out using a vacuum rotavapor BÜCHI R-153, a
schematic diagram of which is presented in Fig. 21.

Fig. 21. Schematic diagram of the vacuum rotavapor BÜCHI R-153 (Dahlet al.1997a, 1998c).

The softwood kraft pulp acidic effluents used in the laboratory experiments were
derived from the Do and Q acidic stages of various mill-scale ECF bleaching sequences.
The acidic effluent from Paa (peracetic acid) bleaching was prepared in the course of the
laboratory bleaching of fresh (natural carry-over) oxygen pre-delignified softwood kraft
pulp.

Before the evaporation tests the Do and Q effluents were filtered twice through a 200-
mesh screen to remove fibres and other large particles, but no pre-treatment was used for
the Paa effluent. The main properties of the effluents from the bleaching plant after
preliminary treatment are listed in Table 19.
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Table 19. Main properties of Do, Q and Paa stage softwood effluents after pre-treatment
(Dahl et al.1997a, 1998c)

Bleaching stage Do Q Paa
Initial whole bleaching sequence DoEOPDD QO/ODED O
Acidic effluent from bleaching, m3/ADt 20 20 -
Kappa number after first O stage 14 18 12
Initial pH 2.1 2.2 4.5
Conductivity, mS/m 488 544 164
COD, mg/l 940 990 6200
Dissolved solids, mg/la 1800 2660 4230
Ash content of dissolved solids, mg/la 1090 1800 800
Methanol, mg/l 180 100 n.m.
Propionic acid, mg/l n.m. n.m. 177
Acetic acid, mg/l n.m. n.m. 760
Formic acid, mg/l n.m. n.m. 77
Oxalic acid, mg/l 37 27 <10
Colour, mg/l 540 670 n.m.
Cl-, mg/l 440 215 n.m.
SO4

2-, mg/l 650 1580 n.m.
Total S, mg/l 150 450 n.m.
Na, mg/l 280 460 146
Ca, mg/l 35 43 64
Mg, mg/l 30 22 21
K, mg/l 15 22 118
Mn, mg/l 2.4 2.0 1.2
Cu, mg/l 7.6 b 4.2 b 0.5
Fe, mg/l 0.2 0.8 0.1

a After filtration with a 80-mesh screen.b A 80-mesh screen made of brass, causing a
higher copper content in the effluent. n.m. not measured.

Each test was carried out with a 4 kg effluent sample, the pH of which was adjusted to
the desired level with sodium hydroxide or sulphuric acid. The measured pH values of the
feed were 2.1 (natural), 7.5 and 11.0 for the Q and Do effluents and 2.0, 4.5 and 7.0 for
the Paa effluent. Effluents with different feed pH values were evaporated one by one,
aiming at five levels of total solids in the concentrate: 5%, 10%, 20%, 40% and
maximum. Total solids in the concentrate were evaluated during the test by measuring the
amount of condensate. The whole condensate from each test was collected and analysed
separately. The evaporation temperature was 42oC, pressure 72 mbar and rotation speed
30 rpm.
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4.4.2. Evaporation equipment and procedure in the pilot-scale tests

The evaporation tests were carried out using a falling film concentrator, a schematic diagram
of which is presented in Fig. 22.

Fig. 22. Schematic diagram of the falling film concentrator (Dahlet al.1998c, 1998f).

The design capacity of the evaporator was 120 dm3/h, with an evaporation area of 7.2
m2. The effluent used in the experiments was derived from the acidic first chlorine dioxide
stage (Do) of a mill-scale ECF bleaching sequence and the peracetic acid stage (Paa) of a
mill-scale TCF bleaching sequence. The main properties of the effluents are listed in Table
20.
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Table 20. Main properties of Do and Paa stage softwood effluents(Dahl et al. 1998c,
1998f).

Bleaching stage Do Paa
Initial whole bleaching sequence DoEOPDD QO/OPaaQP
Amount of effluent, m3/ADt 20 8
Kappa number after first O stage 14 14
Initial pH 2.2 5.1
Conductivity, mS/m 200 220
COD, mg/l 1130 2950
TOC, mg/l 510 1000
Total solids, mg/l 2600 3160
Ash content of total solids, mg/l 1800 2190
Methanol, mg/l 138 28
Colour, (Pt) mg/l 513 191
Cl, mg/l 204 11
Na, mg/l 410 570
Ca, mg/l 41 48
Mg, mg/l 20 110
K, mg/l 30 2.6
Mn, mg/l 1.2 0.5
Cu, mg/l + 0.1
Fe, mg/l 0.3 1.0
Oxalic acid, mg/l 5 21
Propionic acid, mg/l n.m. 31
Acetic acid, mg/l 40 1800
Formic acid, mg/l 260 150

+ trace of chemical element, n.m. not measured.

The relatively high concentrations of formic acid and methanol in the Do effluent are
mainly a consequence of the method used for preparing the chlorine dioxide, the reaction
equation for which can be written as follows:

HCOOH8.0OH3.2)SO(HNaClO3OHCH8.0SOH2NaClO3 224323423 +++→++ (15)

The Do effluent tests were performed with three separate batch evaporations without pH
control, with 3000 dm3 of input material in each. The evaporation capacity was varied from
246 to 266 kg/h, the evaporation temperature was about 66oC on average and the pressure
400 mbar. For further analyses, only the samples taken from the best test were selected, as
this worked out well technically. The Paa effluent tests were performed with three separate
batch evaporations, using 3000 dm3 of input material in each. The first test was performed
without feed pH control (pH 5.1), at an evaporation capacity of about 180 kg/h of
condensate, the second likewise but at a high evaporation capacity, about 250 kg/h, and the
third with feed pH control (pH 6.7) and an evaporation capacity of about 180 kg/h. The
evaporation temperature was about 70oC on average and the pressure 400 mbar. Six
samples of the feed, condensate and concentrate were taken simultaneously as a function of
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different total solids in the concentrate during each of the Do and Paa pilot tests. The
amounts of total solids in the concentrate during the tests were evaluated by measuring the
amount of condensate.

4.4.3. Laboratory analyses of feed, condensate and concentrate

The feed, condensate and concentrate in both the laboratory and pilot-scale tests were
characterised by the following methods: total solids and ash content with SFS 3008,
conductivity and pH with an Accumet Model 20 analyser, cationics with an atomic
absorption spectrophotometer and chloride, COD (SFS 5504) and colour with a
spectrophotometer. In addition, volatile compounds (VOC) were analysed by gas
chromatography and organic acids quantified by the capillary electrophoresis method. The
qualitative analyses of the precipitation part of the concentrate were performed with an x-ray
diffraction meter, and its quantitative analyses by the following method. About 50 ml of
concentrate was taken and weighed, and the whole sample was centrifuged at 4000 rpm with
a delay of 600 s. The liquid fraction was then removed by pipette and the residual fraction of
total solids weighed. The precipitate fraction was quantified by reference to Eg.16.

x100%
C

PP
W

W
C = (16)

where PC is the precipitate fraction,
PW the mass of the residual fraction of total solids and
CW the mass of the whole sample of concentrate.

All laboratory analyses were carried out at room temperature (20-22oC), which is
about 20-40oC lower than the operating temperature in evaporation.

4.4.4. Procedure for testing re-use of the condensates

The pre-treatment method for the pulp used in the laboratory tests (washing and spin drying)
is introduced in Section 3.4.1. and the bleaching procedure, condition and laboratory
analyses in Section 3.4.2. COD was added separately in each test as a solution of the
certain fractions condensate from the Do effluent and the Paa effluent. Certain organic
components were used as references to find the most significant component affecting pulp
quality or reagent consumption.
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4.5. Results and discussion

4.5.1. Evaporation of effluent from ECF and TCF bleaching:
laboratory tests

4.5.1.1. Condensate quality

The dependence of the conductivity of the condensate on total solids in the concentrate in
the evaporation of the Do, Q and Paa effluents is shown in Figs. 23 and 24. The results
indicate a substantial decrease in conductivity when the feed pH of the effluent was
increased by an addition of alkali. This can be explained by the lesser carry-over of
various electrically conductive acids in solution during evaporation, mainly hydrochloric
acid in the case of Do and Q effluent and acetic acid in the case of Paa effluent. The
preventive effect of the carry-over of inorganic or other acids is derived from the fact that
they will be neutralised in the presence of sodium hydroxide to sodium salts having boiling
points considerably higher than those of the original acids in the aquatic solution. The basic
neutralisation reactions for hydrochloric acid and organic acids can be written as follows:

OHNaClNaOHHCl 2+→+ (17)

OHCOONaRNaOHCOOHR 2+−→+− (18)

A rapid increase in conductivity was observed when the pH of the feed effluent was
not controlled and total solids in the Do concentrate were about 30% (Fig. 23). This
additional effect can mainly be explained by higher carry-over of hydrochloric acid,
which easily dissolves in water and can form an azeotropic mixture at higher
concentration, and partly by decomposition of residual chlorate to chlorine and chlorine
dioxide gas with increased hydrochloric acid concentrations in the concentrate. These
reaction mechanisms are discussed in detail in Section 5.3.2. The above effects also
increased the chloride ion concentration in the condensate, as shown in Fig. 25, but had
no additional effect on the final pH of the condensate, as seen in Fig. 26. The reduced
carry-over of acids during the evaporation of D, Q and Paa effluents after the addition of
alkali can also seen in Figs. 26 and 27, where the final condensate pH is higher.
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Fig. 27. Effect of feed pH of the Paa effluent on the final pH of the condensate as a function of
total solids in the concentrate (Dahlet al.1998g).

Dahl et al. (1997a) found no clear evidence of other forms of inorganic material
examined (see Table 19) in the condensate, and all the condensates produced in the tests
were colourless, non-turbid and odourless, except in the Do effluent test, where gas was
formed.

The condensates from the Do stage effluent, shown in Fig. 28, include more COD than
the corresponding Q stage effluent, although COD content of the initial effluents
presented the opposite pattern (Table 19). This can be explained by the different organic
compositions of the input material. The original reason lies in the use of enzymes before
Q stage, which increased the amount of non-volatile organic compounds in the Q stage
effluent, causing higher COD, while the greater amount of methanol in the Do effluent
than in the Q effluent caused the higher COD in the condensate. A marked decrease in
COD in the condensate was observed when the feed pH of the effluent was neutralised (Figs.
28 and 29), but a further addition of alkali had no positive additional effect on the COD
of the Do and Q condensates, while acidification of the Paa effluent before evaporation by
an addition of sulphuric acid clearly increased the COD carry-over, as seen in Fig. 29. The
basic level of COD in the condensates from the Do and Q effluents can be likely explained
by carry-over of VOC compounds from input material, such as methanol, during
evaporation, and the additional effects by organic acids, such as formic acid. The main
reason for the COD in the Paa condensates was carry-over of acetic acid, as seen in Fig. 30.
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4.5.1.2. Concentrate quality

As seen in Figs. 31, 32 and 33, the formation of total solids in the liquid and residual
fractions of the concentrate increased linearly as a function of total solids in the
concentrate. These findings point to uniform precipitation properties in the effluents with
increasing total solids.

Further analyses of total solids in the Do and Q concentrates by x-ray diffraction from
the wet solid matter indicate that the main compound precipitated when the concentrate
was in a highly acidic condition was calcium sulphate. When the pH of the concentrate
was increased by additions of alkali before evaporation, the predominant compounds
were calcium oxalate hydrates, while at higher values for total solids in the concentrate,
sodium sulphate and sodium chloride were dominant. These results follow the general
principle that ions of low solubility will be precipitated first if the prevailing pH and
concentration of ions is convenient for this. The results regarding Paa concentrate quality
indicate that total solids in the concentrate will increase linearly without any serious risk of
problems from calcium or barium deposits, because the precipitated fraction of the peracetic
acid concentrate was mainly amorphous, and may therefore not be so aggressive as the
deposits mentioned above.
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4.5.2. Evaporation of effluent from ECF and TCF bleaching:
pilot tests

4.5.2.1. Condensate quality

As seen in Fig. 34, the concentration of chloride ions in the condensate and its conductivity
increased in parallel as a function of total solids in the Do effluent concentrate, while the pH
of the condensates decreased simultaneously by about 0.5 unit. The reason for the low pH of
the condensate was mainly hydrochloric acid carry-over, which also led to quite high
chloride ion concentrations, from 20 to 100 mg/l, and conductivity in the condensate. These
results are quite similar to those reported earlier by Myréen (1993) for DC effluent
evaporation, but 20-100 times higher than those obtained in our earlier laboratory test (Fig.
25). The difference between the laboratory and pilot tests can be explained by the test
arrangements (Sections 4.4.1. and 4.4.2.), and partly by the extremely high evaporation rate,
which led to the transfer of some droplets to the condensate in the pilot tests.
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Fig. 34. Chloride content, conductivity and pH of the condensate as a function of total solids in
the Do effluent evaporation test (Dahlet al.1998c).

When Paa effluent was evaporated, the conductivity and pH of the condensates
increased markedly as a function of total solids only at a high evaporation capacity
without pH control and when total solids were in excess of 3% (Fig. 35). This effect can
be explained by the fact that the normal evaporation capacity was exceeded, which caused
some droplets of input material to enter the condensate. As also indicated by the curves in
Fig. 35, the lowest conductivity and highest pH of the condensate were achieved at
normal capacity with feed pH control. This can be explained by the neutralisation effect
mentioned in Section 4.5.1.1. above.
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When the Do effluent was evaporated, sodium, calcium, magnesium and potassium in the
condensate also increased with total solids in the concentrate, as seen in Fig. 36. This can be
attributed to the fact that the evaporation capacity was exceeded, which caused some
droplets of input material to enter the condensate, and partly to higher ion concentration in
the concentrate.

0

20

40

60

80

100

120

1 2 3 4 5
Total solids of concentrate, %

A
m

ou
nt

of
N

a,
C

a,
K

an
d

M
g

in
co

nd
en

sa
te

,m
g/

l

Na Ca Mg K

Fig. 36. Amounts of certain chemical elements in the condensate as a function of total solids in
the Do effluent evaporation test (Dahlet al.1998c).

As seen in Table 21, neutralisation of the feed of Paa effluent was increased only the
concentration of sodium ions in the condensate, this being greater at higher levels of total
solids. The effect can be attributed to the higher concentration of sodium ions in the input
material and therefore in vapor as well.
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Table 21. Amounts of ions (mg/l) in the condensate as a function of total solids. Initial
amounts in the Paa based effluent are listed in Table 20 (Dahl et al. 1998f).

Test 1 Total solids, % 1.7 2.5 4.0 4.8 7.1 7.6
Na 2.5 6.0 4.3 10.0 7.0 3.2
Mg 0.5 1.2 0.9 2.1 1.4 0.7
Ca 0.4 0.9 0.6 1.1 0.7 0.3
Cl- n.m n.m n.m n.m n.m 0.5

Test 2 Total solids, % 1.4 2.2 2.9 4.0 6.1 6.6
Na 5.0 5.0 6.3 0.6 1.9 1.4
Mg 1.1 1.1 1.5 3.2 9.0 7.0
Ca 0.7 0.6 0.8 1.6 4.7 3.0
Cl- n.m n.m n.m n.m n.m 1.2

Test 3 Total solids, % 2.4 3.5 5.6 6.5 8.8 9.8
Na 12.5 12.5 12.5 15.0 20.0 25.0
Mg 2.2 2.2 2.0 2.6 3.2 3.6
Ca 1.2 1.1 1.0 1.3 1.6 1.7
Cl- n.m n.m n.m n.m n.m 0.4

n.m not measured

Clear increases in COD, TOC and colour content with increased total solids in the
concentrate when Do based effluent was evaporated are shown in Fig. 37. As indicated by
the curves in Fig. 38, the methanol and acetic carry-overs into the condensate were uniform
as a function of total solids in the concentrate, while formic acid increased slightly. The
higher COD in the condensates with increasing total solids in the concentrate can be explain
by the increasing concentration of formic acid in the input material and the exceeding of the
evaporation capacity, which also caused transfer of some colour-promoting droplets, mainly
organic ones, to the condensate.
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Fig. 37. COD, TOC and colour in the condensate as a function of total solids in the
concentrate in the Do effluent evaporation test (Dahlet al.1998c).
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Fig. 38. Formic acid, methanol and acetic acid in the condensate as a function of total solids in
the Do effluent evaporation test (Dahlet al.1998c).

Neither total solids in the concentrate nor a high evaporation capacity (test 2) had any
clear effect on COD or TOC in the condensates, whereas neutralisation of the feed pH
before evaporation essentially reduced both COD and TOC in the condensates, Fig. 39.
These effects are the result of neutralisation, as discussed in Section 4.5.1.1. above. Figure
39 also indicates that the measured TOC was consistently about one third of the COD in the
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condensates. This may indicate that the composition of the organic material carry-over is
quite similar and not dependent on the concentration of input material.
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Fig. 39. COD and TOC in the condensate as a function of total solids in the Paa effluent
evaporation tests (01 = Test 1, 02 = Test 2 and 03 = Test 3) (Dahl et al. 1998f).

No clear effect on the concentration of methanol in the condensates was found with
increasing total solids, either at a higher evaporation capacity or after neutralisation (test
3), Table 22, whereas neutralisation of the feed essentially reduced the acetic and formic
acid concentrations in the condensates. As also shown in Table 22, the colour content of
the condensates increased only when a high evaporation capacity (test 2) was used
without feed pH control in the presence of high total solids (>4%), indicating that some
droplets must have been transferred during this evaporation test.
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Table 22. Colour, methanol, formic acid and acetic acid (mg/l) in the condensate as a
function of total solids in the Paa effluent evaporation tests(Dahl et al.1998f).

Test 1 Total solids, % 1.7 2.5 4.0 4.8 7.1 7.6
Colour, Pt 9 10 8 9 9 8
Methanol 29 25 27 33 30 29
Formic acid 12 12 10 10 7 5
Acetic acid 510 630 530 520 550 590

Test 2 Total solids, % 1.4 2.2 2.9 4.0 6.1 6.6
Colour, Pt 8 11 8 14 34 62
Methanol 24 25 24 21 24 24
Formic acid 17 10 9 8 20 15
Acetic acid 17 530 570 720 600 660

Test 3 Total solids, % 2.4 3.5 5.6 6.5 8.8 9.8
Colour, Pt 3 8 4 10 11 8
Methanol 33 30 28 32 32 30
Formic acid 5 5 5 6 6 8
Acetic acid 97 110 87 95 120 130

Nearly all the methanol present during Do and Paa effluent evaporation was transferred
from the input material to the condensate when total solids in the concentrate increased from
0.26 to 10% (Table 23). The results also indicate that neutralisation of the feed pH
beforehand essentially improved the quality of the condensate in the evaporation of the
Paa effluent, reducing mainly the organic carry-over. The relatively low carry-over of
inorganic material indicates that peracetic acid effluent is very easy to evaporate, and no
transfer of droplets to the condensate takes place during evaporation at least, if the feed
pH is controlled by sodium hydroxide. Table 23 also indicates that any exceeding of the
design capacity or use of a very low feed pH in the Do effluent will lead to high organic
and inorganic transfer from the input material to the condensate.
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Table 23. Total carry-over of components (%) from the input material to the condensate
in the Do and Paa effluent evaporation tests with increased total solids in the concentrate
(Dahl et al. 1998c, 1998f).

Component Do test Paa, Test 1 Paa, Test 2 Paa, Test 3
Increase in total
solids, % 0.26 to 5.1 0.32 to 7.6 0.32 to 6.6 0.40 to 9.8
COD 40.2 23.3 25.8 6.2
TOC 33.5 23.2 23.8 5.3
Colour 14.2 4.5 10.9 3.4
Methanol 96.1 100 95 99
Formic acid 88.3 6.1 9.0 3.7
Acetic acid 35.0 29.7 36.3 5.4
Conductivity 29.4 7.0 9.1 3.4
Chloride 25.9 4.4 9.1 3.4
Na 14.3 0.9 0.6 1.8
Mg 6.1 1.0 3.3 2.3
Ca 17.5 1.4 3.8 2.7
K 14.7 0.1 1.8 1.8

Dahl et al. (1998c) have also reported that no oxalic acid was found in the condensate
during Do based effluent pilot-scale evaporation tests, and only a minor amount of propionic
acid (<3 mg/l). The condensate also contained some acetone (<0.4 mg/l), but no other
volatile compounds such as acetaldehyde or ethanol. Concerning the pilot-scale tests with
Paa effluent, Dahlet al. (1998f) did not detect any other VOC compounds such as acetone,
acetaldehyde, dimethylsulphide, ethanol or methyl mercaptane.

4.5.2.2. Concentrate quality

Precipitated solids in the Do concentrate increased in a linear manner as total solids
increased from 0.26 to 5.1%, while the pH of the concentrate decreased simultaneously from
1.7 to 1.1, as seen in Fig. 40. These results indicate that solids in the concentrate will be
precipitated smoothly and the pH decrease in the concentrate is mainly a consequence of a
higher concentration of chloride ions or other acid material in the concentrate.
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Fig. 40. Precipitated solids and pH in the concentrate as a function of total solids in the Do
effluent evaporation test (Dahl et al. 1998c).

As seen in Figs. 41 and 42, precipitated solids, conductivity and pH in the Paa concentrate
also increased in a linear manner with total solids in each of the Paa evaporation tests. The
difference in pH behaviour between the Paa and Do concentrates can be explained by the
fact that former effluent contained much more acetic acid, which can easily transfer from
the concentrate to the condensate, resulting in less acetic acid and lower pH in the
concentrate. The increase in conductivity in the concentrate can be explained by the
higher inorganic material content of the residual concentrate.
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The compositions of the concentrates from the Do and Paa tests are presented in Table
24. The results indicate that inorganic material accounted for about two thirds of both
concentrates, chiefly by virtue of the sodium, chloride and sulphur contained in the Do

concentrate and the sodium, sulphur and magnesium in the Paa concentrate. The differences
are mainly a consequence of the reagents used in bleaching, of course. The composition of
the deposit part of the Do concentrate indicates the possible precipitation of calcium and
sodium sulphate, while in the case of the Paa concentrate the high amounts of sodium,
silicon and magnesium in the deposit part of the concentrate, which give us a hint of
possible formation of a sodium-aluminium-silicate complex, which is typical of the
alkaline recovery cycle process in a kraft pulp mill (Park & Englezos 1998). Further
analyses by x-ray diffraction to ascertain the nature of the precipitate compounds showed
that the solid part of the Paa concentrate was mainly amorphous, but after extraction of the
precipitate solid with ether a deposit of calcium oxalate hydrate was clearly observed. The
main crystallised component in the Do concentrate was correspondingly calcium oxalate
hydrate, while those in our laboratory tests were calcium sulphate. The difference between
the results of the laboratory and pilot tests can mainly be explained by the varying amounts
of ions in the input, and therefore in the concentrate.
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Table 24. Main chemical properties of the Do and Paa softwood concentrates in the
pilot–scale evaporations (Dahl et al. 1998c,1998f).

Concentrate Do Paa
Filtrate
(mg/l)

Deposit
(µg/g)

Filtrate
(mg/l)

Deposit
(µg/g)

Initial pH 1.1 n.m. 6.6 n.m.
Dissolved solids 48 900 n.m. 76000 n.m.
Ash content 32 200 n.m. 48400 n.m.
COD 19 200 n.m. n.m. n.m.
total S 5 500 11700 3100 11700
Cl- 8 650 n.m. n.m. n.m.
Na 9 500 12300 13600 44000
Ca 760 73200 1100 125000
K 670 1100 102 <5000
Mg 484 600 2900 10800
Si 47.2 3100 99 32500
Mn 26.0 39 14 42.3
Al 13.2 77.6 4.1 1 700
Zn 7.9 <5 1.9 <15
Fe 6.8 73.8 32 490
Cu 0.8 12.6 0.3 11.7
Cr 0.4 22 0.3 30.6
V 0.3 11.3 0.16 10.6
Ni 0.2 <20 0.6 9.1
Pb 0.1 18.1 <0.2 <0.05
Cd 0.08 <20 <0.05 15
As <0.5 <200 <1.0 <300
Co <0.05 <20 0.2 <15
Ba n.m. n.m. 5.4 800

n.m. not measured.

By comparing the amounts of chloride and sodium ions between the input material,
Table 20, and the concentrate (Table 24) taking into account the increase in total solids, the
amount of sodium ions can be seen to be quite similar in both fractions, the difference being
explicable by measurement error. Chloride ions behaved in a totally different manner,
however, being much higher in the concentrate than was expected. This indicates that some
chloride ions might be generated from the input material during evaporation as its total
solids and acidity increase. The basic reason for this may lie in the decomposition of residual
chlorate from the input material, which under acidic conditions can generate chloride ions as
follows (Dence & Reeve 1996):

OH3Cle6H6ClO 23 +→++ −−+− (19)

However, this does not exclude possible error in the measurement of the chloride ion
concentration in both fractions.
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4.5.3. Reusability of condensates

4.5.3.1. Characterisation of the condensates in the tests

The reusability of the condensates produced in the pilot tests assessed in both chlorine
dioxide and peracetic acid bleaching. The tests were performed using only certain
fractions of the condensates, mostly contaminated ones, taking certain pure organic
components as references. The detailed analyses of the condensate fractions used in the
laboratory tests are listed in Table 25, which shows that about 59-64% of the COD in the
Do effluent condensates and over 90% of that in the Paa condensates was attributable to
methanol, formic acid and acetic acid.

Table 25. Main chemical properties of condensate fractions in the pilot evaporation tests
(Dahl etal. 1998c, 1998f).

COD
D1

COD
D2

COD
D3

COD
Paa3

COD
Paa1

COD
Paa2

COD
Me

COD
Fo

COD
Ac

Initial pH 2.6 2.6 2.5 4.7 3.2 3.9 5.0 2.4 2.7
Conductivity,
µS/cm 66 71 90 142 157 260 1.2 2000 570
Cl-, mg/l 70 72 108 0.4 0.5 1.2 n.m. n.m. n.m.
Measured
COD, mg/l 502 538 656 221 739 858 12720 9030 11850
TOC, mg/l 198 200 248 73 250 300 n.m. n.m. n.m.
Colour,
mg/l (Pt) 77 97 122 8 8 28 n.m. n.m. n.m.
Methanol,
mg/l 135 130 170 30 29 24 7 842 n.m. n.m.
Formic acid,
mg/l 270 250 260 8 5 15 n.m. 24216 n.m.
Acetic acid,
mg/l 2 20 15 130 590 660 n.m. n.m. 10470
Calculated
COD, mg/l 322 327 390 199 717 791 n.m. n.m. n.m.
Est. / Meas.
COD, % 64 61 59 90 97 92 n.m. n.m. n.m.

n.m. not measured.
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4.5.3.2. Effect of the reuse of condensates on pulp properties and
reagent consumption in D and Paa bleaching

Condensates from Do effluent reduce brightness slightly (Fig. 43), and the same effect was
observed when formic acid-based COD was added, but to a lesser extent. No negative effect
on viscosity was found with the various types and amounts of added COD (Fig. 44), while
reagent consumption increased slightly when Do effluent condensates were added, as seen in
Fig. 45. This figure also indicates that acetic acid COD reduced reagent consumption and
formic acid COD increased it slightly. The addition of formic acid reduced the pH in the
final D stage, as seen in Table 26, while acetic acid increased it. The difference in the results
relative to formic acid and acetic acid COD can easily be explained in terms of the
difference in the final pH (Table 26), which has an essential effect on brightness and reagent
consumption, as observed by Dahl et al. (1997c), so that it may be assumed that if the final
pH of the condensate were controlled it would behave as an inert material. All these results
and those presented earlier by Dahl et al. (1997c) indicate that the decrease in brightness and
increase in reagent consumption observed when testing the reusability of condensates from
Do effluent must be a consequence of colour causing a carry-over (see Fig. 37). These effects
are not so significant, however, as to place limitations on the reuse of condensates in ECF
bleaching.
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Table 26. Effects of COD additions on the final pH of the final D stage. Final pH without
COD addition 3.4± 0.3 (Dahl et al. 1998c).

Added COD content, kg/ODt 3.4 3.7 4.5 10 20 30
After CODD1 treatment 3.4 - - - - -
After CODD2 treatment - 3.7 - - - -
After CODD3 treatment - - 4.5 - - -
After CODMe treatment - - - 3.6 3.6 3.5
After CODFo treatment - - - 2.5 2.3 2.3
After CODAc treatment - - - 5.2 6.5 5.5

As seen in Table 27, no detrimental effects on pulp properties or reagent consumption
were observed when various amounts of COD from each evaporation test were added to the
peracetic acid stages or chlorine dioxide stage. Table 27 also suggests that it would be
possible to replace chlorine dioxide entirely with peracetic acid in the final D stages of the
ECF bleaching process and retain full pulp brightness (>88 ISO%). Dahlet al. (1998f) have
also reported, however, that large amounts of formic acid in condesates during peracetic
acid bleaching should be avoided, as this will reduce the delignification rate, brightness and
viscosity. These effects can nevertheless be partly avoided by controlling the pH of the
peracetic stage beforehand to reach a final optimal level of about 5.

Table 27. Effect of the addition of various condensates (COD1,COD2 and COD3) from
evaporation on general pulp properties after the peracetic acid and chlorine dioxide
stages(Dahl et al.1998f).

Reference COD3 COD1 COD2

COD dose, kg/ts 0.0 1.4 4.2 7.4
Bleaching stage Paa2 D2 Paa2 D2 Paa2 D2 Paa2 D2

Brightness, ISO% 88.0 89.1 87.4 88.9 87.8 88.9 88.0 88.9
Viscosity, dm3/kg 776 790 790 792 790 793 779 791
LWFL, mm 2.16 2.17 2.15 2.22 2.21 2.22 2.14 2.18
Reagent consumption, kg/ODt 2.7 7.2 2.7 7.0 2.9 7.2 3.8 7.2
Final pH 4.3 3.2 4.3 3.4 3.8 3.3 4.1 3.7

Paa1 delignification stage for softwood kraft pulp from the oxygen stage, Paa2 brightening stage for softwood
kraft pulp from the D1 stage, and D2 brightening stage for softwood kraft pulp from the D1 stage.
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4.6. Conclusions

Evaporation is a separation process which leaves a fairly pure condensate, while the
residual concentrate from acidic effluent evaporation contains the non-volatile
components from the input material. The present results concerning evaporation of acidic
effluents from a bleach plant were fully compatible with this principle, since almost all the
condensates fulfilled the water quality guidelines for the pulp and paper industry (see
Section 2.2.1.).

The results arising from the evaporation of effluents from the Do and Paa stages of
acidic bleaching containing or not containing chloride indicate that neutralisation of the
feed pH beforehand will improve the quality of the condensate by reducing the carry-over
of various acids from the input material to the condensates. This positive effect is a
consequence of the hydrolysis of the acids in the presence of sodium hydroxide to sodium
salts having boiling points considerably higher than that of the original acid in aquatic
solution. Neutralisation does not cause any decrease in the carry-over of volatile compounds
(VOC), mainly methanol, however, so that an additional stripper after evaporation will be
needed to prevent the accumulation of VOC compounds in the bleach plant before
condensates can be reused as wash water in bleaching.

The precipitation part of the concentrate includes mainly ions of low solubility, chiefly
calcium salts, but the composition of the precipitate fraction can be affected by
controlling the feed pH of the effluent. When acidic effluents containing chloride are
evaporated, however, the amount of residual chlorate also has to be taken into account,
because chlorate will decompose to chlorine and chlorine dioxide gas under acidic
circumstances.

Our tests confirm that condensates from acidic effluents can be reused in chlorine
dioxide and peracetic acid bleaching without any negative effect on pulp quality or
chemical consumption. The accumulation of formic acid in peracetic acid bleaching
should nevertheless be avoided, because it will reduce the delignification rate, brightness
and viscosity.



5. Further processing of acidic concentrate from
evaporation

When evaporation is used as a method for purifying acidic effluent from kraft pulp
bleaching, the remaining concentrate includes the majority of the non-volatile components
of the feed — including univalent ions— as shown in Chapter 4. Since the main aim of
the further processing of the concentrate in the present context was to purify the acidic
concentrate from evaporation in such a way that it could be incinerated in the recovery or
bark boiler, the large amounts of univalent ions (Cl-, Na+ and K+) in the concentrate have
to be removed before burning, as they are known to be very harmful for the operation of
the most boilers (Reeveet al. 1981, Tran 1986, Tederet al. 1990, Brown et al. 1998).
Another aim was to evaluate the existing or suggested methods for further processing the
concentrate and to use these conclusions as a basis for planning new approaches to the
further processing of evaporation concentrate from acidic bleaching stages in general.

5.1. Previous approaches

Although specific information on the further processing of evaporation concentrate from
bleach plant effluents is limited, a few approaches have been proposed for that purpose.
The main difference between these lies in the way in which the concentrate is handled
after evaporation. One way is to lead it first into recovery cycle and remove the
troublesome matter from the causticizing area as dregs, or certain part of it as a salt
containing univalent ions (fly ash) from the flue gas arising from the recovery boiler,
while another approach is to treat the concentrate in an appropriate way after evaporation
without leading the residuals into any pulp mill cycle. In both approaches the definitive
result is the same, in that the residual concentrate ash components will be finally disposed
in a dump area. According to Myréen (1993), the following design criteria have to be
taken into account in the further processing of evaporation concentrate in an incinerator:
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The chloride ions should be separated from the concentrate as completely as possible
before it is burnt.
− The combustion temperature should be over 900oC in order to achieve complete

oxidation of the organic material.
− The flue gas should be quenched from 450oC to below 200oC to eliminatede novo

synthesis of chlorinated organics in the flue gas, and
− Particulate matter should be efficiently separated from the stack gas prior to

discharge into the atmosphere.
These thesis led gradually the development of the Conox process.

5.1.1. Conox process

A schematic flowsheet of Conox process with an additional evaporator is presented in Fig.
46. The purpose of the process is to oxidise the organic material completely to carbon
dioxide and water vapour and to handle the inorganic residual in an environmentally
acceptable way.

Fig. 46. Schematic flowsheet of the Conox process with an additional evaporator (Myréen &
Niemi 1998).

Before the Conox process it is necessary to concentrate the input material from the
acidic stages of kraft pulp bleaching to about 50% total solids (Myréen 1998). This can be
done in two steps, first increasing total solids to 10% using one or more evaporators
operating according to mechanical vapour recompression technology and the re-
concentrating this material to 50% using a forced circulation evaporation unit (see Fig. 46).
The Conox process itself operates at over 1000oC, a pressure of 10 bars with a delay of
only 2 seconds and an oxygen gas demand of about 20 kg O2 /ADt. A highly oxidising
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atmosphere is needed for complete oxidation of all the organic material without generating
any hazardous organochlorides. The flue gas contains about 90% carbon dioxide and 10%
oxygen, while the residual concentrate contains the inorganics from the input material. After
dilution and filtering, the brine contains mainly univalent ions while the dregs contain most
of the non-soluble inorganic material. This process has been tested in a pilot-scale system
frequently used for effluent from the ECF bleaching process, and the results indicated that it
is suitable for destroying the eventual concentrate. It can be also tailored for incinerating
concentrate from the TCF process when necessary.

5.1.2. Zedivap process

A schematic flowsheet of the Zedivap process is presented in Fig. 47. The main idea of
this approach is to use the waste energy from black liquor evaporation for separating out
the acidic effluent by multiple-effect evaporation and to lead the whole concentrate into
the recovery boiler together with the concentrated black liquor.

Fig. 47. Schematic flowsheet of the Zedivap process (Pekkanen & Kaila 1997).

This approach was introduced for handling of acidic effluent from TCF bleaching, and
has been used on a mill scale in the AssiDöman pulp mill at Frövi since autumn 1997.
The acidic effluent originates from an O/O-Q-Paa-PO bleaching sequence which uses the
counter-current split-flow washing principle. In this process the incoming acidic effluent
is evaporated by two evaporators connected in series from 0.7% total solids to 12%, and
the waste energy from black liquor evaporation is used for vaporisation, with a capacity
of 64 tonnes of condensate per hour. After that the concentrate is mixed with the
concentrate from the black liquor and burned in the recovery boiler. Detailed information
on the operation of this process is still lacking, however.
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According to Kiiskilä (1998), more information would be needed before the
Zedivap process could be used to treat acidic effluent from ECF bleaching, and with
this in mind there are now pilot-scale tests under way at a pulp mill of the Stora Co. at
Gruvö, Sweden. The main purpose of these long-term trials is to find the most suitable
process parameters for the evaporation of effluent containing chloride, to solve any
corrosion problems and to determine the economic suitability of the technique.

5.1.3. BFR process

In the BFR (bleach filtrate recycle) process, Fig. 48, some of the filtrates are recovered
via the kraft liquor cycle. This process is not based on the separate evaporation of acidic
effluent like the Conox or Zedivap process, but it gives a potential idea regarding
partial closure of the water circulation in ECF bleaching. It is based on minimisation of
the concentration of chloride ions in the acidic effluent by reducing the use of chlorine
dioxide in the bleaching and by removing metals before reusing the filtrates as a wash
liquor in the washer after the first chlorine dioxide stage.

Fig. 48. Schematic flowsheet of the BFR process (Mapleset al.1994).

As seen in Fig. 48, the BFR process is not a total solution, as the effluent from the
final chlorine dioxide stage is sewered to avoid the accumulation of surplus chloride ions
in whole cycles of the mill. It has been successfully demonstrated, however, that closure
can be completed by recovering all of the bleaching filtrates. The additional chloride load
could be minimised by means of extended delignification or some other measure.
However, the detailed information on the operation of this process is still lacking,
although some information is given (Ferguson & Finchem 1997, Caron & Williams 1996,
Flecket al.1996).
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In the BFR approach the chloride ions are removed from the fly ash arising from the
recovery boiler by a separate chloride removal process (CRP) (Fig. 49), which includes
complete dissolving of the precipitator dust followed by evaporative concentration of the
sodium sulphate crystals. These crystals can be separated from the brine of sodium and
potassium chloride by simple filtration. According to Mapleset al. (1994), it possible to
achieve an efficiency of about 94% in the removal of chloride and 95% in the recovery of
sulphate.

Fig. 49. Schematic flowsheet of the CPR process (Mapleset al.1994).

5.1.4. Other approaches

The processes presented in this section are not in commercial use for the further
processing of evaporation concentrates from bleach plant filtrates. They are only
suggestions, and their suitability for the purpose as not necessarily been evaluated in
practical tests.
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5.1.4.1. Furnace smelting, pyrolysis in a rotary kiln and wet air oxidation

Blackwell et al. (1995) used exhaustive simulation to evaluate a possible method for
oxidising evaporation concentrate from ECF bleaching, on the basic assumption that both
alkaline and acidic filtrates can be handled together by separate methods such as furnace
smelting, pyrolysis in a rotary kiln or wet air oxidation after concentration of the filtrates
from bleaching to 45% total solids.

The principle of the smelting method is to incinerate the input material in a circular,
brick-lined furnace, as shown in Fig. 50. A high combustion temperature of 960oC and a
2 s delay are needed in this process to ensure thorough destruction of the organics. These
processes are now in use at a number mills to burn black liquor from soda pulping of
bagasse.

Fig. 50. Schematic flowsheet of the furnace smelting process (Blackwellet al.1995).

When pyrolysis in a rotary kiln is used for oxidising the concentrate, some slag will be
formed due to unburned carbon, as the temperature of about 700oC can be used only in
the pyrolysis kiln, for practical reasons. This will generate less fumes, but the residual
concentrate could still include chlorinated organics, on account of the low temperature
used for treatment of the input material. A schematic flowsheet of this process is shown in
Fig. 51.
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Fig. 51. Schematic flowsheet of pyrolysis in a rotary kiln (Blackwellet al.1995).

The principle of wet air oxidation is presented in Fig. 52. In this process air or oxygen
is added to the waste stream with about a 1-hour delay at 240oC, which generates a
pressure of 4.9 kPa. These conditions are sufficient to oxidise chlorinated organics, but
might be insufficient to destroy possible dioxins, furans and certain salts of organic acids.
Such problems can be avoided by using supercritical water oxidation at 460-650oC at a
pressure of 25.3 kPa.

Fig. 52. Schematic flowsheet of the wet air oxidation process (Blackwellet al.1995).
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5.1.4.2. BCRP process

Figure 53 illustrates the closed cycle process called bleach chemical recovery process
(BCRP), where the acidic effluent from conventional bleaching is neutralised with
magnesium oxide and evaporated to the point of NaCl/CaSO4 saturation (Böhmeret al.
1991). Further evaporative crystallation is used to remove sodium chloride and calcium
sulphate. The magnesium chloride brine, which contain all the organics is incinerated to
yield magnesium oxide and hydrochloric acid. The formed sodium chloride and
hydrochloric acid are reused into the chlorine dioxide plant.

Fig. 53. Schematic flowsheet of the BCRP process.

5.1.4.3. TEF process with electrodialysis

A schematic flowsheet of the TEF process with electrodialysis is presented in Fig. 54. This
approach is planned for ECF bleaching and it based on the following steps: reduction of
the effluent discharge from bleach plant less than 15 m3/ADt, evaporation of all effluent,
purification of condensate by stripping and removing chloride ions from residual
concentrate by electrodialysis (Johanssonet al. 1995a). In this process the organic
material is removed by flocculation and burned in a recovery boiler or landfill, while the
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inorganic fraction from flocculation is treated by electrodialysis to remove chloride ions.
After this the brine can be disposed of after chlorate destruction.

Fig. 54. Schematic flowsheet of the TEF process with electrodialysis (Johanssonet al.1995b)

5.1.4.4. Acidification and vaporisation

Myréen (1993) has proposed that chloride ions should be removed from the acidic
concentrate by acidifying it with sulphuric acid and volatilizing the hydrochloric acid in it
by vaporisation of the water in a drum dryer and a rotary kiln. This design of incinerator
enables almost all the chloride to be removed from the concentrate. Myréen (1993) also
proposed the use of acidification in combination with a venturi scrubber and a flash dryer
for removing chloride ions from the precipitator dust slurry of a recovery boiler.

5.2. Experimental part

Using existing information and the hypothesis put forward here with respect to further
processing, in which the concentrate is finally incinerated after evaporation in the
recovery boiler, two approaches was selected for closer examination: drying/extraction
and acidification/re-evaporation, the procedures for which are listed in the following
sections 5.2.1. and 5.2.2. The drying/extraction process was applied to both peracetic acid
(Paa) and chlorine dioxide (Do) concentrate, while acidification/re-evaporation was
applied only to the latter, as Paa concentrate does not contain many chloride ions, the
removal of which is the main purpose of the process.
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5.2.1. Drying/extraction procedure

The idea of this process is to dry the concentrate to as high a dry solids content as
possible (over 90%) by using a flash dryer or rotary kiln after evaporation of the acidic
effluent to 30-50% total solids and diluting the univalent ions with water from the
concentrate by simple filtration in such a way that the solid residual that is free of
univalent ions can be burned as liquor in a bark or recovery boiler.

The laboratory simulation procedure was the following: concentrates from both the
ECF and TCF pilot-scale evaporation tests (see section 4.5.2.2) were re-evaporated in a
laboratory-scale evaporator from 5-10% total solids to 30-50% and then dried to over
90% total solids in a flash dryer (TCF concentrates) or oven (ECF concentrates). The
reason for using an oven for the ECF based concentrates was a breakdown in the flash
dryer during the Paa tests.

For each extraction test a sample of 5 g of concentrate was taken and applied to a cup
made of porcelain with a tight glass membrane. After that, 100 g of ion-free water was put
into the cup and after the required time the brine was sucked from the cup through the
membrane by a vacuum pump. The tests were performed with dilution water at 60oC and
7oC and a dilution time of 60 s before the water was sucked out by the vacuum pump. A
schematic diagram of the laboratory equipment is shown in Fig. 55.

The amounts of univalent ions and organic material in the brine and the input material
were measured by the methods described in section 4.4.3. above, and the total mass
balance for the process by weighing the cup before and after dilution. Four types of
concentrate were used in these tests: ECF and TCF concentrates both with and without pH
control before the original evaporation. In the test using the pH-controlled ECF
concentrate the pH was adjusted to the desired level afterwards, however, because all the
pilot-scale tests with ECF effluent were performed without pH control. The pH control
was performed afterwards using information gained from earlier laboratory evaporation
tests by Dahlet al. (1997a).

Dryed concentrate

Fresh water

Membrane

Brine

Fig. 55. Schematic diagram of the laboratory equipment used in the drying and extraction
tests.
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5.2.2. Acidification/re-evaporation procedure

The idea of this process is to acidify the evaporated concentrate at a total solids level of
about 30-50% with sulphuric acid in such a way that a sufficient amount of chloride ions
from the residual concentrate can be removed by simple vaporisation before the residue is
burned with the black liquor in a recovery boiler. This process is similar to that proposed
earlier by Myréen (1993), except that by a simple evaporator is employed in the
vaporisation instead of a drum dryer or rotary kiln. This approach is based on the simple
chemistry of sodium chloride in aquatic solution with sulphuric acid, as presented in Eq.
(20) (Austin & Glowacki 1989):

)g(HCl2)s(SONa)l(SOH)s(NaCl2 4242 +→+ (20)

The laboratory tests were performed using a simple evaporation system, a schematic
diagram of which is shown in Fig. 56. The methods was used only for the Do concentrate,
as the Paa concentrate did not contain so many chloride ions. 100 g of concentrate was
weighted and placed in a glass bulb of volume 500 ml in an oil bath connected to the
cooler system. The appropriate amount of sulphuric acid was gradually added to a
concentration of about 50%, after which the temperature of the oil bath was raised
smoothly from room temperature, about 22oC, to about 150oC. The test was finished after
total solids in the residual concentrate had risen to about 70%. Total solids in the
concentrate were evaluated by measuring the amount of condensate. After the test the
glass bulb was reweighed, 100 g of ion-free water was added to it, and the quantity of ions
was measured.

The condensate and concentrate were evaluated in terms of quality by measuring the
amounts of univalent ions and organic matter by the methods used earlier (see Section
4.5.2.2.). Before the residual concentrate analysis the undissolved solid was removed by
simple filtration through a GF/A filter.

Cooler

Water in

Water out

Oil bath

Heater

Concentrate

Thermometer

Pop valve

Condensate

Fig. 56. Schematic diagram of the re-evaporation equipment.
5.3. Results and discussion
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5.3.1.Drying/extraction

As seen in Tables 28 and 29, most of the input material in each tests, both inorganic and
organic, was dissolved in the solvent (water) during the tests. This effect was somewhat
more pronounced with the peracetic acid (Paa) concentrate than with the concentrate
arising from the first chlorine dioxide (Do) stage. Table 29 also indicates that less input
material was dissolved at lower water temperatures, the minimum being reached at a
solvent temperature of 7oC with the Do concentrate, the pH of which was not controlled
before evaporation.

These results clearly indicate that the organic and inorganic matter in the bleaching
concentrate are of almost the same solubility, this being a little higher with more sodium
ions in the concentrate. The main reason for this may be that both organic and inorganic
material will form highly soluble compounds with sodium ions. These reactions could be
altered by using calcium hydroxide instead of sodium hydroxide to control the feed pH of
the effluent before evaporation and drying, but this might cause serious scaling problems
in the evaporation and drying equipment. For these reasons such an approach is not
practicable as a pre-treatment method before incinerating the concentrate in either a bark
or recovery boiler.

Table 28. Extraction tests with peracetic acid (Paa) concentrate.

Test no Test 1 Test 2 Test 3 Test 4
Concentrate

pH control before evaporation with NaOH no yes no yes
Original amount of concentrate, g 4.94 4.95 4.94 4.95
Amount after dilution, g 0.26 0.31 0.24 0.75
Reduction of the concentrate mass, % 94.7 93.7 94.1 84.8

Quality of solvent after extraction
Temperature,oC 60 60 7 7
Total solids, % 4.82 4.85 4.76 4.31
Ash content, % 66.7 65.1 62.6 60.2
COD concentration, mg/l 36800 37300 33100 29000
pH 7.5 8.3 7.2 8.3
Conductivity, mS/cm 33.0 30.0 16.2 15.5

Carry-over of univalent ions from input material
Sodium ions concentration, % 102 102 102 102
Potassium ions concentration, % 99 101 101 102
Chloride ions concentration, % 103 102 103 103
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Table 29. Extraction tests with chlorine dioxide (Do) concentrate.

Test no Test 1 Test 2 Test 3 Test 4
Concentrate Do Do Do Do

pH control in evaporation with NaOH no yes no yes
Original amount of concentrate, g 4.95 4.99 4.95 4.99
Amount after dilution, g 0.82 0.69 2.66 0.98
Reduction of the concentrate mass, % 83.4 86.2 46.3 80.4

Quality of solvent after extraction
Temperature,oC 60 60 7 7
Total solids, % 4.05 4.42 2.18 4.19
Ash content, % 79.3 86.7 85.1 85.5
COD concentration, mg/l 7420 9440 2800 7900
pH 1.9 5.0 2.0 5.0
Conductivity, mS/cm 40.0 39.2 17.3 24.4

Carry-over of univalent ions from input material
Sodium ions, % 102 103 102 103
Potassium ions, % 102 103 102 103
Chloride ions, % 102 103 102 103

5.3.2. Acidification/re-evaporation

As indicated in Tables 30 and 31, the more sulphuric acid was added to the initial
concentrate, the higher was the carry-over of chloride ions to the condensate in the form
of hydrochloric acid, this carry-over also being greater when concentrates without pH
control were evaporated. It can also be seen in Table 30 that chloride ions can be reduced
in amount by over 90% by means of an acidification and re-evaporation system. These
results are entirely to be expected in accordance with Eq. 20, as shown in section 5.2.2.,
from which it can be calculated theoretically that 25.6 ml of 50% sulphuric acid is needed
for a complete reaction when the Do concentrate without control of the initial effluent pH
is evaporated (Table 30).

As also seen in Table 30, the mass of concentrate in test 2 diminished by over 24%
during evaporation, mainly on account of pronounced gas formation, which caused the
discharge valve to blow and disturbed the mass balance of the evaporation test. After this
had occurred the released gas was always conducted away into the atmosphere at the
beginning of each test and the mass balance was calculated after that. This led to a
reduction of the order of 3.5 to 5.7% in the mass of the concentrate. Another observation
was that gas formation began at a vapour temperature of 60oC and stopped at about
100oC. This gas formation in the concentrate may be connected with decomposition of the
residual chlorate in the presence of hydrochloric acid, for which Rapson (1956) proposed
the following reaction mechanisms (21), (22) and (23), in which chloride ions act as the
reducing agents:
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HClOHClOHClHClO 23 +→+ (21)

OHClO2HClOHClO 2223 +→+ (22)

OHClHClHClO 22 +→+ (23)

The total reaction can be written as follows:

OHClClOHClHClO 2223 5.0 ++→+ (24)

Using this assumption and the measured concentration of residual chlorate in the
concentrate (Table 30), about a 20% reduction in the mass of the concentrate can be
attributed to the formation of chlorine and chlorine dioxide gas. The remainder of the gas
formation probably arises from reactions between the sulphuric acid and the organic
material.

Table 30. Re-evaporation tests with chlorine dioxide concentrate from ECF bleaching
without control of the initial effluent pH.

Test no Test 1 Test 2 Test 3 Test 4
Concentrate quality before evaporation Do Do Do Do

Total solids, % 34.1 34.1 34.1 34.1
Amount of chloride ions, mg/l 92200 92200 92200 92200
Amount of chlorate ions, mg/l 10510 10510 10510 10510
Amount of sodium ions, mg/l 90200 90200 90200 90200
Amount of potassium ions, mg/l 6100 6100 6100 6100
Amount of used H2SO4, ml (50%) 0 8 16 32
Reduction of the mass, % 3.7 24.3 5.3 3.5

Concentrate quality after evaporation
Total solids, % 62 77 51 67
Reduction of chloride ions, % 28 43 30 91
Reduction of sodium ions, % 13 20 13 7
Reduction of potassium ions, % 16 28 17 -13

Condensate quality after evaporation
Carry-over of chloride ions, % 0.3 0.4 3.0 59.0
Carry-over of sodium ions, % + + + +
Carry-over of potassium ions, % + + + +
COD concentration, mg/l 12500 12000 12000 10840
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Table 31. Re-evaporation tests with chlorine dioxide (Do) concentrate from ECF
bleaching with control of the initial effluent pH.

Test no Test 1 Test 2 Test 3 Test 4
Concentrate quality before evaporation Do Do Do Do

Total solids, % 46.3 46.3 46.3 46.3
Amount of chloride ions, mg/l 117500 117500 117500 117500
Amount of chlorate ions, mg/l 16440 16440 16440 16440
Amount of sodium ions, mg/l 147000 147000 147000 147000
Amount of potassium ions, mg/l 6100 6100 6100 6100
Amount of used H2SO4, ml (50%) 0 8 16 32
Reduction of the mass, % 5.4 5.7 4.8 3.5

Concentrate quality after evaporation
Total solids, % 80 78 80 60
Reduction of chloride ions, % 48 35 46 52
Reduction of sodium ions, % -1 7 -1 10
Reduction of potassium ions, % 5 8 13 10

Condensate quality after evaporation
Carry-over of chloride ions, % 0.5 0.3 0.0 10
Carry-over of sodium ions, % + + + +
Carry-over of potassium ions, % + + + +
COD concentration, mg/l 7500 9500 6500 11250

5.4. Conclusions

Various approaches have been proposed for the further processing of concentrate from
the evaporation of bleaching effluent. Some of these processes are already in use on a
pilot scale or even a mill scale, while others are only suggestions. Since the approach
adopted here was to handle the acidic evaporation concentrate in a way that ensures that it
can subsequently be burned in a bark or recovery boiler, only two methods were selected
for closer examination: drying/extraction and acidification/re-evaporation.

The results clearly indicate that univalent ions cannot be removed selectively from the
evaporation concentrate by a combination of drying and extraction, as the organic and
inorganic fractions were of almost the same solubility. This means in practice that
evaporation concentrate cannot be incinerated in a bark boiler, as the surplus univalent
ions will disturb the operation of the boiler. There some mill-scale experiences recorded
with respect to the incineration of evaporation concentrate from TCF bleaching in a
recovery boiler at a kraft pulp mill, so that it is quite possible that peracetic acid (Paa)
concentrate can be conducted to a recovery boiler after evaporation without any
additional treatment process, using black liquor as a support fuel. The problem will then
be the fact that the concentrate contains chloride ions, and particularly how to reduce the
quantity of these before introducing the concentrate into the recovery boiler. It was for
that purpose that the acidification/re-evaporation process was tested.
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The results indicate that it is possible to remove the chloride ions from the concentrate
by adding a sufficient amount of sulphuric acid to it and vaporising the ions to
hydrochloric acid. A removal efficiency of over 90% was achieved by using an
appropriate amount of sulphuric acid. The amount of residual chlorate in the concentrate
has to be taken into account in this process as well, however, because the chlorate
undergoes certain reactions in the presence of chloride ions in acidic conditions that lead
to the formation of both chlorine and chlorine dioxide gas.



6. Acidic effluent treatment system

This Chapter presents the general treatment system for acidic kraft pulp bleaching effluent
containing chloride. The chloride fraction proved to be highly problematic to handle due
to both unexpected chemical reactions in the concentrate (gas formation) and expected
ones (precipitation of ions) with increasing concentration during evaporation, as
described in Chapters 4 and 5. The other fraction, arising from peracetic acid bleaching,
does not generate any unexpected chemical reactions during evaporation, and is therefore
much easier to evaporate to a high percentage of total solids. In addition, the peracetic
acid effluent contains only small amounts of chloride ions that originate from the raw
material, so that there is no need for additional process for their removal before
incineration in the recovery boiler. In any case, when considering incineration in the
recovery boiler, the properties of the fraction to be burned have to be evaluated in detail
in terms of their effect on both combustion and the total balance of the pulp mill.

6.1. Process description

The principle of the treatment system for acidic kraft pulp bleaching effluent containing
chloride is presented in Fig. 57. The system includes effluent evaporation and chloride
removal processes, where the latter comprises gas removal and re-evaporation. The effect
of the whole effluent treatment system is to neutralise the acidic chloride effluent and
evaporated it to 30% total solids in the concentrate. The condensate is stripped before re-
introducing it into the bleaching process as a wash water, while the residue after
evaporation is acidified with sulphuric acid and the gas released is collected in the
chlorine dioxide manufacturing plant. After gas removal, the acidified concentrate is re-
evaporated to 70% total solids to remove the chloride ions in the form of hydrochloric
acid. Finally, the purified concentrate is diluted to 30% total solids with alkaline effluent
from bleaching and burned in a recovery boiler with strong black liquor. Primary steam is
only used for the re-evaporation system, while the secondary steam from black liquor
evaporation is used for evaporation of the acidic effluent.
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Fig. 57. Schematic flowsheet of the treatment system for acidic kraft pulp bleaching effluent
containing chloride.

6.2. Discussion

Although the use of acidification with sulphuric acid and heat to remove chloride ions
from the chloride containing brine has been known to daily chemistry for a long time, the
procedure described above is mainly based on the results obtained in this work. At least
Myréen (1993), proposed this idea for the removal of chloride from ECF concentrate,
suggesting that the vaporisation should take place in a drum dryer and rotary kiln, but
provided no published data. The aim of the present work was to test the validity of the
acidification and re-evaporation system on a laboratory scale, and since a reduction in
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chloride ions of over 90% was achieved, this technique was selected for the chloride
removal process.

Neutralisation of the feed pH of the effluent before evaporation which was used to
prevent the carry-over of acids to the condensate is an original contribution from this
work (see Chapter 4), as also is the use of neutralisation or an exact maximum limit for
total solids in the concentrate during evaporation (30%) to prevent the formation of
chlorine and chlorine dioxide gases due to the decomposition of residual chlorate in the
concentrate. The limit for total solids could be lower, however, if the amount of residual
chlorate were higher, and vice versa. Another restrictive point for total solids in
evaporation is boiling point elevation, which according to Myréen & Niemi (1998) is
achieved at only 10% total solids when the principle of vapour recompression is used in
evaporation. By using multiple-effect evaporation, however, over 40% total solids in the
concentrate can be achieved with a boiling point elevation of only 5oC (Välttilä et al.
1995). A multiple-effect evaporation system is therefore needed in this process for
vaporisation of the acidic effluent from kraft pulp bleaching and of the hydrochloric acid
from the residual concentrate.

The input material should be neutralised with sodium hydroxide, as the use of an
alkaline effluent from bleaching for that purpose will increase the possibility of an
accumulation of calcium salts, mainly calcium oxalate, in the process equipment
(Ulmgren 1996). The use of sodium hydroxide will also reduce pressure on the capacity
of the evaporation system.

The condensate from evaporation has to be stripped to prevent the accumulation of
volatile compounds, mainly methanol. This enables about 90-96% of the COD to be
removed (Välttiläet al.1995).

6.3. Conclusions

The process suggested for the treatment of acidic kraft pulp bleaching effluent containing
chloride is only one solution and was developed mainly based on the results of the present
research. The use of sulphuric acid for acidification purposes increases the amount of
sulphur in the recovery cycle and therefore implies a possible change in the sodium-
sulphur balance. Thus the whole economic feasibility of the treatment system will have to
be carefully considered. A lot of practical work will obviously be needed to implement a
system of this kind in a mill.



7. Summary

An approach is introduced for closure of the water circulation system in a pulp mill with
respect to acidic effluents from softwood kraft pulp bleaching. Minimum quality
requirements in terms of certain metal ions are determined for used process water in
chlorine dioxide and peracetic acid bleaching, and it is demonstrated that evaporation can
be used to purify acidic effluent from these bleaching process. Some idea is given of the
further processing of evaporation concentrate containing chloride. The main results can
be summarised as follows:

Transition metal ions such as iron, copper or manganese should be remained at as low
a level in the process water as in the treated fresh water used during chlorine dioxide or
peracetic acid bleaching, because even small quantities will markedly reduce pulp quality
and increase reagent consumption. The other common ions in process water, such as
calcium, magnesium, potassium and silicate, had no clear detrimental effect on pulp
bleachability in either chlorine dioxide or peracetic acid bleaching.

Evaporation can be used as a method for purifying acidic effluent from both chlorine
dioxide and peracetic acid bleaching and the resulting condensates were found to be clean
enough for reuse in both bleaching processes. The purity of the condensates can be further
improved by neutralising the feed pH of acidic effluents from the bleach plant before
evaporation.

The univalent ions sodium and potassium cannot be selectively removed from the
concentrate by the further processing methods used or evaluated here. The concentrate is
therefore unsuitable for incineration in a bark boiler. Sufficient amounts of chloride ions
can be removed by evaporation from the chlorine dioxide bleaching concentrate after
acidification, however, and the concentrate originating from peracetic acid bleaching does
not contain excessive amounts of chloride ions, so both concentrates are more likely to be
suitable for incineration with black liquor in a recovery boiler. A lot of practical work will
obviously be needed to clarify their effects on the combustion reactions and the balance
of the whole pulp mill before they can be introduced into the recovery boiler.
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