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Abstract

Sandberg, M. 2008. Studies to Avoid Decreased Efficiency in Multiple Stage
Biological Wastewater Treatment Plants: Concerning Forests Industry
Effluents. Licentiate Thesis. ISBN 978-91-7063-158-0.

The aim of this thesis is to find reasons for efficiency reduction, and methods
to avoid efficiency reduction in modern wastewater treatment plants for
forest industry effluents. Biological processes are usually efficient in
reducing biodegradable organic material. Since the technique depends on
living microorganisms (MO) it is sensitive. Toxic substances can kill the
population. It takes considerable time for the MOs to grow in number and
the treatment efficiency will be affected accordingly. In a pulp and paper
mill, a number of liquors are handled that can reach the treatment plant by
accident. In this study the impact of black liquor spills on treatment
efficiency has been studied.

Biological treatment methods have been used for a long time. They have
developed from general treatment plants to multiple stage concepts, where
each stage is designed for its own purpose with specific MO cultures. In this
thesis, a plant with the MultiBio concept, located at Gruvön Mill in Sweden
has been studied. A laboratory scale MultiBio plant has been constructed for
the trials in which efficiency during black liquor exposure has been
measured. The measured laboratory results were evaluated by comparing
them with simulated values and a mill case.

When a shock of toxic black liquor passing through a MultiBio concept, the
black liquor is diluted between the compartments. The first compartments
that are exposed to high concentrations of black liquor are affected
negatively. The MOs in the first compartment are fast growing and recover
in a few days. The more sensitive activated sludge compartments are located
further on in the plant. A toxic concentration is found in the activated sludge
compartments only when the duration of the spill is 24 hours or more.

Denying the MOs their needs can disturb biological treatments. Among
many things, a biological process needs dissolved oxygen. Since aeration is
energy consuming and expensive, there is a conflict between gaining high
efficiency and, at the same time, decreasing the energy consumption. In this
thesis, an approach to saving energy for aeration is initiated.
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Sammanfattning
Målet med den här studien är att finna anledning till effektivitetssänkning
och metoder att förhindra effektivitetssänkning i moderna biologiska
reningsanläggningar för skogsindustriella avloppsvatten. Biologiska
processer är vanligtvis effektiva när det gäller att reducera lättnedbrytbart
organiskt material. Eftersom den utgörs av levande mikroorganismer (MO)
är tekniken känslig. Toxiska ämnen kan döda en kultur av MO. Innan de har
ökat i antal igen kommer reduktionseffektiviteten att vara påverkad för en
ansenlig tid framöver. I ett pappers- och massabruk finns många typer av
vätskor som oavsiktligt kan hamna i reningsanläggningen. I den här studien
har svartluts inverkan på reduktionsgraden studerats.

Biologiska reningsverk har använts under en lång tid. De har utvecklats från
att vara generella reningsverk till att bli konceptanläggningar i flera steg, där
varje steg har designats för sitt eget syfte med specifika MO. I det här arbetet
har ett MultiBio-koncept vid Gruvön Bruk studerats. En anläggning i
laboratorieskala har byggts för svartlutsförsöken. Resultatet har jämförts mot
simulerade värden och värden från bruket.

När ett spill av svartlut passerar genom en MultiBio späds det ut mellan
varje steg. Halten av svartlut är hög i de första stegen vilka påverkas kraftigt.
I de första stegen lever snabbväxande organismer som återhämtar sig på ett
par dagar. De mer känsliga aktivslamstegen finns längre bak i reningsverket
och är skyddade från toxiska koncentrationer av svartlut. Endast vid försök
med 24-timmarstillsatser blev koncentrationen av svartlut så hög att den
påverkade MO negativt.

Den biologiska processen i ett reningsverk kan störas om MO förnekas något
essentiellt behov. En biologisk process har ett flertal behov, bland annat
behöver aeroba MO löst syre. Eftersom syresättning av vattnet är
energikrävande och kostsamt är det inte problemfritt att skapa en omgivning
som ger hög effektivitet samtidigt som man strävar efter att sänka
energiförbrukningen. I avhandlingen beskrivs ett tillvägagångssätt för att
studera energieffektiv syresättning.
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Preface
When I came to Karlstad in 2003 after a few years in Scania, I looked for
new employment. I wanted to work with research and environmental issues.
It was tempting to apply for work as a research engineer at StoraEnso or
some other company, but I had done that before and was looking for some
change. The pulp and paper business was the industry I knew best, and I
knew that Gruvön was planning to build a new modern treatment plant. This
was, in my opinion, the most interesting project in the region at that time.
When opportunity came to start this research project at Karlstad University,
most of my professional dreams came through.
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Introduction

Efficient treatment of forest industry effluents.

This thesis has been made within the project “Efficient treatment of forest
industry effluents”. The project has been financed by Kemira Oyj, Billerud
AB Gruvön Mill and VA-ingenjörerna AB. The work has aimed to find
reasons and solutions to the problem with decreased efficiency in pulp and
paper mill biological wastewater treatment plants. The project has been
focused on two issues: decreased efficiency due decreased biological activity
caused by toxic effluents, and decreased efficiency due to lack of dissolved
oxygen for MOs.

The issue is relevant. Swedish forest industry discharge large quantities of
effluents and it is important to achieve and maintain efficient treatment
plants.

The national and regional forest industries’ connection to the project

The forest industry is one of the most important industries in Sweden.
Sweden is the seventh largest paper producer in the world. In 2006, 12.6
million metric tons of paper and board were produced in Sweden and 10.2
million tons were exported. Only Canada, Finland and Germany export more
paper than Sweden (Skogsindustrierna 2007).

The Swedish forest industry employs 89 000 people. Out of these,
approximately 25 000 individuals are employed by the pulp and paper mills.
In the region around Karlstad University, more than 250 companies with
forest industry relations employ approximately 12 500 people (Province
2007). Among these 250 companies, 5 are pulp and paper mills that produce
various qualities of pulp and paper. “The Paper Province”, a cluster for
interaction and cooperation between forest industry companies, is one
important actor for this prosperous industry. The University and its
Department of Energy, Environmental and Building Technology cooperate
with a number of these companies. Within the University, forest and
environmental issues are important. With all the knowledge, experience and
skills that surround the university, the prospects of launching a successful
project were good.
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The project’s connection to the department of Energy, Environmental
and Building Technology.

The research on fibre based materials, and connections to the forest industry
have long tradition in the department of Energy, Environmental and Building
Technology. Dissertations on energy efficient drying of saw dust (Berghel
2004; Renström 2004) and emissions from saw dust drying (Granström,
2005) have been published from the department. In the wake of saw dust
drying, a licentiate thesis about wood fuel pellets was presented (Ståhl,
2005). In work concerning life cycle assessments has the use and
methodology of LCA within the pulp and paper industry been studied
(Rehnström 2004). Up to 2005 most research was focused on energy issues.

When a new research group aiming at environmental technology, it was
natural to find a project within the pulp and paper industry. A continuation of
the wastewater treatment project described in this thesis – “Sludge as an
energy source” – started in 2006.
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Environmental Impact of Forest Industry Wastewater

Overview

In Sweden, large quantities of pulp and paper are produced. For each metric
ton, however, more than 30 m3 of water are needed. All this water contains
organic material, nutrients, suspended solids and, sometimes, toxic
compounds, and it has to be cleaned before being discharged to the recipient.

The organic material in a pulp and paper mill effluent is often of such high
concentrations that it will have far-reaching consequences for the recipient.
The main reason for this is that the organic material will consume oxygen
while decomposing in the recipient. Outside Gruvön Mill the concentration
of dissolved oxygen (DO) in the water closest to the bottom was zero during
the 1980s. At that time, Gruvön discharged approximately 40 000 tons of
organic material, measured as chemical oxygen demand (COD)/year. After
1989, when Gruvön started its first biological treatment plant, the COD
discharges decreased to approximately 10 000 tons of COD/year. Since then,
the DO concentration has increased to between 80 and 100% of saturation.

If the oxygen is consumed, important organisms in the sediment will die.
Anaerobic bacteria will instead inhabit the sediments. Some of them are
sulphur reducing organism that form toxic hydrogen sulphide.

Large discharges of nutrients will have the same effect as organic material.
The extra nutrients can cause eutrophication in receiving waters. Algae will
instead form the organic material in the lake or sea. When autumn comes, the
algae die and decompose, which is a process that consumes oxygen.

Toxic compounds can, in worst case, cause death for both fish and organisms
in the sediment, if the concentrations exceeds lethal levels. Some compounds
can cause illness and disturbed functions in fish also at low concentrations,
special after long exposure.

Compounds in pulp and paper mill effluents

In pulp mill effluents, you can find everything that comes from a tree, i.e., all
sorts of compounds from sugars to steroids (see Table 1). In addition, there
are also some additive chemicals originating from the pulp production.
According to (Ali and Sreekrishnan 2001), there are more than 250 identified
chemicals with harmful effects. In many cases, wood compounds are most
harmful before they have been degraded in pulping and bleaching processes.
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Even if the effluent mostly contains compounds found in nature, where most
of them are harmless, impurities from many tons of wood are concentrated in
a pulp mill effluent. If the effluent was allowed to pass directly to the
recipient without prior treatment, it would have serious consequences. In this
chapter, compounds found in effluent before treatment are presented. This
compounds the MOs in biological treatment plants will use as food.

Table 1. Wood chemical composition (%) (Sjöberg 1993)

Pine Spruce Birch

Cellulose 40 41,7 41

Hemicellulose 28.5 28.3 32.4

Lignin 27.7 27.4 22

Extractives 3.5 1.7 3.2

Other 0.3 0.9 1.4

Wood related compounds in effluent

Wood related compounds that are found in effluent from the pulp and paper
production can be divided into four groups: acetates, carbohydrates, lignin
and extractives. Acetates are the smallest of the decomposed compounds. In
general, they have no harmful characteristic except for the oxygen demand
when they decompose to carbon dioxide.

Carbohydrates

Cellulose is a long chain of glucose monomers. One molecule may have up
to 10 000 glucose units. Hemicellulose is closely related to cellulose. It is,
however, a combination of several sugars and is sometime branched in its
structure. These two compounds build up the fibre. The purpose of the
pulping procedure is to separate the fibres from the rest of wood materials.
Small parts of cellulose and hemicellulose, however, are found in the
effluent, and these are divided into the group of carbohydrates.
Hemicellulose is less resistant to chemical pulping processes and is therefore
found in the effluent to a higher extent than cellulose.

Carbohydrates are non-toxic and biodegradable. Carbohydrates that reach the
recipient will act as a COD load without any toxic properties.
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Lignin

Lignin is an amorphous compound that acts as glue between the wood cell
walls. The molecule lignin is complicated and large. The molecule’s weight
can vary between 20 000 and 1 000 000 g/mol. Lignin consists of phenyl
propane structures with various active groups. It has no strict order between
its different groups, and the structure can vary between wood types.

Lignin has a strong dark colour. During the pulping and bleaching processes
lignin is separated from the fibres. Lignin that has been separated during
pulping ends up in the black liquor, which is burned in the recovery boiler.
The lignin separated during bleaching is found in the effluent. Since lignin is
such a large molecule, it is hardly biodegradable. As it is to big to penetrate
bacterial membranes, it have low toxicity (Ali and Sreekrishnan 2001).
Because of its large size, it can have surface active properties (Werker and
Hall 1999).

Extractives

Extractives received their name because they form the part of wood that
dissolves in pH neutral organic solvents. During the pulping and bleaching
processes, some of them saponify and turn water-soluble. Some form
micelles or attach to particulate matter, thereby ending up in the effluent.

There are different extractive compounds in wood, with different purposes.
They can act as a nutrient reserve or as hormones and protection against
bacteria and insects. The composition of extractives varies between different
wood types. For example, resin acids are found in soft wood, not in hard
wood. The most harmful substances are found within the group of
extractives. Free fatty acids and resin acids have been found to be toxic, and
sterols have endocrine effects on water organisms.

Extractives can be divided into two groups: neutrals and acids.

Resin acids

There is a large group of resin acids found in soft wood resin channels. The
tricyclic structure is characteristic of this group, figure 1. Resin acids are
known to be toxic to aquatic organisms (Werker and Hall 1999; Back and
Allen 2000; Kostamo, Holmbom et al. 2004). The toxicity decreases with
increasing pH (Werker and Hall 1999; Back and Allen 2000). Resin acids
are hydrophobic and can accumulate in fatty organs. Outside pulp mills,
resin acids have been found in sediments and fish bile (Leppänen and Oikari
1999). The resin acid can be transformed into retene by bioactivity.
Leppänen and Oikari found a relation between the concentration of resin acid
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and retene in sediment outside Finnish pulp mills. According to (Jones,
Anderson et al. 2001), retene sampled near pulp and paper mills in Florida
was found to be as toxic as benso(a)pyrene.

Fatty acids

The purpose of fatty acids is to serve as nutrient reserves in wood. They are
aliphatic acids with 16–24 carbons in the chain. They occur both as saturated
and unsaturated carbon chains. Together with glycerol they form
triglycerides. Fatty acids are less soluble in water compared with resin acids,
and they are hence found in lower concentrations in the effluent. Fatty acids
have been found to be toxic, and unsaturated fatty acids appear to be more
toxic than saturated. Fatty acids, however, are less toxic compared with resin
acids (Back and Allen 2000).

Neutral terpenes and terpenoids

Terpenes have also been found in effluent, and they are also toxic.

Sterols and sterylesters

Sterols in trees have the same hydrocarbon skeleton with five rings as the
hormones found in animal organisms have, figure 1. Sterols main function in
trees is to act as hormones. Sterols often form esters with fatty acids that
make them more resistive to pulping processes (Back and Allen 2000).
Sterols that leave the mill to the recipient can be accumulated in fish and
thereby affect the fish negatively. (Tremblay and van der Kraak 1999)
demonstrated an induced activity of multi function enzymes and disrupted
hormone levels in fish exposed to sterols found in pulp and paper mill
effluents. The induced enzyme activity indicates that the sterols are toxic.

Figure 1: Common resin acid and sterol in wood.
Dehydroabietic acid Beta sitosterol
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Process additive compounds

During pulping and bleaching various chemicals are needed and some of
them are found in the effluent.

For pulp bleaching two types of bleaching methods are used: the totally
chlorine free (TCF) and elementary chlorine free (ECF). TCF bleaching
agents are based on reactive oxygen compounds, such as oxygen, hydrogen
peroxide and ozone. ECF. bleaching is done with chlorine dioxide. When
chlorine dioxide reacts with pulp, chlorate is formed. Chlorate can be
mistaken for nitrate by bladder wrack the only large algae in the Baltic sea
(Rosemarin, Lehtinen et al. 1994). Therefore, chlorate has to be reduced with
high efficiency in the treatment plant.

Formerly, chlorinated substances and dioxins were important topics. These
compounds are found in effluents from pulp mills using chlorine as a
bleaching agent. In effluent from an ECF bleach plant, chlorinated
substances can also be found. They, however, are mainly monosubstituted
chlorinated compounds with low toxicity.

To wash out metals from the pulp, chelating agents are used. Since they can
keep metals in solution, the theory is that they might be able to solubilise
metals from sediments. (Gonsior, Sorci et al. 1997) studied the phenomena
and indicated that there is no such effect in the recipient at the concentrations
found. Instead, the chelating agents contain nitrogen. The chelating agents
are not readily biodegradable and, therefore the nitrogen passes through the
treatment plant to the recipient. In the end, this can contribute to
eutrophication.
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Wastewater Treatment History with a Focus on the Forest
Industry

In the history of environmental technology, wastewater treatment was the
first developed area. The cleaning of gases and land are later developments.

Swedish industry in the 19th century

Mining and steal production was the leading and largest industries in 18th
and 19th century Sweden. In the end of the 19th century, the small steal
companies had difficulties to compete with new techniques in Europe. The
old blast furnaces were located close to forests and running water. The steal
companies owned the forest to supply the furnaces with wood fuel. As a
result these became the natural locations for the new pulp industry. Old saw
mills, common along the northern coast, were also perfect sites for new pulp
and paper mills. The saw mills had to close down due to competition with
other materials. The first Swedish pulp mill, a sulphite mill, was started in
1870.(Persson 2005)

Wood chips were boiled and fibres separated from the rest of the wood.
Large quantities of water were needed to boil and wash the pulp. The fibres
were taken care of and the rest of the organic material and boiling chemicals
together with the water were disposed to the recipient. Approximately 50%
of wood consists of fibre, the rest was disposed of.

Several Swedish pulp mills were located close to cities and shared water
with the citizens. Despite that all community effluents were disposed of
untreated to the recipient, only local problems with polluted water were
common as late as in the 1920s. During the 1940s, the sulphite pulp
production had grown to be the largest industry in the country. Now the
effects of the effluents were noticeable, especially for the fishing industry.
New techniques were found to reuse boiling liquids and the amount of
effluent decreased drastically. When the forest industries grew, new mills
were built further south, close to cities without much industrial experience.
Here, the citizens’ demands were higher concerning smell and environmental
impact and the pulping processes were further developed. (Persson 2005)

Demands for environmental actions

In the end of the 1960s and during the 1970s, the environmental problems
were so marked that people demanded that action be taken. For example,
lakes were eutrophicated with flourishing algae and dead anoxic grounds. At
that time, organised environmental work grew to be powerful. In 1969, the
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environmental protection law was activated and the Swedish Water Pollution
Committee (Vattenföroreningskommittén) guarded that the forest industry
followed the laws. In the same time period, the Water and Air Protection
Research Institute (now the Swedish Environmental Research Institute, IVL)
was initiated to help industry with research. The Swedish Forest Industries
Federation (SSVL) is another example of a then newly started initiative.

Swedish pulp and paper mills used internal techniques to decrease their
environmental impact. Water was used more carefully and internal loops to
reuse water were introduced. Boiling and bleaching processes were
developed towards less water use and washing techniques were improved.
The closed system of boiling was prolonged with a oxygen delignification
stage. The whole process was modernised and less discharges leaked out to
the effluent. The Swedish model was different, for example, from the
environmental efforts made in Finland. Finnish mills installed large
biological activated sludge treatment processes to take care of the large
effluent volumes. Swedish mills also introduced wastewater treatment in the
form of chemical flocculation or biological treatment. The biological
treatment, however, was usually simple techniques as aerated ponds (Grahn,
Landner et al. 2000).

The launch of the environmental work had great impact. Between 1980 and
2005 the amount of COD discharged from the mills decreased with 80%. In
2005, the total Swedish forest industry discharged 190 000 tons of COD. The
effects were significant also in an environmental perspective. In Lake
Vänern, the organic material has been measured for more than 100 years (see
figure 2). The increase in organic material between 1900 and 1970 was
mainly caused by the forest industry alone.
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Figure 2: Concentration of organic material measured in Göta River, the
outflow of Lake Vänern, compared with the supposed natural concentration
shown as a green line. Both the increase and the decrease are due to forest
industry effluent discharges (Vänernsvattenvårdsförbund 2007).

Bleaching technique and dioxin

If eutrophication and anoxic lake bottoms were in focus in the 1960s,
sublethal and chronic effects in fish were of immediate interest in the 1980s
and 1990s. Toxic and harmful substances in the effluent caused these effects.
Chlorinated compounds were found to be the reason for fish death and
deformities. For example, fish with deformed spines and fins were captured
outside Norrsundet Mill north of Gävle (Grahn, Landner et al. 2000).
Chlorine as a bleach agent was exchanged with chlorine dioxide or other
oxygen based bleaching agents. Sweden was a pioneer in that field.
Discharges of adsorbable organic halogens (AOX) has decreased with 97%
between 1980 and 2005 (Skogsindustrierna 2007). In the end of the 1990s,
there was a debate over whether chlorine dioxide bleaching, ECF or TCF
bleaching was best for the environment. According to the Swedish Forest
Industries Federation, there are still today no evidence for more harmful
substances forming during ECF bleaching. When the acute toxic effects had
been taken care of, the more diffuse sublethal effects started to show up.
When chlorinated compounds no longer were an issue, the new threat turned
out to be extractives. A high concentration of extractives, such as resin acids,
was found in fish bile outside pulp mills.
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Sublethal effects outside pulp and paper mills

The first reports about sublethal effects on fish outside pulp mills were
published in the beginning of the 1990s (McMaster, Van Der Kraak et al.
1991). Tests showed that the substances affected fish growth and immune
systems. Liver enzymes, such as EROD, showed induced activity as a result
of the high detoxification activity in the fish. Reproduction was also
disturbed. There were, for example, changes in hormone concentrations and
gonad size, and an increased concentration of the egg-yolk protein
vitellogenin was also found. An increased concentration of vitellogenin is
evidence of high oestrogen concentrations due to embryonic development.
Since other substances with oestrogenic effects give increased vittellogenin,
it is used as a marker for oestrogenic endocrine disruptors in juvenile fish
(Matozzo, Gagne et al. 2007).

The reports also showed that biologically treated effluent was not a
guarantee for clean water. On the contrary, the treatment process seemed to
lead to more sublethal effects. At a TAPPI conference, (Stuthridge. T.R and
Tavendale. M.H 1995) put forward that resin acids transform in aerated
lagoons. (Mattson, Lehtinen et al. 2001) presented tests where rainbow trout
were exposed to effluent from a pulp mill that produce bleached kraft pulp.
Part of the effluent used was treated in an activated sludge plant and part was
left untreated. Even though lower concentrations of resin acid were found in
trout bile exposed to treated effluent, the responses due to endocrine
disruptions were higher. Both metabolic and reproduction disturbances were
found. This indicates that biochemical transformation processes in activated
sludge plants result in endocrine disruption in fish.

Lake Saimaa in Finland has been studied several times for environmental
impact due to pulp and paper production. Two pulp and paper mills are
located beside the lake. (Leppänen and Oikari 1999) showed how resin acids
transforms into toxic retene in Lake Saimaa sediment. (Leppänen, Kukkonen
et al. 2000) measured resin acids and retene in lake sediments both in 1991
and 1996. During that period, concentrations had decreased. This, Leppänen
saw, was due to improvements in the mill.

These disturbing results made the Swedish parliament set a specific goal for
the forest industry to decrease discharges to a level that do not result in
noticeable harm for the environment (government bill 1990/91:90; Grahn et
al., 2000).

In 1997 in Sweden, Husum Paper Mill tested new techniques for wastewater
treatment. To evaluate the techniques they exposed juvenile trout to the
effluent of treated as well as untreated effluent. The treated effluent was not
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significantly better than the untreated effluent. For some parameters, the tests
showed the opposite results (Grahn, Landner et al. 2000). (Sandström and
Neuman 2003) presented improved conditions in the recipient due to mill
modernisation. There were, however, still sublethal effects as growth
disturbances and inhibited reproduction were found.

Discussions and debate between industry and authorities on the accuracy of
investments in new treatment techniques were intense in the 1990s. The
debate declined and today it is invisible. There are few publications in the
field, and the forest industry does not work particularly hard with these
issues anymore. There are still increased concentrations of resin acids in fish
bile and, sometimes, it has sublethal effects. Increased EROD activity and
smaller gonads are still found in fish in the Baltic Sea (Naturvårdverket
2007). The investigations are made in fish in general and not only outside
pulp and paper mills. The indications are not sufficiently alarming. Fish
populations do not suffer enough to be made the subject of a new debate nor
to impose new restrictions. Today, it is global warming and carbon dioxide
issues that receive most of the attention.

Sludge

In order to a make Swedish companies more aware of sustainable
development and to produce less waste, Swedish authorities added a fee of
SEK 250/ton of dumped waste in 2000. Then sludge from the wastewater
treatment became a problem for the forest industries. As from 2002, it is
forbidden to dump inflammable waste and, since 2005, it is not allowed to
dump organic waste. Now to decrease sludge volumes at the mills are a
challenge for Swedish mills.

Chemical flocculation produces large amounts of sludge since the organic
compounds are not degraded, only trapped in flocs before separation. The
sludge policy is one reason why the use of chemical treatment has declined.
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General wastewater treatment

Mechanical treatment

Most effluents contain suspended solids of various size. The larger particles
can be removed by sedimentation. In forest industry effluents, for example
fibres are found. All pulp and paper mills clarify the effluent with pre
sedimentation before further treatment technologies are used.

To be able to clean the rest of the soluble organic material, it has to be
transferred to a solid material that can be separated from the effluent, or to be
decomposed to CO2.

Chemical treatment

Phosphorous can be precipitated and removed from the effluent with
chemical treatment. Also particles that are to small to sediment, and other
types of colloids for example extractive micelles, can be flocculated with
metal ions with high charge. Most particles have a negative charge and repell
each other in a water solution. The metal ion neutralize the negatively charge
colloids so they can come closer to each other, figure 3. Then they can attach
to each other with week van der Waals forces. Polymers can be used to make
the flocs larger and stronger. The flocs can then be separated with
sedimentation or flotation.

Figure 3: Schematic view of flocculation of colloids with alumina ions and a
polymer.

All organic material removed from the effluent are found in the sludge. If the
sludge is sufficiently dewatered the sludge can be used a energy source.

Biological treatment

Bacteria, fungi, algae and protozoa found in our surroundings degrade
organic material. When they are in an environment in which they can grow
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in number, they can clean wastewaters in fairly short periods of time. The
MOs utilise soluble degradable organic material in the effluent as food to
metabolic reactions and to produce new cells. Aerobic MOs use oxygen to
oxidise organic carbon to carbon dioxide. Approximately half of the
incoming biodegradable organic material is discharged as carbon dioxide.
The other half is found in new cells. Approximately 10 % of incoming
organic biodegradable substances, BOD, are found in the treated water,
figure 4. (Persson 2005) Forest industrial effluents contain also organic
compounds that are difficult to degrade and therefore can higher
concentrations of organic material measured as COD be found in the
effluent.

Figure 4: Schematic view over a treatment plant and the proportion of
carbon in each stream.

A high concentration of cells is required for efficient treatment. However, to
keep a proper concentration the excess biomass has to be taken out of the
process as sludge.

Chemical and Biological treatment complement each other

Chemical and biological methods remove different substances and
complement each other. In figure 5 the differences in treatment efficiency of
organic substances for biological respectively chemical treatment are
presented. The organic substances in a TCF pulp mill effluent has been
separated with ultra filtration though membranes with specific pore size. The
concentration of COD has been determined in each fraction. To the left in
the figure the COD concentration in the fractions with large molecules is
seen. To the right small molecules, like acetates, small alcohols etc are
found. carbohydrates like cellulose and hemicellulose are mainly found in
the middle size fractions. Lignin is also found in the middle part. Extractives
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are fairly small molecules, however they form micelles and are therefore
found in the fraction for colloids to the left in the figure.

GFA -
sed

> 100
30 - 100 10 - 30

3 - 10
1 - 3

< 1

Biological +
Chemical

Biological

Chemical

None

0

100

200

300

400

500

600

700

800

900

C
O

D
 m

g
/l

Mw kDa

Treatment 
method

Figure 5: Fractionated wastewater from a TCF pulp mill. (Engström and
Gytel 2000)

Biological treatment is effective for reducing the smallest and most readily
biodegradable molecules. Biological treatment also reduces parts of the
colloids, probably through adsorption to the sludge. However, the middle
fraction is left in the effluent. On the other hand chemical treatment is
effective for cellulose and lignin and has no effect on the smallest
compounds. The effluent that has been treated with both biological and
chemical method contains very little organic material.
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MOs in Biological Treatment Plants
The type of MO that survives and grows fast enough in the specific effluent
will be useful for wastewater treatment. By designing the treatment plant and
the environment inside the plant, the needed treatment abilities can be
controlled and induced. On the one hand, for example, we can achieve
anoxic conditions when anaerobic biochemical reactions are wanted. On the
other hand, we can see to that we have good aerobic conditions for those
MOs that need oxygen. Nutrient can be added and retention times,
temperature etc can be modified to enhance the wanted MOs.

Protozoa and metazoa in forest wastewater treatment plants

Most of the text according to protoza and metazoa is referred from (Jenkins,
Richard et al. 2004) Among the protozoa, we find ciliates, flagellates and
amoebae. They all have different ways to move and their names sometimes
reflect their various ways of mobility.

Ciliates transport themselves with short cilia. They are sensitive and their
absence indicate toxic effluents. Free swimming ciliates, feed on bacteria
flocs and they are usually found when the conditions are good, figure 6.
They indicate good activated sludge conditions.

Figure 6. Free swimming ciliates feeding on bacteria flocs.
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Stalked ciliates are found both in colonies and as individuals, figure 7. They
feed on free-swimming bacteria, which they capture by creating a small
turbulent flow with their cilia and subsequently waving swimming bacteria
into their “mouth”.

Figure 7. Stalked ciliates feeding on dispersed bacteria.

Amoebae vary in shape and size. They occur at low DO and high organic
load. They are host for the Legionella bacteria, which during the last few
years have caused a few cases of the disease.

Flagellates are small oval mobile MOs. They move by whipping their long
flagella. They can live in low DO concentrations and are often found where
the concentrations of biodegradable organic material, referred as biological
oxygen demand, (BOD) are high. Flagellates, amoebas and small ciliates
require high concentrations of dispersed bacteria as they have poor capture
and feeding mechanisms. These conditions, for example, occur during start
up periods. Flagella are often the first microanimal to inhabit the sludge after
a toxic shock.

Rotifers are larger and more complex in their structure compared with the
animals mention above, figure 8. They are metazoans that locomote over
bacterial flocs with a contractile “foot”. They feed on bacterial flocs and
other organic particles. Rotifers and stalked ciliates are attached to the food,
and they are not limited by bacterial density. They indicate high mean cell
residence time (MCRT) with low organic load.
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Figure 8. Rotifers walking with their “feet”.

Other higher animals, such as nematodes and annelids, are also found in
sludge. They have a slow grow rate and are only found in older sludge.
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Biological Wastewater Treatment Methods
Every mill has its own specific wastewater that needs to be treated in
different ways. Most mills have adjusted their treatment plant over the years.
Some have built new plants, others have modified or added stages to an old
one. This makes all treatment plants unique. Below, general information on
different techniques is described.

Aerated lagoons

The simplest biotreatment technologies used are aerated lagoons, i.e.,
shallow aerated basins with long retention times. These were common in the
1990s and most of them have now been exchanged or modified. Since
aerated lagoons are as large as small lakes, the temperature varies with the
outdoor temperature. This makes reduction rates slow, and the degree of
reduction varies between summer and winter. The hydraulic retention times
can also vary. For an effective COD reduction to take place, 5–7 days are
necessary. The lagoons are aerated using surface aerators, which do not stir
the volume enough to keep the solids in suspension. Even if stirrers are used,
most of the sludge formed settles in the basin. The sludge decomposes and
the nutrients are released. Therefore, aerated lagoons seldom need extra
additions of nutrients. To keep an open water surface, the settled sludge has
to be removed eventually (Metcalf and Eddy 2003).

Activated sludge

In 1914, Ardern and Locket described a process that they called activated
sludge. It was capable of aerobically stabilising organic material in
wastewater by using an active mass of MOs (Metcalf and Eddy 2003). Even
if activated sludge is an old technique, it is still one of the most used. It is a
fairly simple method that degrade organic material with high efficiency. In
an aerated tank, the MOs degrade organic material and grow in number. The
sludge is separated in a clarifyer, and the major part of the sludge is
recirculated back to the aerated tank. The MOs that did a good job get
another chance. Hence the most suitable MOs will grow in number. The high
sludge age gives MOs with a slow grow rate a chance to influence the
process. The sludge becomes adapted, meaning that  the specific bacteria that
are best suited to degrade the effluent content inhabit the sludge.

Essential for the activated sludge are the floc forming bacteria that have
good ability to settle. Otherwise the sludge will follow the effluent flow out
to the recipient.
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Bulking sludge is a common problem. It can be caused by filamentous
bacteria, which make flocs less dense, or by the excessive production of
extracellular biopolymer. The biopolymers are slimy and give to the flocs a
jelly-like consistency. Large loads of food can also result in dispersing
bacteria without ability to settle (Metcalf and Eddy 2003; Persson 2005).

The high sludge age makes the process sensitive. If the MO culture is
exposed to something toxic or in other way harmful substances, the culture
can die and then it will take a long time before the adapted MOs grow back
in numbers high enough to reduce the organic material with same efficiency
as before.

Compared with aerated lagoons, activated sludge plants need shorter
retention times of approximately 4–12 hours. This is due to the controlled
temperature (37 °C), the high concentration of biomass and the nutrient
additions.

Biofilm

When the MOs are allowed to grow on a surface they form a biofilm. The
biofilm can grow on small plastic carriers that act as houses for the MOs.
The carriers should be without buoyancy so aeration with diffused air can
keep them dispersed in the treatment tank. The carrier’s construction is
important in order for foods, nutrients, DO and other essentials to be able to
flow past to the MOs.

Biofilm techniques offer advantages. The biofilm grows on the carriers and
when the film becomes larger than the carrier surface, the excess biofilm
comes off and leaves with the effluent. The sludge is separated in a clarifier
and seldom causes the same bulking problems as an activated sludge can do.
The high sludge age leads to it being inhabited by protozoa, resulting in a
sludge volume that is smaller compared with activated sludge.

The ability of MOs to stay on the same carrier for a long time adapts the
sludge to compounds that can be difficult to degrade. In a biofilm MOs grow
in several layers. This opens up a possibility to have different zones for
various purposes within one carrier. The zone closest to the carrier is covered
by MOs, and oxygen is consumed by the MOs on the film surface. The
anoxic conditions in the carrier provides opportunities for nitrification or
degradation of chlorate.

If a biofilm process is exposed to toxic shocks, the outer part of the film will
probably die. Since the inner layer with MOs in most cases survive, the
recovery can be quick.
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Combined techniques in multiple stages

The basic techniques can be combined in various ways. For example can
aerated lagoons treat higher loads of BOD when circulating parts of the
sludge. The process are called long term aerated sludge (LAS).

Another example is biofilm reactors that are combined with activated sludge
(BAS). The biofilm stage reduces as much BOD as possible. Then the
properties are right for activated sludge and the sludge ability to settle can
then be improved. The extra reactor in front of the activated sludge can
protect the latter from toxic shocks.

Low sludge producing techniques

When the authorities increased demands on the recovery of waste disposals,
sludge became a problem of great importance. New concepts, where the
biological process was steered to produce less sludge, were invented.

A nutrient limited BAS has been implemented to clean forest industry
effluents (Malmqvist, Welander et al. 2007). With the limited supply of
nutrients, the bacteria starts an energy consuming transformation of organic
matter into polysaccharides. The saccharides can then be utilised as food in
the later activated sludge process. With less energy for growing, the sludge
production can decrease with 30–50%.

In general, to achieve a low sludge producing process, a small ecosystem
with higher life forms are needed. In all biological treatment plants, bacteria,
fungi and micro-animals, such as unicellular protozoa and multicellular
metazoans, are found. The micro-animals feed on bacteria and can hence
decrease the sludge volumes. One way to create a low sludge producing
process is to optimise the conditions for the micro-animals so that they can
grow to numbers that have an impact. Since they often have a slow growth
rate, they are found in sludge with high MCRT. Most of them are sensitive to
toxic substances and can serve as bio-indicators of toxic spills. In cases when
protozoa die and lyse, foam can form, which is caused by the cell contents.
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MultiBio
The MultiBio is one of the modern combined concepts used for forest
industrial effluents. Both articles presented in this thesis are based on studies
made at a MultiBio plant.

MultiBio is a treatment concept that combine multiple bioreactors to
accomplish an efficient reduction of organic matter, measured as COD,
chlorate reduction as well as low sludge production (Ullman. A and
Mårtensson. G 2002). Several Swedish pulp mills use the process (Asplind
2002; Lindh and Mårtensson 2005; Rodden 2005).

In the MultiBio process, the biological treatment has been divided into three
main stages with a total of six compartments (figure 9). The composing
bacteria are located in the first stage, the bacterial stage, which consists of
two compartments. These are responsible for the degradation of readily
biodegradable organic substances, such as organic acids and carbohydrates.
The retention time is short and growing dispersed bacteria are found in high
quantities. Natrix carriers are added to the first reactor to create a dispersed
biofilm. Inside the biofilm, anoxic zones and conditions for chlorate
reducing bacteria are found (Malmqvist and Welander 1994).

Figure 9. Schematic view of the MultiBio treatment process.

The consuming micro-organisms are located in the contact and stabilisation
stages, the former of which consists of one selector and two activated sludge
compartments. They utilise the bacteria and other microbial cells as a
substrate and reduce the total amount of biosludge produced in the system.
Protozoa, such as ciliates, consume dispersed bacteria produced in the
bacterial stage. Consequently, they improve sludge ability to settle. Ciliates
and rotifers are found in activated sludge, especially when the system is
operating with a long sludge age. These organisms are sensitive to toxic
compounds. They consume particulate organic material, dispersed and
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flocculated bacteria, and improve the treatment efficiency. Both protozoa
and rotifers decrease the sludge volume and indicate mature sludge (Jenkins,
Richard et al. 2004; Rout and Devram 2004).

The treated water is clarified by sedimentation. A small part of the sludge is
discharged. The major part  of the sludge is pumped to the stabilisation stage
before being returned to the selector between the bacterial stages and the
active sludge stages. In the stabilisation stage, further reduction of stored
organics and consumed bacteria will take place. Due to the sludge reduction
in this stage, nutrients in the biomass will be released to be used in the
selector and subsequent reactors.
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Sensitivity of MOs in a Biological Treatment Plant

Toxic compounds

Toxic compounds may kill bacteria, resulting in decreased treatment
efficiency. Toxic shock loading may also result in a bulking sludge and
turbid effluents due to inactive protozoa.

(Rout and Devram 2004) presented compounds in the effluents that have
been found to have negative effects on biological treatments. For example,
extractives, sulphide, chloro-organics and metals have been found to be
toxic. Within the group of extractives, substances like fatty acids, resin acid
and sterols are found. In several studies, unsaturated fatty acids and resin
acids have been found to be toxic to aquatic organisms. According to (Ali
and Sreekrishnan 2001), resin acids are toxic to aquatic organisms and MOs
found in treatment plants. Resin acids inhibited anaerobic activity and were
degradable by aerobic bacteria. Also fatty acids, organochlorides and lignin
derivates were found to be toxic. (Sarlin, Halttunen et al. 1999) studied how
chemicals found in spills from pulp and paper mills affected oxygen uptake
and removal of dissolved organic carbon. They found that biocides,
monochloric acetic acid, soft soap and turpentine inhibited the oxygen
uptake and thus had an acute toxic effect on activated sludge. Biocides and
dispersing agents reduced the dissolved organic carbon reduction.

It has been shown that plant sterols may act as hormonal disrupters in the
biochemical system of aquatic organisms. Transformation products from
sterols in the biological treatment process can have endocrine effects on fish
(Stuthridge. T.R and Tavendale. M.H 1995; Tremblay and van der Kraak
1999; Ali and Sreekrishnan 2001; Mattsson, Tana et al. 2001). As they are so
potent, great efforts have been made to find treatment technologies for
extractives. Activated sludge processes are efficient for extractives (Kostamo
and Kukkonen 2003).

Pulp and paper related compounds with negative effects on biological
treatment efficiency are found in, for example, wood yard effluent, bleach
plant filtrates, black liquor, condensates and turpentine.

Lack of essential compounds

As long as the needs of the MO in the biological treatment are fulfilled, the
treatment efficiency remains high. When some of the needs are left
unfulfilled the efficiency decreases. One of the demands of bio-treatment is
the presence of a degradable carbon source, i.e., organic substances that can
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be utilised by the MOs. The MOs also need a number of nutrients, such as
nitrogen and phosphorous.

Oxygen supply

Most of the biological treatment plants used in Sweden are aerobic and need
dissolved oxygen. Due to variations in production and pulp qualities, the
amount of organic compounds in the effluent can vary. The need for oxygen
varies accordingly. In a treatment plant, where the oxygen supply is limited,
the mill pulp production or choice of wanted pulp qualities can be reduced.

The aeration is also energy consuming and expensive. To save electrical
energy, less aeration is desirable in spite of risking a decreased efficiency.



26

Summarised results from paper 1 and 2
Results from trials in a MultiBio laboratory scale treatment plant (figure 13),
a simulation model and a mill case are presented. During the mill case
approximately 100 ton of black liquor COD, reached the MultiBio treatment
plant at Gruvön Mill. Monitored values from that occasion have been
evaluated. During the laboratory trials, the plant was exposed to black liquor
for 5, 10 and 24 hours. Simulations were made to estimate the concentration
of COD, due to the black liquor shock, in each compartment.

There are several built-in safety mechanisms in the MultiBio concept. The
main reason for robustness is that a shock of toxic compounds is diluted
between the compartments. The sensitive activated sludge compartments are
hence protected against toxic concentrations. In figure 10 the concentration
of COD in a simulated MultiBio concept, due to a 5 hour shock of black
liquor, is presented.

Figure 10: Simulated concentration of COD in a MultiBio concept,
according to a spill of black liquor, with 5 hour duration time.

The first reactor, B1, receives the highest concentrations of toxic or in other
way harmful substances. In B1 mostly bacteria with a short generation time
grow and, therefore, they will quickly regrow to high concentrations, if they
are eliminated.
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Results from both the Mill Case and the laboratory scale trials show that the
MOs in a MultiBio treatment plant are inhibited by high concentrations of
black liquor COD. According to both laboratory scale trials and mill cases,
the bioactivity was inhibited when black liquor COD exceeds 2500 mg/l.
This was shown both by the decreased consumption of oxygen and by the
decreased COD reduction, figure 11 and 12.

Figure 11: Simulated and measured concentrations of COD when a black
liquor shock with 5 hours duration time pass through a MultiBio in
laboratory scale.

In B1, free swimming bacteria and film forming bacteria that live on carrier
material are found. After a lethal shock for the bacteria, it is possible that
only the top layer of the biofilm bacteria die and a inoculum is left. The
larger MOs, such as ciliates, are sensitive and exposed in the B1 reactor. In
all trials were the B1 compartment was exposed to black liquor COD for
more than 3 hours, all moving MOs died. Since they contribute to sludge
reduction rather than COD reduction, the treatment efficiency will remain,
whereas the sludge quality probably will be poor. More suspended solids
will be found in treated water, and the sludge volume can increase over a
period of a few days.
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In B2 the concentration of the spill was diluted compared to B1, see figure
11. If the concentration exceeds toxic concentration the MOs will be harmed
also in B2. The same types of free-swimming and fast-growing bacteria as
was found in B1 were found here and the reactor will recover quite fast. If
the concentration does not exceed toxic concentration, the bacteria will be
induced when an opportunity with more degradable organic matter arises.

During a Mill case, when black liquor reached the treatment plant at Gruvön
mill, the inhibited MOs gave a peak in measured concentration of DO in B1
and B2, figure 12. DO increased when the COD concentration increased to
above approximately 3 000 mg/l, implying that black liquor COD above 3
000 mg/l has acute toxic effect on MO. When the COD concentration
decreased, so did the DO concentration. This shows that the biodegrading
bacteria were inhibited and able to retain biodegradation when they were no
longer exposed to toxic concentrations of COD.

In the Mill Case a small dip in DO concentration can be seen in compartment
B2 before black liquor concentrations become toxic, figure 12 and 14. This
indicates that initial extra COD to the compartment was used as extra feed
and increases biodegradation and oxygen consumption. The biodegradation
in B1 was already in full effect and cannot increase due to more COD. The
duration of the black liquor spill at this case, did not give inhibitive effects in
the compartments after B2. The consumption of oxygen was not affected in
the S compartment or the other compartments after.
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Figure 12: Concentration of DO in B1 and B2 at Gruvön Mill during a
short-term black liquor spill.

A toxic shock can cause massive death in a activated sludge reactor. The
biomass in the AS-steps has a long retention time and has been adapted
during a long time. If it dies, it will take a long time to recover full capacity
and efficiency again. In a MultiBio process, a five hours’ spill will be diluted
by more than 70% before it reaches the AS1 reactor. It will be less diluted
with a prolonged time period for the spill. During a 24 hour spill, it was
diluted with 30%.

In many spill situations, the B2 and the selector reactor will be induced, and
the concentration of black liquor will also decrease before it reaches the
sensitive AS reactors. Therefore, the initial reactors provide a good shield for
the AS reactors.
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During long term spills the concentration of black liquor increases in all
compartments of a multiple stage biological treatment plant. When the
laboratory scale treatment plant was exposed to black liquor for 24 hours, all
compartments were affected. In B1 and B2 the normal dark brown colour of
the reactor liquid changed to light brown, figure 13. No moving MOs were
noticed with microscope however damaged cells were seen.

Figure 13: The laboratory plant during a trial of 24 hour black liquor
additions. Cloudy light colour in the B1 compartment and foaming in the
activated sludge compartments were noticed.

The COD degradation in the plant did not recover until after more than one
week. This was the case even if the black liquor COD theoretically should
have left the plant after approximately 4 days. This indicates that the bacteria
culture was decimated. It took more than a week for it to grow back to a
normal concentration and to retain normal COD degradation.

At trials when the black liquor polluted effluent had alkalic pH, the
biological efficiency was inhibited earlier than for neutralised spills. At pH 7
toxic substances, such as extractives, have less toxic effect due to a
decreased mobility and bioavailability (Werker and Hall 2004).
Consequently, when unexpected spills of black liquor reach a biological
treatment plant, it is beneficial to adjust the pH to near 7.
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If spill from the mill is toxic and prolonged for a period of time that the
activated sludge die, there is still one possibility to manage a quick start. If
the stabilization stage is by passed during the time it takes for the spill to
travel trough the plant, the stabilisation stage sludge can be used as a graft.
Consequently, the time for start up and re-growth of biomass can be
shortened.

In figure 14 simulated values are combined with measured concentrations
during the mill case.

Figure 14: Simulated values and measured concentrations during the mill
case when a black liquor spill reached Gruvön treatment plant.

The peak in flow points out when the spill occur. The simulated values of
COD in B1, B2 and the sedimentation tank were adjusted to the time of the
spill. Measured concentrations of DO show that the biological activity was
inhibited in B1 after a few hours, approximately corresponding to when the
COD in the same compartment exceeds 3 000 mg/l. The delayed effect in the
second B2 compartment agrees well with simulated results.

It can be seen that the time it takes for the spill concentration to decline in
the outgoing effluent well agrees with the simulated values.

The model has been shown to simplify evaluations and it can be useful in
preventive studies.
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Efficient Aeration
Oxygen is essential for aerobic biological treatment. Lack of oxygen can
give reduced treatment efficiency and unwanted biological processes.
Aeration is the most energy consumptive stage of the wastewater treatment
process. For example, Gruvön Pulp and Paper Mill treats approximately 2
000 m3/h of effluent in a MultiBio treatment plant. The plant reduces 40 tons
of COD every day. To do this the treatment plant requires 1.5 MW.
Approximately 50% of the energy is spent on oxygenating the effluent. If the
oxygen transfer could be improved, even by a few percents only, it will save
significant amounts of energy.

To be able to save energy and money, aeration and the water chemistry
effect on aeration has to be better understood. Therefore this project will
continue with focus on energy efficient wastewater treatment. This chapter is
a introduction to the area.

There are ways to affect and decrease the energy consumption. For example,
by using optimised concentrations of DO in each part of the treatment plant,
by an energy efficient design of the aeration system and by a modified water
quality.

Aeration

There are several types of aerators, which all strive to create new air/water
surfaces for the oxygen to transfer through. Surface aerators stir or cascade
surface water up into the air, and oxygen will be transfered in to the droplets.
On the other hand, diffusers, introduce bubbles into the bottom of the tank,
and the oxygen transfers through the air/water bubble surface.

While a bubble travel through the tank the oxygen transfer and aeration
efficiency are influenced by a number of processes.
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Figure 15. Zones for aeration where water chemistry can affect the
efficiency.

The size of the nozzle determines the bubble’s size when it is introduced into
the tank. The speed of introduction is important for impurities to be able to
attach to the surface. At high speeds they do not attach. The speed with
which the bubble rises through the bulk zone is important for the time
oxygen have to transfer into the water bulk, and for the ability of the
impurities to attach to the surface. At the surface, a turbulent bubble zone is
found where the oxygen can transfer both from the bubbles and from the air.
The thin film of liquid in the foam formed by the bubbles is effective for
oxygen transfer from the air. Every part of the aeration process matters for
the final result and efficiency.

Boundary layer for 
oxygen to diffuse
through

Turbulent 
surface zone

Bulk zone

Bubble 
formation zone
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Efficient concentration and location of DO

In a biological treatment plant where the MOs consume DO, the aeration rate
has to be the same as the consuming rate. When water is oxygenised the
aeration rate declines closer to saturation, figure 16. Due to the concentration
gradient, it is beneficial to keep as low DO as possible in the treatment plant
with retained biological activity.

Figure 16: Aeration of water, made in a stirred beaker with oxygen transfer
over a flat surface.

In clean water, of 20°C, the solubility of oxygen is 9,08 mg/l. The aeration
rate is faster and more energy efficient at low concentration where the
gradient to saturation is large.

The concentration of DO has to be carefully balanced since unwanted MOs
can begin to grow at low DO levels. Filamentous organisms can be found in
activated sludge during conditions with low DO. The filamentous bacteria
are one reason for troublesome bulking sludge.(Metcalf and Eddy 2003)

In an MultiBio plant, approximately 50% of the incoming COD is degraded
during the bacterial stages. The required DO in the bacterial stages is
comparably low, i.e., 0.5 mg/l. At such a low concentration of DO, chlorate
reductions inside the carriers are possible. These conditions are also
beneficial to fast growing free swimming bacteria. The free swimming
bacteria do not pose a problem since they will be consumed during other
biological stages later on in the treatment plant.
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Water chemistry

The oxygen transfer into water is limited by: the solubility of oxygen, the
size of surface area for oxygen to transport through and the thickness of the
boundary layer at the surface. Water chemistry has a great impact on the
limiting processes. Therefore, a modification of the chemical composition of
the effluent can be an important method to decrease costs.

Surface area

Oxygen transfer depends on the surface area. In diffused aeration systems,
small bubbles are beneficial since the area/volume relation is large. This is
true up to a certain point. Bubbles that are too small are quickly emptied of
oxygen, and after a short time they no longer aerate the liquid. Small bubbles
have less buoyancy and travel more slowly through a bulk of water giving
the oxygen more time to transfer into the water. Surface active substances in
the effluent can decrease surface tension, which results in smaller bubbles
(Loubière and He´berard 2004) and, consequently, a larger area/volume
ratio. Particles are also able to block the surface area and decrease the area
that is efficient for oxygen transfer.

Oxygen solubility

When oxygen finds a free surface to pass through, it has to dissolve in water.
The solubility of oxygen and the consequent low rate of oxygen transfer into
water are poor. When the water is polluted, the solubility decreases even
more. Chemical additives affect the solubility of oxygen. For example, the
solubility decreases with impurities and salt concentrations (Metcalf and
Eddy 2003).

Physical properties, such as temperature and atmospheric pressure, have a
large impact on the solubility of oxygen in water. For example, oxygen is
more soluble in cold water. The biological activity of most biological
treatment processes is most efficient at 37 °C.

Several studies (see below) show how impurities influence the oxygen
transfer into the effluent, sometimes with contradictory results.

Oxygen transfer over a surface

Close to a air water interface, the fluid velocity is slow and a boundary layer
is formed where the oxygen transfer rate is limited by diffusion (Pedersen
2000). As the velocity increases, so do oxygen transports into the bulk. The
thickness of the boundary layer depends on the liquid velocity in the bulk
and the chemistry of the liquid. (Pedersen 2000) measured the thickness of
the boundary layer with a laser doppler anemometer. He found that there are
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three zones from interface to bulk in tap water: a stagnant zone, a laminar
zone with the flow running parallel to the interface, and a bulk zone with a
higher flow in both the normal and parallel directions. Oxygen is transported
through the stagnant and the laminar zone by way of diffusion. In tenside
solutions there are four zones: the interface zone with surfactant molecules at
the interface, the stagnant zone (thinner than in tap water), the laminar zone
(thinner than in tap water) and the bulk zone.

(Wagner and Pöpel 1996) showed that increased concentrations of both
anionic and non-ionic surfactants decreased the aeration coefficient in tap
water. Additions of sodium sulphate increased the aeration coefficient in the
experiment made with non-ionic surfactant. This was caused by an increase
in the interfacial area as salt was added. (Fakeeha, Jibril et al. 1999) showed
that increased concentrations of glucose increased the viscosity and
decreased the volumetric mass transfer coefficient. Low amounts of foam
surfactants increased the mass transfer coefficient. A mixture of glucose and
surfactants gave intermediate values.

A mixture of different impurities does not always give the expected results.
Different impurities act together and different processes equalise each other.
(Chern, Chou et al. 2001) developed the ASCE standard and made
measurements in the bulk zone and in the turbulent surface zone. They found
that soybean oil decreased the oxygen transfer despite that it decreased the
surface tension with smaller bubbles and a larger surface area as a result.
This was explained by the fact that the oil oriented itself around the gas
bubble, thus obstructing the oxygen transfer into the water. This effect was
stronger in the bulk zone compared with the surface zone. The explanation is
that the surface turbulence restricted the oil film. When a surfactant was
added, the oxygen transfer decreased according to the traditional ASCE
method as well as in the bulk zone. According to Chern et al, the oxygen
transfer increased in the surface zone.

Pulp and paper effluents contain all sorts of impurities that affect solubility,
oxygen transfer over the surface, surface tension and bubble size. Research
in this field is therefore necessary in order to find the most energy efficient
way to obtain a sufficient concentration of dissolved oxygen.

Aeration at right place and to low DO concentration can save energy. Also
aerators should be chosen according to the effluent water chemistry. In a
exciting treatment plant the effluent water chemistry can be modified to
achieve improved aeration. If the potential in the effluent water chemistry is
understood and used for efficient aeration substantial amounts of energy and
costs can be saved.



37

 References
Ali, M. and T. Sreekrishnan (2001). "Aquatic toxicicty from pulp and paper

mill effluents: a review." Advances in Environmental Reasearch 5:
175-196.

Asplind, B. (2002). "New external purification at Sodra Morrum." Nordisk
Papper och Massa 4: 47-50.

Back, E. L. and L. H. Allen (2000). Pitch control, wood resin and
deresination.

Berghel, J. (2004). Improved Fluidized Bed Drying Technology for Wood
Fuels. Department of Environmental and Energy Systems. Karlstad,
Karlstad University. Dissertation.

Chern, J.-M., S.-R. Chou, et al. (2001). "Effects of impurities on oxygen
transfer rates in diffused aeration systems." Water Research 35(13):
3041-3048.

Engström, T. and U. Gytel (2000). Different Treatment Methods for Effluent
from a Pulp Mill and their Influence on Fish Health and Propagation.
Chemical Water and Wastewater Treatment. H. H. Hahn, E.
Hoffmann and H. Ødegaard, Springer-Verlag: 317-323.

Fakeeha, A. H., B. Y. Jibril, et al. (1999). "Medium effects on oxygen mass
transfer in a plunging jet loop reactor with downcomber." Chemical
Engineering and Processing 38: 259-265.

Gonsior, S. J., J. J. Sorci, et al. (1997). "Effects of EDTA on metal
solubilization in river sediment/water systems." Journal of
Environmental Quality 26(4): 957-966.

Grahn, O., L. Landner, et al. (2000). Effekter på fisk av obehandlade och
biologiskt behandlade avloppsvatten från sulfatfabriker. Rapport från
skogsindustrins miljöforskningsprojekt. S. M. 2000.

Jenkins, D., M. G. Richard, et al. (2004). Manual on the causes and control
of activated sludge bulking, foaming. and other solids separation
problems. Boca Raton, CRC press LLC.

Jones, J. M., J. W. Anderson, et al. (2001). "Application of P450 reporter
gene system (RGS) in the analysis of sediments near pulp and paper
mills." Biomarkers 6(6): 406-416.

Kostamo, A., B. Holmbom, et al. (2004). "Fate of wood extractives in
wastewater treatment plants at kraft pulp mills and mechanichal pulp
mills." Water Research 38: 972-982.

Kostamo, A. and J. V. K. Kukkonen (2003). "Removal of resin acids and
sterols from pulp mill effluents by activated sludge treatment." Water
Research 37(12): 2813-2820.



38

Leppänen, H., J. V. K. Kukkonen, et al. (2000). "Concentration of retene and
resin acids in sedimenting particles collected from a bleached kraft
mill effluent receiving lake." Water Res. 34(5): 1604-1610.

Leppänen, H. and A. Oikari (1999). "Occurence of Retene and Resin Acids
in Sediments and Fish Bile from a Lake Receiving Pulp and Paper
Mill Effluents." Environmental Toxicology and Chemistry 18(7):
1498-1505.

Lindh, H. and G. Mårtensson (2005). "New multibio purification reduces
environmental effects." Nordisk papper och massa 6: 55-56.

Loubière, K. and G. He´berard (2004). "Influence of liquid surface tension
(surfactants) on bubble formation at rigid and flexible orifaces."
Chemical Engineering and Processing 43: 1361-1369.

Malmqvist, A. and T. Welander (1994). "Biological removal of chlorate
from bleaching plant effluent." Water Science and Technology 29(5-
6): 365-372.

Malmqvist, Å., T. Welander, et al. (2007). "Long term experience with the
nutrient limited BAS process for treatment of forest industry
wastewaters." Water Science and Technology 55(6): 89-97.

Matozzo, V., F. Gagne, et al. (2007). "Vitellogenin as a biomarker of
exposure to estrogenic compounds in aquatic invertebrates: A
review." Environment International In press.

Mattson, K., K. J. Lehtinen, et al. (2001). "Effects of pulp mill effluents and
restricted diet on growth and physiology of rainbow trout
(Oncorhynchus mykiss)." Ecotoxicol. Environ. Saf. 49(2): 144-154.

Mattsson, K., J. Tana, et al. (2001). "Biomarker responses in female rainbow
trout exposed to untreated and secondary treated whole mill effluent
from production of TCF-bleached sulphate pulp." Boreal
Environmental Research 6(4): 335-347.

McMaster, M. E., G. J. Van Der Kraak, et al. (1991). "Changes in hepatic
mixed-function oxygenase (MFO) activity, plasma steroid levels and
age at maturity of a white sucker (Catostomus commersoni)
population exposed to bleached kraft pulp mill effluent

." Aquatic Toxicology 21(3-4): 199-237.

Metcalf and Eddy (2003). Wastewater engineering. Treatment and reuse.,
Mcgraw-Hill Higher education.

Naturvårdverket (2007). Havet 2007. Om miljötillståndet i Svenska
havsområden. Stockholm, Naturvårdsverket.

Pedersen, T. (2000). "Oxygen absorption into moving water and tenside
solutions." Water Research 34(9): 2569-2581.



39

Persson, P. O. (2005). Miljöskyddsteknik. Strategier och teknik för ett
hållbart miljöskydd. Stockholm, Kungliga Tekniska Högskolan.
Industriell Ekologi.

Province, T. P. (2007). "www.paperprovince.com."   Retrieved 20071213,
2007.

Rehnström, C. (2004). Technical Alternatives and Energy in LCA.
Department of Environmental and Energy Systems. Karlstad, Karlstad
University. Licentiate.

Renström, R. (2004). Energy Efficient Wood Fuel Drying. Department of
Environmental and Energy Systems. Karlstad, Karlstad University.
Dissertation.

Rodden, G. (2005). "SCA Östrand builds a "natural eco-system"." Pulp and
Paper International 47(4): 22-27.

Rosemarin, A., K.-J. Lehtinen, et al. (1994). "Effects of pulp mill chlorate on
baltic sea algae." Environmental Pollution 85(1): 3-13.

Rout, R. C. and M. L. Devram (2004). "Treatment by activated sludge
process." IPPTA 16(4): 39-45.

Sandström, O. and E. Neuman (2003). "Long-term development in a Baltic
fish community exposed to bleached pulp mill effluent." Aquatic
Ecology 37(3): 267-276.

Sarlin, T., S. Halttunen, et al. (1999). "Effect of chemical spills on activated
sludge treatment performance in pulp and paper mills." water Science
and Technology 40(11-12): 319-325.

Sjöberg, L.-A. (1993). Träkemi: Vedens uppbyggnad, kemiska
sammansättning och vedkomponenternas kemiska reaktioner.

Skogsindustrierna. (2007). "www.skogsindustrierna.se."   Retrieved 2007 11
0 5 ,  2 0 0 7 ,  f r o m
www.skogsindustrierna.se/LitiumInformation/site/page.asp?Page=10
&IncPage=626&IncPage2=232&Destination=227&destination2=226
&lang=sv.

Stuthridge. T.R and Tavendale. M.H (1995). Biotransformation and
partitioning of resin acids within aerated stabilization basin. 1996
International Environmental Conference, Orlando, USA, TAPPI
press.

Tremblay, L. and G. van der Kraak (1999). "Comparison between the effects
of the phytosterol beta-sitosterol and pulp and paper mill effluents on
sexually immature rainbow trout." Environmental Toxicology
Chemistry 18(2): 329-336.

Ullman. A and Mårtensson. G (2002). MultiBio: a new technology for
wastewater treatment. 7th International conference on new available



40

technologies, Stockholm, Sweden, SPCI Swedish Association of pulp
and paper engineers.

V ä n e r n s v a t t e n v å r d s f ö r b u n d  ( 2 0 0 7 ) .
www.vanern.se/rapp&res/resultat/org_mat.asp.

Wagner, M. and J. H. Pöpel (1996). "Surface active agents and their
influence on oxygen transfer." Water Science and Technology 34(3-
4): 249-256.

Werker, A. G. and E. R. Hall (1999). "Limitations for biological removal of
resin acids from pulp mill effluent." Water Science and Technology
40(11-12): 281-288.

Werker, A. G. and E. R. Hall (2004). "Development and aplication of a
quasi-static Langmuir isotherm for modelling selected resin acid fate
in pulp mill waste water treatment." Water Research(38): 1995-2008.



Faculty of Technology and Science
Environmental and Energy Systems

Karlstad University Studies
2008:1

Maria Sandberg

Studies to Avoid Decreased Efficiency 

in Multiple Stage Biological Wastewater  

Treatment Plants

The aim of this study is to prevent efficiency reduction in modern wastewater treatment 
plants. Most Swedish pulp and paper mills use biological treatment for their effluents. 
Since the technique depends on living microorganisms (MO) it is sensitive. Toxic 
substances can kill the population. It takes considerable time for the MOs to grow 
in number and the treatment efficiency will be affected accordingly. In this study the 
impact of black liquor spills on treatment efficiency in a MultiBio concept has been 
studied. Due to the design of the MultiBio concept, it is robust and can endure large 
quantities of black liquor.

Denying the MOs their needs can disturb biological treatment plants. Among many 
things, a biological process needs dissolved oxygen. Since aeration is energy consuming 
and expensive, there is a conflict between gaining high efficiency and, at the same time, 
decreasing the energy consumption. In this study, an approach to saving energy for 
aeration is initiated.

Karlstad University Studies
ISSN 1403-8099

ISBN 978-91-7063-158-0

Concerning Forests Industry Effluents

Studies to Avoid Decreased 
Efficiency in Multiple Stage 

Biological Wastewater 
Treatment Plants




