
Efficient treatment of forest 
industrial wastewaters

Maria Sandberg

Dissertation   |   Karlstad University studies   |   2012:22

environmental and energy systems

Faculty of technology and science

Energy efficiency and resilience during disturbances 



DISSERTATION   |   Karlstad University Studies   |   2012:22

Efficient Treatment of 
Forest Industry Effluents

Maria Sandberg



Distribution:
Karlstad University  
Faculty of Technology and Science
Environmental and Energy Systems
SE-651 88 Karlstad, Sweden
+46 54 700 10 00

© The author

ISBN 978-91-7063-426-0

Print: Universitetstryckeriet, Karlstad 2012

ISSN 1403-8099

Karlstad University Studies   |   2012:22

DISSERTATION 

Maria Sandberg

Efficient Treatment of Forest Industry Effluents

WWW.KAU.SE



 III 

Abstract 

This work concerns the treatment of wastewaters from pulp and paper mills. 
The work deals with processes related to aerobic biological treatment processes. 
The overall aim is to obtain an efficient treatment process. In a treatment 
process there are many aspects of efficiency. The present study investigates 
efficiency with regard to energy efficiency and purification efficiency during 
disturbances.  

This dissertation pays special attention to wood extractives, such as resin acids 
and fatty acids. It is important to clean these efficiently, since these compounds 
can have negative effects on fish and other organisms in the receiving waters. 
They can also be toxic to microorganisms in biological treatment plants. 
Furthermore, they affect oxygen transfer, which is important for an energy 
efficient aeration in aerobic biological treatment processes. Since biological 
treatment plants are sensitive to toxic spills, it is important to know how much 
spill a plant can receive before the cleaning efficiency decreases or, even worse, 
the micro-culture dies. Short time and long-time spills of black liquor have been 
used to test how the cleaning efficiency is affected. Black liquor contains many 
toxic compounds, for example, high concentrations of extractives. The results 
show that multiple stage treatment plants have several safety mechanisms, and 
will be significantly affected only by long-time black liquor shocks.  

This dissertation includes a case study of three treatment plants. The case study 
confirms that aeration is the single most energy consuming process in a pulp 
and paper mill wastewater treatment plant. It is therefore possible to use the 
aeration process to positively affect the energy efficiency. The results show that 
the energy used in wastewater treatment can be retained if sludge is regarded as 
an energy source instead of a waste problem. 

When aeration was studied to obtain an energy efficient treatment process, it 
was shown that the oxygen transfer rate from the air bubble into the effluent is 
the rate determine step. Increased oxygen uptake rate from the microorganisms 
can not increase the oxygen transfer efficiency. The surface active extractives 
found in the effluent affect the oxygen transfer rate negatively resulting in poor 
efficiency. This study shows that the aeration efficiency can be significantly 
improved when the effluent is pre-treated with chemical flocculation in order to 
remove the surface active extractives. 
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Sammanfattning 

Det här arbetet handlar om rening av avloppsvatten från massa- och 
pappersbruk. Arbetet behandlar processerna i samband med aerob biologisk 
rening med det övergripande målet en effektiv rening. För en reningsprocess 
finns många aspekter av effektivitet. I den aktuella studien har effektivitet 
undersöks med avseende på energieffektivitet och reningseffekt under 
störningar. 

I avhandlingen finns ett särskilt intresse för extraktivämnen som hartssyror och 
fettsyror. Eftersom dessa föreningar kan orsaka negativa effekter i fisk och 
andra organismer i recipienten är det viktigt att rena bort dem effektivt. De kan 
också vara giftiga för mikroorganismer i biologiska reningsverk och påverkar 
syretransporten viktigt för energieffektiv luftning av aeroba biologiska 
reningsprocesser. 

Eftersom biologiska reningsverk är känsliga för giftiga utsläpp behöver man 
veta hur mycket spill en anläggning kan ta emot innan reningseffektivitet 
minskar eller i värsta fall dödar mikrokulturen. Svartluts spill under både kort 
lång tid användes för att testa hur reningseffektivitet påverkades. Svartlut 
innehåller många giftiga ämnen som till exempel höga halter av extraktivämnen. 
Resultaten visar att biologiska flerstegs processer har flera säkerhetsmekanism 
och endast påverkas av långtids spill av svartlut. 

Avhandlingen innehåller en fallstudie där tre olika skogsindustriella reningsverk 
jämförts. Fallstudien bekräftar att luftning är den enskilt mest energikrävande 
processen i ett reningsverk på ett massa- och pappersbruk. Luftning är därför 
en möjlig process att påverka när man vill energieffektivisera. Resultaten visar 
också att det är möjligt att återvinna energi använd i reningsprocessen om 
slammet kan ses som en energikälla istället för ett problem. 

När luftningen studerades visade det sig att transporten av syre från luftbubblan 
till avloppsvattnet det hastighetsbestämmande steget. Ökad syre upptagning av 
mikroorganismer kunde inte förbättra luftningseffektiviteten. Vattnets innehåll 
av ytaktiva extraktivämnena sänker syreöverföringshastigheten. Studien visar att 
luftningseffektiviteten kan förbättras avsevärt när avloppet förbehandlas med 
kemisk flockning för att avlägsna de ytaktiva extraktivämnena.  
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Preface  

When I came to Karlstad in 2003, 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 some of the forest industry companies in the area. But 
I had done that before and I 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 the opportunity came to 
start this research project at Karlstad University, most of my professional 
dreams came through.  

Over time my research changed focus depending on the mills' issues. Also new 
colleagues and their issues have influenced my research path. Working at the 
department for Energy, environmental and building technology, made energy a 
natural part of my research.   

Working at Karlstad University is challenging and interesting in so many ways. 
All the fun tasks meant that the research had to slow down, but it never 
stopped. During my years with administrative duties the research gave me 
opportunity to sometimes be selfish and think on issues only interesting for me. 
It also gave me the opportunity to maintain my contact with the mills.  

Now it's time to speed up and finish my doctoral studies. There are so many 
new research questions left to be investigated. 
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Introduction and Outline of the Dissertation 

This work concerns treatment of wastewaters from pulp and paper mills. The 
overall aim is efficient treatment. For a treatment process there are many 
aspects of efficiency. In the present study efficiency is investigated with regard 
to energy efficiency and purification efficiency during disturbances.  

Most mills use some kind of biological treatment. Therefore this work deals 
with processes related to aerobic biological treatment, however, not the actual 
biological processes.  

Energy is a key issue. Energy efficiency is important for saving resources and of 
course money. However, no economical concerns has been taken in this work. 

In this dissertation, the work presented in five articles is summarised. The 
different articles describe research done with various aims and types of 
methods. The overall aim, however, has invariably been to find efficient ways 
of cleaning forest industry wastewaters. High treatment efficiency means clean 
receiving waters and a frugal use of resources, such as raw materials and energy. 

In this thesis, I will show that some substances in wood, namely, extractives, 
impact the treatment efficiency in numerous ways. These compounds are found 
in the process streams of pulp mills as well as in the condensates of wood 
dryers. As these are often toxic, it is important to remove them in the treatment 
process. The toxicity implies that it problematic to treat them, since they affect 
the biological organisms in ordinary biological treatment processes. The 
surface-active properties also cause them to affect the energy use of the 
wastewater treatment. The wood extractives affect the oxygen transfer from air 
to wastewater and thereby the aeration of aerobic wastewater treatment, which 
represents the single largest user of energy in a forest industrial wastewater 
treatment plant. 

In most of the studies presented here, laboratory studies and full mill scale 
studies are compared with models to verify the results and to predict new 
results. In the conclusion of this thesis, the achieved knowledge and the 
developed models are used to suggest a practicable approach to sustainable 
wastewater treatment of forest industrial effluents.  
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The Importance of the National and Regional Forest Industry to the 
World, to Sweden and to this PhD Project 

The forest industry and the pulp and paper industry are the most important 
industries in Sweden; they are responsible for 3% of the gross domestic 
product. Sweden is the third largest pulp and paper producer in Europe, and 
also the third largest exporter of pulp and paper in the world. Only Canada, 
Finland and Germany have a larger export share (Skogsindustrierna 2012).  

The Swedish forest industry employs 70 000 persons, out of which the pulp and 
paper mills employ approximately 25 000. In the region around Karlstad 
University more than 250 companies within the forest industry sector are 
located, employing approximately 12 500 people (Province 2012). Among the 
250 companies, five represent pulp and paper mills that produce various 
qualities of pulp and paper. The University and the Department of Energy, 
Environmental and Building Technology have good relations with a number of 
these companies.  
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Forest Industrial Cleaning Technology – Yesterday and Today  

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 steel production industries were the leading and largest industries 
during the 18th and 19th centuries in Sweden. In the end of the 19th century, 
the small steel companies had difficulties to compete with newly developed 
techniques in Europe. The old blast furnaces were located close to forests and 
running water and the steel companies owned the forests that were used to 
supply the furnaces with wood fuel. As a result, these mill sites 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 were 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 wastewater were disposed of to a receptacle; approximately 
50% of the 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 the fact that all community effluents were disposed of 
untreated to the recipient, the problems with polluted water occurred only 
locally in the 1920s. During the 1940s, the sulphite pulp production had grown 
to become the largest industry in the country. Now the effects of the effluents 
were noticeable, especially to the fishing industry. The amount of effluent 
decreased drastically as new techniques were found to re-use boiling liquids. 
When the forest industries grew, new mills were built further south in the 
country, close to cities without much industrial experience. Here, the citizens’ 
demands were higher when it came to smell and environmental impact; thus the 
pulping processes were further developed. (Persson 2005) 
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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 against them. One 
example was the eutrophication of the lakes leading to flourishing algae and 
dead anoxic seabed’s. At that time, organised environmental work grew to be 
powerful. In 1969, the environmental protection law was passed and the 
Swedish Water Pollution Committee (Vattenföroreningskommittén) saw to 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 the 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 re-
use water were introduced. Boiling and bleaching processes were developed 
towards less water use, and washing techniques were improved. The closed 
system of boiling was extended with an oxygen delignification stage. The whole 
process was modernised, and less discharges leaked out to the effluent. The 
Swedish model was different from, for example, 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, usually implied simple 
techniques, such 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 from an environmental perspective. Lake Vänern is 
one example of these effects. Here the organic material has been measured for 
more than 100 years (see Figure 1). The increase in organic material between 
1900 and 1970 was mainly caused by the forest industry, as was the decrease 
observed after 1970. 
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Figure 1. 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 behind fish death and deformities; one 
example of this was fish with deformed spines and fins captured outside of 
Norrsundet Mill, north of Gävle (Grahn, Landner et al. 2000). Chlorine used as 
a bleaching agent was substituted with chlorine dioxide or other oxygen based 
bleaching agents. Sweden was a pioneer in this field. Discharges of adsorbable 
organic halogens (AOX) have decreased by 97% between 1980 and 2005 
(Skogsindustrierna 2012). In the end of the 1990s, there was a debate about 
whether chlorine dioxide bleaching, ECF or TCF bleaching was better for the 
environment. According to the Swedish Forest Industries Federation, there is 
still to this day no evidence of 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 were 
no longer an issue, extractives tuned out to be the new threat. A high 
concentration of extractives, such as resin acids, was found in fish bile outside 
of pulp mills. 
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Sublethal Effects Outside of 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; 
Mcmaster, Munkittrick et al. 1994). 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 vitellogenin, it is 
used as a marker for oestrogenic endocrine disruptors in juvenile fish (Matozzo, 
Gagne et al. 2008) 

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 
additional 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 as regards 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 transform 
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. According to Leppänen this 
was due to improvements in the mill. 

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



 7 

In 1997 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 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. Sublethal 
effects, however, could still be observed as growth disturbances and inhibited 
reproduction.  

Discussions and debate between industry and authorities on the accuracy of 
investments in new treatment techniques were intense in the 1990s. The debate 
declined in Sweden and today it is indiscernible. The issue is still important in 
other pulp and paper making countries. At the 7th symposium of Fate and 
Effects held in Chile in January 2012, there were 25 presentations held 
concerning reproduction disturbances and other sublethal effects found outside 
pulp and paper mills. During the last few years, it has been found that 
neuroactive substances in the pulp and paper mill effluents affect fish 
reproduction (Basu, Ta et al. 2008). 

In Sweden, there are only few publications in the field, and the forest industry 
does not pay attention to this issue any longer. There are still increased 
concentrations of resin acids in fish bile and, sometimes, these have sublethal 
effects. Increased EROD activity and smaller gonads are still found in fish in 
the Baltic Sea (Naturvårdverket 2007). The investigations are made of fish in 
general, not only outside of pulp and paper mills. The indications are not 
sufficiently alarming and fish populations do not suffer enough to be made the 
subject of a new debate that could lead to further restrictions in Sweden. Today, 
global warming and carbon dioxide issues receive most of the attention. 

Utilisation of Waste Streams 

Lately, increasing energy prices and a new perspective on saving resources have 
changed the focus from waste disposal to utilisation of waste streams. 
Anaerobic treatment of wastewaters is one way of creating biofuel as methane 
is produced.  

Anaerobic treatment is an old technique. In Sweden, Hylte Pulp Mill was the 
first to establish an anaerobic wastewater treatment plant. After a few years it 
was closed down and replaced with aerobic treatment. While modern aerobic 
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processes were developed anaerobic processes were found to be sensitive and 
unreliable. During the last few years’ energy focus, anaerobic methane 
producing processes have become popular again. In Germany, anaerobic 
treatment is quite common. 

Anaerobic treatments can only be accomplished in process streams of a certain 
quality. High concentrations of biodegradable material and low toxicity are 
necessary for an efficient methane production. In Sweden, a few projects have 
started with the aim of pre-treating pulp and paper mill effluents into becoming 
a suitable substrate for anaerobic processes. Membrane filtration is one example 
of these techniques to create a concentrated effluent suitable for anaerobic 
treatment.  

The interest in producing new products out of wastewater is growing fast. One 
example of this is bacteria in an activated sludge treatment that can be affected 
in such a way as to start producing polyhydroxyalkanoates (PHA), which can be 
used to produce biodegradable plastic materials (Bengtsson, Werker et al. 2008). 
At one of the Nordic Papers Mills, plans are made to grow fungus in the 
wastewater in order to produce fish food. In addition, several projects are 
initiated in order to grow algae in wastewaters and using exhaust gas as a carbon 
source (Ekendahl, Olsson et al. 2011). The algae in turn produce oil that can be 
used as biofuel.  

Sludge – a Problem or an Energy Source? 

In 2000 Swedish authorities added a fee of SEK 250/ton of dumped waste to 
make Swedish companies more aware of saving resources, of the importance of 
producing less waste, and of the idea of sustainable development. At that point, 
sludge from wastewater treatment turned into becoming a problem for the 
forest industries. As from 2002 it is forbidden to dump inflammable waste, and, 
as from 2005, it is not allowed to dump organic waste. During the first few 
years of this millennium, new treatment technologies for low sludge production 
were implemented at Swedish mills. The Multibio concept built at Gruvön Mill 
is one example of this.  

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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Anaerobic digestion of sludge from municipal treatment plants is a common 
technology. In 2005 the interest shown in the energy value of pulp and paper 
sludge awoke. The prospects of anaerobic digestion and methane production 
are now viable issues. Sludge from the pulp and paper industry treatment plants 
contains fewer nutrients than municipal sludge. Co-digestion with more 
nutrient rich substrates is a successful way of increasing the methane 
production from pulp and paper sludge. (Hagelqvist 2010)  

With the purpose of creating an economically and ecologically sustainable 
energy system, the Programme for Energy Efficiency (PFE) was started in 2005 
by the Swedish Energy Agency. Companies that joined the program and 
systematically worked with energy efficiency issues received tax reliefs. The 
increased energy prices and promises of tax reliefs made more than 30 Swedish 
pulp and paper industries join the program. Today, energy savings is one of the 
most important issues of the mills. Both large and small opportunities of 
making energy savings are now of interest to them. Also savings in the 
wastewater treatment plant even if there are other processes that use more 
energy in a Mill. Therefore has the PFE program been important for this 
research project. 

Water Footprint – The New Challenge? 

Water is unevenly distributed on our blue planet. In Sweden, we have a lot of 
water while other pulp and paper making countries have less. In order to strive 
towards a  wise and sustainable usage of water, a water labelling programme is 
being developed. Water footprint marked products will probably prove to be 
beneficial to the mills, perhaps also to Swedish mills, even though they are 
often surrounded by water.  

Since the conditions vary between mills in different counties, the water 
strategies are also different. Many mills require a conservative water strategy. As 
a consequence, water saving techniques are developed. A series of new 
membrane filtration projects are currently launched.  
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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, 
which means that it has to be cleaned before being discharged to the recipient.  

The organic material that is present in a pulp and paper mill effluent is often of 
such high concentration 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. For example, outside of the 
Gruvön Mill, the concentration of dissolved oxygen (DO) in the water closest 
to the bottom was zero during the 1980s. At the 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 per 
cent and 100 per cent 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 organisms that form toxic hydrogen sulphide. 

Large discharges of nutrients will have the same effect as organic material. The 
extra nutrients may 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 the worst case scenario, be deadly to fish and other 
organisms in the sediment, if the concentration exceeds lethal levels. Some 
compounds can cause illness and disturbed functions in fish also at low 
concentrations, especially after long exposures. 

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 
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also some additive chemicals in the effluent that originate 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. 

Even if the effluent mostly contains compounds that are found in nature where 
most of them are harmless, the impurities from many tons of wood are 
concentrated in a pulp mill effluent. If the effluents were allowed to pass 
directly to the recipient without prior treatment, there would be serious 
consequences. In this chapter, we present compounds found in effluent before 
treatment.  

Table 1. Chemical composition of wood (%) (Sjöberg 1993) 

 Pine Spruce Birch 

Cellulose 40 41,7 41 

Hemicelluloses 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 

Some of the substances found in wood (see Table 1) are also found in the 
effluent. Since the pulping process affects all wood substances, some of them 
degrade into smaller molecules. Wood related compounds that are found in 
effluent from 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. Hemicelluloses are closely related to cellulose. They are, 
however, combinations of several sugars and sometimes they are branched in 
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their structure. These two compounds build up the fibre. The purpose of the 
pulping procedure is to separate the fibres from the rest of the wood materials. 
Small parts of cellulose and hemicelluloses, however, are found in the effluent, 
and these are divided into the group of carbohydrates. Hemicelluloses are less 
resistant to chemical pulping processes, and they are therefore found to a 
higher extent in the effluent than cellulose.  

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

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 
varies 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 deep 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 too big to penetrate bacterial 
membranes, it has low toxicity (Ali and Sreekrishnan 2001). Because of the 
large size of the molecules, lignin can have surface active properties (Werker 
and Hall 1999).  

Extract ives  

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.  
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Resin ac ids 

There is a large group of resin acids found in soft wood resin channels. The 
tricyclic structure is characteristic of this group, see Figure 2. 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 and retene in sediment outside 
of 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 ac ids  

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 as compared to 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 acids. Fatty acids, however, are less toxic than resin acids (Back and 
Allen 2000). 

Neutral  t erpenes  and terpenoids 

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

Stero ls  and s tery l es t ers  

Sterols in trees have the same hydrocarbon skeleton with five rings as the 
hormones found in animal organisms (see Figure 2). 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. 



 14 

Figure 2: Common resin acid, fatty acid and sterol in wood. 

Process Additive Compounds 

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

In pulp bleaching, two types of bleaching methods are used: the totally chlorine 
free (TCF) and the elementary chlorine free (ECF) methods. TCF bleaching 
agents are based on reactive oxygen compounds, such as oxygen, hydrogen 
peroxide and ozone. ECF bleaching is accomplished 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 of 
discussion. 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.  

Chelating agents are used to wash out metals from the pulp. Since chelating 
agents 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. 



 15 

  

General Wastewater Treatment 

All wastewater cleaning technology can be described as a form of 
transformation from soluble compounds in the water into solid compound that 
can be separated from the water. The transformation can arise out of the 
precipitation of ions or the flocculation of small compound into larger 
aggregates. When the aggregates grow large enough they get density or size, 
and, hence, they can be separated. When microorganisms use soluble 
compounds in the effluent as food, they transform it into new microorganisms 
that can be separated. Some of the organic compounds are transformed into 
carbon dioxide that leaves the effluent as gas. 

Mechanical Treatment 

Most effluents contain suspended solids of various sizes. In forest industry 
effluents, for example, fibres are found. The larger particles can be removed by 
sedimentation. All pulp and paper mills clarify the effluent by using pre-
sedimentation. Since mechanical pre-treatment is cheap and only requires small 
amounts of added chemicals or other resources, it is an efficient and important 
feature of a treatment plant. The more substances that can be removed from 
the process streams using mechanical methods, the less resources the treatment 
plant will need as a whole.  

The fibres gathered in the sedimentation can be returned to the paper making 
process and be used for paper products with low hygienic demands. If this is 
possible, resources such as trees and wood can be saved. Otherwise, the 
primary sludge obtained from the pre-sedimentation process is often a fairly 
easily dewatered type of sludge and is therefore possible to use as an energy 
source in the mills furnaces. 

Biological Treatment 

Bacteria, fungi, algae and protozoa found in our surroundings degrade organic 
material. When they are found in an environment in which they can grow in 
number, they can clean wastewaters in fairly short periods of time. The  micro-
organisms utilise soluble degradable organic material in the effluent as a carbon 
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source to create metabolic reactions and to produce new cells. Aerobic micro-
organisms use oxygen to oxidise organic carbon to carbon dioxide.  

 Approximately 90% of the organic biodegradable substances (BOD) in 
municipal wastewaters are degraded in an ordinary municipal treatment plant, 
(see Figure 4;) (Persson 2005). Forest industrial effluents also contain organic 
compounds that are difficult to degrade, e.g., lignin. Consequently, the 
reduction rate of forest industry wastewaters is lower. 

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

A high concentration of microorganisms is required for efficient treatment. 
Approximately 2–5 g/l of biomass is needed for a sufficiently fast degradation. 
As the microorganisms grow in number, a proper concentration of excess 
biomass has to be taken out of the process as sludge to keep the concentration 
at a steady state level.  

The type of microorganism that survives and grows fast enough in the effluent 
is useful for wastewater treatment. When they are flushed out with the treated 
effluent they are separated from the water with sedimentation. Since they are 
useful, they are recirculated back into the basin again. In this way, the 
microorganisms, or the sludge, have a longer retention time in the system than 
the water. 

At a certain sludge retention time (SRT), approximately half of the incoming 
biodegradable organic material is discharged as carbon dioxide. The other half 
is found in new cells, i.e., new biomass (Px). If longer sludge retention times are 
wanted, they can be achieved by increasing the recycled portion of biomass (see 
Figure 4). Dead and broken cells in the recycled biomass become a new 
substrate for the next generation of bacteria. The next generation uses 

Wastewater
Organic C 100 kg

CO2
40-50 kg C

Sludge from 
clarifyer
40-50 kg C

Treated water
10 kg C

Reactor tank 
with diffused air
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approximately half of the substrate to build new cells and the rest forms carbon 
dioxide. In this way, the amount of formed sludge decreases with high sludge 
retention times. At the same time the oxygen need increases as more carbon 
dioxide is formed. 

Prediction of Sludge Production and Oxygen Need  

The amount of formed biomass can be estimated using equation [1] (Metcalf 
and Eddy 2003), where (A) describes biomass growth due to the substrate in 
the process effluent entering the biological stage, (B) describes biomass growth 
due to degraded cells in the recycled stream, and (C) describes the formation of 
nitrifying bacteria that use carbon dioxide as a carbon source. 

 A B  C 

€ 

PX ,VSS =
QY (S0 − S)
1+ (kd)SRT

+
fd (kd )QY (S0 − S)SRT

1+ (kd)SRT
+
QYn (NOx )
1+ (kd)SRT

 [1] 

SRT = sludge retention time (d) 
Q = effluent flow (m3/d)  
kd = decay coefficient (0.12 g of biomass/g of biomass, d at 20 °C)  
fd = fraction of biomass after decomposition (0.15 g of VSS/g of VSS) 
So-S = substrate reduction (COD g/m3) 
Y = biomass yield (0.4 g of biomass/g of substrate consumed)  
Yn = biomass yield for nitrification. (0.12 g of biomass/g of substrate) 
NOx = amount NH4-N oxidized to NO3

- 

The decay coefficient (kd) depends on temperature (Metcalf and Eddy 2003). 
When it is warm, dead cells decompose faster than when it is cold. Equation [2] 
can be used to recalculate the kd. The value of  is 1.04 at 20–30 °C and 1.12 
at 10–20 °C. 

€ 

kd(T) = kd(20°C) *θT−20°C     [2] 

By prolonging the sludge retention time, the total amount of sludge formed 
decreases at the same time as the oxygen needs increase. The need for oxygen 
(Ro) depends on how much of the substrate that is oxidised (COD in–COD 
out) and on how much of the excess sludge that is removed from the system. In 
a system in steady state, the amount of biomass formed is equal to the excess 
sludge outlet (see Equation [3]). 
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€ 

R0 =Q(S0 − S) −1,42*Px,bio   [3] 

Ro = oxygen need (g/d) 
Px, = excess sludge (g/d) 
Q = effluent flow (m3/d)  
So-S = substrate reduction (COD g/m3) 
 

Chemical Treatment 

 Chemical treatment can be used for several purposes. Metal ions and 
phosphorous can be precipitated and removed from the effluent by the use of 
chemical treatment. Also, particles that are too small to sediment, and other 
types of colloids, for example, extractive micelles, can be flocculated with high 
charge metal ions. Most particles have a negative charge and repel each other in 
a water solution. The metal ion neutralises the negatively charged colloids for 
them to come closer to each other (see Figure 4). Subsequently they can attach 
themselves to each other with weak van deer Waals forces. Polymers can be 
used to make the flocks larger and stronger. The flocks can then be separated 

with sedimentation or flotation.  

Figure 4: Schematic view of the flocculation of colloids with alumina ions and a 
polymer. 

In contrast to biological treatment methods, the chemical method results in all 
organic material that is removed from the effluent being found in the sludge. If 
the sludge is sufficiently dewatered, it can be used as an energy source. 

Chemical and Biological Treatments Complement Each Other 

Chemical and biological treatment methods remove different substances and 
complement each other. In Figure 5, the differences seen in the treatment 
efficiency of biological and chemical treatment methods are presented for 
organic substances. The organic substances in a TCF pulp mill effluent have 
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been separated with ultra-filtration through membranes with a 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, such as acetates, and small alcohols are 
found. Carbohydrates, such as cellulose and hemicellulose, are mainly found in 
the middle size fractions. Lignin is also found in the middle part. Extractives are 
fairly small molecules. They, however, form micelles and are therefore found in 
the fraction for colloids to the left in the figure.  

 

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. The middle fraction, however, 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. Effluent that has been 
treated with both biological and chemical methods contains very little organic 
material. 
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Biological Wastewater Treatment Methods 

Due to different wood raw material and different pulping and bleaching 
processes, every pulp and paper mill has its own specific wastewater. Most mills 
have adjusted their treatment plants 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 of microorganisms is found, and the 
differences between aerated lagoons, activated sludge and multiple stages 
MultiBio are described. These techniques are used at the Mills investigated in 
the papers included in this dissertation.  

Microorganisms in Biological Treatment Plants 

The type of microorganism 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, 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 the microorganisms that need 
oxygen. Nutrient can be added and the retention times, temperatures, etc., can 
be modified to enhance the wanted microorganisms.  

Bacteria of various types are responsible for the degradation of soluble organic 
compounds in the process effluents. The type that can use the effluent as a 
carbon source and grow in number during the current circumstances will be the 
dominant type. Probably the biomass is a mix of bacteria.  

The properties that make the bacteria separable from the water are critical for 
an efficient biological treatment method. They have to form flocs large enough 
for sedimentation. Bacteria that do not form flocs will leave the treatment plant 
with the treated effluent. Among the bacteria there are also larger organisms, 
such as metazoas and protozoas. Their role is to feed on the free swimming 
bacteria and the bacteria flocs in order to give them higher density and better 
settlement properties. 
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Protozoa and Metazoa in Forest Wastewater Treatment Plants 

Most of the text below referring to protoza and metazoa is retrieved from 
(Jenkins, Richard et al. 2004) Among the protozoa, we find ciliates, flagellates 
and amoebae. They all have different ways of moving 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 (see Figure 6). They 
indicate good activated sludge conditions. 

 

 

 

 

 

Figure 6. Stalked ciliates feeding on dispersed bacteria and free swimming ciliates 
feeding on bacteria flocs.  

Stalked ciliates are found both as colonies and as individuals (see Figure 6). feed 
on free-swimming bacteria, which they capture by creating a small turbulent 
flow with their cilia and subsequently waving swimming bacteria into their 
“mouths”. 

Amoebae vary in shape and size. They occur at low concentrations of dissolved 
oxygen and high organic load. They are hosts to the Legionella bacteria, which 
during the last few years have caused a few cases of the disease at pulp and 
paper mills in Sweden.  

Flagellates are small oval mobile microorganisms. They move by whipping their 
long flagella. They can live in low dissolved oxygen concentrations and are 
often found where the concentrations of biodegradable organic material, 
referred to 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 occur, for example, 
during start up periods. Flagella are often the first of the micro-animals to 
inhabit the sludge after a toxic shock. 
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Rotifers are larger and more complex in their structure compared with the 
animals mention above. 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 sludge retention time with low 
organic load. 

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. 

Aerated lagoons 

The simplest biotreatment technologies used is the 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  
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 s ludge 

In 1914, Ardern and Locket described a process that they called activated 
sludge (Metcalf and Eddy 2003). It was capable of aerobically stabilising organic 
material in wastewater by using an active mass of microorganisms. Even if 
activated sludge is an old technique, it is still one of the most used. It is a fairly 
simple method that degrades organic material with high efficiency. In an aerated 
tank, the micro organisms degrade organic material and grow in number. The 
sludge is separated in a clarifier, and the major part of the sludge is recirculated 
back to the aerated tank. The microorganisms that did a good job get another 
chance. Hence the most suitable microorganisms will grow in number. The 
high sludge age gives micro organisms that have 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.  
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Essential for the activated sludge are the floc forming bacteria that have good 
ability to settle. Otherwise the sludge would follow the effluent flow out to the 
recipient. 

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 microorganism culture 
is exposed to something toxic or in any other way harmful substances, the 
culture may die, and it will then take a long time before the adapted 
microorganisms will grow back to numbers high enough to reduce the organic 
material with the same efficiency as before.  

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

Biof i lm 

When the microorganisms 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 
microorganisms. The carriers should not be buoyant to keep them dispersed in 
the treatment tank by using aeration with diffused air. The carrier’s construction 
is important in order for foods, nutrients, dissolved oxygen and other essentials 
to be able to flow past it to reach the microorganisms. 

Biofilm techniques offer advantages. The biofilm grows on the carriers and 
when it becomes larger than the carrier surface, the excess biofilm comes off 
and leaves with the effluent. The sludge is separated in a clarifier, and it seldom 
causes the same bulking problems as activated sludge may 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 the microorganisms to stay on the same carrier for a long time 
results in the sludge adapting into compounds that can be difficult to degrade. 
In a biofilm, microorganisms grow in several layers. This opens up for a 
possibility to have different zones for various purposes within one carrier. The 
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zone closest to the carrier is covered by microorganisms, and oxygen is 
consumed by the microorganisms on the film surface. The anoxic conditions in 
the carrier provide 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 of microorganisms in most cases survives, 
the recovery can be quick.   

Combined Techniques in Multiple Stages 

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

Another example is biofilm reactors combined with activated sludge (BAS). 
The biofilm stage reduces as much of the BOD as possible whereupon the 
properties become right for activated sludge. The sludge’s 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 Production Techniques 

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

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 by 30–50%. 

In general, a small ecosystem with higher life forms are needed to achieve a low 
sludge producing process. 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, hence, they decrease the sludge 
volumes. One way to create a low sludge producing process is to optimise the 
conditions for the micro-animals so they can grow into numbers that have an 
impact. Since they often have a slow growth rate, they are found in sludge with 
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a high mixed cell retention time. Most of them are sensitive to toxic substances 
and can serve as bio-indicators of toxic spills. When protozoa die and lyse, 
foam may form, which is caused by the cell contents. 

MultiBio 

The MultiBio is one of the combined concepts used for forest industrial 
effluents. Two of the articles presented in this disertation are based on studies 
made on a MultiBio plant. 

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

 In the MultiBio process, the biological treatment is divided into three main 
stages with a total of six compartments (see Figure 7). 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 7: Schematic view of the MultiBio treatment process. 

The consuming microorganisms 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 
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and reduce the total amount of bio-sludge produced in the system. Protozoa, 
such as ciliates, consume dispersed bacteria produced in the bacterial stage. 
Consequently, they improve the sludge’s 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 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 into 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. 

Sensitivity of Microorganisms 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 treatment processes. For example, 
extractives, sulphide, chloro-organics and metals have been found to be toxic. 
Within the group of extractives, substances such as 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 
microorganisms found in treatment plants. Resin acids inhibited anaerobic 
activity and were degradable by aerobic bacteria. Fatty acids, organochlorides 
and lignin derivates were also 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 
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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 microorganism in the biological treatment process 
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 be 
utilised by the microorganisms. The microorganisms 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 may 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. 
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Efficient Aeration of Wastewaters 

Oxygen is essential for aerobic biological treatment. A lack of oxygen may 
result in reduced treatment efficiency and unwanted biological processes. 
Aeration is the most energy consumptive stage of the wastewater treatment 
process. If the oxygen transfer could be improved, even by a few per cents, it 
will save significant amounts of energy.  

To be able to save energy and money, aeration and the water chemistry effect 
on aeration have to be better understood. The last papers in this dissertation 
focus on energy efficient wastewater treatment, to which this chapter serves as 
an introduction. 

There are ways to affect and decrease the electrical energy use for aeration. The 
first is to decrease the need for oxygen. Less COD reduction by biological 
treatment or biological processes with shorter sludge retention time can 
decrease the oxygen need. Then the oxygen transfer from air into the effluent 
can be more efficient by, for example, using optimised concentrations of 
dissolved oxygen in each part of the treatment plant, by using an energy 
efficient design of the aeration system and/or by using a modified water quality.   

Aeration 

There are several types of aerators that all strive to create new air/water 
surfaces for the oxygen to transfer through. On the one hand, surface aerators 
stir or cascade surface water into the air, and oxygen will thus be transferred 
into 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 travels through the tank, the oxygen transfer and aeration 
efficiency are influenced by a number of processes. 
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Figure 8: 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 as impurities can attach to the 
surface. At high speeds they do not attach. The speed with which the bubble 
rises through the bulk zone is important with respect to the time it takes for the 
oxygen to transfer into the water bulk, and to 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 effectively transfers oxygen from the 
air. Every part of the aeration process matters to the final result and to the 
efficiency of the entire process. 

Oxygen mass transfer over gas-liquid interface 

(Lewis and Whitman 1924) described the two film theory for mass transfer over 
a gas-liquid interface. Close to the interface gas and water molecules form a 
stagnant film were oxygen has to transfer by diffusion. The stagnant films on 
each side of the interface give rise to a resistance for mass transfer. The driving 
force for oxygen to transfer through is the partial pressure gradient between the 
gas in the bubble and the interface and the concentration gradient between the 
interface and liquid bulk. The flux through each film is described as the product 
of the driving force by the mass transfer coefficient according to equation [4].  

Boundary layer for 
oxygen to diffuse
through

Turbulent 
surface zone

Bulk zone

Bubble 
formation zone
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€ 

J = kG (PG − P*) = kL (C * −CL ) [4] 

J  = molar flux through the gas – liquid interface (mol/m2,s) 

kG = gas mass transfer coefficient  

kL = liquid mass transfer coefficient  

PG  = partial pressure in the gas bubble  

P* =partial pressure in equilibrium with the liquid phase 

CL  = concentration in the liquid 

C* = concentration of saturation in equilibrium to the bulk phase 

Since the saturation concentration of oxygen in water is comparable low the 
driving force from the interface to the liquid bulk is low. The gas phase 
resistance can be neglected and therefore the over all mass transfer coefficient 
is equal to the liquid transfer coefficient kL.  

 

Figure 9: Aeration of water and effluent from Skoghall mill. The test was made in a 
laboratory scale bubble column. 

 

In clean water at 20 °C, the solubility of oxygen is 9,08 mg/l. The aeration rate 
is faster and more energy efficient at low concentrations where the gradient to 
saturation is large.  
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The oxygen transfer rate can be described by equation [5]. The oxygen transfer 
rate (kLa) is the product of the volumetric mass transfer coefficient (kL) and the 
interfacial area (a) through which the oxygen transfers. 

 

€ 

dC
dt

= kLa(Cs −Ct)  [5] 

kLa  = The oxygen transfer coefficient (time-1) 
Cs = Concentration of saturation (mg/l) 
Ct = Concentration at time t (mg/l) 

When equation [5] is solved and written as a linear equation [6] the kLa can be 
determined from the slope of the line. 

€ 

ln(CS −CL ) = lnCS − kLa* t  [6] 

In Figure 16, it is shown that the oxygen transfer is slower in an effluent from 
Skoghall Mill than in clean tap water. There are several reasons for this, which 
will be explained below. The impurities in the effluent affect the solubility of 
oxygen. In effluents where the concentration for saturation is lower, the 
concentration gradient is smaller and therefore also the oxygen’s ability to 
dissolve. The difference between the oxygen transfer coefficient for clean water 
and effluent is called α (see Equation [7]). The difference between the 
concentrations of saturation is called β (see Equation [8]): 

€ 

α =
kLa(wastewater)
kLa(tapwater)

                                                 [7]                          

 

€ 

β =
Cs(wastewater)
Cs(tapwater)

                                                [8] 

The α-factor describes the differences in oxygen transfer rate due to 
surrounding factors, such as design of basin, airflow, impurities, etc. This means 
that the α-factor is only accurate for the studied system and cannot be used for 
another system. The β-factor describes the differences in oxygen transfer due to 
the chemical content. 

In a treatment plant where microorganisms consume oxygen, the oxygen 
utilisation rate (rm) is accounted for as in Equation [9]. In steady state, when 
the microorganisms consume oxygen at the same rate as it is added, it results in 
Equation [10]:. 

€ 

dC
dt

= kLa(Cs −C) − rM              [9]               

 

€ 

rM = kLa(Cs −C)                     [10] 
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rM  = oxygen utilisation rate by microorganisms (mg/l h) 

Efficient Concentration Dissolved Oxygen 

In a biological treatment plant where the microorganisms consume dissolved 
oxygen, the aeration rate has to be the same as the consuming rate. When water 
is oxygenised, the aeration rate declines closer to saturation (see Figure 10). 
This means that for a certain bacterial oxygen need, less airflow is needed to 
reach a steady state concentration of dissolved oxygen at 1 mg/l than at 4 mg/l. 
When a higher concentration of dissolved oxygen is wanted, more air will pass 
through the water column without having the time to dissolve. The air is 
distributed through the treatment plants with the help of compressors, and thus 
the energy use increases together with airflow.  

The concentration of dissolved oxygen has to be carefully balanced since 
unwanted microorganisms, like filamentous bacteria, can begin to grow at low 
oxygen concentrations. The filamentous bacteria are one reason behind the 
emergence of 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 concentration of dissolved oxygen in 
the bacterial stages is comparably low, i.e., 0.5 mg/l. At such a low 
concentration, 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 in this particular case since they will 
be consumed during the succeeding biological stages in the treatment plant. 

Due to the concentration gradient and the energy used by the compressors, it is 
beneficial to keep the concentration of dissolved oxygen as low as possible in 
the treatment plant, with retained biological activity.   

In a treatment system with bubbles, bulk volume and bacteria there are several 
interfaces and films where oxygen has to travel trough, see Figure 10. 
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Figure 10: Concentration of oxygen decreases as it transfer trough the gas-liquid interface and 
the liquid-cell interface (Garcia-Ochoa and Gomez 2009). 

According to (Garcia-Ochoa and Gomez 2009; Garcia-Ochoa, Gomez et al. 
2010) all interfaces in a wastewater treatment system affect the oxygen mass 
transfer rate. A increased concentration of biomass that affect the 
concentration of dissolved oxygen in the bulk, give the oxygen transfer rate 
over the gas-liquid interface a Enhancement factor. 

Water Chemistry 

The oxygen transfer rate into water is limited by (1) the solubility of oxygen, (2) 
the size of the surface area through which the oxygen can be transported, and 
(3) 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 could be an important method to use in 
order to decrease the energy use. 

Surface  area 

T 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 
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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 the surface tension, which results in smaller bubbles (Loubière and 
He´berard 2004; Painmanakul, Loubière et al. 2005) and, consequently, a larger 
area/volume ratio.  

Particles are also able to block the surface area and thus decrease the area that is 
efficient for oxygen transfer.  

Oxygen so lubi l i ty  

The solubility of oxygen and the consequent low rate of oxygen transfer into 
the 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 trans fer  over  a sur face  

(Wagner and Pöpel 1996) showed that increased concentrations of both anionic 
and non-ionic surfactants led to a lower 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. 
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(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 of decreasing 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.  

Close to an 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 three 
zones going from interface to bulk in tap water, namely a stagnant zone, a 
laminar zone with the flow running parallel to the interface, and a bulk zone 
with a higher flow in both 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, namely, 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. 

The oxygen transfer coefficient kLa is a product of liquid side mass transfer 
coefficient kL and the interfacial area a.  (Painmanakul, Loubière et al. 2005) 
showed with experiments in a small bubble column that the surface area 
increases with air flow and addition of cationic and anionic surfactants.  They 
also showed that the kL is constant at all air flows up to 3,5 ml/s. It explains 
that surfactants have larger negative effect on the oxygen transfer rate at high 
airflows. At low air flows and small bubbles the surfactant can give positive 
affects. 

(Rosso and Stenstrom 2006) mean that the kL decreases with the concentration 
of surfactants. Contaminants with low surface tension increase the boundary 
layer thickness and the possibility for oxygen to transport with turbulence 
decreases. For coarse bubbles with high velocity thorough the water volume, 
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the turbulence decreases the boundary layer thickness and faster interface  
renewal rates. Also the molecular weight of the surfactant has importance for 
obstruction of the oxygen transfer rate. Surfactants with higher molecular 
weight and lower diffusivity, migrate slower in the solution and therefore give 
less negative effect on α-value.  

As the surfactants migrate towards the bubble surface the surface tension 
decreases. According to (Rosso, Huo et al. 2006) will the surface active 
substance at the interface reach equilibrium with the liquid before the bubble 
detach. The oxygen transfer coefficient will then be hindered during the time 
the bubble float through the basin. A small decrease in surface tension with 3% 
gave large decrease for kLa with 30%. 

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 the right place and to low concentrations of dissolved oxygen can 
save energy. Also, aerators should be chosen according to the effluent water 
chemistry. In an existing 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. 

Theoretical Oxygen Need Transformed to Actual Transfer Rate  

The oxygen needed by the microorganisms (R0) can be estimated using 
equation [C]. The respiratory oxygen need is comparable with the actual oxygen 
transfer rate (AOTR). Since the design of the treatment plant and the impurities 
of the effluent affect the oxygen transfer efficiency from the added air into the 
effluent, the total need for oxygen is larger than the AOTR. 

To be able to estimate the airflow needed for the AOTR and losses, the 
standard oxygen transfer rate, SOTR, can be calculated by equation [11]:   
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AOTR = SOTR
βCSTH −CL

Cs,20
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ (1,024T−20)(α)(F)   [11] 

AOTR = actual oxygen transfer rate (kg/h)  

SOTR = standard oxygen transfer rate in tap water at 20°C and zero 
dissolved oxygen (kg/h) 

CSTH = average concentration of saturated dissolved oxygen in clean 
water at temperature T, altitude H (mg/l) 

CL = operating concentration of dissolved oxygen (mg/l) 

CS,20 = concentration of saturated dissolved oxygen in clean water at 
20°C (mg/l) 

α = oxygen transfer correction factor for wastewater characteristics 

β = oxygen transfer correction factor for wastewater characteristics 
on solubility properties 

F = fouling factor (typical 0.65-0.9) 

Oxygen trans fer  e f f i c i ency  

When air is bubbled through a water column, all oxygen is seldom dissolved. 
The remainder of the oxygen leaves with the off gas. The oxygen transfer 
efficiency, OTE (%), is the most common measure used to describe how much 
of the oxygen dissolves. 
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My contribution to efficient treatment technology 

The five papers in this dissertation have different aims and methods. This 
chapter describes the connections between the papers and the development 
from Papers I to V.  

Since biological treatment plants are sensitive to toxic spills it is important to 
know how much spill a plant can receive before the cleaning efficiency 
decreases or, in worst case, the micro culture dies. In 2011 reported the local 
news paper that Bäckhammar Mill by accident let soap to the treatment plant. 
The biological stage died with high concentrations of organic material in the 
effluent as result. Due to the accident the oxygen levels in the receiving 
recipient decreased to so low levels that it caused fish death. (nwt(2011)  

In paper I the effect of black liquor shocks in short time periods, 1-5 hours, on 
a laboratory scale multiple stage MultiBio plant was studied. A shock 
distribution model was made to predict when and where in the multiple stage 
plant the black liquor shock will have the highest concentration. The model was 
also used to evaluate the laboratory scale trials. The results showed that a 
multiple stage treatment plant have several safety mechanisms and is hardly 
significantly affected by short time black liquor shocks.  

In paper II the black liquor shocks were extended to 5, 10 and 24 hours. The 
results showed that a 10- and 24-hour spill killed the larger microorganisms and 
affected the bacteria significantly. Some COD reduction was still achieved after 
a long term shock, however, it took weeks before full reduction was retained. 
The chock-distributing model developed during the work with Paper I, was 
used to evaluate a accidental full scale black liquor spill to the MultiBio 
treatment plant at Gruvön Mill. The model agreed well with the full scale case 
and a toxic level of 2500 mg/l COD from black liquor could be established.  

The purpose with a multiple stage treatment plant is to achieve a clean effluent 
with small amount of produced sludge, it means that it must have a small sludge 
yield. Since sludge usually is seen as a disposal problem, multiple stage 
treatment plants have advantages compared to other methods. Papers I and II 
also showed the positive effects with its safety mechanism against shocks. In 
Paper III the energy use in a MultiBio plant was investigated and compared to 
an activated sludge and an aerated lagoon. The case studies confirm that 
aeration is the single most energy using process in a pulp and paper mill waste 
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water treatment plant and therefore a possible process to improve when energy 
efficiency is wanted. The results show that the higher sludge yield that a waste 
water treatment plant has, the lower is its energy use and the better are its 
possibilities to recover energy. The results were evaluated with respect to 
sustainable development and it was found that if sludge can be used as an 
energy source a lot can be gained.  

When the oxygen need is set for a biological treatment plant, the next step is to 
dissolve oxygen into the effluent before it can be used by the microorganisms. 
The aeration efficiency is in most case poor and a lot of compressed air is 
passing trough the treatment plant as off gas. In Paper IV the possibility to 
improve the oxygen transfer rate by increased biological activity was 
investigated. It was shown that the oxygen transfer rate from the gas bubble 
into the liquid is slower than the oxygen uptake rate for the microorganisms. 
More bubbles were needed to solve oxygen in the same rate as the 
microorganisms were consuming it. Therefore, increased concentration of 
microorganisms give increased airflow with larger losses as a result. Instead it 
was illustrated that decreased operational concentration of dissolved oxygen 
from 4 to 2 mg/l decreases the needed airflow with 50%. 

In Paper V the possibility to increase the oxygen transfer rate over the gas-
liquid interface in pulp mill effluents was investigated. Surface active 
compounds in pulp and paper mill effluents were suspected to obstruct the 
oxygen transfer rate by being adsorbed to the bubble surface. In paper V it was 
shown that surface active compunds like resin and fatty acids have large impact 
on the oxygen transfer rate. It was also shown that that chemical flocculation 
could be used to decrease the concentration of surface active impurities in the 
effluents with increased oxygen transfer rate as result. With increased oxygen 
transfer rate the needed airflow and energy use could be decreased.  

Description of laboratory scale equipment developed for the dissertation 
work. 

Laboratory sca le  Mult iBio  

For Papers I and II a laboratory scale MultiBio treatment plant was build. The 
laborator scale plant included the same type of stages as the full scale plant. The 
first two reactors constitute the bacterial steps (B1 and B2)(se Figure 7). In B1, 
small carriers were added to achieve chlorate reduction in the inner anoxic parts 
of the biofilm. The third reactor is a selector stage (S) that combines the 
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bacterial steps with two activated sludge steps (AS1 and AS2).  In the selector 
sludge flocks grow, and sludge with good sedimentation properties starts to 
form. During the two activated sludge steps, the sludge flocs continue to form 
and are then separated from the treated water in a sedimentation tank (Sed). 
The major part of the sludge is then returned to the selector. The sludge obtain 
extra retention time and aeration in the stabilization stage. In the stabilization 
stage, some of the sludge is digested and nutrients are released to give extra 
COD reduction during the active sludge steps. A picture of the plant is shown 
in Figure 11.  

 

Figure 11: The Laboratory scale MultiBio. 

The laboratory scale plant was designed with corresponding retention times as 
in the full scale plant at Gruvön Mill. The six reactors were jacketed and heated 
to 37°C with an external heat bath. 

The laboratory plant was fed with grab sample effluent from Gruvön Mill. 
COD and concentration of dissolved oxygen was measured continuously. The 
micro flora was studied with microscope. The laboratory treatment plant 
showed the same results and reduction rates as the full scale plant. 

The weakness of the laboratory scale plant was the sedimentation. Canal 
formation in the sludge bed was often occurring with variation in the sludge 
return as a result.  
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Laboratory sca le  cy l inder aerator  

For aeration trials, a plastic cylinder with air diffusers at the bottom was 
constructed. The equipment was improved between the writing of the papers. 
In Paper IV a cylinder containing 56 litres was used. The air diffuser was made 
with a tube with holes of 2 mm. For the work with Paper V two new cylinders 
containing 75 litres each were made. For Paper V ceramic air diffusers with 
better defined bubble sizes were used.  

Figure 12: The 75 litres laboratory scale cylinder aerator 

The laboratory scale cylinder aerator is portable and have been used at mill sites 
during trials. 
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Summarised Results from Paper I: 
Black Liquor and Alkaline Shocks in a Multiple Stage Biological 
Treatment Plant 

At Gruvön Mill a new multistage biological treatment plant, MultiBio, started 
up during spring 2006. Since biological treatment plants are sensitive to toxic 
spills, it is important to know how much a plant can receive before the cleaning 
efficiency decreases or in worst case the micro culture die. Black liquor is one 
of the most toxic liquors in a kraft pulp mill and sometimes black liquor spills 
reach the treatment plant. The aim with Paper I was to see what effect short 
time spills of black liquor have on a multiple stage treatment plant. 

To simulate the effect of a black liquor spill, the laboratory scale MultiBio plant 
was exposed to high concentrations of black liquor for 1 hour and 5 hours. To 
evaluate the trials, COD, pH and concentration of dissolved oxygen were 
measured in each compartment. The microorganism were studied with 
microscope.  

Since MultiBio is a multiple stage treatment plant with recirculation to the third 
compartment, it is difficult to estimate the dilution factor through the system. 
To be able to predict the concentration of black liquor and the time when the 
concentration have their largest amplitudes in all seven compartments, a 
simulink model was made.  

Low concentrat ions o f  b lack l iquor increase  COD reduct ion whi le  high 
concentrat ions inhibi t  COD reduct ion 

The bioactivity was inhibited when black liquor, measured as COD was 
exceeding 2500 mg/l, see Figure 13. In Figure 13 simulated values of COD are 
compared to measured concentrations when black liquor was added to the feed 
for 5 hours. In the first B1 compartment the simulated concentrations were 
lower than the measured. This show that the COD reduction was inhibited for 
both normal COD in the feed and the extra black liquor COD. It indicates that 
the concentration of black liquor COD exceeded the toxic level. When the 
concentration of black liquor decreased, the COD reduction returned to normal 
levels. In the activaded sludge compartments AS1, the simulated values of 
COD were higher than the measured concentrations. This indicates that a low 
concentration of black liquor COD not is toxic. Instead it is consumed by the 
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bacteria as extra feed. The results were similar for all short term trials with black 
liquor.  

Figure 13: Simulated and measured concentrations of COD when a black liquor 
shock with 5 hours duration time pass through a MultiBio in laboratory scale. B1 
is the first stage with biofilm carriers, AS1 is the first activated sludge stage and 
sed is sample taken in the sedimentation. The line show simulated values, the marks 
show measured concentrations. 

The five-hour trial was repeated with adjustment to pH 7 with the purpose to 
decrease the toxic effect of black liquor. The biological efficiency was inhibited 
later when the spill was neutralised. The results indicate that toxic substances, 
such as extractives, have less toxic effect due to a decreased mobility and 
bioavailability at pH 7. Consequently, when unexpected spills of black liquor 
reach a biological treatment plant, it is beneficial to adjust the pH to near 7.  

Microscope studies showed that the black liquor spill affected the moving 
protozoa and metazoas like stalked ciliates, flagellates and also free swimming 
bacteria. 

During the shorter trials, the moving microorganisms were not affected. During 
five hour trials the moving microorganisms died in the first compartments 
while they were unaffected in the later activated sludge compartments. After 
three days, the first compartment were recovered and moving microorganism 
were observed again. 
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Summary of Paper II: Mill Case, Simulation and Laboratory Plant Study 
of Black Liquor Spill Effects on a Multiple Stage Biological Treatment 
Plant 

In Paper II the laboratory scale MultiBio plant was used to evaluate long time 
spills of black liquor (5, 10 and 24 hours). The results were compared to a full 
scale accident when approximately 100 tonnes of black liquor reached Gruvöns 
MultiBio. 

During the 10 hour trial, foaming and murky coloured water was observed. It 
took four days for flagellates to return to the first compartments, however, the 
activated sludge stages were unaffected. 

During the 24 hour trial the concentration of black liquor increased in all the 
compartments of the plant. Foaming and murky colour were seen in all 
compartments. The black liquor measured as COD concentration almost 
exceeded toxic concentrations in the activated sludge compartments. The COD 
reduction was partly inhibited for almost a week. Moving microorganism 
disappeared in all compartments and were not yet back a week after the trial. 
The results indicate that the bacterial microorganisms are very resistant to black 
liquor COD. They are inhibited but still working. The moving protozoa and 
metazoa are much more sensitive. 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 time.  

Mill  case  with black l iquor spi l l  conf irm lab-sca le  tr ia ls   

In February 2007, accidently approximately 100 tonnes of black liquor reached 
the full-scale treatment plant at Gruvön mill. The monitored values at the mill 
were evaluated and compared to the simulation model and the results from the 
laboratory scale trials. The model and laboratory scale trials  turned out to be 
accurate and a good tool for further predictions. 

In Figure 14 simulated values are combined with measured concentrations 
during the mill case. The peak in the flow indicates when the spill occurred. 
Measured concentrations of dissolved oxygen (DO) show that the biological 
activity was inhibited in B1 after a few hours, approximately corresponding to 
when the COD in the same compartment exceeded 3 000 mg/l. The delayed 
effect in the second B2 compartment agrees well with the simulated results. 
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Figure 13: Simulated values and measured concentrations during the mill case 
when a black liquor spill reached Gruvön treatment plant. 

In the Mill case, the inhibited microorganisms did not degrade the COD in the 
effluent for a few hours when the black liquor concentration was high. Without 
degradation they did not use oxygen which resulted in a peak in measured 
concentration of dissolved oxygen in B1 and B2, as shown in Figure 14. The 
concentration of dissolved oxygen increased when the COD concentration 
increased to above approximately 3 000 mg/l, implying that black liquor 
measured as COD above 3 000 mg/l has acute toxic effect on microorganisms. 
When the COD concentration decreased, so did the dissolved oxygen 
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.  

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

Safety  mechanisms in a Mult iBio concept  

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. In a MultiBio process, a five hours’ spill will be diluted by more 
than 70% before it reaches the activated sludge compartments. It will be less 
diluted with a prolonged time period for the spill. During a 24-hour spill, it was 
diluted by 30%.  
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During a black liquor spill, the first reactor, B1, received the highest 
concentrations of toxic, or in other way harmful, substances. In B1, bacteria 
grow on biofilm where the inner layer is protected. If the outer layer of bacteria 
is harmed, the inner layer of bacteria can grow in number when the toxic 
concentration is washed out. In the second compartment, bacteria with short 
generation time grow. If they are harmed by high concentration of toxic black 
liquor they will grow to high concentrations when the black liquor is washed 
out. The sensitive activated sludge compartments are number four and five in 
the chain of compartments and due to dilution, protected against toxic 
concentrations.  

In many spill situations, the B2 and the selector reactor will be induced, and the 
concentration of black liquor will decrease before it reaches the sensitive 
activated sludge compartments. Therefore, the initial reactors provide a good 
shield for the activated sludge compartments.  

The dilution model and the laboratory scale MultiBio plant has been shown to 
be accurate and useful tools to predict the effect of black liquor spills. With data 
from the laboratory plant and the dilution model, new predictions can be made. 

Suggestions to improve used methods and discussion 

In paper I and II the toxic effects of black liquor on a multiple stage biological 
treatment plant were studied. A well recognized method for determine 
biological inhibition is measuring the oxygen uptake rate (OUR) for the 
microorganisms. If they are inhibited they use oxygen in a slower rate. If the 
OUR had been used to evaluate the black liquor trials a more accurate value for 
inhibition could have been achieved than the COD reduction. It hade also been 
easier to compare the laboratory scale trials with the mill case.  

The number of moving microorganisms were only estimated by looking in the 
microscope. For more accurate results the microorganisms should have been 
counted with proper view glas. 

In Paper I and II the inhibitory effect of black liquor was attributed to toxicity. 
Since black liquor contain high concentrations of surface active extractives, the 
possibility for the obstruction of oxygen transfer into the bacterial flocks 
should have been discussed. The diffusive boundary layer around the 
microorganism flocs can be the rate determine stage for oxygen transfer with 
increased concentration of dissolved oxygen as result.  
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Summary of Paper III: Energy use and recovery in a pulp and paper mill 
waste water treatment 

In Paper III differences in energy use and possibilities of energy recovery in are 
discussed for three mill cases. The results show that the higher sludge yield a 
wastewater treatment plant have, the lower is the energy use and the better are 
the possibilities to recover energy it have. The case studies also confirm that 
aeration is the single most energy intensive process in a wastewater treatment 
plant and therefore a possible process to improve when energy efficiency is 
wanted.  

In the paper, wastewater treatment and sludge handling are discussed from the 
point of wiev of sustainable development. To achieve clean recipients and to 
managing resources like forests, energy resources and phosphorous are 
important factors for sustainable development. 

The results are based on a survey of three pulp and paper mills. In the survey 
data of treatment technology used, process parameters in the treatment plant, 
sludge handling processes and values for energy use in all unit of the treatment 
plant were collected. Based on known relationships, strategies for energy 
savings in the treatment plant were formulated. Possibilities for energy recover 
from sludge was also explored.  

Three mil l  cases  

Three mill cases with different pulping processes and wastewater treatment 
techniques were compared, (see Table 2). Mill 1 uses a MultiBio treatment 
plant. Mill 2 uses an aerated lagoon with chemical treatment as a polishing 
stage. Mill 3 uses a conventional activated sludge process and a chemical 
treatment stage. All processes are further described in pages 22-25. 

Mills 1 and 2 are larger and produce both pulp and paper or board as compared 
to Mill 3, which is a mechanical pulp mill. Consequently, the larger mills 
produce substantially grater process effluent flows. The variations in COD 
reduction in the wastewater treatment, however, are not large. All mills reduce 
most of the COD using biological treatment. Mill 2 uses chemical treatment as 
a polishing stage, which only remove 2 tonnes of COD/day, while Mill 3 uses 
chemical treatment to a larger extent. The sludge yield is higher for the system 
with chemical treatment and consequently, Mill 3 produces more secondary 
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sludge per tonne of COD removed than do both of the larger mills. Mill 3 also 
has a higher biosludge yield due to a shorter sludge retention time.  

Table 2. Descriptive process data collected from three mills with the purpose to highlight the 
energy use for different mill situations.  

 Mill 1 Mill 2 Mill 3 
Pulping process 
 
 
 

NSSCa 
and kraft 
pulp 
 

CTMPb 
and kraft 
pulp 

TMPc and 
CTMPb 
pulp 

Pulp production (t/year) 570 000 524 000 147 000 
Paper and board production (t/year) 517 000 692 000 -- 
Wastewater treatment process 
 

MultiBio 
 

ALd with 
chem.floc. 

ASe, 
chem.floc. 

Spent process water flow (m3/day ) 45 600 58 000 8 200 
Total COD reduction (t/day ) 30 32 26 
      bio 30 30 21 
      chemical -- 2 5 
SRT in Bio-stage with sludge recirculation 6 + carrier 21 4 
Biosludge produced (t TS/day) 11 8 9 
Chemical sludge produced (t TS/day) -- 10 16 
Secondary sludge yield (t/t of COD removed) 0.36 0.54 0.96 
      bio 0.36 0.25 0.45 
      chemical -- 5.21 3.07 
Total electrical power use in WWT (kW) 1778 1873 762 
Electrical power used for aeration in bio (kW) 1130 1300 442 
Total for WWT (kWh/t of COD removed) 1390 1357 674 
      bio 884 1000 486 
      chemical --  455 
Total for WWT (kWh/t of secondary sludge) 3885 2497 732 
      aeration in bio (kWh/t of sludge) 2469 4162 486 
      flocc. and flotation (kWh/t of    sludge) -- -- 455 
aNSSC = neutral sulphite semi chemical, bCTMP = chemo thermo mechanical pulp, cTMP = 
thermo mechanical pulp, dAL= aerated lagoon with sludge return eAS = activated sludge treatment. 

Aeration is the single largest user of electrical power. At Mill 1, 63.6% of the 
total power used in waste water treatment is required for aeration. Of the 
wastewater treatment power, Mills 2 and 3 use 69.4% and 58.0% respectively 
for aeration. 
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Estimation o f  oxygen need due to  s ludge re tent ion t ime 

It is the COD reduction and sludge production that determines the oxygen 
needed, equation [3]. The more COD is degraded, the more oxygen is needed. 
If the sludge retentions time is prolonged to decrease sludge production, more 
oxygen will be needed, equation [3].  

Model  to  es t imate energy use  and recovery  

With a rough model intended for general estimations some recovery strategies 
for the three mills were predicted, (see Figure 15). In Figure 15 energy use for 
wastewater treatment and possible energy recovery from secondary sludge are 
estimated. Secondary sludge comes from chemical and biological treatment 
processes. Primary sludge from pre sedimentation is not included since there 
are better use for the fibres in the sludge than energy recovery.  The data from 
the mills and the predicted values are normalised with regard to COD reduction 
to make the three mills comparable with each other. 

All the three mills use energy during wastewater treatment (WWT) however 
Mill 3 use less. Mechanical dewatering is energy efficient. In the model, the 
moisture content was set to 20% after mechanical dewatering (MD). Thermal 
dewatering (TD) is required for operational purposes in the incineration (I). 
After incineration, most of the energy as MWh/tonne COD is recovered. 
However, the input was electric energy and it was recovered as heat.  If the 
thermal dewatering step were excluded and the sludge were anaerobically 
digested (AD) to produce methane, Mill 3 could get a positive energy balance, 
(Figure 15). 
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Figure 15: Results from model. Possible energy recovery from secondary sludge from current 
wastewater treatment plants. WWT=Wastewater treatment, MD=Mechanical dewatering, 
TD=thermal dewatering, I=incineration, AD=anaerobic digestion). s3 and s4 corresponds 
to sludge handling strategy 3 and 4 further described in paper III 

Saving resources  as a s tep towards sustainable  deve lopment 

Sustainable development means to save and share the earth resources to all 
people and their next generations. Saving resources used for wastewater 
treatment and providing for a clean recipient is one step towards sustainable 
development. 

Since sludge is a source of energy, a high secondary sludge yield increases the 
potential for energy recovery. Therefore in connection with electricity for 
aeration in the wastewater treatment process, one should aim for sufficiently 
clean effluent rather than sludge reduction. 

Primary sludge contains fibres from the  pulp and paper process. If the fibres 
could be used in a paper product instead of becoming waste, wood, trees and 
transports can be saved.  

Additional nutrients are often needed in biological treatment of forest industry 
wastewater. Phosphorous is a limited natural resource and it is therefore 
important to economise its use. If the sludge is incinerated, phosphorus 
remains in the ashes. A new dose of nutrients must then be added to the 
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wastewater treatment process. Chemical treatment requires no nutrients. On 
the other hand, it seldom reaches sufficient effluent quality on its own, and it 
consumes resources such as metal salts, etc. Low sludge production can save 
nutrients that are needed for biosynthesis. If the sludge is anaerobically 
digested, the major part of the nutrients can be recirculated. A prolonged cycle 
for nutrients within the wastewater management process reduces the demand 
for industrially produced nutrients and is preferable from a sustainable 
development point of view.  

Many Swedish mills are struggling to replace the fossil fuels used on-site. Both 
sludge and biogas can replace oil for steam production. Only biogas can replace 
oil used to heat a lime kiln. Biogas can also be upgraded for use in vehicles to 
replace petrol. For these reasons, biogas is in general more valuable than sludge 
as a fuel. Electricity as an energy carrier is more valuable than biogas and 
biofuel.  

A high sludge yield and wise sludge recovery can therefore be more preferable 
when sustainable development is concerned. 
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Summary of paper IV: Energy efficient aeration of wastewaters from the 
pulp and paper industry 

The oxygen concentration in the off gas leaving the top of the different 
compartments at Gruvön Mill MultiBio treatment plant, were measured by 
collecting off gas into a large bucket with a DO-electrode inside. The 
measurement method has some major shortcomings, however it suggest that 
approximately 80-90 % of the incoming oxygen passes straight through the 
basin. In order to study if increased concentration of microorganisms, i.e., an 
increased oxygen uptake rate (OUR) can decrease the oxygen wasted as off gas, 
trials were made in a laboratory scale aeration cylinder filled with effluent and 
biosludge from Skoghall Mill.  

Figure 16: The portable aeration cylinder filled with effluent from Skoghall mill 

In the cylinder, 56 litres of effluent from Skoghall mill was aerated. The air flow 
into the cylinder was set to 20, 40, 60, 80 and 100 litre per hour. The overall 
oxygen transfer coefficient kLa was determined for each airflow with equation 
[10]. The trials were repeated with biosludge added to the cylinder. The airflow 
was set at the same values as in the earlier tests. The oxygen uptake rate (OUR) 
from the microorganism  made the concentration of dissolved oxygen to reach 
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a steady state. At steady state the oxygen transfer was the same rate as OUR. 
During each trial the oxygen concentration in the off gas from the cylinder was 
measured.  

When the concentration of microorganisms was increased the oxygen 
concentration in the off gas decreased. This could be an evidence for a better 
oxygen transfer efficiency. However, when the microorganisms consumed 
oxygen, the steady state concentration of dissolved oxygen decreased. More 
bubble area was needed to dissolve oxygen at the same rate as the use by the 
microorgaisms. To reach the original concentration of dissolved oxygen, the 
airflow had to increase with more oxygen in the off gas and decreased 
efficiency as a result. 

The measured steady state concentrations were compared to calculated values 
based on equation [5] and kLa from reference trials. Table 3 shows fairly good 
agreements between the calculated and the measured values. This also shows 
that the oxygen transfer rates cannot be increased with microorganisms using 
oxygen in at a faster rate. It is the transfer across the surface that is the rate 
determing step. 

Table 3: Dissolved oxygen (DO) and excess oxygen in the off-gas measured when 
effluent and biosolids from Skoghall Mill was aerated in the test cylinder.   
Trial 

No 

SS 

(mg/l) 

OUR 

(mgO2/l, 
min) 

SOUR 

(mg/mg, 
min) 

Airflow 

(l/h) 

DO 

(mg/l) 

O2 excess 
in off-gas 

(%) 

Model 
DO 

(mg/l) 

Model 
O2 

excess 
(%) 

1 700 0.079 0.115 20 7.6 100 6.3 95 

2 3000 0.223 0.117 40 0.3 87 0.6 83 

3 3000 0.223 0.117 60 2.2 93 2.2 93 

4 3000 0.223 0.117 100 4 -- 3.4 95 

5 3600 0.46 0.128 20 0.2 42 0.0 70 

6 3600 0.46 0.128 40 0.2 80 0.0 83 

7 3600 0.46 0.128 60 0.2 91 0.0 90 

8 3600 0.46 0.128 80 0.4 96 1.1 92 

9 3600 0.46 0.128 100 1.0 95 1.8 94 
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Since calculated and measured values agreed, an extended figure was made 
from calculated values, (se Figure 17). The oxygen transfer efficiency decreases 
drastically when the airflow increases. This leads to a higher steady state 
concentration of dissolved oxygen. If the concentration of microorganisms is 
increased from 1000 to 3000 mg/l an even higher airflow is needed to maintain 
the wanted concentration of dissolved oxygen and the efficiency drops faster.  

Figure 17: Results from modelling the oxygen transfer efficiency and need airflow required for 
two systems with OUR varied for 1000 and 3000 mg/l SS. 

Figure 17 show the importance of using the lowest possible steady state 
concentration of dissolved oxygen. Airflow can be more than halved if 2 mg/l 
dissolved oxygen is used instead of 4 mg/l. Results from Paper III show that 
decreased sludge retention time from 10 to 4 days decrease required amount of 
oxygen (R0) by 15%. Sludge retention time and low concentration of dissolved 
oxygen is two effective ways of saving airflow and energy. Increased 
concentration of microorganisms is only effective when the needed steady state 
concentration of dissolved oxygen is low, for example in a sludge return system. 
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Sugges t ions to  improve methods and discuss ion 

The trials were made with the first laboratory scale cylinder aerator used at the 
laboratory at Karlstad University. The air diffuser was a tube with 2 mm holes. 
The bubble size produced with the aerator was never measured and probably 
varying. A diffuser with narrow bubble size distribution gives more accurate 
results.  

Several research groups have shown that increased concentration of biosolids 
decreases the oxygen transfer rate. (Krampe and Krauth 2003; Germain, Nelles 
et al. 2007). Their explanation is increased viscosity in the liquid with thicker 
boundary layer as result. The conclusion is based on results from trials with up 
to 30 g/l of biosolids. (Garcia-Ochoa and Gomez 2009) mean the contrary, 
namely that increased concentration of sludge can give an enhancement effect 
on the oxygen transfer rate from gas bubble to the liquid. It is the 
concentration gradient that is the driving force for oxygen to pass through the 
gas-liquid interface. The oxygen concentration is lower inside the bacteria and 
the total concentration gradient is larger when microorganisms is present. 
Garcia-Ochoa and Gomez show a positive enhancement effect for low 
concentrations of biosolids. These opinions should have been discussed in 
Paper IV. 

In paper IV the oxygen transfer coefficient kLa was not determined for the 
trials with biosolids. It has now been done for this dissertation and the results 
are presented in table 4. For water and for effluent without biosolids the kLa are 
determined with linear regression from equation [6]. For effluents with 0.7, 3.0 
and 3.6 g/l biosolids the kLa were calculated with equation [10]. The kLa can 
only be estimated with equation [10] for trial 2, 3, 8 and 9 (Table 4) where 
steady state concentration of dissolved oxygen are higher than 0.2. 
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Table 4: kLa and α values for water, effluent without bio solids, effluent with 0.7, 3.0 and 
3.6 g/l biosolids. 

Airflow  Water SS 0 (g/l) SS 0.7 (g/l) SS 3.0 (g/l) SS 3.6 (g/l) 

(l/h) kLa 
(min-1) 

kLa 
(min-1) 

α kLa 
(min-1) 

α kLa 
(min-1) 

α kLa 
(min-1) 

α 

20 0.0384 0.029 0.756 0.065 1.707 -- -- -- -- 

40 0.0590 0.044 0.745 -- -- 0.042 0.716 -- -- 

60 0.0711 0.054 0.759 -- -- 0.054 0.762 -- -- 

80 0.0797 0.060 0.753 -- -- -- -- 0.054 0.683 

100 0.0863 0.066 0.764 -- -- -- -- 0.059 0.683 

 

The results in Table 4 indicate an enhancement effect for trials with 0,7 g/l 
concentration of biosludge. Only one trial with an airflow of 20 l/h was made. 
Since this is only a single value, the uncertainty is too large to conclude that 
there is an enhancement effect. The retention time in the laboratory scale 
aerator cylinder is to short for the concentration of dissolved oxygen to reach 
steady state at higher airflows, and therefore it was not possible to make more 
trials with the same biosludge concentration.  

Trials made with 3.0 and 3.6 g/l biosludge indicate a slight decrease of kLa 
relative in comparison to effluents without biosludge. The equipment used give 
too rough results to allow the conclusion that kLa decreases due to high 
concentration of bio sludge.  

However the results in Paper IV show with certainty that the oxygen transfer 
rate from the bubble to the liquid is the rate determined step with larger impact 
on the whole system than a small enhancement of or decreased effect in the 
oxygen transfer rate.  
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Summary of manuscript V: pre treatment to increase oxygen transfer rate 
and aeration efficiency 

In paper V the possibility to increase the oxygen transfer rate over the gas-
liquid interface by affecting the effluent chemical composition was investigated. 

To determine how slow the oxygen transfer rate is in process effluents 
compared to clean water, tests were made in a laboratory scale aerator cylinder. 
Test were made with clean water, process effluents and clean water 
contaminated with model substances for impurities in forest industry effluents. 
When it was determined that the surface active impurities affected the oxygen 
transfer rate,  chemical flocculation were used to separate them from the 
effluent. To find the optimal dosage of flocculent and optimal pH, a series of 
screening trials were made. The best working flocculent were then used for pre 
treatment of the process effluents. The improved oxygen transfer rate were 
determined with aeration trials in the laboratory scale cylinder aerator. The 
improved oxygen transfer rates were evaluated in a model of a activated sludge 
process to estimate the potential to save airflow. By decreasing the airflow – 
energy is saved. 

Surface  ac t ive  substances  in the e f f luent  i s  a reason for  poor oxygen 
trans fer  rate  

The overall oxygen transfer rate coefficient and the α-value were determined 
for CTMP effluent, bleach plant effluent and mixed total effluent from Skoghall 
mill. It was shown that the oxygen transfer rate of these waters are poor 
compared to clean water. The α-value for CTMP is 0.18, Bleach plant effluent 
0.26 and mixed effluent 0.58. The reason for poor aeration properties is 
impurities affecting the oxygen transfer in various ways. 

In order to estimate the influence of different impurities in pulp mill effluents, 
trial were made with model substances. A resin acid (abietic acid) and a fatty 
acid (dodecanoic acid) were used as model substances for wood surface-active 
substances. Lingnosulfonat was used as model substance for lignin, (see Table 
5). Surface active substances were chosen since it has been shown in scientific 
literature That these compounds affect bubble size and boundary layer 
thickness. 
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Table 5: Results from aeration trials in laboratory scale cylinder aerator, for 
model substances in tap water. Air flow 90 l/h. 

 Concentration 

(mg/l) 

Concentration 

(mM) 

kLa (-min) α 

Water -- -- 0.090 1.00 

Lignosuphonate 200 -- 0.078 0.87 

Abietic acid 50 0.16 0.036 0.40 

Dodecanoic acid 30 0.17 0.033 0.37 

Dodecanoic acid 40 0.23 0.011 0.12 

Dodecanoic acid 100 0.58 0.013 0.15 

 

The surface active substances were shown to have great impact on the oxygen 
transfer rate. Therefore surface tension were used for measuring the effect of 
pre treatment with chemical flocculation.  

Chemical flocculation with PAX-XL60 and Fennofloc 111 increased the surface 
tension for mixed effluent, CTMP and bleach plant effluent significantly. New 
aeration trials were made with pre treated effluents to determine how much the 
oxygen transfer rate can be improved by pre treatment with chemical 
flocculation.  

When a larger volume of the tested effluent were pre treated with chemical 
flocculation the surface tension increased significantly. Aeration trials in the 
laboratory scale cylinder showed that the α value increased with approximately 
40% (see Table 6). 
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Table 6. Results from aeration trials (air flow 50 l/h) for effluents and effluents pre-
treated with chemical flocculation.  

 Flocc. 
(g/m3) 

pH Surf.tens.
(mN/m) 

COD 
(mg/l) 

OUR 
(mg/l,min) 

Cs 
(mg/l) 

Ct  
(mg/l) 

kLa 
(min-1) 

α 

Water 0  73 0 -- 9.03 9.03 0.052 1.00 

Mixed 
effl. 1 

0 7.02 46.4 1350 0.027 8.80 7.88 0.030 0.58 

Mixed 
effl. 1 

F111     
5 

7.05 48.6 1340 0.037 8.80 7.83 0.038 0.74 

Mixed 
effl. 2 

0 7.13 -- 1900 0.062 8.80 6.33 0.0251 0.48 

Mixed 
effl. 2 

F111 
10 

7.06 -- 1850 0.227 8.80 3.56 0.0428 0.82 

CTMP 0 5.74 45.7 3555 0.005 8.65 8.65 0.009 0.18 

CTMP PAX 
5 

7.36 48.1 3540 0.005 8.65 8.65 0.013 0.25 

Bleach 
pl. 

0 8.15 39.6 2620 0.004 9.30 9.30 0.013 0.26 

Bleach 
pl. 

F111 
10 

8.12 45.9 2580 0.004 9.30 9.30 0.017 0.34 
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An efficient treatment technology based on the results of this 
dissertation 

The results achieved during the work with this dissertation indicate that a lot of 
energy can be saved in biological treatment processes. A theoretical model has 
been drawn up to evaluate an energy efficient treatment process. The data for 
the model originate from the papers included in this dissertation. The concept 
of an energy efficient and sustainable treatment process is described in Figure 
18. 

Figure 18: A plausible sustainable treatment process for pulp and paper effluents. Suspended 
Solids (SS) and Surface Wood Extractives (SWE) is separated from the effluent before 
biological treatment. The sludge is used for energy recovery. Chemicals and nutrient are recycled 
to the process and the forest. 

The notion of a sustainable treatment process implies that the primary 
clarification needs to be efficient. Mechanical treatment is cheap and uses 
comparably small amounts of energy. This primary sludge consists mostly of 
wood fibres. If these can be reused in the pulping process, trees can be saved. If 
they cannot be used, it is fairly easy to dewater the sludge, which will then be a 
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good energy source for a boiler at the mill site. The ash contains nutrients that 
should be returned to the forest.  

The chemical pre-treatment will decrease the concentrations of surface active 
wood extractives (SWE) and decrease the need for energy consuming aeration 
in the following biological stage. The chemical and biological treatments will 
complement each other, and extractives that can have sublethal effects in the 
recipient will be efficiently removed. 

The volume of the chemical treatment reactor provides extra volume and 
retention time for accidental toxic process spills to dilute in and thus the 
sensitive biological stage is protected.  

The secondary sludge’s from chemical and biological treatment will be 
anaerobically digested to produce biogas. During the digestion the flocculation 
chemicals will be released and can be recycled together with the nutrients. The 
digestion residue can be mixed with the ash and perhaps be a suitable carrier for 
nutrients when it is returned to the forest. 

Two cases by which to evaluated the energy aspects  

The treatment process shown in figure 18 have been compared to a more 
traditional process. The two possible processes have been evaluated to find out 
what effects a pre-treatment stage will have on the energy use of the whole 
treatment plant. In both cases, the process effluent is treated using primary 
sedimentation and a conventional activated sludge process. The amount of 
sludge produced is calculated with Equation [1]. The oxygen need is calculated 
with Equation [2], and the specific oxygen transfer rate (SOTR) is calculated 
with Equation [11]. In both cases, the oxygen need and SOTR are calculated 
for a 10 m deep activated sludge process that runs at 37 °C and 7800 m3/d 
effluent. The sludge retention time is set to 4 days. The α-values are collected 
from manuscript V. The β-value was set to 0.9.  

Data to estimate sludge yield and recovered energy in the form of biogas 
produced from anaerobically digested secondary sludge are collected from 
Paper III. 
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Table 7: . Data for the modelling of two cases of pulp and paper mill effluent treatment. 

Sludge yield chemical treatment (tonnes/tonnes COD) 3 

Biogas production bio sludge (MWh/tonnes) 2 

Biogas production chem sludge (MWh/tonnes) 1.5 

Electricity use of diffuser aeration (MWh/tonnes O2) 0.7 

  

Case descr ipt ion 

In the Case 1 study, the primary sludge is dewatered and combusted to regain 
heat. 65 % of the effluent COD is reduced in the biological treatment. The α-
value for the effluent was set to 0.48. The secondary sludge is anaerobically 
digested to produce biogas. 

In the Case 2 study, the process effluent is treated with primary sedimentation 
and the primary sludge is used as fuel for heat production. The effluent is pre-
treated with chemical flocculation with the purpose of reducing mainly the 
surface active wood extractives. In the chemical flocculation stage, 20 % of 
COD is reduced. In the following activated sludge stage, the remaining 45 % of 
COD is reduced. The α-value was set to 0.82. The combined secondary sludge 
is anaerobically digested to produce biogas (see Figure 18). 

Results  

In Case 1 the oxygen need was 14.4 tonnes oxygen /day. With the low α-value 
the SOTR became 26 tonnes oxygen /d. For Case 2 less COD needed to be 
biologically treated which resulted in a oxygen need of 11.5 tonnes/d. The 
higher α-value resulted in SOTR 15 tonnes/d. 

The chemical pre-treatment resulted in less oxygen demand, less SOTR, more 
sludge and therefore also more biogas (see Tables 8). In Case 1 the energy 
balance turned negative, whereas it turned positive in Case 2. 
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Table 8: Results of energy use and recovery in two cases. 

 Chemical pre treatment Biological activated sludge treatment Balance 

 COD 
(t/d) 

Sludge 
(t/d) 

Biogas 
(MWh/d) 

COD 
(t/d) 

Sludge 
(t/d) 

Biogas 
(MWh/d) 

Aeration 
(Mwh/d) 

 
(Mwh/d) 

1 0 0 0 19.5 3.2 6.5 21.6 -15.2 

2 3.9 11.7 17.5 15.6 2.2 3.4 9.9 11.0 

 

The effect of Case 2 is less COD reduction in the aerated activated sludge 
process, which results in a lesser need for oxygen. The chemical pre-treatment 
process decreases the concentrations of surface active extractives in the 
effluent, which results in an increased α-value and an improved aeration 
efficiency.  

The chemical treatment process yields more sludge than the activated sludge 
process, thus more sludge can be digested to form biogas. Even though the 
biogas potential is significantly lower for chemical sludge than for bio-sludge, 
the higher sludge yield leads to a higher biogas production total in the Case 2 
scenario. Accordingly, the energy balance turns positive in Case 2 due to the 
lesser need for electrical energy for aeration and a higher potential for energy 
recovery as biogas. 

The energy balance is not taken into account that biogas and electric energy 
have different value. The costs and energy use for production of flocculation 
chemicals or pumping etc is not counted for in this study.  

The high ash content is the reason behind the poor biogas production in 
chemical sludge. The concentration of persistent organic substances is probably 
higher in chemical sludge compared with bio-sludge, since lignin and particles 
will adsorb to the sludge, and the presence of flocculating chemicals may 
decrease the biogas yield (Smith and Carliell-Marquet 2008). Therefore the 
calculated values in Table 8 are probably too high. 

The precipitation chemicals have to be recirculated if we are to be able to use 
chemical treatment in a sustainable way. It has to be investigated whether these 
chemicals can be reused after anaerobic digestion. The reduced environment in 
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the digestion chamber will probably reduce the aluminium or iron contents. 
The metal ions will probably have to be oxidised before they can be used as 
chemical precipitators again. 

The chemical sludge will contain extractives, such as resin acids and fatty acids. 
These compounds inhibit anaerobic organisms. It has to be investigated 
whether the concentrations are too high to be anaerobically digested.  
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Further work 

In preliminary trials we managed to achieve α-values above 1 with chemical 
pre-treatment of forest industry wastewaters. If it can be achieved in full scale, 
there is great potential for improved energy efficiency of biological treatment 
stages. To confirm the results and clarify the limitations, there is a need for 
more trials. 

If chemical precipitation will be used for pre-treatment, more research is 
needed for successful re-use of precipitation chemicals. For example, there 
must be investigated if they still work after anaerobic digestion. Alternatively, if 
they may be reconditioned, they can be reused. 

In this study, surfactants was separated with chemical precipitation.  There are 
several other separation methods that also need to be evaluated. 

Since surface tension plays an important role for efficient oxygen transport, 
there are more ways to affect the wastewater chemical content and its surface 
tension. For example, salts may be added in order to decrease the surface 
tension and allowing smaller bubbles to be formed. Former student work done 
at the department have shown good results in this field. The smaller bubbles 
provide a greater surface area for oxygen to be transported across, and thus a 
more efficient oxygen transport. More studies are needed to find the right 
dosage and the best type of salt. 

The biogas potential of the forest industrial sludge’s also needs to be 
investigated. How do different pre-treatment strategies affect the biogas 
potential? 

These are some of many questions that still are unanswered. Several of them are 
we now investigating. The more responses we get, the more questions we will 
have. 
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