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Wood industry produces air emissions and high amounts of wastewater which are treated in 
different ways. Biological activated sludge treatment is commonly used in pulp and paper industry 
wastewater treatment. Pulp and paper industry wastewaters usually lack nutrients and urea is 
most often used as nutrient supply to ensure efficient treatment process. Pulp and paper industry 
air emissions, including nitrogen oxides, can be treated by wet scrubbers. Wet scrubbers applied 
in nitrogen oxides removal produce scrubber water containing nitrogenous compounds and this 
scrubber water is also treated in some way. In this study was examined if scrubber water could 
be used as a nitrogen supply in biological activated sludge treatment of pulp and paper mill 
wastewater. As an alternative method for scrubber water treatment denitrification was also exam-
ined. 

Two laboratory-scale activated sludge reactors were operated simultaneously in common ac-
tivated sludge operational conditions for 149 days. Pulp and paper mill wastewater was used as 
an influent and synthetic scrubber water was used as a nitrogen supply. Reactor 1 was supplied 
with scrubber water containing nitrate and nitrite. Reactor 2 was supplied with scrubber water 
containing nitrate, nitrite and urea. Impact of varying concentrations of nitrate, nitrite and urea on 
reactor performance were examined around 2‒3 weeks at a time. First three supplementation 
phases ran with total nitrogen supply of 3 mg/L in influent and the last two phases with total 
nitrogen supply of 29.5 mg/L in influent. 

Efficient chemical and biological oxygen demand removal (around 80 % and 98 %, respec-
tively) were obtained in both reactors and dissolved nitrogen did not accumulate in the effluent. 
However, in reactor 1 decreased sludge flocculation, decreased sludge settling properties and 
elevated total soluble solids concentration of effluent was noticed in comparison to performance 
of reactor 2. During the last two supplementation phases (nitrogen supply 29.5 mg/L in influent), 
a significant increase in the presence of filamentous bacteria occurred in both reactors. 

Denitrification as an alternative scrubber water treatment method was studied with batch bottle 
assay. Synthetic scrubber water containing 1000 mg/L of nitrate and five different concentrations 
between 0 and 2000 mg/L of chloride was used. Methanol was used as an electron donor with 
carbon to nitrogen ratio 1.7 and a denitrifying sludge sample of a municipal wastewater treatment 
plant was used as a source of microorganisms. Complete denitrification was obtained at 35 °C 
within 110 hours regardless of chloride concentration. 

According to the study, flue gas scrubber water could only partially replace conventional nitro-
gen supplements in pulp and paper mill wastewater treatment as urea was found to be important 
to sludge quality. Further studies may be needed to study more carefully the effect of nitrate and 
nitrite on activated sludge quality and settling properties. Denitrification could be used as an al-
ternative nitrogen removal method for flue gas scrubber water if it contains inhibitive compounds 
under threshold concentrations known for denitrification. Detailed analysis of flue gas scrubber 
water of pulp and paper mills would give useful information for future studies. 
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Metsäteollisuus tuottaa ilmapäästöjä sekä mittavia määriä jätevettä, joita käsitellään erilaisin 
tavoin. Biologista aktiivilietemenetelmää käytetään yleisesti sellu- ja paperiteollisuuden jätevesien 
puhdistuksessa. Sellu- ja paperiteollisuuden jätevedet ovat niukkaravinteisia ja useimmiten ureaa 
käytetään lisäravinteena varmistamaan aktiivilietteen ja siten puhdistusprosessin toimivuus. 
Sellu- ja paperiteollisuuden ilmapäästöt, mukaan lukien typen oksidit, voidaan käsitellä 
märkäpesureilla. Typen oksideja poistavat märkäpesurit tuottavat puhdistusprosessissa 
typpipitoista pesurivettä, joka tulee myös käsitellä. Tässä työssä selvitettiin, voitaisiinko 
pesurivettä hyödyntää typpiravinteena perinteisten typpiravinteiden sijaan sellu- ja 
paperitehtaiden biologisissa aktiivilieteprosesseissa. Vaihtoehtoisena pesuriveden 
käsittelymenetelmänä tutkittiin denitrifikaatiota. 

Kahta laboratoriokokoluokan aktiivilietereaktoria ajettiin samanaikaisesti tyypillisissä 
aktiivilietemenetelmän olosuhteissa 149 päivän ajan. Sellu- ja paperitehtaan jätevettä käytettiin 
syötteenä ja synteettistä pesurivettä käytettiin typpiravinteena. Reaktori 1:een syötettiin nitraattia 
ja nitriittiä sisältävää pesurivettä ja reaktori 2:een syötettiin nitraattia, nitriittiä ja ureaa sisältävää 
pesurivettä. Erilaisten nitraatin, nitriitin ja urean pitoisuuksien yhdistelmien vaikutusta 
reaktoreiden suorituskykyyn tutkittiin aina noin 2‒3 viikon jaksoissa kerrallaan. Kolmen 
ensimmäisen jakson aikana typpiravinteen annostus syötteessä oli typpenä 3 mg/L ja kahden 
viimeisen jakson aikana typpenä 29.5 mg/L. 

Molemmilla reaktoreilla saavutettiin tehokkaat puhdistustulokset kemiallisen ja biologisen 
hapenkulutuksen reduktioiden (kemiallinen noin 80 % ja biologinen noin 98 %) osalta eikä 
liukoista typpeä kertynyt poisteeseen. Kuitenkin reaktorissa 1 oli havaittavissa heikentynyttä 
lietteen flokkulaatiota ja lietteen laskeutumista sekä poisteen kohonneita kiintoainepitoisuuksia 
verrattuna reaktorin 2 toimintaan. Viimeisen kahden typpiravinnejakson aikana (typpilisää 
syötteessä 29.5 mg/L) molempien reaktoreiden lietteessä havaittiin selvästi rihmamaisten 
bakteerien lisääntymistä. 

Denitrifikaatiota vaihtoehtoisena pesuriveden käsittelymenetelmänä tutkittiin 
panospullokokeella. Kokeessa käytettiin synteettistä pesurivettä nitraattipitoisuudella 1000 mg/L 
ja viidellä eri kloridipitoisuudella väliltä 0 ja 2000 mg/L. Metanolia käytettiin elektronin luovuttajana 
hiili-typpisuhteella 1.7 ja denitrifioivaa lietenäytettä kunnalliselta jätevedenpuhdistamolta mikro-
organismien lähteenä. Täydellinen denitrifikaatio saavutettiin 35 asteessa 110 tunnin aikana 
kloridipitoisuudesta huolimatta. 

Tämän työn tulosten mukaan savukaasupesurivedellä voitaisiin vain osittain korvata 
perinteisiä typpilisäravinteita sellu- ja paperitehtaiden jäteveden käsittelyssä, koska urean 
todettiin olevan tärkeä lietteen laadulle. Lisäselvityksiä saatetaan tarvita, jotta voidaan selvittää 
tarkemmin nitraatin ja nitriitin vaikutuksia aktiivilietteen laatuun ja laskeutumiseen. 
Denitrifikaatiota voitaisiin käyttää vaihtoehtoisena savukaasupesuriveden käsittelymenetelmänä 
ainakin, jos pesurivesi ei sisällä inhiboivia komponentteja yli raja-arvojen, joita denitrifikaatiolle 
tunnetaan. Sellu- ja paperitehtaiden savukaasupesurivesien yksityiskohtaisen koostumuksen 
analysoinnista voisi saada hyödyllistä lisätietoa tulevia tutkimuksia ajatellen. 
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typpi, denitrifikaatio 
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1. INTRODUCTION 

Finnish forest industry has been acting by the principles of circular economy for years 

and it is continuously developing and increasing resource and material efficiency in its 

actions. Finnish forest industry sustainability commitments 2025 include 17 different 

commitments and goals for sustainability. Two of those commitments address to improve 

water consumption, decrease water pollution load, and promote nutrient recycling. 

(Metsäteollisuus ry 2021a; Metsäteollisuus ry 2020a, p. 2‒3.) Finnish forest industry pro-

duces pulp, paper, board, plywood, and sawn timber (Metsäteollisuus ry 2021b). Pulp 

and paper industry is dependent of high-volume water usage which leads to large 

amounts of wastewater (Buyukkamaci & Koken 2010; Pokhrel & Viraraghavan 2004). 

Pulp and paper industry also produces air emissions such as particulates, carbon diox-

ide, nitrogen oxides (NOx) and sulphur (Metsäteollisuus ry 2021c). 

Pulp and paper industry uses mainly biological activated sludge treatment for wastewater 

treatment (Hubbe et al. 2016). Pulp and paper industry wastewater lacks nitrogen and 

phosphorus and needs to be supplied to keep activated sludge process efficient (Slade 

et al. 2004). Finnish pulp and paper mill wastewater plants use recycled nutrient products 

to replace part of or, in the future, all the conventional nitrogen supplements such as 

urea (Metsäteollisuus ry 2020a, p. 33; Aluehallintovirasto 2020, p. 57; UPM 2021, p. 92). 

Recovery boilers and lime kilns are the main source of air emissions in kraft or sulphate 

pulping process, which is the most common pulping process in pulp and paper mills 

(Suhr et al. 2015, p. 195, 248‒249). Wet scrubbers can be used to remove particulates 

and gaseous emissions from flue gases of pulp and paper mills (Pöyry Finland Oy 2016, 

p. 2; Bhander & Jozewicz 2017; Järvensivu et al. 2000). Wet scrubbing forms 

wastewater, which requires treatment prior to discharge due to the presence of solid 

particulates, nutrients, and organic compounds (Pöyry Finland Oy 2016, p. 2‒10). One 

suitable wastewater treatment technique for scrubbing wastewaters containing nitroge-

nous compounds, such as ammonium (NH4
+), nitrate (NO3

-), and nitrite (NO2
-), can be 

biological treatment (Lecompte et al. 2017, p. 751). Thus, utilization of scrubber water 

as a nitrogen supply for the activated sludge process, could enhance circular economy 

in pulp and paper mills and decrease the need for urea supply. 
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An alternative option for scrubber water treatment could be denitrification (see Chapter 

2.3.2) during which nitrate and nitrite are removed from the water by converting the 

soluble nitrogenous compounds to nitrogen gas (N2) (Tchobanoglous et al. 2014, p. 631‒

632). Although, denitrification may be inhibited by chloride (Cl-) of the scrubber water 

(Albina et al. 2019; Pöyry Finland Oy 2016, p. 4). 

The objective of this study was to determine the potential of utilizing flue gas scrubber 

water as an alternative nitrogen supply instead of urea in activated sludge treatment of 

pulp and paper mill wastewater. Synthetic flue gas scrubber water was used with differ-

ent concentrations of nitrate nitrogen (NO3-N), nitrite nitrogen (NO2-N), and urea nitrogen 

(OC(NH2)2-N). The second objective of this study was to examine denitrification as an 

alternative nitrogen removal method of scrubber water under the influence of potential 

inhibitor chloride. The research questions of this thesis were:  

- Could flue gas scrubber water be used as an alternative nitrogen supply in 

activated sludge treatment of pulp and paper mill wastewater replacing urea 

completely or partially? 

- Could denitrification be utilized for nitrogen removal from flue gas scrubber water 

containing nitrate and chloride? 

The theory section of this study describes the pulping process and characteristics of pulp 

and paper industry air emissions and wastewaters. The section also provides an over-

view of different NOx treatment methods of flue gases, including wet scrubbers, and bio-

logical wastewater treatment.  

In Chapter 3 of materials and methods, are described the experiments that were con-

ducted for this study as laboratory-scale systems: two activated sludge reactors and de-

nitrification batch bottle assay. Activated sludge treatment was executed with activated 

sludge and wastewater from pulp and paper mill in Southern Finland and different nitrog-

enous compounds (described above) were supplied in the wastewater (influent) as 

scrubber water. Denitrification of scrubber water was examined with batch bottle assay 

and different chloride concentrations were used in the scrubber water to study the pos-

sible inhibitive effect of chloride on denitrification. The significant results of the laboratory-

scale experiments are presented and according to the results, the applicability of the 

scrubber water as nitrogen supply for pulp and paper mill wastewater treatment and in 

denitrification is discussed. 



3 
 

2. THEORETICAL BACKGROUND 

The theoretical background of the thesis introduces chemical pulping process and com-

mon pulp and paper industry emissions to air and water. Different NOx removal methods 

are described, and the focus is on wet scrubbers and formation of the scrubber water. 

Lastly, conventional biological wastewater or activated sludge treatment, nitrogen re-

moval methods (nitrification and denitrification), and possible operational challenges of 

the activated sludge treatment are presented. 

2.1 Chemical pulping process and common pulp and paper in-
dustry emissions to air and water 

Pulp is made from fibres of wood or other lignocellulosic material. Mechanical or chemi-

cal pulping is used for separating fibres and lignin of the wood. Chemical pulp is used 

more often in the paper making process than mechanical pulp due to the differences of 

the pulp fibre quality. Wood material is delignified to separate the fibres of the wood. This 

is executed by pulp cooking. Kraft process, also known as sulphate process, is the most 

common technology for chemical pulp cooking. Approximately half of the wood material 

is dissolved in the cooking process, and the other half forms the pulp. External energy 

demand is not necessary on modern chemical pulp mills due to the efficient energy re-

covery system of the unit processes for example recovery boiler. The cooking chemicals 

are also recovered and recycled (Figure 1). The main chemicals used in the kraft process 

are sodium hydroxide and sodium sulphide and these together form white liquor. (Ek et 

al. 2009, p. 2‒5; Biermann 1996, p. 55.) 

 

 

 Kraft or sulphate recovery process (Tran & Vakkilainen 2016). 
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White liquor and wood chips are cooked and then washed with water and waste liquor is 

formed. This waste liquor is a weak black liquor, which consists of degraded wood sub-

stance and remaining cooking chemicals. Most of the water is evaporated from the weak 

black liquor and the concentrated strong black liquor is then combusted in a recovery 

boiler or furnace. Organic material in the black liquor combusts for energy which is uti-

lized in renewal electricity production by a steam turbine. Inorganic material of the burnt 

black liquor is gathered from the bottom of the furnace as molten smelt. Water is added 

in the smelt to form green liquor. Green liquor continues to the causticizing tank where 

lime mud consisting mainly calcium carbonate (Kuparinen & Vakkilainen 2017) is precip-

itated from the liquor to a lime kiln. Lime mud is calcinated in the lime kiln to form calcium 

oxide. Calcium oxide is then led back to the causticizing to form white liquor which is 

recycled back to the pulp cooking. (Cheremisinoff & Rosenfeld 2010, p. 183‒184; Bier-

mann 1996, p. 88, 116‒117.) Typically, natural gas or heavy fuel oil is used in the lime 

kiln for burning the lime mud, but renewable fuels, such as biomass residues, could also 

be utilized (Kuparinen & Vakkilainen 2017). Heat from the burnt lime mud and flue gases 

of the lime kiln is recovered (Biermann 1996, p. 118). 

2.1.1 Main principle of recovery boiler and lime kiln and their air 
emissions 

In kraft pulp mill most of the air emissions such as sulphur dioxide, NOx and particulates 

are from recovery boiler and second most NOx emissions are from lime kiln according to 

the produced pulp tonnes (Vakkilainen et al. 2010). 

Recovery boiler is a large installation of a height of 60‒70 meters with a furnace, con-

vection surfaces, electric precipitation filters and a mixing tank (Figure 2) (Ek et al. 2009, 

p. 314‒316). The world’s largest recovery boilers are around 82‒100 metres tall instal-

lations with total capacity of 7 200 ‒ 12 000 tonnes of black liquor solids per day (Andritz 

2018; Valmet 2017, p. 4‒5). 

Black liquor is mixed in the mixing tank with the fly ash (described later in this paragraph) 

from the electrostatic precipitator (ESP) and some make-up chemicals (Figure 2). The 

mixture of black liquor and fly ash is sprayed into the furnace with a drop size of few 

millimetres. Falling to the bottom of the furnace, drops dry and go through pyrolysis, char 

burning and eventual sodium sulphide burning on a char bed at the bottom of the furnace. 

Active oxidation reactions occur on the surface of the char bed in which air is blown. Air 

is blown also above the black liquor spraying nozzles. Formed flue gases contain fly ash 

which is separated with ESP. Fly ash or dust contains mainly sodium sulphate, sodium 
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carbonate and 2‒10 % sodium chloride and 5‒30 % of potassium sulphate and potas-

sium chloride (Bajpai 2016, p. 86; Mikkanen 2000, p. 20). The dust collected by ESP is 

usually recycled back into the mixing tank. (Ek et al. 2009, p. 314‒332.) ESPs has now-

adays high efficiency, over 99.5 % collection rate (Tran & Vakkilainen 2008).  

In 1934 world’s first (Tomlinson) kraft recovery boiler unit with water-cooling furnace was 

started in USA. First recovery boilers in Finland were started in 1937. ESPs were added 

in early stages in recovery boilers to prevent and control chemical losses and expenses. 

Flue gas dust losses have been controlled over 60 years. (Vakkilainen 2014, p. 21‒22.) 

 

 

 A schematic diagram of the recovery boiler (Ek et al. 2009, p. 315). 

 

The smelt formed in the recovery boiler from the black liquor, containing mainly sodium 

carbonate and sodium sulphide, is dissolved in a water solution of weak white wash 

(described later in this paragraph). These together form green liquor (Figure 3). Green 

liquor also contains for example sodium hydroxide, sodium sulphate, sodium chloride 

and some solid material. Solids are removed before white liquor can be prepared. First, 

slaked slime (calcium hydroxide) is prepared adding calcium oxide in the green liquor. 

Formed sodium carbonate is then causticized with calcium hydroxide into dissolved so-

dium hydroxide and solid lime mud. Now the white liquor is obtained. Lime mud in the 
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white liquor is separated in a washing plant before white liquor can be recycled back in 

the pulp cooking. The obtained solution from this phase is the weak white wash. Lime 

kiln (Figure 4) is used when calcium carbonate of the lime mud is calcined. This phase 

is executed in so called reburning plant and reburned lime, calcium oxide, is formed. This 

reburned lime is recycled back to the slaking and causticizing process. (Ek et al. 2009, 

p. 298‒299.) 

 

 

 White liquor preparation plant (adapted from Ek et al. 2009, p. 336). 

 

Rotary lime kiln (Figure 4) is usually applied to calcine lime mud. The rotary lime kiln is 

50‒120 metres long cylindrical oven (Järvensivu et al. 2001) which rotates 1‒2 rounds 

per minute and is slightly declined. Lime mud is dried, heated, calcined (approximately 

at 850 °C) and sintered (at 1 000 ‒ 1 300 °C) while it moves in the kiln from the higher 

end to the lower end. In calcination calcium oxide and carbon dioxide is formed from 

calcium carbonate. Lime is sintered after the calcination. Sintering is rearrangement of 

the material on μm-level to decrease specific surface area and to minimize the total en-

ergy of the system. (Ek et al. 2009, p. 357‒361.) 

Flue gases generated by natural gas or heavy fuel oil combustion (Kuparinen & Vakki-

lainen 2017) move counter-current with respect to the lime and emit the heat to the lime. 

Lime mud can also be calcined in a fluidized bed reactor which is easier to operate than 

rotary lime kiln, but its heat demand is higher which could increase the costs and usage 

of the external fuel. (Ek et al. 2009, p. 357‒361.) As the flue gases from recovery boiler, 

flue gases of the lime kiln consist of dust particles which are separated from the flue gas 



7 
 

with wet scrubber or ESP. Due to the particle control requirements, virtually all new lime 

kilns have ESP due to its efficiency. Gaseous emissions of the lime kiln consist mainly 

of total reduced sulphur gases (mainly hydrogen sulphide), sulphur dioxide and NOx. 

(Tran & Vakkilainen 2008.) 

 

 

 An example of rotary kiln (Ek et al. 2009, p. 358). 

 

Gaseous emissions of recovery boiler flue gases consist mainly of total reduced sulphur, 

sulphur dioxide, and NOx. Also, there is an increased focus on other gaseous emissions 

such as hydrogen chloride, ammonia, carbon monoxide, methanol, and other volatile 

organic compounds. (Tran & Vakkilainen 2008.) One third of the NOx emissions of re-

covery boilers are from the dissolved lignin in black liquor (Metsäteollisuus ry 2020b). 

Over 95 % of the NOx emissions are in the form of nitrogen oxide (NO) and the rest are 

in the form of nitrogen dioxide (Nichols et al. 1991). In Finnish pulp and paper industry 

sulphur and particulate emissions have decreased the most since 1992 (Figure 5), also 

carbon dioxide emissions have decreased significantly. NOx emissions have decreased 

the least due to the increase of energy efficiency in the mills. (Metsäteollisuus ry 2021c; 

Metsäteollisuus ry 2020b.) 
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 Finnish pulp and paper industry air emissions from 1992 to 2020. 
Emissions are compared to the emission level of 1992 (index). (Adapted from 

Metsäteollisuus ry 2021c). 

 

Over two thirds of the pulp and paper industry NOx emissions are from different pro-

cesses and the rest are from energy production (Metsäteollisuus ry 2021c). Overall, NOx 

emissions of Finnish wood industry have decreased 31 % since 1992 (Metsäteollisuus 

ry 2021d). Finnish wood industry is continuously developing its actions to decrease emis-

sions and prevent climate change on its behalf (Metsäteollisuus ry 2020c).  

2.1.2 Wastewater characteristics and wastewater treatment in 
pulp and paper industry 

Wastewaters contain large variety of organic compounds depending on the industrial 

production sector. Physical and chemical unit processes (see Chapter 2.3) can only par-

tially remove the organic matter from the wastewater. Therefore, biological treatment is 

essential for efficient removal of biodegradable matter from wastewater. (Orhon et al. 

2009, p. 3.) In Finland first political water protection program was launched in 1970’s, 

and first biological wastewater treatment plants were built in three pulp mills. First acti-

vated sludge treatment plant for nutrient removal in pulp mill was built in 1984. (Metsäte-

ollisuus ry 2017.) Pulp and paper industry uses mainly aerobic activated sludge process 

for the wastewater treatment (Hubbe et al. 2016). 

Pulp and paper industry is dependent of high-volume water usage which leads to large 

amounts of wastewater (Buyukkamaci & Koken 2010; Pokhrel & Viraraghavan 2004). 

Wood industry has done significant work for decades to make water usage and 
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wastewater treatment more efficient. While production volumes have multiplied emis-

sions have decreased significantly. Wastewater load is relatively small from wood indus-

try plants than other sources. For example, only 3‒4 % of man-caused nutrient emissions 

are from wood industry and in Finland wood industry consumes water rather moderately. 

Water is recycled in multiple times in the processes. Wastewater emissions were de-

creased in the 1960’s and 1970’s significantly and the decrease has been continued 

(Metsäteollisuus 2017). In Finnish pulp and paper industry water emissions are still pos-

sible to be decreased although the largest development in that area has already done. 

The impact of new investments won’t be seen in the improvement of water bodies the 

same way as before and new industrial investments have low emissions and impacts on 

the water load. (Metsäteollisuus ry 2020d.) 

Important monitored water emissions are phosphorus, nitrogen, suspended solids, or-

ganic matter, measured as chemical oxygen demand (COD) and biological oxygen de-

mand (BOD), and adsorbable organic halogen compounds (Metsä Board 2020, p. 32; 

Stora Enso 2020, p. 35). Wastewater volume in Finnish wood industry have decreased 

50 % and COD 67 % since 1992 (Figure 6). Adsorbable organic halogen compounds, 

phosphorus and solid emissions have decreased the most significantly and nitrogen has 

decreased the least by 53 %. (Metsäteollisuus ry 2020d.) 

 

 

 Finnish pulp and paper industry water emissions and wastewater load 
from 1992 to 2020. Emissions are compared to the emission level of 1992 (index). 

(Adapted from Metsäteollisuus ry 2021e.) 

 

Wastewater quality varies according to the production plant and the pulping and other 

processes that are applied (Buyukkamaci & Koken 2010). In Table 1 are presented some 
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typical concentrations of untreated municipal and pulp and paper industry wastewater 

emissions. BOD can be analysed at least in two ways. BOD5 measures the amount of 

dissolved oxygen consumed after five days and BOD7 after seven days at a constant 

temperature for the microbiological decomposition (Brinkmann et al. 2016, p. 53). BOD5 

can be converted to BOD7 by multiplying BOD5 concentration with 1.16 (European Envi-

ronment Agency 2020a). 

 

 Characteristics of typical untreated municipal and pulp and paper industry 
wastewaters. 

Parameter 
Municipal wastewater 
(mg/L) 

Pulp and paper industry 
wastewater (mg/L) 

Chemical oxygen 
demand (COD) 

250 ‒ 1 0001 
953 ‒ 8 0004 
11675 

Biological oxygen 
demand (BOD) 

100‒360 (BOD5)1 
278 (BOD7)2 

128 ‒ 4 000 (BOD5)4 
255 (BOD7)5 
220‒670 (BOD7)6 

BOD:COD ratio 0.3‒0.83 0.05‒0.57 

Total nitrogen (Ntot) 20‒851 
2.2‒10.06 
6.65 

Total phosphorus (Ptot) 5‒151 
1.1‒3.78 
1.75 

1Riffat 2013, p. 77, 2Säylä & Vilpas 2012, p. 19, 3Tchobanoglous 2014, p. 125, 4Ashrafi et al. 2015,  

5Keskitalo & Leiviskä 2010, p. 14, 6Jørgensen & Pauli 1992, p. 10, 7Hubbe et al. 2016, 8Bentancur et al. 2021 

 

COD concentrations are lower in municipal wastewater than in pulp and paper industry 

wastewater. BOD and nitrogen concentrations may be on the same level in municipal 

and pulp and paper industry wastewaters, but they may be even higher depending on 

which and what kind of unit process of pulp and paper mill the wastewater is from (Ashrafi 

et al. 2015). BOD of pulp and paper mill wastewater is relatively low compared to COD 

and low BOD:COD ratio indicates low degradability of the wastewater (Kamali & 

Khodaparast 2015). Ratio 0.5 or above often indicates that the organic matter in the 

wastewater is easily degradable with biological methods (Tchobanoglous 2014, p. 125). 

From 1970 BOD and total suspended solids (TSS) concentration of treated wastewater 

has decreased significantly (Figure 7) at the same time as production volumes of pulp 

and paper have increased (Metsäteollisuus ry 2021d). Regulatory wastewater emissions 
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are partially within limits (regulatory limits are set individually in every treatment plant; 

Finnish Water Utilities Association 2018) in Finnish pulp and paper mills and Finnish 

wood industry is continuously doing work to decrease the water load and nutrient emis-

sions even more (Metsä Group 2015; Metsäteollisuus ry 2020a, p. 3). 

 

 

 Finnish pulp, paper and paperboard production, biological oxygen 
demand emissions and solid emissions to water (adapted from Metsäteollisuus ry 

2021e). 

 

Pulp and paper industry wastewater lacks nitrogen and phosphorus and those need to 

be supplied to keep activated sludge process efficient. The ratio of organic matter and 

main nutrients, nitrogen and phosphorus (BOD:N:P), in wood processing industry is usu-

ally 100:1‒2:0.15‒0.3 (Cabrera 2017, p. 132). The optimal ratio is considered 100:5:1 

(Tchobanoglous et al. 2014, p. 724). Nutrient deficiency can affect to sludge bulking and 

poor solids separation for example (see Chapter 2.3.3). To minimize nitrogen and phos-

phorus discharge, optimal nutrient supplementation and efficient suspended solids re-

moval from treated wastewater is crucial. Most of the discharged nutrients are in fact 

contained within the biomass of activated sludge, so optimizing the settling of activated 

sludge is important. (Slade et al. 2004.) 

The common nitrogen supplementation in pulp and paper mill wastewater treatment is 

urea, and ammonia water might be also used (Puustinen 1993, p. 37). Finnish pulp and 

paper wastewater plants may use recycled nutrient products to replace part of or, in the 

future, all the conventional nitrogen supplements such as urea. Examples of the alterna-

tive nitrogen supplements are wastewater from biogas plant, ammonium sulphate from 

chemical industry, compost scrubbing water and reject water from digestate of biogas 
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production. (Metsäteollisuus ry 2020a, p. 33; Aluehallintovirasto 2020, p. 57; UPM 2021, 

p. 92.) 

Nutrient supplementation is adjusted according to the organic load and effluent nutrient 

concentrations. Nutrients can be added in different stages of the process depending on 

the wastewater plant operational design, for example in pre-settled wastewater or return 

sludge. (Puustinen 1993, p. 11, 36.) Ammonium nitrogen (NH4-N) is the preferable form 

of nitrogen for microorganism utilization due to lower energy consumption of assimilation 

than for example nitrate nitrogen (Zhang et al. 2019). If treated wastewater (effluent) 

contains ammonium nitrogen, nitrogen supplementation has been excessive comparing 

to the organic load or there are other challenges in the treatment process such as poor 

nitrification. Ammonium nitrogen concentration should be near 0 mg/L in effluent. Most 

of the nitrogen in the effluents of efficiently working treatment plants is in dissolved form 

and is mostly caused by the organic nitrogen and chelating agents. (Puustinen 1993, p. 

34‒35.) 

2.2 NOx emissions and their general treatment 

During the past 50 years, enactments of NOx emission regulations have been executed 

in many industrialized nations to control air pollution and these emission limits have con-

tinuously tightened with time. For example, the impact of NOx in the formation of photo-

chemical smog was discovered in 1952 and this caused the interest in NOx emissions to 

rise. (Muzio & Quartucy 1997.) Most of the NOx emissions in the world are caused by 

fuel combustion. For example, in 2018 over 60 % of the NOx emissions in the EU was 

caused by energy production and distribution sector and transportation or traffic (Euro-

pean Environment Agency 2020b, p. 44). The most common NOx compounds are nitro-

gen oxide, nitrogen dioxide, nitrous oxide, nitrogen trioxide and nitrogen pentoxide. Ni-

trogen oxide (NO) and nitrogen dioxide (NO2) are the most harmful to air pollution. NOx 

emissions are formed in three different ways during combustion: thermal NOx, prompt 

NOx and fuel NOx. It is important to understand these mechanisms to be able to control 

the NOx emissions efficiently. (Schnelle et al. 2016, p. 271‒272.)  

Fuel NOx emissions derive from combustion of nitrogen present in the fuel. The nitrogen 

of prompt NOx and thermal NOx derives from the nitrogen of the combustion air. Tem-

perature and excess oxygen control cannot prevent the nitrogen of the fuel to react with 

oxygen. Fuel NOx formation is caused by radicals near the flame zone during combus-

tion. Prompt NOx formation do not depend on the temperature and excess oxygen and 

thus cannot be prevented. The focus in the prevention of NOx emissions is on the thermal 

NOx, for example controlling combustion temperature, but also choosing low-nitrogen 
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fuels. To achieve demanded NOx emission decrease with optimal costs, in addition to 

combustion parameter control, formed flue gas is often treated in some way. (Schnelle 

et al. 2016, p. 271‒274.) Post-combustion NOx removal technologies can be divided for 

example in dry and wet methods (Gholami et al. 2020). 

2.2.1 Flue gas NOx control with dry methods 

In 1970’s selective catalytic reduction (SCR) gained attention in NOx removal methods 

(Muzio & Quartucy 1997), and it is now the most popular technique due to its high effi-

ciency of NOx removal (> 90 %) and low costs to operate and the simplicity of installation. 

(Gholami et al. 2020). Originally SCR systems were designed for low dust systems, 

where SCR system was installed downstream of hot side ESP. It was desired to develop 

high dust systems, where SCR system would be installed at the boiler exit before ESP 

or air preheaters. (Muzio & Quartucy 1997.) SCR weaknesses are high costs of equip-

ment, energy, and catalysts. In SCR, a reducing agent is injected in flue gas and the 

mixture goes through catalyst bed layers where NOx forms nitrogen gas and other com-

pounds depending on the reducing agent. Reducing agent can be ammonia, hydrogen, 

hydrocarbons, or carbon monoxide. Catalyst bed layers are usually different metals or 

metal oxides; choice of catalyst depends on the reducing agent. (Gholami et al. 2020; 

Schnelle et al. 2016, p. 280.) 

In 1974 it was discovered that doping gaseous fuels with ammonia and injecting ammo-

nia downstream of the primary flame zone can decrease NOx emissions significantly. 

The primary removal mechanism was discovered as selective non-catalytic reduction 

(SNCR) of NOx. (Muzio & Quartucy 1997.) With SNCR technique NOx is reduced to ni-

trogen gas and water vapor chemically with ammonia, cyanuric acids, or urea. Reagent 

is injected in hot flue gases; components are mixed, and reactions occur with residence 

time. Temperature for maximal NOx removal when using ammonia is approximately 930 

°C (range with most effect is 850‒1100 °C). Usual NOx removal efficiency is 30‒50 % 

and SNCR can be combined with SCR system. Advantages of SNCR system are low 

investment and operating costs, simple installation, and the ability to use it for high-par-

ticulate flue gases and fouling and dirty environments. Few disadvantages for this system 

are the low NOx removal efficiency and high temperature requirement. (Gholami et al. 

2020; Schnelle et al. 2016, p. 279‒280.) 

Electron beam flue gas treatment (EBFGT) for NOx removal is nonthermal plasma for-

mation method. Electron beam flue gas treatment can decrease efficiently NOx and sul-

phur dioxide emissions from flue gas with low costs. Electron beam flue gas treatment 

has three main steps: flue gas humidification and cooling, electron beam irradiation to 
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form solid particles by injecting ammonia to flue gas stream to react with NOx and sulphur 

dioxide and finally collecting and filtering the by-products. By-products can be used as 

ammonium sulphate and nitrate fertilizer. NOx removal efficiency depends on various 

factors for example dose of electron beam current, initial NOx concentration, temperature 

of gas, injection of ammonia and gas humidity. Especially high dose of radiation is im-

portant to high NOx removal. Disadvantages of the system are high energy consumption 

and difficulties in operating high-power accelerators. (Gholami et al. 2020; Chmielewski 

et al. 2012.) 

Adsorption is a dry method to remove NOx and sulphur dioxide from flue gases. Adsor-

bent can be for example carbon, zeolites, metal oxides and silica gel. Advantages for 

this system are simple equipment and convenient operations. On the other hand, disad-

vantaged are high investment cost and large equipment. Also, adsorbent material long-

term stability can be challenging. (Gholami et al. 2020.) Adsorbents can be regenerated 

for example by heat treatments (Sun et al. 2020). 

Operational idea of electrochemical method for NOx removal is reducing NOx at the cath-

ode in a solid-state cell based on an oxide ionic conductor. Flue gas components are 

absorbed into the liquid phase. After the absorption, the liquid is directly or indirectly 

electrochemically oxidized, and NOx is oxidized to nitrogen gas. Advantages of this sys-

tem are that chemicals are not used continuously and reducing agent is unnecessary. 

Disadvantage is achieving high selectivity for NOx removal in the presence of oxygen. 

(Gholami et al. 2020; Shao & Hansen 2013.) 

Non-thermal plasma is a method where plasma can produce chemically active radicals 

which can convert NOx to nitrogen gas. The mechanism can be explained as flue gas 

flows between electrodes where free electrons are produced. Electrons collide with gas 

molecules and formation of nitrogen, oxygen and hydroxyl radicals occur. These radicals 

can attack nitrogen oxide and nitrogen dioxide molecules oxidizing or reducing them to 

nitrogen gas. Non-thermal plasma is not fully commercialized yet, but it is a promising 

method for NOx removal. Some of its advantages are treating different pollutants simul-

taneously, quick to start and shut down, low costs and saleable by-products.  Some of 

the disadvantages are high energy cost, formation of reaction gases and scale-up chal-

lenges. (Gholami et al. 2020; Schnelle et al. 2016, p. 283.) 

SCR is the most widely used NOx control technique but like all other methods, it has 

weaknesses. Selecting the appropriate NOx control method requires considering as flue 

gas composition and other characteristics such as NOx concentration, flue gas tempera-

ture, presence of other pollutants, oxygen and water may vary. With optimal choice for 
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specific needs can affect costs of NOx emission control and enhance NOx removal effi-

ciency. (Gholami et al. 2020). 

2.2.2 Flue gas NOx control with wet scrubbers 

Comparing to other flue gas treatment methods, wet scrubbers have important ad-

vantage due to efficient handling capacity of large volumes of gases. Wet scrubbers can 

collect particulates from variety of different dusts, and they can absorb gaseous pollu-

tants and they are compatible with acidic gases. (Danzomo et al. 2012.) They are also 

used to recover energy from hot flue gases, which improves the energy efficiency of the 

combustion plant (Pöyry Finland Oy 2016, p. 2), and they are smaller and simpler instal-

lations than ESPs and fabric filters for dust removal (Bianchini et al. 2018). Disad-

vantages of wet scrubbers are large installation size and large volumes of liquid waste. 

Part of the liquids can be recycled in the scrubbers, but liquid waste is still forming, and 

it is treated accordingly. One possibility is to produce fertilizers from the liquid waste such 

as ammonium nitrite and nitrate and ammonium sulphate and sulphite. (Gholami et al. 

2020.) The capital cost of wet scrubbers is usually lower than ESPs or bag filters although 

operating costs and indirect costs can be slightly higher due to for example the forming 

wastewater and high pressure drops of scrubbers (Lecompte et al. 2017, p. 152‒153). 

Simultaneous multipollutant control can be achieved by wet scrubbers, and this makes 

them economical flue gas emission control technique comparing to additional and rather 

expensive SCR system (Hutson et al. 2008; Gholami et al. 2020). Wet scrubbers typically 

remove particulates, sulphur dioxide, acidity (for example hydrogen chloride), and heavy 

metal emissions but they can be also used to remove NOx emissions, although they have 

not been used often for that purpose (Pöyry Finland Oy 2016, p. 1‒2, 29‒30). Wet scrub-

bers used mainly to purify gaseous pollutants from flue gases may also be called gas 

absorbers (Barbour et al. 1995, p. 1.3‒1.5). In wet scrubbers, flue gas is sprayed with 

scrubbing water circulating in the scrubber and pollutants are separated from the flue 

gas by this scrubbing water. Scrubbing can be executed once or multiple times (stages) 

according to the scrubber design and desired pollutant removal. Particulates are often 

decreased before wet scrubbers for example with ESPs so that the solid content of the 

forming wastewaters maintains low and amount of forming sludge can be controlled. To 

control the removal efficiency of the scrubber and acidity of the flue gas, pH is adjusted 

usually by sodium hydroxide. (Pöyry Finland Oy 2016, p. 1‒2, 29‒30.)  

In wet scrubber NOx removal, NOx emissions are oxidized by oxidizing agent in a reactor 

to more soluble NOx compounds, which can be then absorbed from the flue gas in a wet 

scrubber (Schnelle et al. 2016, p. 281‒282). Nitrogen oxide in flue gas is oxidized with 
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oxidizing agent to more easily soluble NOx compounds such as nitrogen dioxide and 

nitrogen pentoxide. These soluble compounds are absorbed from the gas in an alkaline 

solution, for example sodium sulphite, sodium bisulphite and sodium sulphide. Oxidizing 

agents are usually aqueous solutions, for example, Fe(II)EDTA (Fe(II) ethylenedia-

minetetraacetate), hydrogen peroxide, potassium permanganate, urea, chlorine dioxide 

and ozone. Aqueous solutions are mostly prepared in freshwater than seawater due to 

seawaters complex ions, which can weaken the oxidizing ability of different reagents. 

(Gholami et al. 2020; Hultén et al. 2017.)  

Some of the common wet scrubber types are spray towers (Figure 8A), packed-bed 

scrubbers (Figure 8B), and venturi scrubbers (Figure 9) (Bianchini et al. 2018). In a spray 

tower scrubber or a washing tower (Figure 8A), flue gas is flowing through the chamber 

from the bottom of the chamber and the reagent solution is sprayed through nozzles as 

droplets from top of the chamber. Chambers can be vertical or horizontal. (EC/R-Incor-

porated 1998, p. 5.4.3.) Disadvantage of this scrubber compared to others is rather low 

efficiency as particulate collection efficiency of spray towers is 90 % for particulates 

larger than 5 μm (Bianchini et al. 2018). Spray tower gas absorption efficiency is better 

with cooler flue gases and precoolers may be needed. Spray towers do not have the 

problem of accumulating residues of the flue gas flow as packed-bed scrubbers usually 

have. Spray tower disadvantage is the least effective mass transfer capability, and they 

are usually compatible with only particulate removal and high-solubility gases. The wa-

ter-based liquid used in gas absorption spray towers can be recycled in the process, but 

eventually it is treated accordingly to remove pollutants. If the spray tower is used only 

in particulate removal, the waste stream is higher of solids forming a slurry. Water is 

recycled until the solids content reach 20‒30 % (Mussatti & Hemmer 2002, p. 2.17). 

Solids need to be separated and disposed accordingly and wastewater treated. (Pöyry 

Finland Oy 2016, p. 10‒14.) 

Packed-bed scrubbers (Figure 8B) are like spray tower scrubbers, but the liquid feed-in 

points are fewer and there is packing material inside the chamber. Packing material in-

creases the surface area of gas-particle interaction with liquid. Scrubbing liquid enters 

the chamber above the packed-bed and liquid film is forming on the surface of the ma-

terial. Flow directions can be counter-current in vertical scrubbers and crossflow in hori-

zontal scrubbers. Packed-bed scrubbers are commonly used as gas absorbers for pol-

lution control than particulate control due to the disadvantage of particulates clogging the 

bed material. (EC/R-Incorporated 1998, p. 5.4.3–5.4.4.) Particulate collection efficiency 

can be 99 % for over 2 μm particulates (Bianchini et al. 2018). 
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 Schematics of A. spray tower with mist eliminator and B. packed-bed 
scrubber (SNP 2018). 

 

Venturi scrubbers (Figure 9) are especially used to remove small particulates from flue 

gases and are applied for example in industrial boilers fired with coal, oil, and wood. They 

have also been applied in chemical, and pulp and paper industries and can be used for 

neutralizing corrosive gases. Particulate collection efficiency is 70‒99 % for over 1 μm 

particulates (Bianchini et al. 2018) depending on the scrubber design and particulate 

size. Even 98.5 % collection rate can be achieved for 1um particulates (Lecompte et al. 

2017, p. 152). Venturi scrubbers remove flue gas emissions by inertial and diffusional 

interception. Venturi scrubbers have wider inlet and outlet vents and narrower middle 

part, the throat. The throat forces the flue gas stream to accelerate and gas velocity and 

turbulence increase. Scrubbing liquid is sprayed into the gas before the throat, in the 

throat or countercurrent in the other side of the throat. Scrubbing liquid is atomized to 

small droplets in the throat by turbulence. Droplets capture the particles in the flue gas 

and the wetted particulates, and after the throat the excess droplets are separated from 
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the gas stream for example with cyclonic separator or mist eliminator. Venturi scrubbers 

used mainly in particulate removal produce waste in a form of a slurry or wet sludge. 

Venturi scrubbers may be used as a pretreatment to remove particulates to prevent clog-

ging in a downstream treatment device, for example in a packed-bed scrubber. The slurry 

or wet sludge is dewatered, and the water is reused or disposed. The solids can be used 

for example as landfilling, if they do not contain hazardous compounds. Otherwise, the 

solids are treated before disposal. (Cheremisinoff 2002, p. 434‒443.) 

 

 

 Schematics of high energy venturi scrubber with cyclone separator and 
mist eliminator (CR Clean Air 2021). 

 

Limestone wet scrubbers are commonly used to treat boiler flue gases in the US pulp 

and paper industry, especially to decrease sulphur dioxide emissions (Bhander & Joze-

wicz 2017) and they are compatible with acidic gases while limestone (calcium car-

bonate) acts as neutralizing absorbent. Limestone wet scrubbers can be for example 

spray tower scrubbers. (Eden & Luckas 1998.) Existing limestone or lime (slurry) scrub-

bers for sulphur dioxide removal can be modified to make them work also for NOx re-

moval with compatible additives. Few effective additives according to laboratory or pilot-

scale studies for NOx removal are Fe(II), EDTA (ethylenediaminetetraacetate) and yellow 

phosphorus. At the time of Best Available Techniques (BAT) Reference Document 

(BREF) conclusions 2017 (Lecompte et al. 2017, p. 814‒815) around 10 commercial wet 
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scrubber plants (locations not described) for simultaneous sulphur dioxide and NOx re-

moval were operated with unit capacities of 10 000 – 200 000 m3/h of flue gas. Those 

scrubbers used chlorine dioxide or ozone as an oxidizing agent added in the flue gas 

before the scrubber. Sulphur dioxide removal of over 90 % and NOx removal 30‒80 % 

were achieved with those systems. Mercury was also able to decrease 95 % with sodium 

scrubbing with sodium hypochlorite. According to BREF conclusions these processes 

are not applicable for large flue gas streams due to the high cost of oxidizing agents and 

challenges of treating the scrubber wastewaters containing nitrate and nitrite. Exact in-

formation of the applicability for large combustion plants is not provided. (Lecompte et 

al. 2017, p. 814–815.) 

2.2.3 Flue gas scrubber water 

The quality and characteristics of the wastewater formed in a wet scrubber vary widely 

according to the quality of the fuel, combustion techniques and other used flue gas treat-

ment methods (Table 2). Usually, large combustion plants have particulate treatment 

methods before wet scrubbers, so the solid content of the wet scrubber wastewater can 

be below 10 mg/L depending on the efficiency of the treatment method. The scrubbing 

water also contains nutrients and organic compounds. Nitrogen can be present in the 

form of nitrate, nitrite, and ammonium in the scrubber water (Kasper et al. 1996; Pöyry 

Finland Oy 2016, p. 4). The amount of the outcoming wastewater can be higher than the 

amount of ingoing scrubbing water if energy is recovered from the flue gas. Cooling flue 

gas forms condensate water, which become part of the wastewater. The amount of 

wastewater is also dependent of the recycling stage of the scrubbing water, and it varies 

on every plant and exact volumes cannot be determined. (Pöyry Finland Oy 2016, p. 4‒

5, 10‒13, 18‒19, 30.) According to Pöyry Finland Oy (2016, p. 22) six Finnish power 

plants (as example) with fuel power of 70‒295 MW produce scrubbing wastewater vol-

umes of 70 000 – 300 000 m3/a.  

Scrubbing water can be recycled in the scrubbing process to the point when there are 

enough pollutants concentrated in the water. Scrubbing wastewater is usually treated on 

the combustion plant by adjusting pH and separating the solids obtaining the solid con-

tent under 10‒30 mg/L. Other pollutants, for example heavy metals, can be removed by 

coagulation and reverse osmosis can be used to decrease salinity. Scrubbing 

wastewater from industry plants can be also led to the municipal wastewater sewer ac-

cording to the industrial wastewater contract if the wastewater meets regulatory limits. It 

is common in small combustion plants that scrubbing wastewater can be led straight to 

the waterbodies if regulatory limits are fulfilled. (Pöyry Finland Oy 2016, p. 4‒5, 10‒13, 
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18‒19, 30.) In the BREF conclusions (Lecompte et al. 2017) of large combustion plants, 

general BAT conclusions contain for example monitoring wastewater emissions of flue 

gas treatment (BAT 5) with certain standards and frequencies and treating those 

wastewaters (BAT 15) with applicable techniques (Lecompte 2017, p. 744, 751). 

 

 Examples and estimates of wastewater characteristics from flue gas wet scrubber 
without gaseous pollutants removal in biofuel and peat combustion plants (Pöyry 

Finland Oy 2016, p. 4). 

Parameter Concentration (mg/L) 

Total solids <10 – 1 000 

Total nitrogen 10‒50 

Ammonium nitrogen (NH4-N) 10‒20 or even 2‒150 

Total phosphorus 0.1‒15 

Chloride (Cl-) 100‒800 

Chemical oxygen demand (COD) 10‒50 

Biological oxygen demand (BOD7) 3‒70 
  

 

Wet scrubbers are already used in recovery boilers and lime kilns for sulphur emissions 

removal (Järvensivu et al. 2000) so it would be economical solution to execute NOx re-

moval simultaneously with appropriate NOx oxidizing agent and absorbent. Chlorine di-

oxide is used in pulp and paper mills to bleach chemical pulp. Chlorine dioxide can act 

as oxidizing agent in wet scrubbers, and it has potential of oxidizing nitrogen oxide up to 

100 % and total NOx removal efficiency of 61.5‒94 %. (Jin et al. 2006; Hultén et al. 2017; 

Chien & Chu 2000.) When using chlorine dioxide (ClO2) in the form of sodium chlorite 

(NaClO2) in the aqueous solution of wet scrubbing absorbent, the nitrogen oxide (NO) in 

flue gas is oxidized to nitrate (NO3
-). The overall reaction of nitrogen oxide and chlorine 

dioxide is as follows: 

4𝑁𝑂 + 3𝐶𝑙𝑂2
− + 4𝑂𝐻− → 4𝑁𝑂3

− + 3𝐶𝑙− + 2𝐻2𝑂            (1) 

According to the equation (1) flue gas scrubber wastewater contains at least dissolved 

nitrate (NO3
-) and chloride (Cl-) due to oxidized nitrogen oxide (NO). (Chien & Chu 2000). 

Hultén et al. (2017) investigated flue gas cleaning with synthetic flue gas in flue gas 

condenser and wet scrubber with chlorine dioxide as an oxidation agent and discovered 

that nitrogen oxide is efficiently (79‒94 %) oxidized under wide range of process condi-

tions. pH of the scrubbing liquid (sodium sulphite, sodium carbonate) was adjusted with 

sodium hydroxide to 11.3. Hazardous nitrogen sulphide may form below pH 5 with high 
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chlorine dioxide and sulphur dioxide concentrations and due to that pH should be ad-

justed. In the absorption solution sodium carbonate and sodium sulphite are removed 

efficiently NOx from oxidized flue gas. NOx mass balance showed that most of the NOx 

in the condensate liquid was oxidized to nitrate and in the absorption solution to nitrite. 

(Hultén et al. 2017) 

2.3 Biological wastewater treatment with activated sludge pro-
cess and biological nitrogen removal 

Wastewaters are treated due to the presence of possible organic and inorganic pollu-

tants, pathogenic microorganisms, and toxic chemicals. Without the treatment, disposed 

wastewater in waterbodies would increase water pollution and cause eutrophication. 

Wastewater treatment practices and techniques have evolved greatly over the last cen-

tury. (Riffat 2013, p. 1‒4.) Nutrient removal has become increasingly important in 

wastewater treatment since 1970’s (Wanner 2021). Eutrophication disrupts aquatic life 

and declines water quality, and it is caused by excessive nitrogen and phosphorus in 

wastewater discharges (Riffat 2013, p. 3‒4). Nitrogen in the form of ammonium also 

oxidizes to nitrite and nitrate consuming dissolved oxygen (DO) in waterbodies which 

can cause fish deaths and decrease diversity of living species (EPA 2021). 

Wastewater treatment usually consists of physical, chemical, or biological unit pro-

cesses. Physical unit processes are mainly used to remove suspended solids from 

wastewater. Chemical unit processes consist commonly of precipitation, gas transfer (for 

example adding oxygen in the wastewater to support aerobic reactions), adsorption, and 

disinfection of pathogens. In biological unit processes removal of contaminants and nu-

trients is done by the help of microorganisms. Examples of biological treatment are acti-

vated sludge process, membrane bioreactor and trickling filter. The primary purpose is 

to remove or biodegrade organic matter and nutrients of wastewater to an acceptable 

level according to regulatory limits. The organic matter is oxidized to carbon dioxide and 

water (mineralization) by microorganisms. The formed gases can be released to the at-

mosphere and the remaining treated matter and part of the microorganisms form excess 

sludge, which can be thickened for example by settling. Sludge contains nutrients and 

organic material and after thickening it can be used for example as fertilizer supplement. 

If sludge contains hazardous compounds, they are removed before sludge disposal or 

reuse. (Riffat 2013, p. 78‒80, 210, 239‒240; Tchobanoglous 2014, p. 10, 12.) 

Conventional wastewater treatment process contains at least preliminary, primary, and 

secondary treatment and sludge treatment. In preliminary and primary treatment stage 
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wastewater is treated mechanically for example with screens, grit chambers, comminu-

tors and primary clarifiers to remove larger solid particles and some suspended solids 

from the wastewater. Primarily clarified wastewater flows continuously to a biological re-

actor, the secondary treatment stage, where wastewater is treated biologically to remove 

different inorganic and organic pollutants usually by activated sludge process. In this 

biological reactor microorganisms are retained in suspension as flocs. A floc is a cluster 

consisting of millions of bacteria which are bind together by extra-cellular polymers (Gray 

2005, p. 468‒469). Biological reactor is aerated (aeration tank) for example by air diffus-

ers placed on the bottom of the tank. Air provides oxygen for biodegradation and mixes 

the wastewater and the microorganisms. Microorganisms degrade the organic matter 

and grow forming excess biomass, and degradation products are formed. The aeration 

tank may be completely mixed or a plug flow reactor. The suspension then flows to a 

secondary clarifier tank, where solid particles are settled on the bottom of the tank. Part 

of the settled sludge, around 50‒75 % of influent flow rate (Tchobanoglous et al. 2014, 

p. 729) is recycled back, as return sludge, in the aeration tank to keep the concentration 

of active biomass high. Rest of the settled sludge is removed from the process. Clarified 

wastewater can be discharged to receiving waters, provided that the effluent meets the 

regulatory standards or permits for BOD, TSS, and nutrients. Before releasing the treated 

wastewater in receiving waters, it may be disinfected chemically to remove pathogens. 

The waste solids or sludge from for example clarifiers is dewatered and treated with unit 

processes such as anaerobic digestion to allow disposal or reuse. (Riffat 2013, p. 3, 79, 

126‒127, 148.) 

Phosphorus removal usually demands both biological and chemical treatment methods. 

In Finland phosphorus can be removed by simultaneous coagulation from municipal 

wastewaters. With this method, phosphorus is removed simultaneously chemically and 

biologically in a same tank during activated sludge treatment. (Laitinen et al. 2014, p. 31, 

43, 45.) One of the world’s first and still the most common biological nitrogen removal 

method is nitrification-denitrification process, where ammonium nitrogen is oxidized to 

nitrate by aerobic nitrification (see Chapter 2.3.1) and then nitrate is biologically reduced 

to nitrogen gas by denitrification (see Chapter 2.3.2) (Hasan et al. 2021; McCarty 2018). 

Usually, nitrogen is in the form of ammonium in the wastewaters when arriving from sew-

ers to the treatment plants (Laitinen et al. 2014, p. 43‒44). Ammonium nitrogen (NH4
+) 

can also be called as ionized form of ammonia while unionized form of ammonia is am-

monia (NH3). Ammonia nitrogen can refer to both unionized form of ammonia and ionized 

form of ammonia. (EPA 2021.) 
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Compared to physicochemical wastewater treatment processes, biological nitrogen re-

moval with nitrification-denitrification is more cost-effective. But compared to other bio-

logical methods, nitrification-denitrification has some drawbacks such as slow nitrification 

reaction, and demand of oxygen control and two reactors (aerobic for nitrification and 

anaerobic for denitrification). These issues have been inspired to develop other biologi-

cal nitrogen removal methods. (Rahimi et al. 2020; McCarty 2018.) Some of these meth-

ods are for example SHARON (Single reactor system for High activity Ammonium Re-

moval Over Nitrite), ANAMMOX (Anaerobic Ammonium Oxidation) and one of its combi-

nation CANON (Completely Autotrophic Nitrogen removal Over Nitrite). In SHARON pro-

cess ammonia is oxidized only to nitrite which then goes through denitrification process. 

This method might decrease oxygen and organic matter demand. In ANAMMOX process 

anammox bacteria (discovered in 1990’s) oxidize ammonia to nitrogen gas and consume 

nitrite as an electron acceptor. In CANON process anammox bacteria anaerobically ox-

idize ammonia to nitrogen gas using nitrite as an electron acceptor. In CANON process 

the usual ammonia oxidizing bacteria oxidize around half of the ammonia to nitrite. Then 

in anoxic conditions, anammox bacteria use nitrite as the electron acceptor for oxidation 

of the other half of the ammonia, oxidizing both to nitrogen gas. (Hasan et al. 2021; 

McCarty 2018.) Hasan et al. (2021) reviewed different nitrogen and phosphorus removal 

methods from wastewaters and came into conclusion that there is no one ideal method 

for treatment of all low to medium strength wastewaters. There is a lot of work to be done 

to develop efficient inexpensive nutrient removal methods. 

2.3.1 Nitrification 

Two sequential biological oxidation processes occur in nitrification. First is the limiting 

step of ammonium oxidation to nitrite (nitritation) by ammonia oxidizing bacteria (AOB). 

In the second step the produced nitrite is rapidly oxidized to nitrate (nitratation) by nitrite 

oxidizing bacteria (NOB) in the presence of molecular oxygen. (Rahimi et al. 2020; Win-

kler & Straka 2019.) The stoichiometric equation for ammonium (NH4
+) oxidation to nitrite 

(NO2
-) is as follows (Kessel et al. 2015): 

𝑁𝐻4
+ + 1.5𝑂2 → 𝑁𝑂2

− + 2𝐻+ + 𝐻2𝑂              (2) 

And the equation for nitrite oxidation to nitrate (NO3
-) is as follows (Kessel et al. 2015): 

𝑁𝑂2
− + 0.5𝑂2 → 𝑁𝑂3

−                          (3) 

The total oxidation reaction is therefore (Kessel et al. 2015): 

𝑁𝐻4
+ + 2𝑂2 → 𝑁𝑂3

− + 2𝐻+ + 𝐻2𝑂                         (4) 
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Conventional nitrification is catalysed by chemolithoautotrophic microorganisms oxidiz-

ing either ammonium or nitrite. Gram-negative autotrophic bacteria, responsible for aer-

obic nitrification, are two phylogenetically unrelated groups of AOB and NOB. They ob-

tain energy from ammonium oxidation and carbon from carbon dioxide, and they use 

oxygen as the terminal electron acceptor. Five genera of AOB have been recognized 

and they all belong to the genus Nitrosobacter. Nitrification products of AOB species vary 

depending on the DO concentration in the wastewater. For example, Nitrosomonas eu-

tropha produces only nitrite at the DO concentration higher than 0.8 mg/L while below 

0.8 mg/L aerobic oxidation products are nitrogen gas, nitrite, and nitric oxides (Ge et al. 

2015). NOB are classified into four phylogenetically distinct groups and are more wide-

spread than AOB. NOB belong to the genus Nitrobacter which oxidize nitrite to nitrate. 

(Rahimi et al. 2020.) Recent studies and discoveries have revealed that there are some 

Nitrobacter (Nitrospira) which can oxidize both ammonium and nitrite. Therefore, they 

are completely nitrifying bacteria which are capable of oxidizing ammonium straight to 

nitrate as equation 4 shows. The bacteria and process named after them is called Co-

mammox. (Daims et al. 2015; Kessel et al. 2015.) 

Optimal pH range for nitrification is 7.5‒8.0. Nitrification consumes alkalinity (equation 

4). The pH below 6.5 (Paredes et al. 2007) and low alkalinity can stop nitrification. (Hasan 

et al. 2021.) If initial wastewater has low alkalinity, alkalinity is added (lime, soda ash, 

sodium bicarbonate, magnesium hydroxide) in the wastewater to maintain optimal pH 

(Tchobanoglous et al. 2014, p. 629). 

Optimal temperature range for wastewater treatment with nitrification is 25‒28 °C 

(Rodziewicz et al. 2019) although the range may be wider, but lower or higher tempera-

tures may decrease the bacterial growth rates (Tchobanoglous et al. 2014, p. 627‒628). 

In activated sludge treatment process with DO concentration over 1.7 mg/L full nitrifica-

tion can be obtained. At lower DO concentrations nitrite accumulation increase and not 

all ammonium is oxidized. Below DO concentration 0.5 mg/L ammonium oxidation is 

incomplete and nitrite concentration increases in the process (Tchobanoglous et al. 

2014, p. 628). High salinity can also inhibit the nitrification process. (Paredes et al. 2007.) 

For example, AOB can survive at 0‒40 g/L of sodium chloride, but NOB can tolerate 0‒

10 g/L of sodium chloride (Moussa et al. 2006). Slow nitrification reaction demands large-

sized reactor or long hydraulic retention time (HRT) to ensure complete ammonium re-

moval (Rahimi et al. 2020). 

Organic and inorganic toxins can inhibit nitrification, while the source of the inhibitory 

compound may be difficult to detect, and extensive analytic work may be needed to find 

the source. Such inhibitory compounds may be for example organic solvents, proteins, 
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and alcohols. From metals, nickel, chromium, and copper have inhibitive effect on am-

monium oxidation at certain concentrations. Unionized ammonia and unionized nitrous 

acid inhibit nitrification at different magnitude depending on the concentration of nitroge-

nous compounds, temperature, and pH. (Tchobanoglous et al. 2014, p. 629‒631.) 

2.3.2 Denitrification 

In denitrification nitrate (NO3
-) is reduced into harmless nitrogen gas (N2) through path of 

nitrite (NO2
-), nitrogen oxide (NO) and nitrous oxide (N2O) as follows (Shen et al. 2009): 

𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁𝑂 → 𝑁2𝑂 → 𝑁2               (5) 

Advantage of denitrification is that it treats simultaneously various contaminants de-

creasing costs of waste disposal. Denitrification demands strict anoxic conditions, typi-

cally organic compounds as electron donor and post-treatment. Additional organic com-

pounds act as the electron donor for denitrification and for cell growth. (Rahimi et al. 

2020.)  

Nitrate reduction occurs by autotrophic and heterotrophic bacteria, although limited num-

ber of denitrifying autotrophs have been discovered. Most common autotrophic denitrifi-

ers in wastewater treatment are Thiobacillus sp., and the most common heterotrophic 

denitrifiers in general are Pseudomonas and Bacillus. The most common heterotrophic 

denitrifiers in wastewater treatment are for example Thauera and Paracoccus. Hetero-

trophs perform faster denitrification reactions, and they can remove nitrate from 

wastewater under both aerobic and anoxic conditions, although heterotrophs prefer low 

to zero DO concentration. For example, DO concentration of below 0.2 mg/L inhibits 

conventional denitrification for Pseudomonas (Tchobanoglous et al. 2014, p. 639). Ni-

trate is used as terminal electron acceptor for cell respiration instead of oxygen under 

anoxic conditions. Nitrate and organic matter are decreased simultaneously. For exam-

ple, Bacillus sp. can perform aerobic denitrification. (Rahimi et al. 2020.)  

Heterotrophic denitrification is widely used for nitrogen removal for both low-strength 

municipal wastewater and high-strength nitrate wastewater treatment (Cao & Zhou 

2019). Low-strength municipal wastewater contains below 133 mg/L BOD5 and below 23 

mg/L total nitrogen. High-strength wastewater contains over 400 mg/L BOD5 and over 

69 mg/L total nitrogen. (Tchobanoglous 2014, p. 221.) In heterotrophic denitrification, 

both nitrate and organic electron donor participate in respiration and anabolism reactions 

for cell synthesis. Methanol is the most used additional electron donor for denitrification. 

From all other electron donors, it produces lower bacterial cell yield. The stoichiometric 
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equations for denitrification with methanol (CH3OH) as the electron donor can be written 

as follows: 

6𝑁𝑂3
− + 2𝐶𝐻3𝑂𝐻 → 6𝑁𝑂2

− + 2𝐶𝑂2 + 4𝐻2𝑂                      (6) 

6𝑁𝑂2
− + 3𝐶𝐻3𝑂𝐻 → 3𝑁2 + 3𝐶𝑂2 + 3𝐻2𝑂 + 6𝑂𝐻−           (7) 

The total respiratory reaction is as follows: 

6𝑁𝑂3
− + 5𝐶𝐻3𝑂𝐻 → 3𝑁2 + 5𝐶𝑂2 + 7𝐻2𝑂 + 6𝑂𝐻−           (8) 

The equation 8 presents the dissimilation reaction where nitrogen gas, carbon dioxide, 

water, and hydroxide are formed. (Rezvani et al. 2019.)  

Nitrate is also used in cell anabolism forming biomass which can be written as compound 

C5H7O2N. Cell anabolism use approximately 40 % of methanol and 10 % of the nitrate. 

Therefore, total methanol requirement for denitrification process is higher than the dis-

similatory/denitrification reaction equation shows. The total assimilation reaction is as 

follows (Rezvani et al. 2019):  

𝑁𝑂3
− + 1.08𝐶𝐻3𝑂𝐻 + 𝐻+ → 0.065𝐶5𝐻7𝑁𝑂2 + 0.468𝑁2 + 0.76𝐶𝑂2 + 2.44𝐻2𝑂       (9) 

Nitrate is oxidized to nitrogen gas, and biomass, carbon dioxide and water is formed. 

Nitrate (and nitrite) removal with biological denitrification is over 95 % in optimal condi-

tions. (Rezvani et al. 2019.) For example, nitrate removal as high as 99.9 % has been 

obtained in conditions of pH 7.5‒8.5, C:N ratio 1.56 and HRT of 30 hours for high-

strength nitrate wastewater of 3 600 mgN/L by anoxic-oxic-membrane bioreactor (Shen 

et al. 2009). 

Optimal temperature for denitrifiers is usually around 30 °C (Di Capua et al. 2019) and 

denitrification rate increases exponentially towards 32‒35 °C. Temperatures below 10 

°C might inhibit the reaction rate. (Rodziewicz et al. 2019.) The conventional optimal pH 

range for denitrification is 7.5‒9.5 (Albina et al. 2019). The pH increases during denitrifi-

cation due to the produced alkalinity (Tchobanoglous et al. 2014, p. 640).  

Although biological denitrification has advantages and it is the most common method for 

nitrate removal (Rezvani et al. 2019), additional electron donor demand can result in 

turbidity as the consequence of excessive biomass and residual electron donor which 

lead to the need of post-treatments. There are also issues that impede large-scale ap-

plications of biological denitrification. One is the risk of gaseous nitrous oxide evaporation 

in the atmosphere, which is even more pollutive than carbon dioxide. Nitrous oxide is an 

intermediate product of denitrification process, and its production may be stimulated by 

low pH, lack of organic matter and nitrite accumulation (Cao & Zhou 2019). Other risk is 
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the continuous, additional electron donor demand which can be costly, and the dosing 

must be precise to avoid decreasing the effluent quality by excessive biomass growth 

and residual electron donor. (Rahimi et al. 2020.) 

Also, presence of oxygen decreases nitrogen removal efficiency and may increase nitrite 

concentration in the treated wastewater. The effect of oxygen varies depending on what 

electron donor is used as the electron donor. For example, using alcohols as the electron 

donor instead of for example sucrose, the DO concentration affects less to the denitrifi-

cation efficiency. Some other challenges with denitrification are slow reaction rate due to 

long start-up time and HRT, demand of pH adjustment and decreased productivity at 

cold temperatures. The start-up phase of denitrification process is rather long with high-

strength nitrate wastewater, as the biomass needs acclimating to the high nitrate con-

centration. Nitrite might also accumulate in high-strength nitrate waters, which prolong 

the reaction due to the inhibitive effect of nitrite to heterotrophic denitrifying bacteria (Cao 

& Zhen 2019). (Rahimi et al. 2020.) Denitrifying high-strength nitrate wastewater also 

leads to excessive sludge production which is not desired as it increases operating costs 

in downstream sludge treatment and disposal (Cao & Zhou 2019). 

Nitrite might accumulate in denitrification process depending on the microbial species 

composition, because bacteria have different pattern of denitrification pathway. Three 

different pathways have been detected:  

- bacteria reducing nitrate only to nitrite, 

- bacteria reducing both nitrate and nitrite so nitrite will not accumulate, 

- bacteria reducing nitrate and nitrite with transient nitrite accumulation. (Rahimi et 

al. 2020.)  

Also, low C:N ratio and pH over the optimal range can increase nitrite accumulation (Cao 

& Zhou 2019). 

2.3.3 Operational parameters and challenges of activated 
sludge treatment 

Activated sludge treatment has many important operational parameters which are mon-

itored and adjusted. Some of the parameters affect to the microorganisms of the acti-

vated sludge and cause problems to the process efficiency. (Haandel & Lubbe 2012, p. 

301.) One of these problems is increased concentration of TSS in the effluent due to the 

weakened sludge settling properties and therefore part of the sludge, organic material 

and nutrients are washed away with the effluent into the receiving waters. The reasons 

for increased TSS concentrations of the effluent can be sludge bulking, pinpoint-flocs, 
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deflocculation, foaming, and sludge floating because of nitrogen gas bubbles (denitrifi-

cation in secondary settling unit). All these problems except denitrification are caused by 

changes in the floc morphology of the activated sludge. (Gray 2005, p. 469‒471.) 

Properly functioning activated sludge has a very large variety of microorganisms, most 

commonly bacteria, protozoa, and fungi (Haandel & Lubbe 2012, p. 29). The microor-

ganisms can be divided into three groups: floc forming, dispersed free-living individual 

cells and filamentous bacteria (Valdez & Maradona 2013, p. 278‒279). Most of the mi-

croorganisms are adsorbed on flocs. Floc forming bacteria excretes organic polymers, 

on which other microorganisms can adsorb/attach forming a conglomerate. (Eikelboom 

2000, p. 29, 43.) The outer part of the floc is rather thick and porous which make flocs 

like sponges allowing adsorption and mineralization. For example, BOD of the 

wastewater decreases rapidly when wastewater is mixed with the activated sludge due 

to the occurring of the agglomeration of the suspended solids and colloidal matter onto 

flocs. The core of the floc is inert and contains inorganic material like iron hydroxide and 

calcium phosphate. (Gray 2005, p. 468‒469). 

Activated sludge has also always some filamentous bacteria. Filamentous bacteria are 

elongated organisms due to the attachment of cells after cell division. (Eikelboom 2000, 

p. 29, 43.) Filamentous bacteria in activated sludge make the sludge settle well and they 

can prevent floc degrading. Lack of filamentous bacteria may cause weakened sludge 

and flocs degrade easily. (Haandel & Lubbe 2012, p. 297‒298.) According to Wanner & 

Grau (1989) filamentous bacteria may not be absolutely necessary, and the organic pol-

ymer in the flocs can alone prevent the floc degrading (Eikelboom 2000, p. 29). Too 

much filamentous bacteria are always causing problems to the floc such as sludge bulk-

ing and foaming. Filamentous bacteria can form bridges between flocs and therefore 

flocs cannot form big enough flocs to make the sludge settle properly. (Haandel & Lubbe 

2012, p. 298‒299; Tchobanoglous et al. 2014, p. 732, 736‒737.) Compact flocs of acti-

vated sludge settle more rapidly than open flocs in which floc particles are bound to-

gether by filamentous bacteria (Eikelboom 2000, p. 30). Sludge settling properties can 

be measured with sludge volume index (SVI). Usually optimal SVI is 120 mL/g or below. 

The lower the index, the better the sludge settleability is. SVI over 150 mL/g may indicate 

growth of filamentous bacteria. (Tchobanoglous 2014, p. 616, 729.) 

Operational causes for increase growth of filamentous bacteria, and therefore for sludge 

bulking, are low substrate concentration or food to microorganism ratio, incomplete de-

nitrification (anoxic-aerobic bulking), low DO (< 0.5 mg/L), septic wastewater 

(wastewater containing for example sulphur compounds and volatile fatty acids), low pH 

(< 6.5) and nutrient deficiency usually by nitrogen and phosphorus. (Haandel & Lubbe 
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2012, p. 301, 309‒310; Tchobanoglous 2014, p. 733.) Filamentous bacteria adjust to 

nutrient-poor sludge better than floc-forming bacteria and therefore become the domi-

nating organism in the sludge (Tchobanoglous et al. 2014, p. 733). Cold environments 

do not affect some filamentous bacteria, for example the common sludge bulking causing 

organism M. parvicella favours temperatures below 15 °C (Eikelboom 2000, p. 64). 
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3. MATERIALS AND METHODS 

This study had two separate experimental objectives. Main objective focused on the po-

tential of using flue gas scrubber water as an alternative nitrogen source for activated 

sludge treatment of pulp and paper mill wastewater (Figure 10). Thus, utilization of scrub-

ber water as a nitrogen supply for the activated sludge process, could enhance circular 

economy in pulp and paper mills and decrease the need for urea supply. 

 

 

 Simplified schematics if flue gas scrubber water could be utilized as 
nitrogen supply instead of urea in activated sludge treatment in pulp and paper mill. 

 

The second objective of this study was to examine denitrification as an alternative nitro-

gen removal method of scrubber water under the influence of potential inhibitor chloride. 

The experiment was executed with batch bottle assay. 

3.1 Materials 

Used materials consisted of source of microorganisms and influents, synthetic scrubber 

water, and solutions for denitrification batch bottle assay. 
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3.1.1 Source of microorganisms and influents 

Activated sludge from pulp and paper mill wastewater treatment plant in Southern Fin-

land, was used as a source of microorganisms for laboratory-scale biological activated 

sludge treatment process. Sludge sample of 20 L was stored at room temperature and 

continuously aerated with air pump and ceramic aeration stones up to one week before 

starting reactor experiment. 

Pulp and paper mill wastewater from the same plant was used as a process influent; the 

influent pH was not adjusted during the experiment. Wastewater was collected after pri-

mary settling prior to urea or other nitrogen supplementations. The median pH of the 

influent was 7.1 (lowest 6.5 and highest 7.6) throughout the whole experiment. Influent 

TSS concentration was approximately 60 mg/L. The mean chloride concentration of the 

influent was 210 mg/L, and the concentration did not change during the activated sludge 

treatment process. The performance efficiency of the said pulp and paper mill 

wastewater plant according to COD and BOD7 removal and effluent TSS is around 79 

%, 99 % and 6 mg/L, respectively. 

Wastewater was delivered in 25- or 50-litre plastic containers or in 1 000-litre intermedi-

ate bulk container at least every six weeks. During 22 weeks of reactor experiment a 

total of 7 wastewater batches were delivered. Wastewater delivered in plastic containers 

were stored in a cold room at 4 °C. Wastewater delivered in 1 000-litre intermediate bulk 

containers were stored outside at a loading platform at 0‒10 °C depending on the 

weather conditions. Wastewater was drained from the container into 25-litre containers 

whenever needed in reactor experiment. Accidentally on the day 43 of the experiment, 

wastewater froze in a bulk container but was thawed the next day to be drained and put 

in a cold room. 

Denitrifying sludge sample from municipal wastewater treatment plant in Southern Fin-

land, was used in the denitrification batch bottle assay. Almost 2-litre sludge sample was 

stored in two 1-litre plastic bottles in refrigerator at 3‒8 °C up to 19 days before starting 

denitrification experiment. 

3.1.2 Synthetic scrubber water 

Synthetic scrubber water was used as a nitrogen source in a laboratory-scale biological 

activated sludge treatment process. Synthetic scrubber water was prepared diluting so-

dium nitrate (NaNO3), sodium nitrite (NaNO2), urea (OC(NH2)2) and potassium dihydro-

gen phosphate (KH2PO4) in deionized water at different ratios and concentrations. Po-

tassium dihydrogen phosphate was added with N:P ratio 5:1. Final nitrate, nitrite, and 

urea nitrogen and phosphate phosphorus concentrations in the influent are presented in 
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Table 4 in Chapter 3.3.2. Solutions were stored at 5‒6 °C in plastic bottles. New solutions 

were prepared at least every two weeks due to the possibility of nitrite oxidation. 

3.1.3 Solutions for denitrification batch bottle assay 

For the denitrification batch bottle assay nutrient stock solution, sodium nitrate (NaNO3) 

stock solution (54.83 g/L), yeast extract solution (400 mg/L), methanol solution (51.74 

mL/L), sodium chloride (NaCl) solutions (32.97 g/L, 65.94 g/L and 131.88 g/L), potassium 

chloride (KCl) solution (168.22 g/L) and sodium phosphate buffer solution (0.1 M, pH 7.4) 

were prepared. Nutrient stock solution was prepared based on Ylinen (2013, p. 23); 2000 

mg/L potassium dihydrogen phosphate (KH2PO4), 800 mg/L calcium chloride dihydrate 

(CaCl2·2H2O), 6000 mg/L magnesium chloride hexahydrate (MgCl2·6H2O), 4 mg/L so-

dium molybdate dihydrate (Na2MoO4·2H2O), 70 mg/L manganese(II) chloride tetrahy-

drate (MnCl2·4H2O), 2 mg/L cobaltous chloride hexahydrate (CoCl2·6H2O). Solutions 

were prepared in deionized water. 

Nutrient and sodium nitrate stock solutions were filtered through 0.45 μm Chromafil Xtra 

PET -45/25 filters (Macherey-Nagel, Germany) and stored at 5‒6 °C up to one week. 

Sodium phosphate buffer was prepared according to CSH Protocols (2006) and stored 

at 5‒6 °C up to one week. Buffer was used to adjust the pH of the batch bottle assay 

stock solutions. Chloride solutions were stored at 5‒6 °C up to one week. Yeast extract 

and methanol solutions were prepared on the same day when the experiment began. 

3.2 Analytical methods 

Used analytical methods consisted of measurements or analyses of temperature, pH, 

dissolved oxygen (DO), total suspended solids (TSS), volatile suspended solids (VSS) 

chemical oxygen demand (dichromate oxidation, CODCr), biological oxygen demand (af-

ter 7 days, BOD7), nitrate (NO3
-), nitrite (NO2

-), chloride (Cl-), phosphate (PO4
3-), ammo-

nium nitrogen (NH4-N), total nitrogen, total soluble nitrogen, sludge volume index (SVI), 

microscopical characterization and methanol (CH3OH). 

3.2.1 Temperature, pH, and dissolved oxygen 

Temperature of the activated sludge was monitored continuously by Biltema thermome-

ter (Biltema Nordic Services, Art. 84-0801). Temperature sensor was put in the aeration 

tank and constantly kept there. 
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Samples of influent, aeration tank sludge (activated sludge) and effluent for pH meas-

urements were taken in 50 mL falcon tubes and temperature of the samples were equil-

ibrated to 20‒25 °C and pH was measured instantly. pH meter was calibrated before 

analyses with pH 4, 7 and 10 buffer solutions. pH was monitored by a pH3210 -meter 

(WTW, Germany) with SenTix 21 -electrode (WTW, Germany).  

DO was measured instantly from fresh aeration tank sludge (35 ± 1 °C) on a magnetic 

stirrer with low speed. DO analysis was performed with MultiLine P4 -meter (WTW, Ger-

many) equipped with CellOx 325 -electrode (WTW, Germany). Meter was calibrated 

whenever the display showed that recalibration is needed. 

3.2.2 Total suspended solid, volatile suspended solids 

Total suspended solids (TSS) were analysed from influent, aeration tank sludge (acti-

vated sludge), return sludge and effluent. Influent and effluent samples were collected in 

1- or 2-litre glass bottles and sludge samples in 50 mL falcon tubes. TSS were analysed 

from 3 parallel samples according to SFS-EN 872 standard (2005). 

Volatile suspended solids (VSS) were analysed according to the SFS 3008 standard 

(1990) (ash free) using the dried sample filters from TSS analysis. Whatman GF/A glass 

microfiber filters (GE Healthcare Life Sciences, USA), 47 mm diameter, were used for 

filtering the samples. 

3.2.3 Chemical oxygen demand and biological oxygen demand 

CODCr was analysed from influent and effluent. Samples were collected in 50 mL falcon 

tubes and analysed instantly without filtering them. Analyses were conducted with Hach 

Lange cuvette tests LCK 514 and LCK 614. Samples were diluted with deionized water 

to match the CODCr concentration to the concentration range of the test kit.  Samples 

and cuvettes were prepared according to the working procedures of each cuvette test 

(Hach Company 2019a; Hach Company 2019b) and 3 parallel samples were analysed. 

Hach Lange LT200 was used to incubate the cuvettes according to the working proce-

dures and DR 2800 spectrophotometer was used to read the cuvettes for the results. 

BOD7 was analysed from influent and effluent. Samples were analysed with OxiTop Con-

trol -system (WTW, Germany). Working procedure was conducted according to the Ox-

iTop Control / OxiTop application report O2 500230 (WTW, n.d.) except as a nitrification 

inhibitor (NTH 600) 1-Allyl-2-thiourea (ATU) solution (5 mg/L) was used. Every 14 days 

a new ATU solution was prepared. Solution was stored at 4‒6 °C. Samples were col-

lected in 1-litre glass bottles and prepared for the analysis instantly. Samples were unfil-

tered and undiluted. No inoculum was added in the samples. From influent 3‒4 parallel 
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samples of 97 mL and from effluent 3 parallel samples of 432 mL were analysed. Influent 

was analysed only once from every wastewater batch as soon as delivered from the 

wastewater treatment plant. 

3.2.4  Nitrate, nitrite, chloride, and phosphate (laboratory-scale 
activated sludge reactor experiment) 

Nitrate, nitrite, chloride, and phosphate were analysed with liquid ion chromatograph (Di-

onex Integrion HPIC with IonPac AS23 column on days 0‒62 of the experiment and IC 

Dionex DX-120 with IonPac AS22 column on days 63‒149 of the experiment) according 

to SFS-EN ISO 10304-1 standard (2009). Influent, aeration tank sludge (activated 

sludge), return sludge and effluent were analysed. Samples were taken directly in 50 mL 

falcon tubes and filtered through 0.45 μm Chromafil Xtra PET -45/25 filters (Macherey-

Nagel, Germany). Samples were stored in 1.5 mL plastic centrifuge tubes in a freezer at 

-20 C before analysis.  

Before analysis thawed samples were diluted with deionized water 1.5 (days 63‒124) or 

10 times (days 125‒149) depending on the nitrogen supply phase presented in Table 4. 

Samples from days 0‒62 were not diluted. According to the results of days 0‒62 a deci-

sion was made to continue analysis by diluting the samples due to naturally high chloride 

concentration (over 200 mg/L) in the wastewater so that IC equipment would work 

properly, and samples would not cause any blockages or damage to the equipment. On 

days 0‒62 of the experiment, undiluted samples were analysed with Dionex Integrion 

and on days 63‒149 diluted samples with Dionex DX-120. Ion chromatographs analysed 

two injections from one sample vial. Used concentrations for calibration were 1‒25 mg/L 

of nitrate, 1‒10 mg/L of nitrite, 7.5‒150 mg/L of chloride, and 1‒25 mg/L of phosphate. 

3.2.5 Total nitrogen, soluble total nitrogen, and ammonium ni-
trogen 

Total nitrogen, soluble nitrogen, and ammonium nitrogen analyses were conducted with 

Hach Lange cuvette tests LCK 138, LCK 238 and LCK 304. Total and soluble total nitro-

gen was analysed from aeration tank sludge (activated sludge) and return sludge. Am-

monium nitrogen was analysed from influent, return sludge and effluent. Samples were 

taken into 50 mL falcon tubes and analysed instantly. For soluble nitrogen and ammo-

nium nitrogen analysis samples were filtered through 0.45 μm Chromafil Xtra PET -45/25 

filters (Macherey-Nagel, Germany). Samples were diluted with deionized water to match 

the nitrogen concentrations of the samples to the concentration range of the test kits and 

2 parallel samples were used. Samples and cuvettes were prepared according to the 
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working procedures of each cuvette test (Hach Company 2017a; Hach Company 2017b; 

Hach Company 2017c). Hach Lange LT200 was used to incubate the cuvettes according 

to the working procedures and DR 2800 spectrophotometer was used to read the cu-

vettes for the results. 

3.2.6 Microscopical characterization of activated sludge and 
sludge volume index  

Activated sludge samples were examined qualitatively for presence of filamentous bac-

teria and microbial flocculation. Samples were taken into 50 mL falcon tubes straight 

from the aeration tank and analysed instantly. Samples were microscoped with Zeiss 

Axioskop 2 microscope. Parallel samples of 1‒7 were microscoped by pipetting one drop 

of sample with Pasteur pipette on a microscope slide and cover glass put on top of the 

sample. Zeiss W-Pi 10x (1016-758) ocular and Achroplan 10x/0.25 Ph objective was 

used. Images of the samples were captured with ZEN 2.6 (blue edition) software. From 

each sample drop 5‒9 images were captured representing the variety of the sample 

quality. Change of hue in pictures was due to lighting adjustments of microscope, not 

intentional sample colouring etc. 

Sludge settling was measured from aeration tank sludge poured in 3 parallel 100 mL 

measuring cylinders instantly after taking the sample from the reactor in a 500 mL 

beaker. The volume of the settled sludge was read in 15, 30, 45, 60, 90, 120 and 180 

minutes to plot a sludge settling curve. Sludge volume index (SVI) in mL/g was calculated 

according to the equation 

𝑆𝑉𝐼 =
𝑉

𝑇𝑆𝑆
,               (10) 

where V is the volume of the settled sludge after 30 minutes of settling in mL/100mL. 

TSS is the total suspended solids of the sample in g/100mL. 

3.2.7 Methanol, nitrate, and nitrite analysis (denitrification 
batch bottle assay) 

Methanol concentration was analysed with liquid chromatography from samples of an-

aerobic serum bottle experiment. Samples were filtered through 0.45 um Chromafil Xtra 

PET -45/25 filters (Macherey-Nagel, Germany) into 15 mL flacon tubes and stored in a 

freezer at -20 °C up to 7 weeks. Before analysis thawed samples were filtered again as 

described above and then diluted 5 times with deionized water. A gas chromatograph 

(GC-2010 Plus, Shimadzu) equipped with flame ionization detector and Zebron ZB-

WAXplus column (Phenomenex, USA) were used. Used concentrations for calibration 

were 0.5, 1, 2, 5, 7.5 and 10 mmol/L of methanol. 
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Nitrate and nitrite analyses were conducted with Hach Lange cuvette tests LCK 339 and 

LCK 342. Nitrate and nitrite were analysed from samples of anaerobic serum bottle ex-

periment. Samples were filtered through 0.45 μm Chromafil Xtra PET -45/25 filters (Ma-

cherey-Nagel, Germany) and analysed instantly. Samples were diluted with deionized 

water to match the nitrogen concentrations of the samples to the concentration range of 

the test kits. Samples and cuvettes were prepared according to the working procedures 

of each cuvette test (Hach Company 2019c; Hach Company 2019d). Hach Lange DR 

2800 spectrophotometer was used to read the cuvettes for the results. 

3.3 Laboratory-scale activated sludge reactor experiment 

Reactor experiment studied the potential of using flue gas scrubber water as a nitrogen 

source for activated sludge treatment of pulp and paper mill wastewater. Synthetic scrub-

ber water containing nitrate, nitrite, urea, and phosphate described in Chapter 3.1.2 was 

used as nutrient supplement for real pulp and paper mill wastewater described in Chapter 

3.1.1. Activated sludge treatment process was continuous and two identical reactors was 

operated simultaneously with different nitrogen and phosphorus supplementations in the 

wastewater. 

3.3.1 Laboratory-scale reactor set-up 

Laboratory-scale activated sludge reactor configuration is presented in Figure 11A. Two 

similar reactor set-ups were operated simultaneously, reactor 1 (R1) and reactor 2 (R2). 

The reactor set-up consisted of a control unit (Bio Kontroll mark 2, I. S. Co. Italy), cylin-

drical aeration tank, a cylindrical decantation tank and a continuous sludge mixer or 

scraper for settled sludge on top of the decantation tank as described in detail by Laak-

sonen (2011, p. 57, 59). The aeration tank contained four ceramic diffusers to disperse 

air evenly to the reactor. The aeration tank outlets at different heights enabled operation 

at effective volumes of 6, 7, 8 and 9 L. Aeration tank effective volume was chosen to be 

7 L throughout the whole experiment. The approximately 5.5-litre decantation tank had 

a cone-shaped bottom to facilitate sedimentation and thickening of the sludge. The con-

trol unit entailed an aeration pump with a rotameter, a pulsating feeding pump with flow 

regulation and a pulsating pump for recycling the settled sludge from the decantation 

tank to the aeration tank with flow regulation. 

The operational parameters were selected based on the parameters used in industrial 

scale pulp and paper mill activated sludge systems (Cabrera 2017, p. 131‒134) and 

were adjusted according to the process parameters of pulp and paper mill plant in South-

ern Finland where activated sludge and influent were obtained from. HRT and sludge 
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age was chosen to 24 hours and 14 days, respectively. The temperature of the activated 

sludge in the aeration tank was chosen to 35 °C and desirable DO concentration was 2 

mg/L.  

Operational conditions for activated sludge treatment in pulp or kraft mills are considered 

temperature around 35‒37 °C, DO concentration of 1.5‒2.0 mg/L and HRT of 15‒48 

hours. TSS concentration in activated sludge system is around 2 000 – 6 000 mg/L. 

(Cabrera 2017.) 

The process flow-chart is presented in Figure 11B. Influent was pumped into the aeration 

tank by the control unit from a 25-litre container in the refrigerator at 3‒8 °C. Rubber 

tubing for influent flow was insulated with plastic foam to keep the influent temperature 

low. Containers were refilled every 1‒3 days, preventing empty containers. Aeration tank 

sludge ran into the secondary settling tank (decantation tank) through rubber tubing. 

Overflow tubing was inserted at 9-litre outlet in case of blockages. The settled sludge 

(return sludge) in the decantation tank were recycled back to the aeration tank. Return 

sludge samples were taken from a small faucet added in the return sludge line. Return 

sludge was also drained to waste from time to time to prevent TSS concentration accu-

mulating too high. The effluent from the process came out from the top of the decantation 

tank through a water level adjuster and finally drained straight to the sewer or collected 

for analyses into glass bottles or falcon tubes. 

Between days 86‒87 of the experiment (Table 4) approximately 5 L of activated sludge 

in the aeration tank of both reactors were replaced with fresh activated sludge delivered 

from the pulp and paper mill plant. Activated sludge was replaced to execute additional 

recovery phase on the experiment and to avoid the possibility of degraded sludge to 

affect the process efficiency and sludge quality during the next nutrient supplementation 

phase. 

In addition to the reactor set-up, water bath tubing was wrapped around the aeration and 

decantation tank to adjust the process temperature. Also, plastic insulation foam was 

wrapped around the aeration tank to help to keep the temperature constant (Figure 12). 

Temperature of the activated sludge process (in the aeration tank) was kept at 35 ±1 °C 

throughout the experiment except two occasions of 1‒3 days when there were malfunc-

tions with the water bath heating. Water in the water bath was 39‒44 °C depending on 

the pump efficiency. Water was pumped continuously into the tubing around the aeration 

tank and then around the decantation tank and finally recycled back into the water bath. 
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 A. Activated sludge reactor configuration; a) influent from refrigerator, b) 
control unit, c) aeration tank, d) decantation tank, e) sludge scraper, f) sewer for 

effluent, g) air for aeration, h) return sludge to aeration tank, and i) plastic faucet for 
return sludge samples. B. Activated sludge treatment process flow-chart. 
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 Activated sludge reactor configuration with plastic foam insulation around 
the aeration tank. 

 

Rubber tubing of the reactor-set up were changed at least every 4 weeks due to biofilm 

accumulation on the inner surface of the tubing. Inner surfaces on the aeration and de-

cantation tank were wiped or scraped with spatulas at least once a week to prevent solids 

of the sludge to accumulate on the surfaces. 

3.3.2 Nutrient supplementations 

To determine the effects of varying nitrate, nitrite, urea, and phosphate concentrations 

on process efficiency, the two activated sludge reactors operated with different nitrogen 

supplementations from the synthetic scrubber water. According to the example data from 

the pulp and paper mill wastewater treatment plant in Southern Finland, the mean 

wastewater flowrate is approximately 4 900 m3/h (flow rate of 4 877 m3/h was used in the 

calculations). 

Scrubber water flow rate was chosen to be 2 L/s (Theodore 2008, p. 152; Mussatti & 

Hemmer 2002, p. 2.18‒2.19). Nitrogen concentration of scrubber water was estimated 

and calculated according to characteristics of typical recovery boiler flue gas and NOx 

removal efficiencies of wet scrubbers (Table 3). NOx of the flue gas was considered as 
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nitrogen oxide. Conversion or absorption of nitrogen oxide to nitrate nitrogen in wet 

scrubber was calculated according to the equation 1. 

 

 Parameters used for estimating and calculating nitrogen concentration of scrubber 
water. 

Parameter Value 

Typical flow rate of recovery boiler flue gas 124 Nm3/s 1 

Nitrogen oxides (NOx) concentration of recovery boiler flue 
gas 

100‒260 mg/Nm3 1 

Nitrogen oxides (NOx) flow rate of recovery boiler flue gas 
(calculated) 

12 400 ‒ 32 240 mg/s 

Molar mass of nitrogen oxide (NO) 30.006 g/mol 2 

Nitrogen oxides (NOx) flow rate as nitrogen oxide (NO)  
(calculated) 

0.41‒1.07 mol/s 

Nitrogen oxides (NOx) removal efficiency of wet scrubber 61.6‒94 % 3 

Molar mass of nitrogen (N) 14.007 g/mol 2 

Nitrogen mass flow rate of scrubber water (calculated) 3.5‒14.1 g/s 

Nitrogen concentration of scrubber water (calculated) 1.8‒7.1 g/L 

  

1Vakkilainen et al. 2010, 2IUPAC 2018, 3Jin et al. 2006; Hultén et al. 2017; Chien & Chu 2000 

 

According to the calculations and assumptions, scrubber water nitrogen concentration of 

2 000 mg/L was chosen for this study. If all flue gas scrubber water was to be used as a 

nitrogen source in pulp and paper mill wastewater, then the volumetric percentage of the 

scrubber water in the wastewater would be 

2 𝐿 𝑠⁄ ∗ 3600 𝑠 ℎ⁄ ∗1000−1𝑚3/𝐿

4877𝑚3 ℎ⁄  + 2 𝐿 𝑠⁄ ∗ 3600 𝑠 ℎ⁄ ∗1000−1𝑚3/𝐿
 ≈  0.001474 → 0,1474 %.         (11) 

This percentage above was used in this study to calculate the amount of synthetic scrub-

ber water (see Chapter 3.1.2) to be supplemented in the influent. In Table 4 are described 

the nutrient concentrations by supplementations in the influent for both reactors during 

the days of the experiment. Urea was used as a nitrogen source at start-up phase (days 

0‒15) and at recovery phase (days 87‒91) in both reactors to stabilize the process. Dur-

ing starvation phases scrubber water or nutrients was not added. 

During days 125‒149 nitrogen concentration of the scrubber water was 20 000 mg/L. 

During days 136‒149 phosphate was added in the scrubber water to ensure that there 

is no lack of phosphorus in the process. 
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 Nutrients used in activated sludge treatment process. Nitrate, nitrite, and urea 
nitrogen (NO3-N, NO2-N and OC(NH2)2-N, respectively) and phosphate phosphorus 

(PO4-P) supplementations in the process influent during different days of the 
experiment. Total nitrogen (Total-N) concentration indicates the sum of the three 

nitrogenous compounds. 

Reactor 1  
Days of experiment 

Duration 
(days) 

NO₃-N 
(mg/L) 

NO₂-N 
(mg/L) 

OC(NH2)2-N 
(mg/L) 

Total-N 
(mg/L) 

PO4-P 
(mg/L) 

0‒15 15 0 0 11,6 11,6 0 

16‒27 12 0 0 0 0 0 

28‒50 23 2,4 0,6 0 2,9 0 

51‒62 12 0 0 0 0 0 

63‒86 24 0,6 2,4 0 2,9 0 

87‒91 5 0 0 6,5 6,5 0 

92‒97 6 0 0 0 0 0 

98‒124 27 1,5 1,5 0 2,9 0 

125‒135 11 29,5 0 0 29,5 0 

136‒149 14 29,5 0 0 29,5 13 
       

Reactor 2  
Days of experiment 

Duration 
(days) 

NO₃-N 
(mg/L) 

NO₂-N 
(mg/L) 

OC(NH2)2-N 
(mg/L) 

Total-N 
(mg/L) 

PO4-P 
(mg/L) 

0‒15 15 0 0 11,6 11,6 0 

16‒27 12 0 0 0 0 0 

28‒50 23 1,2 0,3 1,5 2,9 0 

51‒62 12 0 0 0 0 0 

63‒86 24 0,3 1,2 1,5 2,9 0 

87‒91 5 0 0 6,5 6,5 0 

92‒97 6 0 0 0 0 0 

98‒124 27 2,4 0,3 0,3 2,9 0 

125‒135 11 0 0 29,5 29,5 0 

136‒149 14 0 0 29,5 29,5 13 
       

 

Wastewater containers of 25 L were weighed with a scale (Ohaus SD75L, Switzerland) 

of 50 grams accuracy before adding scrubber water, putting them into the refrigerator 

and attached to the process. According to the weight of the wastewater, right amount of 

scrubber water was pipetted straight into the wastewater and was then mixed well with 

a ladle. The density of wastewater was assumed to be same as the density of water 

(1000 kg/m3). 

3.4 Denitrification batch bottle assay studying the effect of dif-
ferent chloride concentrations on denitrification 

As an alternative option for flue gas scrubber water treatment, anaerobic denitrification 

process was studied. The denitrification experiment was conducted as a batch assay 

using 117 mL anaerobic serum bottles. One series of 15 serum bottles were prepared to 
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study the effect of 5 different chloride concentrations on denitrification process with 3 

parallel sample bottles. Chloride concentrations were 0, 500 (from NaCl), 1000 (from 

NaCl), 2000 (from NaCl) and 2000 mg/L (from KCl). 

Batch assay stock solutions of 500 mL made in tap water contained sodium nitrate, meth-

anol, yeast, and nutrient stock solutions and sodium phosphate buffer to adjust the pH 

of the solution to 7.4 (Table 5). Each stock solution also contained one of the chloride 

solutions described in Chapter 3.1.3 or just deionized water (for the 0 mg/L chloride con-

centration). Sodium nitrate, methanol, and nutrient stock solutions were diluted 40 times 

and yeast extract 400 times for batch assay serum bottles, making the final concentra-

tions in the serum bottles 1000 mg/L NO3
-, 1025 mg/L CH3OH and 1 mg/L yeast extract. 

C:N ratio (based on methanol and sodium nitrate solutions) was 1.7 in the serum bottles. 

Chloride solutions were diluted 40 times making the final concentrations in the serum 

bottles as described above. The composition of the 500 mL batch assay stock solution 

is described in Table 5. Compositions and concentrations of the stock and other solutions 

are described in Chapter 3.1.3. 

 

 Ingredients of 500 mL denitrification batch bottle assay stock solution made in tap 
water for 3 parallel anaerobic serum bottles. 

Serum bottle stock solution Quantity (mL) 

40x Nutrient stock solution 13,75 

0.1M Sodium buffer solution (pH 7.4) 100 

40x Sodium nitrate (NANO₃) solution 13,75 

40x Methanol (CH3OH) solution 13,75 

400x Yeast extract solution 1,375 

40x Chloride (Cl-) solution or deionized water 13,75 

    

 

General experiment protocol is described in Figure 13. Stock solution was distributed 

100 mL in 3 serum bottles. Also 10 mL of denitrifying sludge sample (see Chapter 3.1.1) 

was used as biomass in the bottles. Final volume of the solution in the serum bottles was 

110 mL. Final solutions in the serum bottles were purged with nitrogen gas for 5 minutes 

to remove DO. Serum bottles were sealed right after the purging with rubber plugs and 

aluminum clamps. Serum bottles were incubated at 35 °C. First samples were taken right 

after the serum bottles were sealed. 
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 Preparation protocol of denitrification batch bottle assay with anaerobic 
serum bottles. 

 

Samples were taken each 4‒16 hours during 110 hours of period and a total of 11 sam-

ples were taken. Samples were taken through the rubber plugs with sterile BD Micro-

lance 3 0.6 mm x 25 mm needles (Becton, Dickinson & Co. Ltd., Spain) and sterile 10 

mL syringes. Sample of 2.5‒4 mL was drawn from the bottles on each sample taking 

time. Nitrate and nitrite were analysed (see Chapter 3.2.7) as soon as samples were 

taken from 9 samples. Rest of the sample volume was frozen at -20 °C for the methanol 

analysis (see Chapter 3.2.7). Nitrate and nitrite were analysed to study the nitrate oxida-

tion during denitrification process. At the end of the experiment all serum bottles were 

unsealed, and pH was measured. 
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4. RESULTS 

This study had two separate experimental objectives. Main objective was to study the 

potential of using flue gas scrubber water as an alternative nitrogen source for activated 

sludge treatment of pulp and paper mill wastewater. Second objective was to study ni-

trogen removal from scrubber water by denitrification with different chloride concentra-

tions. 

4.1 Laboratory-scale activated sludge reactor experiment 

The effects of nitrogen supplementation on activated sludge treatment were studied in 

laboratory-scale activated sludge reactor experiment for a period of 149 days. The re-

sults of HRT, influent flow rate, DO concentration and air flow into aeration tank are pre-

sented in Figure 14 (R1) and Figure 15 (R2). 
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 Operational conditions of activated sludge during treatment of pulp and 
paper mill wastewater with different nitrogen supplementations. Hydraulic retention 
time (HRT) of aeration tank and influent flow rate (top), dissolved oxygen (DO) of 

activated sludge and air flow into the aeration tank (bottom) during the reactor 
experiment in reactor 1 with nitrate (NO3-N) and nitrite (NO2-N) supply. Urea 

(OC(NH2)2-N) was used as a nitrogen supply during days 0‒15 (start-up) and 87‒
91 (recovery). Phosphate (PO4-P) was used as a phosphorus supply during days 

136‒149. Grey areas indicate phases with no additional nutrient supply in the 
wastewater. 
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 Operational conditions of activated sludge during treatment of pulp and 
paper mill wastewater with different nitrogen supplementations. Hydraulic retention 
time (HRT) of aeration tank and influent flow rate (top), dissolved oxygen (DO) of 

activated sludge and air flow into the aeration tank (bottom) during the reactor 
experiment in reactor 2 with nitrate (NO3-N), nitrite (NO2-N), and urea (OC(NH2)2-N) 
supply. Urea was used as a nitrogen supply during days 0‒15 (start-up) and 87‒91 
(recovery). Phosphate (PO4-P) was used as a phosphorus supply during days 136‒

149. Grey areas indicate phases with no additional nutrient supply in the 
wastewater. 

 

The shortest and longest HRT’s were 21‒22 and 34.5 hours, respectively (Figure 14, 

Figure 15). The mean HRT in both reactors was approximately 26 hours and the mean 

influent flow rate was 6.5‒6.6 L/d. Last 50 days of the experiment the HRT remained 

constant at around 24 hours in both reactors. The mean DO concentration was 3,3‒3,4 

mg/L with mean air flow of approximately 1 L/min. 
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4.1.1 Activated sludge process performance 

The activated sludge process during continuous-flow operation was monitored by ana-

lysing the following process parameters: pH, CODCr, BOD7, TSS, VSS and SVI. The 

median pH for influent, activated sludge and effluent was 7.1, 8.1 and 8.5, respectively, 

in both reactors (Figure 16, Figure 17). The pH of influent, activated sludge (aeration 

tank sludge) and effluent remained constant throughout the whole experiment. The re-

sults of pH indicate that different nitrogen supplementations did not affect the pH.  

Mean CODCr removal of 79 % (R1) and 82 % (R2) were obtained during the reactor 

experiment (Figure 16, Figure 17). Mean CODCr in effluent was 273 mg/L (R1) and 244 

mg/L (R2). Mean BOD7 removal of 98 % was achieved in both reactors during the ex-

periment. CODCr and BOD7 removal rate remained constant throughout the whole ex-

periment which indicates that the variations of experimented nitrogen supply did not sig-

nificantly affect the efficiency of the wastewater treatment process. 
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 Performance of activated sludge treatment process with pulp and paper 
mill wastewater and different nitrogen supplementations. Chemical oxygen demand 
(COD) of influent and effluent (top), chemical and biological oxygen demand (BOD) 

removal (middle) and pH of influent and effluent (bottom) during the reactor 
experiment in reactor 1 with nitrate (NO3-N) and nitrite (NO2-N) supply. Urea 

(OC(NH2)2-N) was used as a nitrogen supply during days 0‒15 (start-up) and 87‒
91 (recovery). Phosphate (PO4-P) was used as a phosphorus supply during days 

136‒149. Grey areas indicate phases with no additional nutrient supply in the 
wastewater. 
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 Performance of activated sludge treatment process with pulp and paper 
mill wastewater and different nitrogen supplementations. Chemical oxygen demand 
(COD) of influent and effluent (top), chemical and biological oxygen demand (BOD) 

removal (middle) and pH of influent and effluent (bottom) during the reactor 
experiment in reactor 2 with nitrate (NO3-N), nitrite (NO2-N), and urea (OC(NH2)2-N) 
supply. Urea was used as a nitrogen supply during days 0‒15 (start-up) and 87‒91 
(recovery). Phosphate (PO4-P) was used as a phosphorus supply during days 136‒

149. Grey areas indicate phases with no additional nutrient supply in the 
wastewater. 
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TSS concentrations in activated and return sludge varied widely during the experiment. 

TSS concentrations increased with time and sludge was removed from both reactors 

from time to time to prevent TSS accumulation. Lowest TSS concentrations for activated 

sludge were 6100 mg/L in both reactors and highest 11 000 mg/L (R1) and 12 000 mg/L 

(R2). Mean TSS concentrations for activated sludge were 8900 mg/L (R1) and 9600 

mg/L (R2). Lowest TSS concentrations for return sludge were 930 mg/L (R1) and 730 

mg/L (R2), highest 13 000 mg/L (R1) and 17 000 mg/L (R2). Mean TSS concentrations 

for return sludge were 7900 mg/L (R1) and 8300 mg/L (R2). The mean VSS percentage 

of TSS (VSS/TSS) of activated sludge was 87 % and remained constant throughout the 

whole experiment in both reactors (Figure 18, Figure 19). This indicates that different 

nitrogen supplementations did not affect the activated sludge quantity in the process. 

The mean SVI of activated sludge was 106 (R1) and 91 (R2) during the experiment (Fig-

ure 18, Figure 19). SVI increased in both reactors towards the end of the experiment but 

started slightly to decrease during the fifth nitrogen supplementation phase (days 136‒

149) when phosphorus was added in the influent. These results indicate that urea as a 

nitrogen supplementation in wastewater had an important role for the physical quality of 

the activated sludge as for the effluent solids described above. 

Effluent TSS varied widely during the experiment (Figure 18, Figure 19). Mean effluent 

TSS were 21 mg/L (R1) and 9 mg/L (R2) and was at the lowest of 4 (R1) and 2 mg/L 

(R2), and highest of 42 (R1) and 25 mg/L (R2). In Figure 20 is an example of the differ-

ences between the physical appearance of the effluent of R1 and R2, when R1 effluent 

had around two times higher TSS concentration than R2 effluent. R1 effluent is slightly 

cloudier and darker in colour. 
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 Quality of activated sludge and effluent during activated sludge treatment 
process with pulp and paper mill wastewater and different nitrogen 

supplementations. Total suspended solids (TSS) of effluent (top), volatile 
suspended solids (VSS) of total suspended solids of activated sludge (middle) and 

sludge volume index (SVI) of activated sludge (bottom) during the reactor 
experiment in reactor 1 with nitrate (NO3-N) and nitrite (NO2-N) supply. Urea 

(OC(NH2)2-N) was used as a nitrogen supply during days 0‒15 (start-up) and 87‒
91 (recovery). Phosphate (PO4-P) was used as a phosphorus supply during days 

136‒149. Grey areas indicate phases with no additional nutrient supply in the 
wastewater. 
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 Quality of activated sludge and effluent during activated sludge treatment 
process with pulp and paper mill wastewater and different nitrogen 

supplementations. Total suspended solids (TSS) of effluent (top), volatile 
suspended solids (VSS) of total suspend-ed solids of activated sludge (middle) and 

sludge volume index (SVI) of activated sludge (bottom) during the reactor 
experiment in reactor 2 with nitrate (NO3-N), nitrite (NO2-N), and urea (OC(NH2)2-N) 
supply. Urea was used as a nitrogen supply during days 0‒15 (start-up) and 87‒91 
(recovery). Phosphate (PO4-P) was used as a phosphorus supply during days 136‒

149. Grey areas indicate phases with no additional nutrient supply in the 
wastewater. 
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 Example picture of the effluent quality from the end of the experiment. 
Effluent total suspended solid concentration in reactor 1 (R1) was around two times 

higher than in reactor 2 (R2) which caused effluent appearing slightly cloudy and 
darker in colour. 

 

The results of effluent TSS show that the supplementation of three nitrogen compounds 

– nitrate, nitrite and urea in the influent resulted in less solids release with the effluent 

than the supplementation of two compounds – nitrate and nitrite. 

4.1.2 The fate of nitrogenous compounds during the reactor ex-
periment 

Dissolved or soluble nitrogen concentrations of nitrate, nitrite and ammonium nitrogen 

were monitored during the reactor experiment (Figure 21, Figure 22, Figure 23, Figure 

24). According to the mean nitrite nitrogen concentrations (Table 6) of influent and efflu-

ent, nitrite decreased over 65 % during first three main nutrient supplementation phases. 

Nitrite formation occurred when nitrate and urea was supplemented 29.5 mg/L in R1 and 

R2, respectively. During the fifth supplementation phase (days 136‒149) nitrite de-

creased slightly in both reactors. 
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 Dissolved nitrogenous compounds of activated sludge treatment process 
with pulp and paper mill wastewater. Nitrite nitrogen (NO2-N, top), nitrate nitrogen 

(NO3-N, middle) and ammonium nitrogen (NH4-N, bottom) concentrations of influent 
and effluent during days 1‒125 of the reactor experiment in reactor 1 with nitrate 

and nitrite supply. Urea nitrogen (OC(NH2)2-N) was used as a nitrogen supply 
during days 0‒15 (start-up) and 87‒91 (recovery). Grey areas indicate phases with 

no additional nutrient supply in the wastewater. 
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 Dissolved nitrogenous compounds of activated sludge treatment process 
with pulp and paper mill wastewater. Nitrite nitrogen (NO2-N, top), nitrate nitrogen 

(NO3-N, middle) and ammonium nitrogen (NH4-N, bottom) concentrations of influent 
and effluent during days 125‒149 of the reactor experiment in reactor 1 with nitrate 
supply. Phosphate phosphorus (PO4-P) was used as a phosphorus supply during 

days 136‒149. 
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 Dissolved nitrogenous compounds of activated sludge treatment process 
with pulp and paper mill wastewater. Nitrite nitrogen (NO2-N, top), nitrate nitrogen 

(NO3-N, middle) and ammonium nitrogen (NH4-N, bottom) concentrations of influent 
and effluent during days 1‒125 of the reactor experiment in reactor 2 with nitrate, 

nitrite, and urea supply. Urea nitrogen (OC(NH2)2-N) was used as a nitrogen supply 
during days 0‒15 (start-up) and 87‒91 (recovery). Grey areas indicate phases with 

no additional nutrient supply in the wastewater. 
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 Dissolved nitrogenous compounds of activated sludge treatment process 
with pulp and paper mill wastewater. Nitrite nitrogen (NO2-N, top), nitrate nitrogen 

(NO3-N, middle) and ammonium nitrogen (NH4-N, bottom) concentrations of influent 
and effluent during days 125‒149 of the reactor experiment in reactor 2 with urea 

nitrogen (OC(NH2)2-N) supply. Phosphate phosphorus (PO4-P) was used as a 
phosphorus supply during days 136‒149. 

 



58 
 

 Mean nitrite nitrogen (NO2-N) concentrations and removal during activated sludge 
treatment process in reactor 1 and reactor 2 with different nutrient supplementations 

(nitrate nitrogen NO3-N, nitrite nitrogen NO2-N, urea nitrogen OC(NH2)2-N and 
phosphate phosphorus PO4-P) in influent. 

Reactor 1 
Supplementations in influent 

(mg/L) 

Influent 
NO2-N (mg/L) 

Effluent 
NO2-N (mg/L) 

Removal 
NO2-N 

 
NO3-N 
NO2-N 

2.4 
0.6 

1,53 0,19 87 %  

NO3-N 
NO2-N 

0.6 
2.4 

3,00 0,53 82 %  

NO3-N 
NO2-N 

1.5 
1.5 

3,73 0,80 79 %  

NO3-N 29.5 0,40 0,58 -44 %  

NO3-N 
PO4-P 

29.5 
13.0 

8,41 7,92 6 %  

           

Reactor 2 
Supplementations in influent 

(mg/L) 

Influent 
NO2-N (mg/L) 

Effluent 
NO2-N (mg/L) 

Removal 
NO2-N 

 

NO3-N 
NO2-N 

OC(NH2)2-N 

1.2 
0.3 
1.5 

0,87 0,06 94 %  

NO3-N 
NO2-N 

OC(NH2)2-N 

0.3 
1.2 
1.5 

1,94 0,69 65 %  

NO3-N 
NO2-N 

OC(NH2)2-N 

2.4 
0.3 
0.3 

2,55 0,87 66 %  

OC(NH2)2-N 29.5 0,28 4,95 -1643 %  

OC(NH2)2-N 
PO4-P 

29.5 
13.0 

1,20 1,14 5 %  

 

Mean nitrate nitrogen removal (Table 7) varied widely in both reactors during the exper-

iment. Nitrate decreased 13‒66 % in all supplementation phases in R1. In R2 during 

almost all supplementation phases nitrate formation occurred, which may indicate nitrifi-

cation in the process. During the third supplementation phase there was just 0.3 mg/L of 

urea supplementation in the influent and nitrate decreased 76 %. 
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 Mean nitrate nitrogen (NO3-N) concentrations and removal during activated sludge 
treatment process in reactor 1 and reactor 2 with different nutrient supplementations 

(nitrate nitrogen NO3-N, nitrite nitrogen NO2-N, urea nitrogen OC(NH2)2-N and 
phosphate phosphorus PO4-P) in influent. 

Reactor 1 
Supplementations in influent 

(mg/L) 

Influent 
NO3-N (mg/L) 

Effluent 
NO3-N (mg/L) 

Removal 
NO3-N 

 
NO3-N 
NO2-N 

2.4 
0.6 

2,98 1,01 66 %  

NO3-N 
NO2-N 

0.6 
2.4 

0,45 0,39 13 %  

NO3-N 
NO2-N 

1.5 
1.5 

1,18 0,48 60 %  

NO3-N 29.5 27,11 16,04 41 %  

NO3-N 
PO4-P 

29.5 
13.0 

12,74 10,17 20 %  

           

Reactor 2 
Supplementations in influent 

(mg/L) 

Influent 
NO3-N (mg/L) 

Effluent 
NO3-N (mg/L) 

Removal 
NO3-N 

 

NO3-N 
NO2-N 

OC(NH2)2-N 

1.2 
0.3 
1.5 

0,95 1,04 -10 %  

NO3-N 
NO2-N 

OC(NH2)2-N 

0.3 
1.2 
1.5 

0,39 2,73 -607 %  

NO3-N 
NO2-N 

OC(NH2)2-N 

2.4 
0.3 
0.3 

2,07 0,50 76 %  

OC(NH2)2-N 29.5 0,54 2,16 -299 %  

OC(NH2)2-N 
PO4-P 

29.5 
13.0 

1,00 16,87 -1584 %  

 

Mean ammonium nitrogen concentrations (Table 8) were significantly lower in the influ-

ent than intended during the experiment. In R1 mainly formation of ammonium nitrogen 

occurred and in R2 ammonium nitrogen mainly decreased. Although because the am-

monium nitrogen concentrations are low so calculating removal might not be reasonable. 
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 Mean ammonium nitrogen (NH4-N) concentrations and removal during activated 
sludge treatment process in reactor 1 and reactor 2 with different nutrient 

supplementations (nitrate nitrogen NO3-N, nitrite nitrogen NO2-N, urea nitrogen 
OC(NH2)2-N and phosphate phosphorus PO4-P) in influent. 

Reactor 1 
Supplementations in influent 

(mg/L) 

Influent 
NH4-N (mg/L) 

Effluent 
NH4-N (mg/L) 

Removal 
NH4-N 

 
NO3-N 
NO2-N 

2.4 
0.6 

0,06 0,02 69 %  

NO3-N 
NO2-N 

0.6 
2.4 

0,02 0,03 -21 %  

NO3-N 
NO2-N 

1.5 
1.5 

< 0,015 0,04 -154 %  

NO3-N 29.5 0,02 0,05 -107 %  

NO3-N 
PO4-P 

29.5 
13.0 

0,02 0,94 -4981 %  

           

Reactor 2 
Supplementations in influent 

(mg/L) 

Influent 
NH4-N (mg/L) 

Effluent 
NH4-N (mg/L) 

Removal 
NH4-N 

 

NO3-N 
NO2-N 

OC(NH2)2-N 

1.2 
0.3 
1.5 

0,03 0,03 23 %  

NO3-N 
NO2-N 

OC(NH2)2-N 

0.3 
1.2 
1.5 

0,20 0,37 -90 %  

NO3-N 
NO2-N 

OC(NH2)2-N 

2.4 
0.3 
0.3 

0,03 0,02 31 %  

OC(NH2)2-N 29.5 1,59 1,11 30 %  

OC(NH2)2-N 
PO4-P 

29.5 
13.0 

1,55 0,15 90 %  

 

Phosphate was added in the influent during days 136‒149 to prevent lack of phosphorus 

in the process. During days 0‒135 phosphate was not added in the influent. Mean phos-

phorus concentrations in influent were below 1 mg/L and phosphorus removal occurred 

in every nutrient supplementation phase (Table 9). 

According to the results nitrification may have had occurred in R2 which have affected 

the removal of total nitrogen in the process. Low concentrations of phosphorus can also 

have an impact on the activated sludge treatment. Results are elaborated more carefully 

in Chapter 5.1. 
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 Mean phosphate phosphorus (PO4-P) concentrations and removal during activated 
sludge treatment process in reactor 1 and reactor 2 with different nutrient 

supplementations (nitrate nitrogen NO3-N, nitrite nitrogen NO2-N, urea nitrogen 
OC(NH2)2-N and phosphate phosphorus PO4-P) in influent. 

Reactor 1 
Supplementations in influent 

(mg/L) 

Influent 
PO4-P (mg/L) 

Effluent 
PO4-P (mg/L) 

Removal 
PO4-P 

 
NO3-N 
NO2-N 

2.4 
0.6 

0,77 - -  

NO3-N 
NO2-N 

0.6 
2.4 

0,45 0,12 72 %  

NO3-N 
NO2-N 

1.5 
1.5 

0,75 0,54 29 %  

NO3-N 29.5 0,14 0,00 100 %  

NO3-N 
PO4-P 

29.5 
13.0 

11,63 9,24 21 %  

           

Reactor 2 
Supplementations in influent 

(mg/L) 

Influent 
PO4-P (mg/L) 

Effluent 
PO4-P (mg/L) 

Removal 
PO4-P 

 

NO3-N 
NO2-N 

OC(NH2)2-N 

1.2 
0.3 
1.5 

0,65 - -  

NO3-N 
NO2-N 

OC(NH2)2-N 

0.3 
1.2 
1.5 

0,41 0,18 57 %  

NO3-N 
NO2-N 

OC(NH2)2-N 

2.4 
0.3 
0.3 

0,75 0,51 32 %  

OC(NH2)2-N 29.5 0,13 0,00 100 %  

OC(NH2)2-N 
PO4-P 

29.5 
13.0 

11,52 9,24 20 %  

 

Soluble total nitrogen concentration was monitored from activated and return sludge (Ta-

ble 10). According to the mean soluble nitrogen concentrations of activated and return 

sludge in R1, concentrations settle approximately between the sum of soluble nitroge-

nous compounds in influent and effluent. Soluble nitrogen concentrations of activated 

and return sludge in R2 were higher compared to the sum of soluble nitrogenous com-

pounds in the influent of R2. 
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 Mean soluble total nitrogen (sol. Ntot) concentrations during activated sludge 
treatment process in reactor 1 and reactor 2 with different nutrient supplementations 

(nitrate nitrogen NO3-N, nitrite nitrogen NO2-N, urea nitrogen OC(NH2)2-N and 
phosphate phosphorus PO4-P) in influent. 

Reactor 1 
Supplementations in influent 

(mg/L) 

Activated sludge 
Sol. Ntot (mg/L) 

Return sludge 
Sol. Ntot (mg/L) 

 
NO3-N 
NO2-N 

2.4 
0.6 

1,5 1,5  

NO3-N 
NO2-N 

0.6 
2.4 

1,6 1,6  

NO3-N 
NO2-N 

1.5 
1.5 

1,1 1,1  

NO3-N 29.5 16,0 16,0  

NO3-N 
PO4-P 

29.5 
13.0 

15,5 14,5  

         

Reactor 2 
Supplementations in influent 

(mg/L) 

Activated sludge 
Sol. Ntot (mg/L) 

Return sludge 
Sol. Ntot (mg/L) 

 

NO3-N 
NO2-N 

OC(NH2)2-N 

1.2 
0.3 
1.5 

2,9 3,0  

NO3-N 
NO2-N 

OC(NH2)2-N 

0.3 
1.2 
1.5 

7,2 7,2  

NO3-N 
NO2-N 

OC(NH2)2-N 

2.4 
0.3 
0.3 

1,1 1,1  

OC(NH2)2-N 29.5 15,7 15,4  

OC(NH2)2-N 
PO4-P 

29.5 
13.0 

20,3 20,8  

 

 Total nitrogen concentration was also monitored from activated and return sludge. Total 

nitrogen percentage of sludge TSS varied 4‒9 % in both reactors. Except during first 

nutrient supplementation phase (R1: 2.4 mg/L NO3-N, 0.6 mg/L NO2-N; R2: 1.2 mg/L 

NO3-N, 0.3 mg/L NO2-N, 1.5 mg/L OC(NH2)2-N) values for return sludge were 24 % (R1) 

and 16 % (R2) and during fourth nutrient supplementation phase without phosphorus 

supplement (R1: 29.5 mg/L NO3-N; R2: 29.5 mg/L OC(NH2)2-N) values for activated 

sludge were 37 % (R1) and 48 % (R2). 
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4.1.3 Microscopic quality of activated sludge 

Activated sludge from the aeration tank was monitored by light microscopy in every ni-

trogen supplementation phase during the experiment. At the end of start-up phase (days 

0‒15) activated sludge had relatively large flocs and some filamentous bacteria mainly 

attached to the larger flocs (Figure 25). During first starvation phase (days 16‒27) acti-

vated sludge quality remained similar. At the end of the first nitrogen supplementation 

phase (days 28‒50) activated sludge seemed quite similar than before in both reactors 

(Figure 26). R1 sludge had slightly smaller flocs in a few pictures than R2 indicating 

sludge degrading. Presence and length of filamentous bacteria slightly decreased in both 

reactors. During second starvation phase (days 51‒62) R1 sludge had significantly de-

graded compared to R2 sludge (Figure 27). Presence and length of filamentous bacteria 

remained low in R1. In R2 the presence and length of filamentous bacteria slightly in-

creased. 

During second nitrogen supplementation phase (days 63‒86) R1 sludge remained simi-

lar than before (Figure 28). R2 sludge may have partially degraded but larger flocs re-

mained in the sludge. Presence and length of filamentous bacteria did not have signifi-

cant changes compared to previous pictures. After the second nitrogen supplementation 

phase recovery phase (days 87‒91) was conducted. At the end of recovery phase R1 

sludge seemed recovered and had again larger flocs as R2 sludge (Figure 29). Although, 

flocs in R2 sludge were still slightly larger and more distinct than in R1 sludge. Presence 

and length of filamentous bacteria reminded the same quality as at the start of the whole 

experiment in both reactors. 

During third starvation phase (days 92‒97) R1 sludge started degrading again remaining 

only few larger flocs (Figure 30). R2 sludge had still more distinct larger flocs. Presence 

of filamentous bacteria remained the same as before or it was slightly more distinct in 

both reactors. At the end of the third nitrogen supplementation phase (days 98‒124) 

activated sludge had degraded similarly in both reactors (Figure 31), only few larger flocs 

remaining. Presence and length of filamentous bacteria was increased distinctly in both 

reactors.  

During the fourth nitrogen supplementation phase (days 125‒135) before phosphorus 

supplement, activated sludge remained degraded with only few larger flocs in both reac-

tors (Figure 32). Presence of filamentous bacteria continued increasing distinctively. At 

the end of the fifth nitrogen supplementation phase with phosphorus supplement acti-

vated sludge were similar as before in both reactors (Figure 33). R2 sludge had slightly 

more larger flocs than R1 sludge. Presence and length of filamentous bacteria continued 

to increase and was significantly distinct. 
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 Microscopic images of activated sludge during activated sludge treatment 
process experiment. Activated sludge at the end of start-up phase (day 15) with 

nutrient supply of urea nitrogen 11.6 mg/L in reactor 1 (R1, left) and reactor 2 (R2, 
right). Activated sludge at the end of first starvation phase (day 22) with no nutrient 

supply in R1 and R2. 
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 Microscopic images of activated sludge during activated sludge treatment 
process experiment. Activated sludge at the end of first nutrient supplementation 

phase (day 50). Nutrient supply in reactor 1 (R1, left): 2.4 mg/L nitrate nitrogen and 
0.6 mg/L nitrite nitrogen. Nutrient supply in reactor 2 (R2, right): 1.2 mg/L nitrate 

nitrogen, 0.3 mg/L nitrite nitrogen and 1.5 mg/L urea nitrogen. 
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 Microscopic images of activated sludge during activated sludge treatment 
process experiment. Activated sludge at the end of second starvation phase (day 

62) with no nutrient supply in reactor 1 (R1, left) and reactor 2 (R2, right). 
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 Microscopic images of activated sludge during activated sludge treatment 
process experiment. Activated sludge at the end of second nutrient 

supplementation phase (day 84). Nutrient supply in reactor 1 (R1, left): 0.6 mg/L 
nitrate nitrogen and 2.4 mg/L nitrite nitrogen. Nutrient supply in reactor 2 (R2, right): 

0.3 mg/L nitrate nitrogen, 1.2 mg/L nitrite nitrogen and 1.5 mg/L urea nitrogen. 
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 Microscopic images of activated sludge during activated sludge treatment 
process experiment. Activated sludge at the end of recovery phase (day 91) with 
nutrient supply of urea nitrogen 6.5 mg/L in reactor 1 (R1, left) and reactor 2 (R2, 

right). 
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 Microscopic images of activated sludge during activated sludge treatment 
process experiment. Activated sludge at the end of third starvation phase (day 97) 

with no nutrient supply in reactor 1 (R1, left) and reactor 2 (R2, right). 
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 Microscopic images of activated sludge during activated sludge treatment 
process experiment. Activated sludge at the end of third nutrient supplementation 
phase (day 124). Nutrient supply in reactor 1 (R1, left): 1.5 mg/L nitrate nitrogen, 
1.5 mg/L nitrite nitrogen. Nutrient supply in reactor 2 (R2, right): 2.4 mg/L nitrate 

nitrogen, 0.3 mg/L nitrite nitrogen, 0.3 mg/L urea nitrogen. 
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 Microscopic images of activated sludge during activated sludge treatment 
process experiment. Activated sludge at the end of fourth nutrient supplementation 
phase (day 135). Nutrient supply in reactor 1 (R1, left): 29.5 mg/L nitrate nitrogen. 

Nutrient supply in reactor 2 (R2, right): 29.5 mg/L urea nitrogen. 
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 Microscopic characteristics of activated sludge during activated sludge 
treatment process experiment. Activated sludge at the end of fifth nutrient 

supplementation phase (day 148). Nutrient supply in reactor 1 (R1, left): 29.5 mg/L 
nitrate nitrogen and 13 mg/L phosphate phosphorus. Nutrient supply in reactor 2 

(R2, right): 29.5 mg/L urea nitrogen and 13 mg/L phosphate phosphorus. 

 

According to the microscopic pictures captured during the reactor experiment, urea has 

an important role in the quality of the activated sludge. This same observation was made 

before when the results of SVI and effluent TSS were presented (see Chapter 4.1.1).  
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4.2 Denitrification batch bottle assay 

Nitrogen concentrations of nitrate and nitrite nitrogen, and methanol concentrations were 

monitored during the denitrification batch bottle assay with anaerobic serum bottles. Ni-

trate reduction proceeded slowly at the beginning of the experiment but increased rapidly 

after 90 hours (Figure 34, Figure 35). Nitrate was reduced 100 % after 110 hours at all 

chloride concentrations. Methanol concentration decreased from the beginning until 

around 90 hours when the removal rate was most rapid as with nitrate. Excess methanol 

was left in all bottles at the end of the experiment. In all bottles, nitrite formed during 10‒

30 hours. Nitrite did not accumulate in any bottles during the experiment.  

According to the theoretical equation (8) of denitrification with methanol, the C:N ratio is 

5:6, which is approximately 0.83. Results of serum bottle experiment show that the C:N 

ratio of mean methanol carbon consumption and mean nitrate nitrogen removal from 

beginning (0 h) to the end (110 h) at different chloride concentrations were: 0.70 (0 mg/L 

Cl-), 0.54 (500 mg/L Cl- from NaCl), 0.93 (1000 mg/L Cl- from NaCl), 0.94 (2000 mg/L Cl- 

from NaCl), 1.01 (2000 mg/L Cl- from KCl). 

The median pH was 7.6 at the beginning of the experiment and increased slightly during 

incubation in bottles to 7.9. 
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 Performance of denitrification batch bottle assay. Mean values of 
methanol carbon (CH3OH-C), nitrate nitrogen (NO3-N), and nitrite nitrogen (NO2-N) 

concentrations during 110-hour denitrification experiment with chloride  (Cl-) 
concentrations of 0 mg/L (top), 500 mg/L (middle) and 1000 mg/L (bottom) from 
sodium chloride (NaCl). Theoretical equation of denitrification with methanol is 

6NO3
- + 5CH3OH → 3N2 + 5CO2 + 7H2O + 6OH-. 
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 Performance of denitrification batch bottle assay. Mean values of 
methanol carbon (CH3OH-C), nitrate nitrogen (NO3-N), and nitrite nitrogen (NO2-N) 

concentrations during 110-hour denitrification experiment with chloride (Cl-) 
concentrations of 2000 mg/L from sodium chloride (NaCl, top) and 2000 mg/L from 

potassium chloride (KCl, bottom). Theoretical equation of denitrification with 
methanol is 6NO3

- + 5CH3OH → 3N2 + 5CO2 + 7H2O + 6OH-. 

 

Results (Figure 34, Figure 35) indicate that chloride did no inhibit denitrification even at 

the highest concentration of 2000 mg/L. Results also indicate that there were no signifi-

cant differences between usage of two different sources of chloride: sodium chloride and 

potassium chloride. 
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5. DISCUSSION 

In this chapter the most significant results of the two experimental objectives (activated 

sludge treatment and denitrification) are discussed. 

5.1 Applicability of scrubber water for nitrogen source in bio-
logical pulp and paper mill wastewater treatment 

During the activated sludge experiment both CODCr and BOD7 removal, around 80 % 

and 98 % on average, respectively, remained stable from the start to finish despite the 

differences of nitrogen supplementations in both reactors. Removal efficiencies indicate 

that the process was functioning properly for organic matter removal comparing to usual 

removal efficiencies of pulp and paper mill wastewaters (COD 60‒85 %, BOD5 85‒98 %; 

Cabrera 2017, p. 132) and the pulp and paper mill (COD 79 %, BOD7 99 %) where 

wastewater and activated sludge were obtained from (see Chapter 3.1.1). 

Nitrite of the influent was mainly oxidized during the treatment process in both reactors. 

Nitrate removal occurred in R1 while in R2 nitrate concentration may had increased from 

influent to effluent especially during the last two supplementation phases when nitrogen 

supply was 29.5 mg/L. This could indicate nitrification as ammonium of the influent oxi-

dizes to nitrate (see Chapter 2.3.1). Clear nitrate removal in R2 occurred during the third 

supplementation phase when urea supply was the lowest (0.3 mg/L). Ammonium nitro-

gen concentrations of the influent were constantly much lower than expected comparing 

to the urea supply. This could indicate that Hach Lange cuvette test as an analytical 

method for ammonium nitrogen did not work properly during the experiment. Ammonium 

nitrogen concentrations of the effluent were also below measurement limit (< 0.015 

mg/L), although ammonium nitrogen should not be present in the effluent if the process 

works properly, and ammonium is oxidized. Nitrate and nitrite analysis with IC may be 

disturbed due to over 100 or 500 mg/L chloride and sulphate concentrations (SFS-EN 

ISO 10304-1 2009) but according to the results the nitrate and nitrite concentrations were 

reasonable comparing to the used supplements.  

Effluent TSS varied in both reactors during the experiment but the mean concentration 

of R1 effluent (21 mg/L) was higher than R2 effluent (9 mg/L) while the mean TSS con-

centration is 6 mg/L in the pulp and paper mill where wastewater and activated sludge 

were obtained from (see Chapter 3.1.1). One cause for increased effluent TSS could be 
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weakened sludge settleability (Haandel & Lubbe 2012, p. 297‒299). Small flocs are usu-

ally discharged with the effluent from the final clarifier. The more there are small flocs 

present in the sludge, the higher is the effluent TSS. (Eikelboom 2000, p. 32.) 

SVI was constantly lower in R2 than in R1 which indicates that sludge settleability and 

clarification was better in R2 and therefore effluent TSS was lower. Optimal SVI is usually 

120 mL/g or below (Tchobanoglous 2014, p. 729). SVI was approximately below 100 

mL/g in both reactors until the nitrogen supplementation was increased to 29.5 mg/L and 

SVI started to increase significantly until phosphorus was supplied in the end. The high-

est SVI of 144 mL/g was in R1 in the final supplementation phase. Brault et al. (2010) 

stated that SVI over 150 mL/g can be considered sludge bulking, although SVI can be 

even 300 mL/g without major bulking problem. Critical SVI value varies between every 

treatment plant. 

Decrease in the sludge settleability may indicate problems in the microscopic quality of 

the activated sludge (Haandel & Lubbe 2012, p. 297‒299). According to the microscopic 

pictures of R1 the flocs were smaller and more degraded than in pictures of R2 after the 

first starvation phase. Even the recovery phase in the middle of the experiment did not 

increase the sludge quality of R1 significantly and small degraded flocs reappeared dur-

ing the third supplementation phase. During the third supplementation phase flocs 

started to degrade in the sludge of R2 also, when urea supply was the lowest (0.3 mg/L). 

This raised a question of the importance of urea nitrogen or ammonium nitrogen for the 

activated sludge quality or morphology. Zhang et al. (2020) studied heterotrophic bacte-

ria growth in anoxic and anoxic-oxic sequencing batch reactors changing the nutrient 

source from ammonia to nitrate. Using nitrate as the main nutrient, the bacterial growth 

rate and denitrification efficiency were hardly affected but the cell components and mi-

crobial products were affected significantly. For example, the extracellular polymeric sub-

stances (EPS) production was lower with nitrate as the main nitrogen source than am-

monia. (Zhang et al. 2020.) EPS are important components of flocs in activated sludge 

and EPS play major role for example in flocculation and sludge settling properties (Chen 

et al. 2019; Ye et al. 2011). Also, comparing to ammonia or organic nitrogen as nutrient 

source, utilization of nitrate demands more energy for protein synthesis. This leads to 

lower biomass formation or sludge yield. (Zhang et al. 2020) 

Rapid changes in the activated sludge treatment conditions can lead to system stress 

which can also cause sludge bulking (Brault et al. 2011). This could be the case in this 

study, especially when nitrogen supply was increased from 3 mg/L to 29.5 mg/L. This 

lead for example to increased N:P ratio until phosphorus was supplied in the last supple-

mentation phase with optimal N:P ratio 5:1. The lack of phosphorus might have increased 
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the presence of filamentous bacteria causing filamentous bulking as Guo et al. (2014) 

found out in their study as well. Phosphorus supply might have started to decrease the 

SVI and effluent TSS. According to the microscopic pictures, the presence of filamentous 

bacteria increased in both reactors during the last two supplementation phases. It re-

mains unclear, would the presence of filamentous bacteria have decreased if the last 

supplementation phase with phosphorus supply was continued longer. 

A change in C:N ratio can also decrease sludge settling. Ye et al. 2011 studied the effect 

of C:N ratio to floc formation in activated sludge treatment and came into a conclusion 

that floc size decreased while C:N ratio increased from 20 to 100 and decreased from 

20 to 4, thus C:N ratio of 20 was the optimal, obtaining largest flocs (around 150‒210 

μm) and lowest SVI (below 100 mL/g). All rapid changes in the activated sludge treat-

ment may not cause problems. Tsang et al. (2006) studied the effect of alternating low 

and high food to microorganism ratios in the activated sludge treatment. They came into 

a conclusion that this alternation removed the sludge bulking and foaming problem and 

increased sludge settleability while BOD removal efficiency remained above 92 %. 

Temporary and usually costly solutions for enhancing sludge settling properties and pre-

vention of sludge bulking can be achieved by additional chemicals such as chlorine, hy-

drogen peroxide, calcium, magnesium, iron, and synthetic polymers (Thompson & For-

ster 2003; Tsang et al. 2006; Brault et al. 2011). Alternative solution for sludge bulking 

control could be also filtration methods in cases where soluble pollutants have been suc-

cessfully removed from wastewater (Thompson et al. 2001). Chen et al. (2019) studied 

biomass-based fly ash as an adsorbent in pulp and paper mill wastewater treatment and 

found out that it can increase sludge flocculation and therefore increase sludge settlea-

bility. Also, COD and BOD removal increased. Utilizing fly ash in wastewater treatment 

could decrease the challenges in fly ash waste disposal. 

Filamentous bacteria overgrowth and sludge bulking have been common problems in 

pulp and paper mill wastewater treatment. The root causes and nature of sludge bulking, 

and filamentous overgrowth are not understood properly, and universal control strategies 

do not exist. The control method is determined for each case separately. (Tsang et al. 

2006; Brault et al. 2011; Orhon 2015.) According to this study the challenges in sludge 

flocculation could be caused by the differences of nitrogenous compounds as nutrient 

source while filamentous bulking in the end of the experiment may be simply caused by 

the sudden changes in the C:N:P ratio. 

The reactor experiment could be easily repeated with the same operational conditions 

but for example, using solely nitrate in one reactor and urea in other reactor as nitrogen 
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supply. Experiment would be carried on longer than 3 weeks without any changes in 

nutrient supplementation to avoid system stress and to see if activated sludge can adapt 

to the new conditions with nitrate supply. 

5.2 Applicability of denitrification in scrubber water treatment 

This study demonstrated that chloride concentrations up to 2 000 mg Cl- / L did not inhibit 

denitrification for denitrifiers originating from a sludge sample of a municipal wastewater 

treatment plant. Complete denitrification was obtained within 110 hours at 35 °C and pH 

7.6 with excess methanol (C:N ratio 1.7) in every chloride concentration, and nitrite ac-

cumulation did not occur. Nitrate and methanol removal complied approximately with the 

stoichiometry of denitrification equation 8. Albina et al. (2019) reviewed literature and 

found that threshold sodium chloride concentrations of 1‒4.25 M (approximately 58‒248 

g NaCl / L) for denitrification have been reported. For example, Mariángel et al. (2008) 

studied sodium chloride inhibition to denitrification of saline fishery wastewaters with de-

nitrification culture adapted to salinity of 24 g/L of NaCl. They came into a conclusion 

that sodium chloride inhibited denitrification increasingly from 0.47 to 100 g/L of NaCl. 

That experiment was conducted at 37 °C and pH 7.5. 

There was no significant difference in using sodium chloride and potassium chloride with 

chloride concentration of 2 000 mg Cl- / L (approximately 3 300 mg NaCl / L and 4 200 

mg KCl / L). Denitrification rate with potassium chloride was slightly faster than with so-

dium chloride although complete denitrification was obtained within 110 hours with both 

compounds. According to Wang et al. (2020) potassium may have advantageous effects 

on nitrate removal up to 230 mgK/L. Higher potassium concentrations inhibit nitrate re-

duction. Sodium on the other hand has more inhibitive effects on denitrification than for 

example potassium, magnesium or calcium (Zhang et al. 2016; Macêdo et al. 2019).  

Nitrate concentration of 1000 mg NO3
- / L (approximately 16 mmol NO3

- / L) was used in 

batch bottle assay, which is suitable for denitrification according to Albina et al. (2019) 

as they reviewed literature about high nitrate concentrations affecting denitrification rate 

decreasingly. Reported values from literature and highest studied nitrate concentrations 

were hundreds of millimoles per litre. One Bacillus strain culture have been reported to 

survive in nitrate concentration of 1.06 M. (Albina et al. 2019.) 

Quality of flue gas scrubber waters vary widely depending on the characteristics and 

quality of the fuel and used combustion techniques. Heavy metals (As, Hg, Cd, Cr, Tl, 

Pb, Cu, Ni) below 0.1 mg/L may be present in the scrubber water. (Pöyry Finland Oy 

2016, p. 4). High concentrations of harmful substances such as metals and toxic organics 



80 
 

present in wastewaters may affect nitrite and nitrate reductase activities (Cao & Zhou 

2019). For example, Ylinen (2013) studied the effect of heavy metals on denitrification 

with batch bottle assay and came into a conclusion that concentrations 0.8‒10.5 mg/L of 

different heavy metals (As, Ni, Co, Cu) slowed denitrification rate 11‒34 %. 
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6. CONCLUSIONS 

Two laboratory-scale activated sludge treatment reactors were operated simultaneously 

with common operational conditions and pulp and paper mill wastewater as an influent 

for 149 days. Conventional pulp and paper mill wastewater nutrient supply, urea, was 

replaced with synthetic scrubber water to study the suitability of nitrogenous flue gas 

scrubber water in pulp and paper mill wastewater treatment. Impact of varying concen-

trations of nitrate, nitrite and urea supply on reactor performance were examined. First 

three supplementation phases ran with total nitrogen supply of 3 mgN/L in influent and 

the last two phases with total nitrogen supply of 29.5 mgN/L in influent. Reactor 1 was 

supplied with combinations of nitrate and nitrite, and reactor 2 with combinations of ni-

trate, nitrite, and urea. 

Utilizing flue gas scrubber water as an alternative nitrogen supply in pulp and wastewater 

treatment could be possible, as efficient chemical oxygen demand and biological oxygen 

demand removal (around 80 % and 98 %, respectively) were obtained by both reactors, 

and accumulation of dissolved nitrogen in the treated wastewater, effluent, was not no-

ticed. However, the total replacement of urea supply should be considered as the lack of 

urea in reactor 1 led to an increase of total suspended solids of effluent, which was 

caused by weakened settling properties and quality of activated sludge as flocculation 

was weaker in reactor 1 than in reactor 2. Also, the total nitrogen concentration of scrub-

ber water should be considered as the nitrogen concentration increase to 29.5 mg/L 

caused an increase in the presence of filamentous bacteria in both reactors. Although, 

this increase may be due to phosphorus deficiency as phosphorus was not supplied in 

the reactors at first. The experiment was ended before the effect of phosphorus supplied 

in the end to the process was significantly noticeable. The reactor experiment could be 

easily repeated to study more carefully the effect of urea deficiency and nitrate or nitrite 

on activated sludge quality and to see, if activated sludge would adjust to the urea defi-

cient conditions after a longer period of time.  

Denitrification as an alternative treatment method of scrubber water was studied with 

batch bottle assay. Synthetic scrubber water containing 1000 mg/L of nitrate and 0‒2000 

mg/L of chloride as possible inhibitive compound was used. Denitrification can be appli-

cable nitrogen removal method for scrubber water as total nitrogen removal was obtained 

regardless chloride concentration. Although, the characteristics of authentic scrubber 

water may vary widely depending on the source, and thus unexpected challenges may 

occur if scrubber water contains inhibitive compounds (such as nitrate, chloride, and 
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heavy metals) above the threshold concentrations according to previous studies found 

from literature. 

In summary, the  present  study  shows  promising  results  for  scrubber water utilization 

in denitrification or biological activated sludge treatment of pulp and paper mill 

wastewater. Such scrubber water utilization could enhance circular economy in pulp and 

paper mills and decrease the need for conventional nitrogen supply. 
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