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ABSTRACT 
VIRVA KUVAJA: Nitrogen Removal from Industrial Wastewaters Tampere University of Technology Master of Science Thesis, 51 pages, 1 Appendix page June 2018 
Master’s Degree Programme in Environmental and Energy engineering Major: Environmental Engineering Examiner: Professor Jukka Rintala  Keywords: denitrification, industrial wastewater, nitrate, FBR 
Industrial manufacturing and processes generate wastewaters as by-products and nitrate in the wastewater may have harmful effects to the environment, especially to eutrophica-tion. Nitrates need to be removed from industrial wastewaters before discharge and one common method is biological wastewater treatment where nitrate is removed with deni-trification. Denitrification is performed by heterotrophic bacteria that reduce nitrate to nitrogen gas through intermediate steps with organic matter as their source of energy and electron donor.  
Aim of this study was to evaluate suitability of biological nitrate removal with warm industrial wastewaters. Laboratory experiments were conducted with mesophilic and thermophilic fluidized bed reactors and total duration of operation was 94 days. The pri-mary goal was to estimate the wastewater treatment potential of nitrate and sulfate -con-taining wastewaters and the efficiency of wastewater treatment system, especially with thermophilic operation.  
Feed water, used in laboratory experiments, was industrial wastewater with 4 000 mg/l of nitrate. Methanol was added as organic carbon source. Hydraulic retention time was set to enable nitrate reduction without reducing sulfate in the wastewater. Laboratory exper-iment was divided into four operational phases chronologically. Start-up phase was used for growing active biofilm inside the reactor. Acclimatization phase was for adapting mi-croorganisms to 4 000 mg/l of nitrate and was executed by step-wise increase in nitrate concentration to avoid disturbing or inhibiting microbial activity. Continuous phase feed water was industrial wastewater with 6 500 mg/l sulfate and 4 000 mg/l nitrate. Feedwater nitrate concentration was increased from 4 000 to 20 00 mg/l at once in elevated nitrate feed phase.  
Fluidized bed nitrogen removal efficiency was > 99% with influent nitrate concentration of 4 000 mg/l. Corresponding hydraulic retention times were 5.5 hours (35°C operating temperature) and 8 hours (50°C operating temperature). Wastewater treatment was work-ing as planned with efficient nitrate removal but without any biological sulfate removal. Most stable process and treatment efficiency was in mesophilic reactor. Fluidized bed reactor was suitable for nitrate removal and microorganisms were able to treat 4 000 mg/l nitrate after acclimatization period.  
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TIIVISTELMÄ 
VIRVA KUVAJA: Typen poisto teollisuuden jätevesistä Tampereen teknillinen yliopisto Diplomityö, 51 sivua, 1 liitesivu Kesäkuu 2018 Ympäristö- ja energiatekniikan diplomi-insinöörin tutkinto-ohjelma Pääaine: Ympäristötekniikka Tarkastaja: professori Jukka Rintala  Avainsanat: denitrifikaatio, teollisuusjätevesi, nitraatti, FBR 
Teollisten prosessien sivutuotteena syntyy jätevettä, joiden sisältämä nitraatti voi vaikut-taa haitallisesti ympäristöön, etenkin vesistöjen rehevöitymiseen. Tämän vuoksi nitraatti tulee poistaa jätevesistä, ennen kuin ne johdetaan pois laitokselta, ja yksi yleisesti käytetty menetelmä biologisessa vedenkäsittelyssä on denitrifikaatio. Denitrifikaatiossa heterotro-fiset bakteerit pelkistävät nitraatin typpikaasuksi välituotteiden kautta käyttämällä orgaa-nista ainetta energianlähteenään sekä elektroninluovuttajana.  
Tutkimuksen tavoitteena oli selvittää biologisen typenpoiston soveltuvuus teollisuudessa syntyville lämpimille jätevesivirroille. Typen poiston soveltuvuutta tutkittiin laboratorio-kokeilla 94 päivän ajan käsittelemällä teollisuuden jätevettä termofiilisessä sekä mesofii-lisessä leijupetireaktorissa. Laboratoriokokeilla haluttiin ensisijaisesti selvittää, onko bio-loginen käsittely mahdollista jäteveden sulfaatti- ja nitraattipitoisuuksilla sekä arvioida jätevedenkäsittelyn, etenkin termofiilisen reaktorin tehokkuutta.  
Laboratoriokokeissa käsiteltiin teollisuuden jätevettä, johon lisättiin nitraattia vastaa-maan 4 000 mg/l pitoisuutta, sekä metanolia orgaanisen hiilen lähteeksi. Kokeissa pyrit-tiin löytämään viipymäaika, jolla nitraatti saadaan poistettua, mutta sulfaatti ei ala pelkis-
tyä. Laboratoriokokeet jaettiin neljään osaan, joista ensimmäisessä, ”start-up”-vaiheessa kasvatettiin reaktorin sisällä aktiivinen biofilmi. Toisessa, ”acclimatization”-vaiheessa syöttöveden nitraattipitoisuutta nostettiin asteittain, jotta bakteerit saatiin totutettua kor-keampaan (4 000 mg/l) nitraattipitoisuuteen ilman että bakteerien toiminta häiriintyy ja 
hiipuu. Kolmannessa ”continuous”-vaiheessa syöttövedeksi vaihdettiin sulfaattipitoinen (6 500 mg/l) jätevesi, jonka nitraattipitoisuus säädettiin halutulle tasolle (4 000 mg/l) li-
säämällä natriumnitraattia. Neljännessä ”elevated nitrate feed” -vaiheessa syöttöveden nitraattipitoisuus nostettiin kerralla 20 000 mg/l pitoisuuteen.  
Leijupetireaktorin typenpoistotehokkuus oli > 99 %, kun syöttöveden nitraattipitoisuus oli 4 000 mg/l. Poistotehokkuutta vastaaviksi viipymäajoiksi saatiin 5,5 tuntia (35 °C toi-mintalämpötila) ja 8 tuntia (55 °C toimintalämpötila). Jätevedenkäsittely saatiin toimi-maan halutulla tavalla, jolloin nitraatti saatiin poistumaan tehokkaasti ilman sulfaatin bio-logista pelkistymistä. Tasaisin toiminta ja poistotehokkuus saavutettiin mesofiilisellä re-aktorilla. Leijupetireaktorin todettiin sopivan hyvin kokeessa käytetyn jäteveden käsitte-lyyn ja bakteerit sopeutuivat 4 000 mg/l nitraattipitoisuuteen, kun syöttöveden nitraatti-pitoisuutta nostettiin asteittain. 
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1. INTRODUCTION 
Nitrogen in nitrate in transformed into different nitrogen compounds via biological reac-
tions in the environment in a process called nitrogen cycle. Industries produce wastewater 
that can contain nutrients, such as nitrate, which is discharged into the environment within 
untreated wastewater. (Fields 2004) Figure 1 shows biological nitrogen transformations 
in aquatic environments with anthropogenic nitrate source which disturbs the nitrogen 
balance in ecosystem.  

 
Figure 1. Nitrogen cycle in aquatic environment with nitrate contribution from in-dustrial wastewater discharge (adapted from Buchwald 2008) 

Nitrogen transformation reactions are controlled by the oxygen level in the water. In 
deeper layers, with limited oxygen, nitrate is reduced to nitrogen gas via denitrification 
or anammox and finally released to the atmosphere. In aerobic part plants take up nitrate 
and use it as nutrient source. As bacteria decompose plants and animals, which origi-
nally consumed nitrate in the water, nitrate is transformed into ammonium which is fur-
ther transformed back to nitrite and nitrate via nitrification. Nitrate is water soluble and 
will not only be discharged to surface waters of waterbodies, but can also migrate to 
groundwaters. (Tchobanoglous et al. 2014) 
Industrial wastewater treatment systems usually consist of multiple steps after each other 
for treating different types of pollutants. Nitrate removal with denitrification can be one 
of these steps to transform nitrate into nitrogen gas which can be released to the atmos-
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phere. Nitrate needs to be removed from industrial wastewaters before discharge to min-
imize and prevent harmful environmental effects. Legislation and environmental permits 
are guiding industrial nitrate emissions and set limit values for nitrogen compounds (Burt 
et al. 2011). This work is aimed for finding a system that is suitable for treating industrial 
wastewaters with nitrate and for helping to meet nitrate emission regulations by reducing 
nitrate from wastewaters.  
Biological nitrate removal was studied in laboratory scale FBRs (fluidized bed reactors). 
Reactor type, operational variables, and experiment set-up was chosen by studying liter-
ature and scientific articles related to nitrate removal, denitrification, reactor types, and 
operational parameters. The main objective of the laboratory work was to study the bio-
logical nitrate reduction potential and suitability of industrial wastewaters at 50°C for 
denitrification. Two thermophilic FBRs, with mesophilic activated sludge as seed sludge, 
were used to evaluate suitable retention time and nitrogen removal efficiency. One mes-
ophilic FBR was operated as a control to study the effects of operating temperature. De-
nitrification of wastewater containing similar nitrate concentrations has been successful 
in FBRs. Almost 100% nitrogen removal efficiency with 3 000‒4500 mgNO₃⁻/l has been 
achieved in 4‒5 hours at 23°C. (Rabah & Dahab 2004; Chen et al. 1996)  
All reactors were started with same mesophilic activated sludge as a seed sludge and fed 
with same wastewater. Mesophilic activated sludge has been used successfully as a seed 
sludge in thermophilic denitrifying systems up to 55 °C, although the specific denitrifi-
cation rate has been higher in mesophilic systems (Courtens et al. 2014). Overall 
wastewater treatment, i.e. optimization of factors, other than HRT (hydraulic retention 
time), and removal of all contaminants has been left out from this work and experiments 
do not include study of the effluent quality, apart from nitrate and nitrite.  
Industrial wastewater was found to be suitable for biological treatment and nitrogen re-
moval efficiency was > 99%. At 35°C nitrogen removal was more stable and required 
shorter HRT time, only 5.5 hours, compared to denitrification at 50°C with 8 hours HRT. 
Sulfate in the wastewater did not have any effect to denitrification activity and was re-
mained in the effluent water as untreated.  
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2. INDUSTRIAL WASTEWATERS 
Industrial wastewaters are created as a byproduct due to industrial activities. The amount 
and characteristics of the wastewaters depend on the type of processes and can vary sea-
sonally. Wastewater production is also regulated by the process’ water recycles and the 

amount of effluent discharge is defined by the wastewater treatment systems. In general 
wastewater production is estimated to be 89‒95% of the incoming process waters in in-

dustrial activities that doesn’t have internal water recycle, but in practice the amount and 
quality of produced wastewaters need to be determined according to the recorded data at 
each installation. (Tchobanoglous et al. 2014)  
Several industries, such as fertilizer, explosives, nuclear, metal finishing, and mining, 
create nitrate rich wastewaters with concentrations higher than 1 000 mg/l (Dhamole et 
al. 2007) Wastewaters that contain more than 1 000 mg NO₃-N/l are considered as high 
strength nitrate wastewaters (Mohan et al 2016). Wastewaters from industries, including 
printing and dyeing, metal processing, and steel mills, can contain also heavy metals and 
have high concentrations of inorganic salts (> 1% salt). Chlorate, sulfate and phosphate 
concentrations in wastewaters depend on the industry and processes that produce 
wastewaters. Another common feature for the above mentioned industrial wastewaters is 
lack of organic carbon compounds in waters. (Fernandez-Nava et al. 2008; Kargi & 
Dincer 1998; Wang et al. 2016) 
2.1 Nitrate emissions 
Nitrogen compounds have harmful effects to environment and human health which is 
why release of nitrogen compounds should be reduced and prevented. Nitrogen causes 
eutrophication especially in salt waters. In fresh waters increased phosphorus concentra-
tions are usually the primary cause of eutrophication and nitrogen is not as big concern 
as for salt waters. One of the consequences of eutrophication is massive algae blooms and 
decomposition of dead algae that consumes oxygen in waters. Oxygen depletion causes 
bottom-dwelling animals to die and may cause death of fish or force fish to leave the 
affected area. Excess nutrient concentrations in water bodies may also change the aquatic vegetation, result in unbalanced ecosystem and prevent recreational use of the water bod-
ies. Nitrate is water soluble and can migrate from surface waters to ground waters. High 
concentrations of nitrate in drinking water can cause health impacts because nitrate is 
converted into nitrite in stomach and can reduce the oxygen-carrying capacity of blood 
cells. (Fields 2004) 
Nitrite emissions are closely related to nitrate emission because chemical and biological 
processes can oxidize nitrite readily to nitrate in the presence of oxygen. Nitrite is soluble 
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to water but relatively unstable. Nitrite is more toxic compound than nitrate and harmful 
effects of nitrate often relates to the reduction of nitrate into nitrite. (Fields 2004) 
2.2 Nitrate removal 
Nitrate is highly soluble and stable in water, and because of that it is impossible to remove 
nitrate from wastewater by precipitation or coagulation. Nitrate can be removed from 
waters by ion exchange, membrane filtration, reverse osmosis, electrodialysis, chemical 
or catalytic denitrification, and biological denitrification. (Nancharaiah & Venugopalan 
2011; Ray et al. 2014) 
Different physical and chemical methods are effective for nitrate removal but generate 
concentrated waste streams that require further treatment and disposal (Nancharaiah & 
Venugopalan 2011). These methods are not generally nitrate-selective and other com-
pounds in the wastewaters may decrease the nitrate removal efficiency (Mohseni-Bandpi 
et al. 2013). Nitrate can be removed biologically by denitrification, in which nitrate is 
reduced to harmless nitrogen gas and removed from the process by releasing to the at-
mosphere (Hamlin et al. 2008). Biological nitrate removal can overcome some of the 
challenges associated with physical and chemical treatment methods as it is selective ni-
trate removal system. Although biological processes do not generate concentrated waste 
streams, effluent may contain microorganisms that are washed out form the reactor and 
require additional treatment. (Burghate & Ingole 2013a; Mohseni-Bandpi et al. 2013)  
2.3 EU legislation 
Industrial wastewater emissions in Europe are regulated by EU directives which are 
adopted to national legislation. EU directives give the minimum requirements while in 
every European country the national limits and regulations might be stricter than stated 
in the directives. Industries can discharge their wastewaters either indirectly, as untreated 
or after pre-treatment, to be treated in municipal wastewater treatment plants or directly 
to the environment after required wastewater treatment. Direct wastewater discharge from 
industrial activities should not have negative impact in the receiving waterbodies and in 
case of nitrate emissions the main environmental concern is eutrophication. (Burt et al. 
2011)  
There are seven different directives (Table 1) that sets regulations to nitrate emissions and 
which needs to be considered when there is a possibility that industrial actions may cause 
nitrate emissions.  
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Table 1. EU legislation related to nitrate regulations and wastewater emissions 
Directive Objectives and require-ments Regulations and remarks re-lated to nitrate 
Industrial emissions directive 2010/75/EU Preventing and controlling pollu-tion, reducing emission into wa-ter, and preventing generation of waste from industrial activities 

- Contributes to eutrophication 

Water Framework Directive 2000/60/EC Protecting inland surface waters, transitional waters, coastal waters and groundwater 
- Contributes to eutrophication  - Followed in selected groundwater mon-itoring network  - Does not set limit values 

Urban Waste Water Treatment Directive 91/271/EEC 
Protecting environment from ad-verse effects of urban and indus-trial wastewaters 

- Discharge limit (TN) to sensitive areas: 10-15 mg/l N  

Nitrates Directive 91/676/EEC Reducing and preventing water pollution caused by nitrates from agricultural sources 
- Limits for taking actions:  1. Surface freshwaters nitrate    > 50 mg/l 2. Groundwater nitrate > 50 mg/l 3. Natural waters found to be eutrophic  

Marine Strategy Framework directive 2008/56/EC 
Achieving/maintaining good envi-ronmental status in the marine en-vironment by 2020 

- Assessment criteria on good environ-mental status: spatial and temporal dis-tribution of TN, inputs of fertilizers and nitrogen-rich substances  
Groundwater Di-rective 2006/118/EC Preventing and controlling groundwater pollution - Nitrate quality standard 50 mg/l 

Bathing Water Di-rective 2006/7/EC Monitoring, managing, and providing information to public on bathing water 
- Coordination with other relevant direc-tives against nitrate pollution (agricul-ture) 

TN = Total nitrogen  
Relevant regulations and remarks to industries depend on the industrial activities and sur-
rounding recipients. Most of the directives do not set specific nitrate emission limits but 
states that wastewater discharge must be controlled so it does not enhance eutrophication 
or reduce the quality of receiving water bodies. Operators are obligated to be aware of the 
state of the surrounding recipients and sensitive areas, such as groundwater areas and 
nutrient rich waters, and they need to monitor possible environmental effects in the sur-
rounding area, act accordingly to minimize any environmental impact, be proactive, and 
consider the processes and industrial activities as an entity. (DG Environment 2017) 
At EU-level the most important directive to regulate and control industrial emission is the 
Industrial emissions directive (2010/75/EU). The directive sets main principles for instal-
lations’ permits and control, and requires application of the best available techniques 

(BAT) to prevent and reduce pollution. BATs are considered to be the most effective 
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techniques to prevent and reduce emissions that are economically viable and technically 
feasible within a specific industrial sector. (The Industrial Emissions Directive 2016) 
BATs are defined by the European integrated pollution prevention and control (IPPC) 
bureau that produce also BAT reference documents (BREFs) and BAT conclusions as a 
result of the BAT process. BREFs are publications on the information exchange between 
industry and governments regarding BATs and BAT conclusions are the reference for 
setting permit conditions. Although industrial emissions to water bodies are regulated by 
the BAT associated emission levels (BAT-AEL), the limits for wastewater emission are 
determined case by case in environmental permits.  Nitrate emission limit values are de-
fined individually for each plant depending on the industrial sector, surrounding environ-
ment, and possible technological solutions that are economically viable. (The Industrial 
Emission Directive 2016) 
 



7 
3. BIOLOGICAL NITRATE REMOVAL 
Denitrification is the main biological process that reduces nitrate to nitrogen gas. There 
are two other processes than can reduce nitrate: dissimilatory nitrate reduction to ammo-
nium (DNRA) and assimilatory nitrate reduction to ammonium (ANRA). Figure 2 shows 
the three processes and their reduction steps from nitrate to either nitrogen gas, ammo-
nium, or organic nitrogen. 

 
Figure 2. Biological nitrate reduction reactions 

In denitrification (or dissimilatory nitrate reduction) nitrate and nitrite are transformed into nitrogen gas in anoxic conditions i.e. in the absence of molecular oxygen 
(Tchobanoglous et al. 2014). The reaction occurs under redox potential from +50 to -50 
mV (Kumar & Lin 2010). Denitrification follows a sequence of four steps where micro-
organisms reduce nitrate into dinitrogen gas through intermediate compounds: NO₃⁻ (ni-
trate) → NO₂⁻ (nitrite) → NO (g) (nitric oxide, gas) → N₂O (g) (nitrous oxide, gas) → N₂ 
(g) (nitrogen gas). Denitrification is commonly used in municipal wastewater treatment 
processes to meet the discharge limits for total nitrogen by reducing nitrate and by releas-
ing gaseous nitrogen compounds to the atmosphere. (Gerardi 2016, p. 90; Tchobanoglous 
et al. 2014) 
In DNRA nitrate is reduced to ammonium (NH₄⁺) in water. Only obligatory anaerobic 
bacteria are capable of DNRA and they need organic or inorganic electron donors. (Reddy 
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and DeLaune 2008) DNRA doesn’t remove nitrogen from the environment but recycles 

fixed nitrogen in the system (Kamp et al. 2015).  
In ANRA bacteria use nitrate as nitrogen source by reducing nitrate to ammonium which 
is then assimilated into bacterial biomass. Nitrate is the primary nitrogen source for bac-
teria in the absence of ammonium and used as a nutrient in the assimilatory nitrate reduc-
tion (Geradi 2016, p. 90). In assimilative metabolism inorganic compounds are reduced 
to satisfy the needs for biosynthesis. ANRA steps are nitrate reduction to nitrite, nitrite 
reduction to ammonium and finally ammonium is synthesized to organic nitrogen (Jiang 
& Jiao 2016). ANRA can occur in both aerobic and anaerobic conditions and many micro-
organisms are capable of this reaction. (Brock 1994; Reddy & DeLaune 2008) 
3.1 Denitrification 
Heterotrophic denitrification produces nitrogen gas, carbon dioxide, water, and biomass 
from nitrate and organic carbon source. McCarty’s equation (Equation 1) shows denitri-
fication reaction with methanol (MeOH) as the organic carbon source. (Tchobanoglous 
et al. 2014) 

1.08𝐶𝐻3𝑂𝐻 + 𝑁𝑂3
− + 𝐻+ → 0.065𝐶5𝐻7𝑂2𝑁 + 0.47𝑁2 + 0.76𝐶𝑂2 + 2.44𝐻2𝑂  (1) 

 
Nitrogen gas will be released in the atmosphere in denitrification because it has low water 
solubility and it will escape from water as rising gas bubbles. Denitrification reaction 
produces relatively high amount of new biomass but not as much as in aerobic decompo-
sition. Typical yield for aerobic heterotrophs, in grams of volatile suspended solids per 
grams of biodegradable chemical oxygen demand (gVSS/gbCOD), with sugar as electron 
donor is 0.49 gVSS/gbCOD and for denitrifiers with organic material as electron donor 
is 0.25gVSS/gbCOD). (Henze et al. 2008) 
Denitrifying bacteria are usually facultative aerobes which can shift from oxygen respi-
ration to nitrogen respiration when O2 becomes limiting and the O2 concentration in wa-
ters determine whether denitrifying bacteria use oxygen or nitrate and nitrite as electron 
acceptor. (Tchobanoglous et al. 2014, pp. 633–634) Denitrification process has a typical 
pattern which starts with nitrate reduction to nitrite and can be seen as increasing nitrite 
concentration which is followed by nitrite reduction (Foglar et al. 2005). 
Denitrification is affected by biological kinetics and physicochemical parameters. There 
are five main factors that control nitrate reductase: Nitrate concentration, dissolved oxy-
gen concentration (DO), type and amount of organic matter, temperature, and pH. (Bitton 
2011) The relationship between nitrate and carbon effects to denitrification and can either 
promote or prevent the reaction (Adouani et al. 2015).  
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3.1.1 Carbon source for microorganisms 
In wastewater treatment carbon sources are divided into organic and inorganic carbon 
sources. Organic carbon refers to the biodegradable organic matter that microorganisms 
can use as a substrate and is generally expressed as COD. COD is used in denitrification 
stoichiometry because it correlates with the soluble organic matter that is oxidized. Inor-
ganic carbon in wastewaters is in the form of carbon dioxide (CO₂), bicarbonate (HCO₃⁻), 
or carbonate (CO₃²⁻). Different inorganic carbon compounds shift from one to another 
depending on the pH, and as pH decreases below 7 HCO₃⁻ shifts to CO₂ (Figure 3). 

(Tchobanoglous et al. 2014) 

 
Figure 3. Relative distribution of dissolved inorganic carbon in water as a function of pH (adapted from Knoll et al. 2012) 

Biodegradable organic matter is needed in heterotrophic denitrification for bacterial res-
piration, where nitrate is reduced to nitrogen while organic carbon acts as electron donor, 
and for bacterial synthesis, where nitrate and organic carbon are used for cell growth. 
(Mohseni-Bandpi et al. 2013) Organic carbon source can be either internal or external. 
Internal carbon sources can be organic matter within the influent wastewater or bacterial 
mass resulted from endogenous respiration and accumulation of material stored within 
bacterial cells. External carbon source, such as methanol, ethanol, acetone, acetate, and 
glucose, is added to the mixed liquor as required by denitrification process. (van Haandel 
& van der Lubbe 2007; Tchobanoglous et al. 2014) 
Denitrification equation, presented with methanol as the electron donor, can be divided 
into dissimilation (Equation 2) and assimilation (Equation 3) of nitrate. The overall pro-
cess (Equation 1) considers both, dissimilation and assimilation, processes. (Horan 1990) 
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5𝐶𝐻3𝑂𝐻 + 6𝑁𝑂3

− → 3𝑁2 + 5𝐶𝑂2 + 7𝐻2𝑂 + 6𝑂𝐻− (2) 
14𝐶𝐻3𝑂𝐻 + 3𝑁𝑂3

− + 𝐶𝑂2 + 3𝐻+ → 3𝐶5𝐻7𝑂2𝑁 + 19𝐻2𝑂 (3) 
The stoichiometric amount of methanol for denitrification is 2.47 mg/ 1 mg of nitrate-
nitrogen. The actual amount is not sufficient for complete denitrification and is actually 
20‒25% higher due to bacterial cell production (Liessens et al. 1993). Microbial cell pro-
duction consumes 40% of the methanol and 10% of the nitrate in denitrification system. Denitrification rate is directly proportional to the nitrate utilization and it can be deter-
mined by the available amount of organic carbon instead of the nitrate concentration (Lin 
et al. 2009; Mohan et al. 2016). 
Insufficient carbon amount limits denitrification rate, diminishes the nitrate and nitrite 
reduction, and results in accumulation of intermediate products (mainly NO₂ and N₂O). 
Required carbon to nitrogen (C/N) ratio for complete denitrification can be ensured by 
adding external carbon to the reactor. Sufficient amount of carbon depends on the type of 
carbon source and denitrifying bacterial species. (Harri & Bosander 2004; van Rijn et al. 
2006). Excess dosing of carbon as electron donor should be avoided because it may in-
crease the COD/BOD (chemical oxygen demand / biological oxygen demand) concentra-
tion in the effluent, favor DNRA which will produce ammonium instead of nitrogen gas, 
and enhance biofilm growth in pipes if microorganisms escape from the reactor. Biofilm 
growth in pipes and in distribution system may cause head-loss and decrease the hydraulic 
capacity. (Tchobanoglous et al. 2014; van Rijn et al. 2006) Quick increases in carbon 
dosing should be avoided as it may disturb denitrification and result in increased carbon 
concentrations in the reactor and in the effluent (Harri & Bosander 2004).  
Figure 4 shows summary of the most relevant factors related to three types of carbon 
sources that can be used in denitrification.  
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 Type Feed/Amount Effect 

 
Figure 4. Summary of general internal and external carbon feeds with varying ef-fects to the process, microbial activity and effluent quality 

Internal carbon sources can be either organic material in the incoming wastewater or from 
endogenous decay of microbial cells in the reactor. External carbon sources are usually 
readily biodegradable compounds that are used to increase denitrification rate or to ensure 
sufficient carbon supply to microorganisms. Internal carbon sources may be used if 
wastewater contains organic material that needs to be removed but for efficient denitrifi-
cation more easily degradable, external carbon sources are often used. (van Haandel & 
van der Lubbe 2007) Table 2 shows denitrification rates for methanol, raw sewage and 
endogenous decay as carbon sources at 20°C.  
Table 2. Denitrification reaction rate at 20°C with methanol, raw sewage and endog-enous decay as carbon source (Henze et al. 1997) 

Carbon source Denitrification rate (mg NO₃-N/g VSS·h) 
Methanol 3 
Organic material in sewage 1 
Endogenous decay 0.3 

Carbon source

Internal

Wastewater
Organic material in 

influent reduced 
simultaneously

Microbial mass
Endogenous decay, 
very slow process

External (methanol, 
ethanol, acetate, 

glycerol...)

Stoichiometric
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in effluent

Less than 
stoichiometric

Nitrate in the 
effluent

More than 
stoichiometric

Organic carbon in 
effluent

Other 
microorganisms use 
external carbon in 

their reactions

DNRA dominates if 
NO₃⁻ is limited
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External carbon can be supplied according to theoretical, stoichiometric amount that en-
ables complete denitrification without any residual nitrate or carbon in the effluent. If 
carbon supply is more than the stoichiometric amount, some of the carbon is not used for 
denitrification and it will be in the effluent, and may require further treatment. (Mohseni-
Bandpi et al. 2013) In case there are other compounds and suitable microorganisms in the 
reactor, for example sulfate reducing bacteria (SRB) that reduce sulfate to sulfide, they 
may use the excess carbon and produce unwanted end products. It has also been noted 
that high COD/N ratio favors DNRA which can be detected as ammonium in the effluent 
water. (van Rijn et al. 2006) If the carbon supply is not sufficient denitrification rate may 
decrease, effluent wastewater may contain nitrate and nitrite, reaction might be incom-
plete and intermediate compounds are accumulated in the reactor. (Mohseni-Bandpi et al. 
2013) 
External carbon source can be chosen by considering cost, kinetics, and adaptation period 
to a specific type of carbon (Lu et al. 2014). Methanol is commonly used as external 
carbon because denitrifying bacteria can easily assimilate it and it produces less sludge 
than other external carbon sources. Methanol is also easy to get, it has been cost-effective 
solution, it has neutral pH, and it doesn’t contain any additional nutrients. (Fernandez-
Nava et al. 2010; Foglar et al. 2005; Naik & Setty 2011). The major difference between 
methanol-fed systems and non-methanol-fed systems is in the denitrification population 
enriched in the systems. Methanol consuming bacteria belong to methylotrophs which 
can use one carbon compounds as carbon and energy source. Denitrification systems 
which are fed with methanol support the growth of these methylotrophic denitrifiers. In 
systems fed with other organic carbon sources, general heterotrophic bacterial popula-
tions reduce nitrate and act as denitrifiers. (Anthony 1982) The dominant groups of deni-
trifiers are changed if the carbon source is changed and changes in the carbon source may 
lead to temporary reduction in the denitrification rate (Gerardi 2016, p. 105). 
Methanol has also disadvantages as a carbon source. Specific growth rate of 
methylotrophic bacteria is lower than with bacteria utilizing other carbon sources, and 
therefore methanol-fed systems may possibly require longer adaptation period compared to other carbon compounds (Lu et al. 2014). On the other hand, lower growth rate means 
lower biomass production which is an advantage as less biomass needs to be removed 
from reactors. Denitrification with methanol-fed systems gives 3 times greater denitrifi-
cation rate compared to internal carbon source systems, which makes external carbon 
much more efficient and suitable option for fast denitrification than internal carbon sys-
tems. (Lin et al. 2009) 
3.1.2 Denitrifying microorganisms 
Denitrifying microorganisms are called denitrifiers which include all the species that are 
involved in the reduction process from nitrate to dinitrogen gas. These microorganisms 
include bacteria, archaea, and some eukaryotes while nitrate reduction, in engineered as 
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well as natural systems, is mostly performed by bacteria (Lu et al. 2014). Broad range of 
bacteria are able to denitrify and usually denitrifying bacteria can be found in almost all 
natural environments including sludges and municipal wastewaters (Wang et al. 2009). It 
is possible to obtain denitrifying culture by adding sludge from another process, or use 
bio-augmentation cultures of suitable denitrifying bacteria. If the existing culture in the 
seeding is not initially optimal for efficient denitrification, it is possible to grow denitri-
fying culture through natural seeding and adaptation where denitrifying bacteria will out-
grow other microorganisms over time. (Gerardi 2016, p. 105)   
Majority of the denitrifiers are heterotrophic bacteria that need organic carbon, such as 
carbohydrates, organic alcohols, amino and fatty acid, as energy source and electron do-
nor (Wang et al. 2009). Denitrifiers can be divided into six subgroups according to their 
ability to reduce denitrification compounds (Table 3). Microorganisms may be able to 
follow through the complete denitrification path, be able to reduce one or several com-
pounds to intermediate products, reduce intermediate products to nitrogen gas, or be un-
able to participate to the denitrification reactions. (Lu et al. 2014) 

Table 3. Denitrifying microorganisms based on their reductase ability 
Microorganisms Denitrification reaction 
Complete denitrifiers Reduction of nitrate and nitrite to nitrogen gas. 
Exclusive nitrite reducers  Reduction of nitrite but not nitrate to nitrogen gas. 
Nitrate respirators  Reduction of nitrate to nitrite. 
Incomplete denitrifiers Reduction of nitrate or nitrite to nitrogen oxide inter-mediates but not to nitrogen gas. 
Incomplete nitrite reducers Reduction of nitrite to nitrogen oxide intermediates. 
Non-denitrifiers Impossible to reduce nitrate or nitrite. 

 
Complete denitrification is efficient nitrogen removal pathway. There are much greater 
variety of microorganisms that can reduce nitrate to nitrite than perform complete deni-
trification. Incomplete denitrification, which may begin and end at any step of the reduc-
tion series, may result in harmful intermediates, such as N2O, which is a strong green-
house gas. (Abu-Ghararah 1994; Kamp et al. 2015) 
There are four reductase enzymes which catalyze reduction of each denitrification com-
pound. Denitrifiers may contain one or more of these enzymes and this will determine the 
reductase ability of microorganisms. Nitrate reductase (Nar) will reduce nitrate to nitrite, 
nitrite reductase (Nir) will reduce nitrite to nitric oxide, nitric oxide reductase (Nor) re-
duce nitric oxide to nitrous oxide and nitrous oxide reductase (Nos) will reduce nitrous 
oxide to nitrogen gas. Each step is inhibited by elementary oxygen and the partial pressure 
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of O₂, and availability of substrates will determine the functional ability of an enzyme. 
(Grady et al 1999; Robertson & Groffman 2007) 
Denitrifying microorganisms are able to grow at psychrophilic (0‒20 °C), mesophilic 
(20‒40 °C), and thermophilic (40‒60 °C) temperatures depending on their specific ability. 
Most of the known denitrifying microorganisms are mesophilic bacteria but a variety of 
thermophilic denitrifying bacteria have been found from soils, mud, and manure. There 
are also some archaea that are able to reduce nitrate in thermophilic temperatures. Ther-
mophilic processes are generally more stable, produce less biomass, and have higher spe-
cific denitrification rates thus requiring smaller bioreactors. Thermophilic bacteria have 
faster growth rate than mesophilic bacteria but have lower net microbial growth due to 
higher decay rate and maintenance energy. Thermophilic systems are attractive 
wastewater treatment options in industries where wastewaters have high temperatures or 
in areas with high seasonal temperatures. (Courtens et al. 2014) 
3.1.3 pH 
Possible pH range for denitrification is 3.9‒9, and optimum pH for most denitrifiers is 
close to neutral, between 7 and 8. Denitrifying microorganisms are not pH sensitive but 
pH values below optimal pH range increases accumulation of intermediate products. Al-
kaline waters are more likely to cause inhibition to microorganisms than slightly acidic 
waters because denitrification produces strong base, hydroxyl ions (OH⁻), that will further 
increase pH. Equation 4 shows increase in alkalinity by mole per 1 mole of nitrate, which 
equals to 3.57 g as CaCO₃/g NO₃⁻-N consumed. (Rittmann & McCarty 2001) 

5𝐶𝐻3𝑂𝐻 + 6𝑁𝑂3
− → 3𝑁2 + 5𝐶𝑂2 + 7𝐻2𝑂 + 6𝑂𝐻− (4) 

Outside the pH operation range, activity of intracellular enzymes of denitrifying bacteria 
is inhibited due to super acidity or super alkalinity (Jianping et al. 2003). Although pH 
increases due to denitrification, it should be noted that pH value cannot be used to detect 
denitrification if water has good buffering capacity (Liessens et al. 1993) 
3.1.4 Temperature 
Denitrification can occur at temperatures from 5 to 75 °C, depending on microbial culture. 
Optimal temperature for most denitrifying microorganisms is 35 °C. (Davis 2010) Most 
of the denitrifying organisms are mesophilic and denitrification activity has been reported 
to be at its maximum around 25‒35 °C (Adouani et al. 2013).  
Optimal operating temperature depends greatly on the composition of the microbial cul-
ture. Low temperatures can inhibit the activity of intracellular enzymes, slow down en-



15 
zymatic reactions, and decrease level of metabolism. On the other hand, high tempera-
tures may cause protein denaturation and be lethal to denitrifiers. (Adouani et al. 2013; 
Jianping et al. 2003). 
3.1.5 Dissolved oxygen 
Denitrifiers switch from aerobic respiration to anaerobic when O₂ concentration is around 
≤0.01 mmol/l = 0.032 mg/l. NO₃⁻ is less efficient electron acceptor compared to O₂, be-
cause oxygen yields more energy, which is why microorganisms prefer O₂ as electron 
acceptor (Van Lier et al 2008; Robertsson & Groffman 2007). Denitrification needs an-
oxic environment and for efficient denitrification the DO concentration should be kept 
below 0.2 mg /l, although denitrification can be observed with DO concentrations up to 
1 mg/l. With higher concentrations denitrification is not usually obtained.  Presence of 
molecular oxygen suppresses denitrification enzyme activity and synthesis by repressing 
nitrogen-reductase genes or by inhibiting the activity of reductase enzymes. (Henze et al. 
2008, p. 428; Lu et al. 2014; Rittmann & McCarty 2001) 
In practice denitrification can occur with DO concentrations above zero because reduc-
tase gene repression occurs with higher DO concentrations than activity inhibition. 
(Henze et al. 2008, p. 428) High DO concentration will generally repress nitrite and ni-
trogenous oxide reductases before nitrate reductase and this results in accumulation of 
intermediate compounds (Rittmann & McCarty 2001). 
3.1.6 Nutrient requirement 
The most important macronutrients for heterotrophic denitrifiers are nitrogen and phos-
phorus but they also need carbon, sulfur, and micro nutrients, such as iron, copper, boron, 
manganese, zinc, molybdenum, and cobalt. If there is a lack of nutrients bacterial activity 
and growth may be limited. (Rivett et al. 2008) 
Denitrifiers, as all living organisms, need phosphorus for growth and respiration. Phos-
phorus needs to be added to the system to avoid decline in the denitrification rate if the 
phosphorus concentration in wastewater is too low to support cell growth. The required 
amount of phosphorus in denitrification depends directly on the nitrate concentration.  
(deBardillo et al. 2006) With low nitrate concentrations, with only few mg/l of nitrate, the risk of phosphorus limitation is minimal but as the nitrate concentration increases 
above 10 mg/l phosphorus has more significant effect as limiting nutrient.  The phospho-
rus requirement for denitrifiers is generally expressed with P/NOx-N ratio, and the re-
quired influent ratios are in the range of 0,005‒0,026. (Tchobanoglous et al. 2014) Hus-
band et al. (2012) cited that denitrification requires orthophosphate between 0.0086 g/l 
and 0.5 mg/l. Suitable amount of phosphorus should be guaranteed for efficient denitrifi-
cation, but high P/N-ratio may result in exceeding phosphorus discharge limits within the 
effluent (Boltz et al. 2010; Harri & Bosander 2004; Husband et al. 2012).  
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Denitrifying organisms require heavy metals as micronutrients for bacterial growth and 
enzyme activity. Some nitrogen reductase enzymes contain heavy metal cofactors and 
this increases the demand of specific metals. Nar subunits require molybdenum or iron 
(for iron-sulfur cluster), Nir subunits require either iron or copper, Nor requires iron, and 
Nos requires copper and in some cases zinc, nickel or iron. (Seviour & Nielsen 2010) 
3.1.7 Accumulation of intermediate products 
NO₂⁻, NO, and N₂O are denitrification intermediate products. Process parameters should 
be optimized to promote complete denitrification because intermediate compounds, 
mostly NO₂⁻ and N₂O, are inhibitive to denitrification and results in nitrogen emissions. 
It is common that NO is not observed as gaseous intermediate compound or it is measured 
at near-zero concentrations because NO is toxic to microorganism and it is reduced rap-
idly to N₂O by Nor- enzyme, immediately after its production, to minimize accumulation. 
(Sabba et al. 2017; Shiro et al. 2012) Figure 5 summarizes factors that results in NO₂⁻ and 

N₂O accumulation, and finally to inhibition of denitrification and nitrogen emissions.  

 
Figure 5. Factors affecting to NO₂⁻ and N₂O accumulation and emissions  
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One of the most common reasons for NO₂⁻ accumulation is the imbalance of certain type 
of microorganisms in the process. Lack of complete denitrifiers or NO₂⁻ and N₂O reducers 
with corresponding reductase enzymes leads to accumulation of intermediate compounds 
because denitrifiers are not able to reduce compounds one after another. (Dhamole et al. 
2007; Glass and Silverstein 1998) Operational parameters, such as short SRT (solids re-
tention time) favors growth of N₂O producing species which leads to N₂O accumulation 
due to incomplete denitrification. (Hanaki et al. 1992).  
Insufficient amount of organic carbon will result in incomplete denitrification because 
denitrifiers will not have enough carbon to continue denitrification reaction after nitrate 
reduction. Limited organic carbon affects indirectly to N₂O emissions because insuffi-
cient carbon accumulates NO₂⁻ which can lead to N₂O accumulation. Accumulation of 
N₂O (and NO) can inhibit N₂O reductase which will further increase N₂O accumulation. 
(Kampschreur et al. 2009) Also the type of carbon source used for denitrification affects 
to NO₂⁻ accumulation in the presence of high NO₃⁻ concentrations. Greater NO₂⁻ accu-
mulation has been observed for example with sucrose-fed systems compared to methanol 
and acetic acid. (De Filippis et al. 2013) 
Presence of dissolved oxygen inhibits denitrification reaction and favors growth of other 
denitrifying organisms over complete denitrifiers. NO₂⁻ accumulation with high DO con-
centration (> 4,5 mg/l) has been reported to be caused by the growth of nitrate reducing 
bacteria, which will only reduce NO₃⁻ to NO₂⁻. (Gomez et al. 2002) 
Acidic pH accumulates both NO₂⁻ and N₂O. The effect of NO₂⁻ inhibition to denitrifica-
tion is greater with decreasing pH and it has been suggested that the inhibitor is nitrous 
acid (HNO₂) rather than NO₂⁻. (Cao et al. 2013; Glass & Silverstein 1998) At pH values 
equal or less than 7 it is HNO₂ that causes inhibition and when pH is increased to 8, the 
inhibitive effect of intermediate compounds is reduced. (Glass & Silverstein 1998) The 
effect of pH in the range 7‒8 is not significant to N₂O accumulation but as the pH drops 
to 6.5 and below, N₂O emissions increase with decreasing pH (Kampschreur et al. 2009).  
Nitrite reduction rate affects to accumulation of NO₂⁻ with high NO₃⁻ concentrations and 
salinity. High NO₃⁻ concentration may result in nitrite accumulation because nitrite re-duction rate in general is lower than the nitrate reduction rate (Sun et al. 2009). It has 
been reported that in the presence of both, NO₃⁻ and NO₂⁻, bacteria and complete denitri-
fiers that could use either of the compounds, prefer NO₃⁻ as their electron acceptor which 
increases NO₂⁻ accumulation in the system (Dhamole et al. 2007). Nitrite reduction is the 
rate-limiting step in saline environments. High salinity has been observed to cause NO₂⁻ 
accumulation due to inhibition of nitrite reductase activity.  (Yoshie et al. 2006) 
Temperature may cause N₂O accumulation due to imbalance and changes in specific re-
duction rates of NO₃⁻, NO₂⁻, and N₂O. Low temperatures (5‒10 °C) as well as rise in 
temperature increase N₂O accumulation. (Adouani et al. 2013; Pan et al 2013). Increase 
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in temperature from 25 to 35 °C has been reported to increase N₂O production rate and N₂O gas emissions due to lower solubility of N₂O. Solubility of N₂O decreases the avail-
ability of intermediate compounds to bacteria as N₂O is diffused from liquid to gas and 
accumulated in the headspace. (Pan et al. 2013)  
N₂O emissions are also a result of the slow reductase reaction which leads to accumula-
tion of N₂O.  N₂O reductase is more sensitive to environmental changes than other reduc-
tases and changes in the environmental conditions cause N₂O emission peaks. Bacteria 
need time to adjust to the changes in the environment, such as increased DO and NO₂⁻ 
concentrations, and it is possible that after bacteria have adapted to new environments, 
N₂O emissions are decreased from the peak amounts in the long run. (Kampschreur et al. 
2009) 
3.1.8 Inhibitory compounds 
Presence of inhibitors will often result in accumulation of intermediate compounds or 
cease denitrification. The inhibitive effect to denitrifiers depends on the denitrifying cul-
ture. As inhibitory compounds and levels are process specific it is impossible to determine 
absolute values for different inhibitory compounds. (Ramirez et al. 2018) However, there 
are some commonly studied compounds that have negative effect to denitrification and 
are often present in industrial wastewaters. 
Salinity is inhibitive to denitrification at concentrations exceeding the level of tolerance 
for microorganisms, which varies between different species. Increasing salinity changes 
composition of denitrifying communities and results in loss of microbial enzyme activity. 
Greatly fluctuating saline levels in denitrifying systems causes salinity shock, decreases 
denitrification rate due to plasmolysis, and results in collapse of denitrifying reactor. 
(Dincer & Kargi 1999; Wang et al. 2016) Table 4 shows half inhibitive (IC₅₀) and half 
lethal (LC₅₀) concentrations of NaCl, Na₂SO₄, and Na₃PO₄ to denitrifying granular sludge. 

Table 4. Half inhibition and half lethal concentrations of NaCl, Na₂SO₄, and Na₃PO₄ to denitrifiers (Wang et al. 2016) 
 NaCl (g/l) Na₂SO₄ (g/l) Na₃PO₄ (g/l) 
IC₅₀ 11.46 21.72 7.46 
LC₅₀ 77.35 100.58 67.92 

 
High salinity, due to sodium chloride (NaCl), has been found to reduce denitrification 
rate by half with 15.2 g NaCl/l (Dincer & Kargi 1999).  
Heavy metals inhibit nitrogen reductase activity or disturb the normal enzymatic reac-
tions. Arsenic, iron, selenium, cadmium, mercury, and tungsten have reported to inhibit 
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reductase activity of denitrifying soil bacteria (Hamsa et al. 2017). Table 5 shows inhibi-
tory concentrations of some heavy metals to denitrifiers. 

Table 5. Inhibitory concentrations of iron, chromium and nickel to denitrifiers  
Heavy metal compound Concentration Inhibitory effect Reference 
Iron ≥25 mgFe/l complete inhibition¹ 

Ramirez et al. 2017 Chromium ≥5 mgCr/l complete inhibition¹ 

Nickel 
≥2 mgNi/l accumulation of inter-mediate compounds¹ 
50 mgNi/l 18% decrease in nitrate removal efficiency Zou et al. 2014 100 mgNi/l 65% decrease in nitrate removal efficiency 

¹ The extent of inhibition varied according to pH (6‒7), carbon source    (ethanol and citrate), and initials concentrations of heavy metals. 
 
3.1.9 Competition with sulfate reducing bacteria 
If sulfate and nitrate are both present in the wastewater denitrifiers and sulfate reducing 
bacteria have to compete for same substrates. SRB reduce sulfate dissimilatory to sulfite 
and further to sulfide (Ontiveros-Valencia et al. 2012). Sulfide can exist as gaseous hy-
drogen sulfide (H₂S) or in the liquid as HS⁻ and S₂⁻. The form of sulfide depends on pH 
and temperature inside the reactor (Figure 6). 

 Figure 6. Relative distribution of sulfide in water as a function of pH (adapted from Chen et al. 2015) 
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At lower temperatures and lower pH values the proportion of toxic H₂S increases. The 

relative concentrations of H₂S/HS⁻ at temperatures between 10 to 30°C are roughly 100/0 
at pH below 5, 50/50 at pH 7, and 0/100 at pH above 9. (Brock 1994; Nevatalo 2010, 
p.16) 
Hydrogen sulfide may disturb denitrification and prevent activity of certain reductases 
which leads to accumulation of intermediate compounds. In the study of Pan et al. (2013) 
sulfide was found to inhibit NO₂ and N₂O reductase by 50% at concentrations of 0.04 and 
2.0 mg/l H₂S-S/l respectively for unadapted cultures. For adapted cultures the correspond-
ing inhibitive concentrations were 0.1 and 2.0 mg/l H₂S-S/l. The inhibitory effect was 
found to be reversible and the actual N₂O reductase inhibitor was most likely hydrogen 
sulfide rather than sulfide.  
It is possible to overcome sulfate inhibition by having environmental conditions favorable 
to denitrification and unfavorable to SRB. Nitrate is thermodynamically more favorable 
electron acceptor than sulfate and SRB gain theoretically 16% of the energy of denitrifi-
cation. SRB grow slower than denitrifiers and denitrification is dominating reaction in 
environments where both reactions could occur. Sulfate reduction occurs at ORP (oxida-
tion reduction potential) between -50 to -250 mV and by keeping the ORP values between 
+50 to -50 mV it is possible to enhance nitrate removal and to prevent sulfate reduction. 
Nitrate is also known to inhibit sulfate reduction due to competition between electron 
donors and accumulation of denitrification intermediate compounds. The higher the ni-
trate loading is the stronger the inhibitive effect is to sulfate reduction. (Ontiveros-Valen-
cia et al. 2012)  
3.2  Biological nitrate removal reactors 
Different types of anaerobic bioreactors can be used for nitrate removal. Biological treat-
ment processes can be divided into suspended growth and biofilm systems. 
(Tchobanoglous et al. 2014, p. 556) In suspended growth systems microorganisms move 
freely in the liquid and are removed within the effluent. In biofilm systems microorgan-
isms are attached to inert carrier material and retained in the system. (Rittmann & McCar-
thy 2001) Although both types of reactors have been used successfully in denitrification applications, biofilm reactors have increased surface area per volume that enables high 
removal rates with relatively short hydraulic retention times (Tchobanoglous et al. 2014, 
pp. 556-561). Biofilm reactors are also resistant to shock loadings and operational 
changes, i.e. temperature, feed concentrations or feed composition. Biofilm systems are 
generally more flexible and stable than other biological wastewater treatment systems 
(Liu & Pfeffer 1989). 
Table 6 shows laboratory scale studies on nitrate removal with SBRs (sequencing batch 
reactor) and FBRs (fluidized bed reactors). Initial nitrate concentrations are between 10‒

40 000 mg/l and most of the denitrifying experiments have been studied at mesophilic 
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range. In all SBRs nitrite was accumulated but none of the processes was completely 
inhibited by the nitrite concentrations. Results from SBRs can be used to estimate the 
hydraulic retention time and effect of inhibitive compounds although FBRs are able to 
perform denitrification at faster rate and can treat wastewaters containing even toxic com-
pounds to bacteria. In most of the studies either high nitrate concentration or concentra-
tion of other compounds in wastewater required acclimatization time. With gradual in-
crease of compound concentration levels, the microorganisms were adapted to the influ-
ent wastewaters and high (>99%) nitrate removal was obtained. All studies were per-
formed at neutral or alkaline pH ranges. The only acidic influent pH was in the study of 
Zou et al. (2015) but due to effective mixing of water in denitrifying FBRs, influent pH 
approaches the effluent pH and pH inside the reactor is closer to the effluent pH. 
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Table 6. Laboratory scale reactor studies on nitrate removal 

 

Reactor type Influent nitrate 
(mg NO₃/l) Carbon source and dosage Temperature (°C) HRT Remarks Reference 

SBR 40 000¹ Sodium acetate  (C/N = 2/1) n/a Cycle 24 h, complete DN in 6 hours Initial pH 7.2 and final pH 9‒9.5 Dhamole et al. 2007 
SBR 3100¹ Methanol  (C/N = 2.67/1)² n/a Cycle 6‒24 h, com-plete DN in 6 hours 150 mg Ca/l, average pH 7 Fernandez-Nava et al. 2008 
SBR 36 000 Sodium acetate  (C/N = 1.5/1) n/a Cycle 24 h, complete DN in 22 hours Ionic strength 3, pH 9 Glass and Silver-stein 1999 
SBR 24 000¹ Sodium acetate  (C/N = 3/1) 30 Cycle 24 h, complete DN in 8 hours Initial pH 7.5 and final pH 9.5 Mohan et al. 2016 
FBR 3 000‒ 6 600¹ Methanol (C/N = 2.7/1)² n/a 0.92‒5.08 h Removal (%) 89.5‒99.9, effluent 

NO₃-N <96.5 mg/l and 
NO₂-N < 60.7 mg/l 

Chen et al. 1996 

FBR 300 Ethanol  (C/N = 0.84/1) 7‒22 5.4 h 500 mg Ni/l in wastewater, initial pH 5.5 and final pH 7.2 Zou et al. 2015 

FBR 45‒450¹ Methanol  (C/N = 1.5/1)² 24.5‒40.5 30 min Max. average NO₃-N removal 90.90% Burghate & In-gole 2013a 
FBR 4500¹ Methanol  (C/N = 3/1) 23 1.5‒3.8 h pH maintained at 7.5 Rabah & Dahab 2004 
¹ Influent nitrate (mg NO₃/l) concentrations calculated from original reference of nitrate-nitrogen (mg NO₃-N/l)                                                                                                         ² Influent C/N ratio calculated from original reference COD/N or M/N ratios n/a = not available DN = denitrification 
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3.2.1 Anaerobic fluidized bed bioreactor 
FBRs or anaerobic fluidized bed bioreactors (AnFBR) are biofilm reactors where bed of 
carrier material, and later during operation bioparticles, is expanded between 10 to 300% 
and fluidized by recirculating flow. In FBRs individual particles are separated from each 
other by high fluidization rate. With expansion around < 20% some of the particles are in 
contact with each other due to lower fluidization rate. FBR design minimizes clogging, 
high pressure drop, and need for secondary clarifiers. Biomass is retained inside the re-
actor attached to the media, until produced biomass is taken out from the reactor and 
disposed in a controlled way. (Fernandez et al. 2008; Design of water resource 2018)  
FBRs are suitable for treating wastewaters with soluble compounds (Burghate & Ingole 
2013b). Recycle flow creates mixing and dilutes the incoming wastewater which in-
creases the reactors’ ability to resist shock loads, toxic compounds, and changes in the 

operational conditions (Burghate & Ingole 2013b; Nelson et al. 2017). Figure 7 shows 
schematic picture of upflow FBR with circulation and basic concept of bioparticle that 
consists of carrier material (medium) that is surrounded by attached microorganisms (bio-
film). 

 
Figure 7. Schematic picture of fluidized bed biofilm reactor with bioparticles (adapted from Design of water resource 2018) 

There are three basic states at fluidized beds that are controlled by the fluidization veloc-ity. In the initial state, without any circulation and when the upflow velocity is too small 
for fluidization, the bed stays at fixed state as static bed. When the recycle flow is in-
creased the bed starts to move and expands to fluidized bed. If the recycle flow is further 
increased, the bed changes into transportation state where the bed material expands across 
the whole reactor volume and will flush out from the reactor. (Xiaoguang et al. 2013) 
Control of the hydrodynamic conditions determines operation of FBRs. At minimum flu-
idization velocity static bed starts to expand and act as fluidized. Bed expansion and flu-
idization depends on the bed geometry, bed material, and fluid properties (Escudero 
2010).  Because the hydrodynamic conditions in reactors are mainly controlled by the 
recycle flow of liquid, it is necessary to adjust recirculation ratio during operation to keep 
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the bed expanded at desired level.  As the microorganisms attach to the solid particles, 
the density, shape, and size of the particles change which alters the hydrodynamic behav-
ior. (Diez Blanco et al. 1995) Fluidized beds can expand during operation due to increase 
in the superficial velocity or as a result from microbial growth and attachment to support 
material in the reactor (Gulsen and Turan 2004)  
3.2.2 Activated carbon as carrier material 
FBR carrier material should have small diameter (around 0.5 mm) and large surface area 
per volume. Porous material with rough surface, pores, and crevices provide areas where 
microorganisms can attach in the first place. (Liu & Pfeffer 1989) Particle size distribu-
tion, initial particle size, and varying biofilm thickness on the particles increase bed seg-
regation and can decrease reactor performance. Particle characteristics are related to the 
diffusion properties and can lead to washout of active biomass along with carrier material 
from the reactor. (Escudero 2010) 
Activated carbon fulfills the abovementioned requirements as it is porous and has submi-
croscopic pores (Liessens al. 1993). Granular activated carbon (GAC) acts primarily as 
support media for biofilm attachment but can also adsorb substrates and cut-off peak con-
centrations of contaminants. It can provide a temporary storage place by adsorbing con-
taminants if the concentrations increase to a level that bacteria are not able to handle. 
When the concentrations inside the reactor decrease to suitable level for bacteria, the con-
taminants will desorb. Adsorption allows bacteria to function in a more stable environ-
ment and equalizes fluctuations of varying influent concentrations. (Maloney et al. 2002) 
3.2.3 Biofilm formation 
Biofilm is a mixture of microorganisms, particulate material, and extracellular polymeric 
substances (EPS) which is attached on a support material or on any surface (Loupasaki & 
Diamadopoulos 2012) Biofilm formation can be divided into five different stages which 
are shown in Figure 8.  
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Figure 8. Steps of biofilm formation from attachment to detachment (adapted from Sauer 2003) 

At the first stage bacterial cells come in contact with a surface and attach to it. The at-
tachment at first stage is reversible and cells can either dissociate from the surface or 
become irreversible attached by producing EPS (stage 2). EPS is mixture of polysaccha-
rides, proteins, nucleic acids, and phospholipids. EPS binds the cell to surfaces as well as 
protects cells from the surrounding environment by providing a diffusive barrier against 
toxic compounds that could potentially harm the cell. Third phase is called early devel-
opment when maturation of biofilm starts. Mature biofilms (stage 4) have formed water 
channels that allow water and nutrients to migrate deeper into the inner layers of biofilm 
(base film) because the diffusion of nutrients into the inner layers is highly limited. Cells 
in the inner layers of the biofilms have reduced growth rates compared to cells on the 
outer layer (surface film). Biofilm characteristics depend on the surrounding environment 
and with low shear forces biofilms can be thick masses whereas with higher shear forces 
the biofilms tend to be flatter. Some of the cells detach from the mature biofilm because of limited amount of nutrients. In the fifth stage, called dispersion stage, cells in biofilms 
break down EPS matrix by producing enzymes when the environment becomes unfavor-
able for them. These enzymes do not only break down EPS so cells can escape from the 
biofilm actively but also degrades EPS to be used as nutrient source in scarce conditions. 
In passive cell detachment chunks of biofilm are sloughed as a result from abrasion, shear 
stress, sloughing and grazing off.  (Sauer 2003, Quereshi et al. 2005) 
Biofilm formation requires usually long start-up time and it may take several months for 
anaerobic biofilm systems to have mature biofilm. Thermophilic biofilm formation re-
quires usually longer start-up times than in reactors operating at lower temperatures. The 
maturation of biofilm in the beginning determines the system performance later in oper-
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ation. Bioreactors are often faced with changes in operational parameters and disturb-
ances rather than working with steady conditions. Therefore it is important to create a 
stable microbial community during start-up of the reactors.  (Escudie et al. 2011; Gentile 
et al. 2006) 
Detachment of excess biofilm and disposal of microorganisms during steady-state oper-
ation in attached growth systems is required to maintain the bed at appropriate level. Par-
ticles can abrade against each other which rubs off excess biofilm and maintains thin 
biofilms without excess growth.  Cell material as well as other solids are able to move 
upwards through the bed and can attach to particles or be removed from the system easily. 
In FBRs the removal of biofilm can be done with mechanical separation devices or it is a 
result from high shear forces by alternating hydrodynamic conditions in reactor. (Design 
of water resource 2018) 
Short HRT can favor biofilm formation and certain type of physical structure of the bio-
film as the suspended microorganisms are washed out from the reactor. Biofilm accumu-
lation is a result of equilibrium between growth and detachment of bacteria in the biofilm 
due to shear forces. Too high shear forces result in thin and dense biofilms and it is sus-
pected to slow down the biofilm maturation. Low hydrodynamic shear forces enable 
faster accumulation of biomass on the carrier material whereas higher hydrodynamic 
shear forces favor high removal rates despite the decreased biofilm growth. (Escudie et 
al. 2011) 
3.2.4 Acclimatization of microorganisms 
Acclimation can be considered as the time that microorganisms need to adapt to new 
conditions and changing environment. Although biofilms are resistant to shock loadings 
and changes in the environment it is possible to enhance biofilm formation by adapting 
microorganisms gradually to high contaminant concentrations in wastewaters. Acclima-
tization of denitrifying bacteria is a manipulative process where nitrate rich environments 
favor the growth of nitrate tolerant bacteria and results in desired population of denitrifi-
ers. (Dhamole et al. 2007) 
Gradual acclimation of microorganism is used to develop microbial population that is able to treat wastewaters with high concentrations of nitrate. The idea is to increase 
wastewater nitrate content in a step-wise manner until bacteria show acceptable reduction 
rate at desired nitrate concentration. Acclimatization strategy is suitable for processes 
where the wastewater composition remains stable but the seed sludge has not been used 
to treat similar type of wastewater previously. (Fernandez-Nava et al. 2008) 
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4. MATERIALS AND METHODS 
4.1 Experiment set-up 
The experiments were done with three parallel laboratory scale FBRs (Figure 9). Reactor 
working volume was 250 ml.  

 

1 Influent feed line with pump 
2 Glass beads 
3 Activated carbon expanded bed 
4 Liquid space 
5 Recycle line with pump 
6 Gas space 
7 Gas collecting line and gas collecting bag 
8 Effluent line 

Figure 9. Schematic picture of fluidized bed reactor in laboratory experiments 
The bottom of the reactors was filled with glass beads to distribute liquid flow evenly and to prevent material escaping from the bottom of the reactor. Fluidization of activated car-
bon bed was ensured by recycling wastewater from top of the reactor and pumping it back 
from the bottom of the reactor (Recycle pump unit: Masterflex L/S motor 6-600 RPM, 
Masterflex L/S Easy-Load II pump head, and Masterflex L/S 10-turn speed controller). 
Feed was kept in refrigerator at 4°C and fed from the bottom of the reactor (Influent feed 
pump unit: Masterflex L/S motor 1-100 RPM, Masterflex L/S Easy-Load II pump head, 
and Masterflex L/S 10-turn speed controller). Liquid space above the expanded bed was 
meant for separation of solid particles from the liquid. Effluent was drawn from the upper 
part of the reactor. Effluent line was equipped with water lock to prevent backflow of air 
to the reactor and to maintain the reactor anoxic. Produced gas was collected from the 
reactor to gas collecting bags and gas collecting line was equipped with sampling vial of 
which samples were taken with syringe through septa for analyses. 
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One of the reactors (Mesophilic) was operated at 35 °C and two of the reactors (Thermo-
philic1 and Thermphilic2) at 50°C. Operating temperatures were maintained by simple 
heat exchanger. Heated water from water baths was circulated in tubes wrapped around 
the outer surface of the glass reactors.  
Carrier material was activated carbon and initially it occupied approximately 18% of the 
reactor liquid volume. Bed expansion was kept at 10‒15% by adjusting the recycle flow. 
Bed expansion was monitored visually and recycle flow was controlled between 275‒625 
ml/min to maintain suitable bed expansion. Reactors were seeded with 50 ml of activated 
sludge from Viinikanlahti municipal wastewater treatment plant, Tampere. Activated 
sludge was transferred to the reactors within few hours after collecting the mixed micro-
bial culture from aeration tank.  
4.2 Operation strategy 
Laboratory experiments were divided into acclimatization, optimization, continuous op-
eration and elevated nitrate feed phases (Table 7).  
Table 7. Operation strategy of reactors for HRT and feed at operational phases 
Phase Duration (d) Reactors in  operation HRTs (h)¹ Feed 

Acclimati-zation 
35 

(days 1‒35)  
Mesophilic 

- 
900‒4000 mg NO₃⁻/l,  C/N = 1.7 (see Table X), nutrient solution (see Table X) 

Thermophilic 1 
Thermophilic 2 

Optimiza-tion 
7  

(days 36‒42)   
Mesophilic 4.5, 5, 11, 16 4 000 mgNO₃⁻/l,  C/N = 1.7,  nutrient solution (see Table X) 
Thermophilic 1 4, 5, 11, 19 
Thermophilic 2 4, 5.5, 11, 24 

Continuous 45  
(days 43‒87) 

Mesophilic 3.5, 4, 5, 5.5, 6, 6.5, 7, 8 
4 000 mgNO₃⁻/l,  C/N = 1.7, 1.5, 1.4,  
6500 mgSO₄²⁻/l 

Thermophilic 1 4, 4.5, 5, 6, 6.5, 7, 9, 10 
Thermophilic 2 3.5, 4, 5, 5.5, 6, 6.5, 8 

Elevated nitrate feed 7  
(days 88‒94) 

Mesophilic 6, 6.5, 9 20 000 mgNO₃⁻/l,  C/N = 1.4,  
6500 mgSO₄²⁻/l   Thermophilic 2 5, 6, 6.5, 8,5 

¹ HRTs calculated as empty bed contact time (EBCT = volume of empty bed / flow rate) 
 
All three reactors were operated in the first three phases and two reactors (Mesophilic and 
Thermophilic 2) were operated in the last, elevated nitrate feed phase. Total duration of 
experiments was 94 days. Reactors were operated as batch-fed during acclimatization 
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phase and fed twice a week. 4 HRTs were studied in optimization phase to estimate suit-
able HRTs for continuous phase operation. Nitrate removal from flue gas condensate 
wastewater with nitrate (4 000 mg/l) and methanol was studied in continuous operation 
phase for HRTs between 3.5 to 10 hours. HRTs between 5 to 9 hours were studied in the 
elevated nitrate (20 000 mg/l) feed phase. Feed solution was nutrient rich influent in the 
acclimatization and optimization -phases and changed to flue gas scrubber condensate in 
the continuous and elevated nitrate feed -phases. Compositions of feed solution are ex-
plained in detail in chapter 4.3 “Feed solutions”. 
Table 8 shows sampling frequency and analyses that were taken at each operational phase. 
Liquid sample analyses included nitrate (NO₃⁻), nitrite (NO₂⁻), sulfate (SO₄²⁻), methanol 
(MeOH), pH and ORP. Gas sample analyses included gas composition of nitrogen (N₂), 
carbon dioxide (CO₂), and produced gas volume. 
Table 8. Sampling frequency and analyses for liquid and gas samples at operational phases 

Phase Liquid sample analysis   Gas sample analysis 
Acclimati-
zation 

pH, ORP 2 times/week  
(days 18‒35) 

-  

Optimiza-
tion 

pH, ORP,  
NO₃⁻, NO₂⁻, MeOH 

For HRTs (h) M: 4.5, 5, 11, 16 T1: 4, 5, 11, 19 T2: 4, 5.5, 11, 24 
Volume For HRTs (h) M: 4.5, 5, 11, 16 T1: 4, 5, 11, 19 T2: 4, 5.5, 11, 24 

Continuous pH, ORP,  
NO₃⁻, NO₂⁻, 
SO₄²⁻, MeOH 

For HRTs (h) M: 3.5, 4, 5, 5.5, 6, 
6.5, 7, 8 T1: 4, 4.5, 5, 6, 6.5, 7, 
9, 10 T2: 3.5, 4, 5, 5.5, 6, 
6.5, 8 

N₂, CO₂, H₂S,  
Volume 

Gas composition M, T1 & T2: 
1 time/week,  volume for HRTs 
(h) M, T1 & T2:  3, 4, 5, 6, 7, 8, 9, 
10, 11 

Elevated 
nitrate feed 

pH, ORP,  
NO₃⁻, NO₂⁻, SO₄²⁻, MeOH 

For HRTs (h) 
M: 6, 6.5, 9 T2: 5, 6, 6.5, 8,5 

N₂, CO₂, 
Volume 

Gas composition 
T2: day 94 Gas volume for HRT (h) T2: 6 

Abbreviations for reactors:  M = Mesophilic, T1 = Thermophilic 1, T2 = Thermophilic 2 
 
Sampling after operational changes (nitrate concentration in feed or influent flow) was 
done after conditions inside reactors had equalized and at least 500 ml (2 x reactor liquid 
volume) of influent was fed before each sampling.  
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4.3 Feed solutions 
Feed in the acclimatization phase contained nutrient solution (Papirio et al. 2014) pre-
pared in tap water with increasing concentration of nitrate and methanol (Table 9).  

Table 9. Nutrient solution (Papirio et al. 2014) in acclimatization phase with in-creasing nitrate concentration 
Compound Concentra-tion (mg/l) 
KH₂PO₄ 50 
CaCl₂·2H₂O 20 
MgCl₂·6H₂O 150 
Na₂MoO₄·2H₂O 0.1 
MnCl₂·4H₂O 1.75 
CoCl₂·6H₂O 0.05 

 

 Days Nitrate (mgNO₃⁻/l) Methanol (mg/l) 
1‒7 900 680 
8‒14 1800 1400 
15‒21 2600 2160 
22‒28 3100 2450 
29‒35 4000 3165 

  
Sodium nitrate (NaNO₃) was the nitrate source and methanol (CH₃OH) was added to the 
feed according to nitrate-nitrogen concentration. The amount of methanol was kept above 
the stoichiometric value with C/N-ratio of 1.7. Feed solution was prepared and fed twice 
a week and flushed with nitrogen gas before feeding. During the feed, 50% of the liquid 
volume was replaced with wastewater solution. 
Feed in the continuous phase was flue gas condensate wastewater which contained sulfate on average of 6500 mg SO₄²⁻/l. Flue gas condensate was taken from power plant and 
stored at 4°C prior to adding NaNO₃ and methanol. Nitrate concentration was 4000 mg 
NO₃⁻/l and C/N ratio was gradually deceased from 1.7 to 1.4 by adding corresponding 
amount of methanol. Feed was prepared as needed and flushed with nitrogen before con-
nected to the feed line. Condensate wastewater contained solid particles which settled in 
6 hours. Required settling time was studied by monitoring solids settling visually at room 
temperature after shanking 1l of wastewater in 1l borosilicate glass bottle. Feed line intake 
was adjusted above the settled particles to avoid clogging of tubes.  
Scrubber condensate wastewater was used in elevated nitrate feed phase. Nitrate concen-
tration was 20 000 NO₃⁻/l and methanol was added according to C/N ratio of 1.4. Feed 
was prepared, fed and stored similarly as in continuous phase. 
4.4 Analyses and calculations  
Nitrate, nitrite, and sulfate were analyzed with ion chromatograph (Dionex ICS-1600, 
Ion-Pac AS4A-SC anion exchange column, AS-DV autosampler, and ASRS-300 sup-
pressor). Eluent (1.9 mM Na₂CO₃ and 1.7 NaHCO₃) flow rate was 1 ml/min. Samples 
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were filtered through 0,45 µm disposable filters to 1.5 ml Eppendorf-tubes and stored at 
-20°C before analysis. 0.5 ml sample vials were filled with tempered and shaken samples 
which were diluted with Milli-Q water if needed. Detection limit for nitrate and sulfate 
was 10 mg/l and for nitrite 5 mg/l.  
Methanol was analyzed with gas chromatograph (Shimadzu GC-2010, FID1 detector, Ca-
pillary GC Column ZB-wax plus 30 m x 0.25 mm x 0.25 µm, Autosampler AOC-20i/s). 
Operation conditions were: Detector 250 °C, injector 250°C, column 40°C, injection vol-
ume 1 µl, and total column flow 81,4 ml/min (He, H₂, air). Samples were prepared by 
filtering through disposable filter (0,2 µm) to 1.5 ml Eppendorf-tubes and stored at -20°C 
before analysis. 700 µl of tempered and shaken sample were injected to 1.5 ml vials with 
100 µl of oxalic acid (0.6 M), 100 µl of crotonic acid (100 mg/100 ml), and 100 µl of 1-
propanol (60 µl /100 ml).  
Wastewater pH and ORP were measured with WTW pH-3210 pH-meter and SenTix41 
electrode. Measurements were performed immediately after sampling from non-filtered 
influent and effluent water samples.  
Gas composition (N₂ and CO₂) was analyzed with gas chromatograph with thermal con-
ductivity detector (TCD) (Shimadzu GC-2014, Agilent Porapak N80 column). Operation 
conditions were:  injector 80°C, detector 80°C, column 40°C, and column flow 25 ml/min 
(He). Gas samples (200 µl) were injected with pressure lock syringe.  
Hydrogen sulfide was analyzed with gas chromatograph (Agilent Technologies 6890N 
Network GC System, DB-Sulfur SCD column). Operation conditions were: Detector 
220°C, H₂ flow 60 ml/min, air flow 100 ml/min, He flow 30 ml/min, oven 35°C for 2min 
 increase 10°C/min to 70°C  increase 100°C/min to 220°C, column pressure was 8,6 
psi and flow 5,8 ml/min. Gas samples (100 µl) were injected with pressure lock syringe. 
The volume of produced gas was measured with water displacement method. Results 
were converted to standard temperature and pressure (Equation 7) based on the IUPAC 
standard temperature and pressure conditions (273 K and 100 kPa).  

𝑝𝑉 = 𝑛𝑅𝑇, (7) 
where 
p = pressure [kPa] 
V = volume [m³] 
n = amount of substance [mol] 
R = gas constant [8.3144621 m² kg s⁻² K⁻¹ mol⁻¹] 
T = temperature [K] 
 
Nitrogen removal was calculated with the effluent nitrate and nitrite concentrations from 
the influent nitrate concentration according to equation 8: 
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𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑 = 1 −
𝑁𝑂3

−
𝑒𝑓𝑓+𝑁𝑂2

−
𝑒𝑓𝑓

 𝑁𝑂3
−

𝑖𝑛𝑓

, (8) 
where  
Nremoved = removed nitrogen [%] 
NO₃⁻eff = effluent nitrate concentration [mg/l] 
NO₂⁻eff = effluent nitrite concentration [mg/l] 
NO₃⁻inf = influent nitrate concentration [mg/l] 
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5. RESULTS 
5.1 Acclimatization phase 
Influent and effluent pH and ORP values between days 18 and 35 showed increase in the 
pH and decrease in the ORP (Appendix 1), which indicate that nitrate was reduced. In-
fluent pH was 7‒7.8 and effluent pH was 7.5‒7.8 in mesophilic reactor, 7.3‒7.9 in Ther-
mophilic 1, and 7.5‒8 in Thermophilic 2. Influent ORP for mesophilic reactor varied be-
tween -24.5 and -40 mV. Effluent OPR in mesophilic reactor was from -41 to - 53 mV. 
Thermophilic feed had ORP between -15 and -29 mV. Effluent values varied between -
30 and - 52 mV in Thermophilic 1 and between -41 and-53 mV in Thermophilic 2.  
5.2 Optimization phase  
Nitrate reduction and nitrogen removal efficiency was studied in optimization phase with 
influent nitrate concentration of 4 000 NO₃⁻/l. Figure 10 shows nitrogen removal effi-
ciency (%), effluent nitrate and nitrite concentrations (mg/l) as a function of HRT (h).  
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Figure 10. Nitrate removal efficiency, nitrate and nitrite concentrations for 4 different HRTs in optimization phase 

Nitrogen removal efficiency increased from 92‒99% with increasing HRT in Mesophilic 

reactor. Nitrite concentration varied between 25 and 203 mg/l and nitrate between 17 and 
95 mg/l. 99 % nitrogen removal efficiency was also achieved in Thermophilic 1 reactor 
with HRT of 19 hours. Lowest nitrogen removal efficiency in the same reactor was 93% 
with HRT of 5 hours. Nitrite and nitrate concentrations varied between 24‒176 and 17‒

85 mg/l respectively. The lowest nitrogen removal efficiencies (64‒92%) and highest ni-

trite and nitrate concentrations (151‒618 mgNO₂⁻/l and 80‒496 mgNO₃⁻/l) were for Ther-
mophilic2 reactor.  
Residual methanol was found in all samples which was expected as the C/N-ratio was 
above the theoretically required amount for denitrification.  Effluent pH was increased 
from 7 in the feed above 9 in Mesophilic and Thermophilic1 reactors, and above 8.6 in 
Thermophilic 2 reactor. Feed water had ORP between +79 and -36mV but it was reduced 
in all reactors to level of -104 and -135mV. 
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5.3 Continuous phase 
Feed water was changed to flu gas condensate and sulfate was fed within the influent to 
the reactors in the range of 6243 to 6650 mg/l. Average sulfate concentrations in the ef-
fluent wastewaters were slightly higher than the influent concentrations, and thermophilic 
reactors had higher sulfate concentration than Mesophilic reactor (Table 10). 

Table 10. Average sulfate concentrations in feed and effluents 
 Influent Mesophilic Thermophilic 1 Thermophilic 2 
Average 6500 6652 6751 6786 

 
Effects due to change in feed from nutrient-rich solution to condensate wastewater were 
estimated by the short-term effects and reactor capability to recover as well as to achieve 
stable operation. Nitrogen removal efficiency, and effluent nitrite and nitrate concentra-
tions are used for comparing denitrification activity in optimization and continuous phase. 
The change in feed water from optimization phase to continuous phase decreased denitri-
fication efficiency for first three days but was recovered after one week. Table 11 shows 
nitrogen removal efficiency, nitrite and nitrate concentrations in the effluent wastewater 
as “optimization phase”  “effect of operational change”  “recovered activity”. 
Table 11. Effect to N-removal, nitrate and nitrite concentrations, and pH in the efflu-ent due to change in feed from nutrient rich solution to condensate wastewater 
 Mesophilic Thermophilic1 Thermophilic2 
Change in N-removal efficiency (%) 99 → 93 → 99 99 → 94 → 99 90 → n/a → 99 
Nitrite accumulation (mgNO₂-/l) 60 → 107 → not detected 78 → 114 → 34 n/a → n/a→ 80 
Nitrate concentration (mgNO₃⁻/l) 60 → 170 → 20 80 → 128 → 21 80 → n/a → 21 
pH  9.2 → 8.9 → 9.1 8.9 → 6.7 →9.6  8.7 → 7.0 → 8.8 
n/a = Results not available  

8 different HRTs for mesophilic reactor (between 3.5 and 8 hours) and 11 different HRTs 
for thermophilic reactors (between 3.5 to 10 hours) were chosen as operational retention 
times. Figure 11 shows average results for nitrogen removal efficiency and effluent nitrate 
and nitrite concentrations, which were used to evaluate optimal HRTs for mesophilic and 
thermophilic reactors. Figure 12 shows also results for gas volumes with different HRTs. 
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Figure 11. Nitrogen removal efficiency, nitrate and nitrite concentrations, and gas volume production in continuous phase 

Optimum HRT for denitrification was found to be 5,5 hours in mesophilic reactor, with 
nitrogen removal efficiency of 99% and undetectable concentration of nitrite in effluent. 
When HRT decreased to 4 hours nitrogen removal was decreased to 93‒97%, average 

nitrate concentration was 65 mg/l and nitrite concentration was between 60‒200 mg/l.  
For thermophilic denitrification optimal HRT was determined from Thermophilic2 re-
sults due to unstable operation of the other thermophilic reactor. Optimal HRT was found 
to be 8 hours with 99% nitrogen reduction, undetectable effluent nitrite concentration, 
and 45 mg/l of nitrate in the effluent. When HRT was less than 8 hours nitrogen removal 
efficiency decreased to as low as 72% and nitrite and nitrate concentrations in the effluent 
increased up to 280 and 1300 mg/l respectively.  
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Figure 11 shows weekly fluctuation of gas production in the reactors. Gas production 
varied between 29‒117 ml/d in Mesophilic, 2.8‒44 ml/d in Thermophilic1, and 0‒83 ml/d 

in Thermophilic2. Produced gas from reactors Mesophilic, Thermphilic1, and Thermo-
philic2 contained nitrogen on average of 76, 76, and 74% respectively. Table 12 shows 
gas composition during continuous operation. Hydrogen sulfide was not detected in any 
of the gas samples. 

Table 12. Gas composition in continuous phase  
Sample N₂ (%) CO₂ (%) Others (%) 
Week 1 R1 75 0.7 24.3 

R2 77 1.1 21.9 
R3 76 2.2 21.8 

Week 2 R1 76 0.3 23.7 
R2 75 1.4 23.6 
R3 73 1.6 25.4 

Week 3 R1 77 0.2 22.8 
R2 74 0.5 25.5 
R3 75 0.7 24.3 

Week 4 R1 75 0.5 24.5 
R2 76 1.1 23.9 
R3 73 0.8 26.2 

Week 5 R1 77 0.5 22.5 
R2 77 0.7 22.3 
R3 76 0.9 23.1 

 
All the analyzed samples had residual methanol in the effluent wastewater as expected. 
Residual methanol varied between 230‒760 mg/l in Mesophilic, 174‒1772 mg/l in Ther-
mophilic 1, and 445‒1777 in Thermophilic 2. Lowest residual methanol concentrations 
were obtained with lowest M/N (methanol to nitrogen ratio as g/g) feed ratios. 
5.4 Elevated nitrate feed phase 
Nitrogen removal efficiency decreased when influent nitrate concentration was increased 
to 20 000 mg/l and it did not recover during 1 week of operation (Figure 12).  
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Figure 12. Nitrogen removal efficiency, nitrate and nitrite concentrations in elevated nitrate feed phase 

Nitrogen removal efficiency decreased gradually to 48% in Mesophilic reactor, before 
experiments were stopped. Effluent nitrate concentration increased gradually from 1372 
to 9646 mg NO₃⁻/l and nitrite concentration fluctuated between 611 and 983 mg NO₂⁻/l. 
Thermophilic 2 showed increasing nitrate concentration in the effluent and decreasing 
nitrogen removal efficiency to 7%. Effluent nitrate concentration increased gradually 
from 8981 to 18153 mg NO₃⁻/l and nitrite concentration fluctuated between 156 and 414 
mg NO₂⁻/l. HRT in this phase was between 5 to 9 hours.  
Methanol concentration in the effluent increased as nitrate reduction decreased and the 
effluent methanol concentrations were 1135‒2246 mg/l in Mesophilic reactor and 2353‒

3913 mg/l in Thermophilic 2. Mesophilic reactor showed lower methanol concentration 
in the effluent, higher nitrogen removal efficiency, and better nitrate reduction in the re-
actor compared to Thermophilic 2.  Mesophilic reactor pH was increased from 7 in feed 
to 9.3 in effluent. Thermophilic 2 did not show as high effluent pH values as Mesophilic reactor although nitrate reduction increased pH from 7 to 8.7.  
Gas production in this phase was in the range of 52‒169 ml/d in Mesophilic reactor and 
19‒80 ml/d in Thermophilic2 reactor. Gas composition in Mesophilic was 77% N₂ and 

0.5% CO₂. In thermopilic2 nitrogen content was smaller (76% N₂) and carbon dioxide 

(0.9% CO₂) content higher than in mesophilic operation. 
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6. DISCUSSION 
Mesophilic and thermophilic reactors showed nitrogen removal efficiency of 99% and 
that denitrification can be achieved with HRTs of 5.5 hours in mesophilic reactors and 
with 8.0 hours in thermophilic reactors. Denitrification was more stable with mesophilic 
operation and the reason is most likely the development of stable microbial culture from 
activated sludge. The activated sludge from municipal wastewater treatment plant used 
in this study contains most likely less thermophilic than mesophilic bacteria due to the 
operating temperature at the plant. Therefore thermophilic microorganism require longer 
time for developing denitrifying community to correspond the amount of microorganisms 
in mesophilic reactor. Thermophilic denitrification systems have been started success-
fully from activated sludge in a relative short time (less than one week).  Denitrification 
activity and microbial diversity have been comparable to mesophilic ones with the excep-
tion that thermophilic operation creates less stable community. (Courtens et al. 2014).  
The purpose of the experiment was to study if complete nitrate reduction is possible which 
is why all reactors were fed with external carbon above the stoichiometric value to keep 
nitrate as the limiting substrate. The amount of methanol was found to be sufficient as it 
was present in the effluent wastewaters. Although M/N-ratio in feed was decreased from 
3.5 to 2.8 the residual methanol concentration was high, on average 200‒600 mg/l. The 
theoretical methanol requirement is 2.47 gM/1 gN and with bacterial growth the require-
ment is 20 % higher (Liessens et al. 1993) which gives approximately 3 gM/ 1g N. In this 
experiment the required M/N-ratio is less than 3 although complete denitrification was 
not achieved and tens of milligrams of nitrate was found in effluent. Excess carbon did 
not have negative effects to denitrification activity and methanol was not used by other 
bacteria, such as methanogens and SRB, which would have produced methane and sul-
fide. 
Presence of sulfate in continuous phase feed water did not show signs of transformation 
reactions due to biological activity. Chosen operational parameters, such as ORP, high 
nitrate concentration, and optimized HRT for denitrification, favored growth of denitrifi-ers and formation of denitrifying culture without SRB. SO₄²⁻ concentration was used to 
monitor sulfate reduction and presence of SRB. It was expected that feed and effluent 
water sulfate concentration would be equal. Although effluent sulfate concentrations 
(6650‒6790 mg/l) were slightly higher than the feed concentration (6500 mg/l), it is not 
likely that SRB were the cause. There was plenty of external organic carbon available for 
SRB with HRTs between 3.5‒10 h, but either the high nitrate concentrations inhibited 
their activity, environmental conditions inside reactor, such as ORP (> -120), did not en-
able sulfate reduction, or SRB could have been absent due to controlled start-up. In sim-
ultaneous sulfate and nitrate removal studies, nitrate removal has dominated over sulfate 
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removal in competition between heterotrophic denitrifiers and SRB (Chen et al. 2008). 
Sulfate reduction in reactors was also monitored with H₂S gas analysis but H₂S was not 
detected at any point of experiment.  H₂S is known to have distinctive smell that resem-
bles of rotten egg, and as there weren’t any bad odors emitted from the reactors, H₂S was 
not produced. On the other hand, sulfide would have been mostly in the form of HS⁻ 
inside the reactor due to alkaline pH around 9.  
With elevated nitrate feed concentrations removal efficiency was decreased gradually af-
ter increasing nitrate from 4000 to 20 000 mg/l. Poor denitrification was rather due to 
operational shock from sudden increase in the influent nitrate concentration than inability 
of microorganisms to treat higher nitrate concentrations. There are several studies that 
have been able to denitrify wastewaters with nitrate concentrations of 17 500, 28 000, 
30 000, and 40 000 mg/l (Dhamole et al. 2007; Sandhya et al. 2011). HRTs for denitrifi-
cation of wastewaters with tens of grams of nitrate have required 6‒7 hours with SBRs as 
well as step-wise increase in nitrate concentration to acclimatize microorganisms without 
any shocks.  (Dhamole et al. 2007; Glass & Silverstein 1999). It has been noted that mi-
croorganisms need acclimatization period when nitrate concentration in the influent is 
increased to tens of grams nitrate per liter (Glass & Silverstein 1999). 
Nitrogen removal efficiency and residual nitrite and nitrate concentrations should be con-
sidered in the context of receiving water bodies of the wastewater discharge. 99% nitro-
gen removal from the liquid phase is a significant reduction but the residual amount of 
nitrogen in the effluent wastewater may still be high to eutrophicated waterbodies or at 
ground water areas. The lowest achieved effluent nitrate concentration was 20 mg/l with-
out detectable nitrite. This corresponds to nitrogen removal of nearly 100 % and was 
achieved in 6 hours with mesophilic operation and initial nitrate concentration of 4 000 
mg/l. Nitrogen removal and residual amount of nitrogen was not constant throughout the 
experiment, and all the changes with influent feed and recycle flow rates affected to the 
denitrification activity and nitrogen removal. Nitrogen removal efficiency considers com-
bined removal of nitrate and nitrite from the feed, but as nitrite is more toxic to humans 
and environment, it is important to know what is the nitrogen compound in the effluent. 
Accumulation of intermediate compounds did not have negative impact on denitrification 
and no severe accumulation was observed during normal operation. Nitrate was not de-
tectable in the effluent when HRT was 5.5 h for mesophilic and 8 h for thermophilic 
operation. Nitrite can accumulate in the reactor if denitrifiers don’t have sufficient amount 

of carbon and electron donors and if DO level is above zero. In this experiment nitrite 
accumulation was not a problem as the produced nitrite was consumed by microorgan-
isms. Other denitrification intermediate products were not analyzed but accumulation of 
gaseous intermediate compounds can be minimized by maintaining conditions in reactor 
optimal for denitrification. Low DO concentration, alkaline pH, high COD/N-ratio and 
high SRT does not promote N₂O formation (Thörn and Sörensson 1996). N₂O contribu-

tion due to denitrification is globally rather small and it has been estimated that N₂O 
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emissions between 0.002 to 0.0053% are produced from total nitrogen in the feed. Instead 
of concentrating on N₂O emission it might be more useful to concentrate on the improve-
ment of denitrification activity and nitrogen removal efficiency which will likely reduce 
intermediate gas emissions by providing optimum environmental conditions for denitri-
fication. (Schulthess & Gujer 1996) 
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7. CONCLUSIONS 
Aim of this thesis and laboratory experiments were to study if it is possible to remove 
nitrate from the industrial wastewaters with 4 000 mg NO₃⁻/l and 6 500 mg SO₄²⁻/l. The 
results show that 99% nitrate removal is possible in FBRs with HRTs of 5.5 hours at 
mesophilic temperatures and 8.0 hours at thermophilic temperatures. Nitrate concentra-
tion in the effluent was around 45 mg NO₃⁻/l and 180 mg NO₃⁻/l for mesophilic and ther-
mophilic reactors respectively. Nitrite was not detected in the effluent wastewater. Meth-
anol was suitable carbon source for denitrifying community developed from municipal 
wastewater treatment plant activated sludge. Although methanol was fed in excess to de-
nitrifiers, no methane or hydrogen sulfide were detected in the produced gas. Table 13 
summarizes the optimal operational conditions and good practices for nitrate removal 
found in the present study. 
Table 13. Summary of optimal operational parameters and reactor functionality with good practices based on the laboratory experiments 

Operation  Good practices 
Reactor type FBR  Acclimatization and gradual in-crease in feed nitrate concentra-tion Temperature 35°C  
HRT 5.5 h  Selective method for nitrate re-duction Organic carbon source Methanol, < 2.8g MeOH/1g NO₃⁻-N required 

 

Resistance to operational changes Good   End product is unharmful N₂ gas, released to atmosphere and removed from the process Nitrate removal effi-ciency > 99%  
 
Mesophilic reactor was more stable, probably due to the microorganisms in seed sludge 
and formation of denitrifying culture in the reactor. Bioparticles remained inside all three 
reactors even though suspended bacteria were washed out. It is possible that mesophilic 
operation favored growth of suitable denitrifying culture and had optimal ratio of com-
plete denitrifiers as well as microorganisms with suitable reductase ability. Biodiversity 
and characteristics of denitrifying microbial culture can be studied with DNA sequencing 
and it could confirm the correlation between denitrifying culture and nitrate removal ef-
ficiency.  
FBRs were found to be suitable reactor type for denitrification of industrial wastewater 
used in this experiment. FBRs ensure efficient mixing and good contact between biomass 
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and nutrients in wastewater. Because recycle flow mixes and dilutes incoming wastewater 
with wastewater inside the reactor, optimal pH for denitrification was achieved as the 
influent pH increased from 7 to 9. Bed height was kept at 10‒15% expansion and it was 
great enough to enable biofilm growth and denitrification activity. Optimal feed with nu-
trients and optimal C/N-ratio was not determined but could be studied in the future to 
improve effluent quality and to remove the need of further wastewater treatment.  
One of the most important operational characteristic is start-up and acclimatization strat-
egy to high nitrate concentrations, which will ensure good biomass formation of denitri-
fying sludge and rapid start-up of denitrification activity. The acclimatization strategy 
with gradual increase of the nitrate concentration in the influent feed was successful for 
4 000 mg NO₃⁻/l. Microorganisms adapted and were able to reduce nitrate almost com-
pletely within 4 weeks as influent nitrate concentration increase was constant, around 
500‒1000 mgNO₃⁻/l at a time. Sudden increase of nitrate concentration from 4 000 to 
20 000 mg NO₃⁻/l was not successful and led to decreasing nitrate removal efficiencies. 
Other studies have successfully removed nitrate from wastewaters with higher nitrate 
concentrations after appropriate acclimatization period which suggest that it is possible 
to treat wastewaters with 20 000 mg NO₃⁻/l. Decrease in nitrogen removal efficiency in 
this study is therefore considered to result from lack of acclimatization period. 
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