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SUMMARY IN SWEDISH  
Rening av rejektvatten från avvattning av rötslam med de biologiska 
processerna partiell nitritation och anammox är redan en väl utvecklad teknik 
som används på många reningsverk. Tekniken, som även kallas 
deammonifikation, åstadkommer  kväveavskiljning med hög hastighet, ett lägre 
luftbehov och utan tillsats av extern kolkälla. Genom att även införa processen 
i huvudströmmen kan biogasproduktionen ökas och energianvändningen 
minskas på kommunala reningsverk. 
I föreliggande studie studeras två alternativa system för användning av 
deammonifikation i huvudströmmen. Den ena tekniken bygger på 
koncentrering av ammoniumjoner från avloppsvatten med jonbytare med 
efterföljande rening av koncentratet med deammonifikationprocessen. I den 
andra tekniken används deammonifikationen direkt i avloppsvattnet som har 
låg ammoniumhalt. 
Koncentrering av ammoniumjoner från avloppsvatten har studerats i labskala 
och fyra av de mest använda jonbytematerialen har testats – naturliga och 
konstgjorda zeoliter samt starka och svaga katjonbytare. Forskningen visade att 
den högsta ökningen av ammoniumhalten (från 25-40 mg N/l till 450-
550 mg N/l) kunde erhållas med en stark katjonbytare som regenereras med 
30 g/l NaCl lösning. En stark katjonbytare koncentrerar dock inte ammonium 
selektivt, utan andra katjoner såsom kalcium och magnesium koncentreras 
också. Selektiv koncentrering av ammonium kan t ex göras med den naturliga 
zeoliten klinoptilolit, som har liknande kapacitet, men som regenereras mycket 
långsammare än en stark katjonbytare. 
Koncentratet från regenereringen av jonbytaren har en hög salthalt som 
påverkar nitrifikations- och annammoxprocessen negativt. Anpassningen av 
bakterier till hög salthalt har studerats i labbskala under 120 dagar och studien 
visade att bakterierna anpassas långsammare än vad andra studier tidigare har 
visat. Bakterierna kunde anpassas till en salthalt mellan 10-15 g/l som är 
tillräckligt för att kunna rena koncentratet från jonbytarmaterialet. 
En konceptteststudie, där två delar av tekniken, koncentrering med jonbyte 
och biologisk kväveavskiljning, har testats tillsammans, visade att tekniken är 
tekniskt gångbar. Kväveavskiljningen med jonbytetekniken uppgick till 99.9 % 
och upp till 95 % av kvävet kunde avskiljas från koncentratet med 
deammonifikationsprocessen. De största nackdelarna med tekniken är dess 
komplexitet, lång tid för anpassning till hög salthalt och behovet av extern 
alkalinitetskälla. 
Direktrening av kväve i huvudströmmen, efter COD-avskiljning i en UASB 
reaktor, har testats under 27 månader i pilotskala. Två typer av system har 
testats – ett system som bygger på användning av reaktor fylld med bärare 
(MBBR) och ett system som förutom bärare även har aktivslam i reaktorn 
(IFAS). Vattentemperaturen hölls på 25 °C, som är en vanlig temperatur efter 
anaerob rening i en UASB reaktor. 
Ammoniumhalten i inkommande vatten sänktes stegvis under 5 månader till 
halten i huvudströmmen. Lägre inkommande ammoniumhalt ledde till mycket 
lägre reningshastigheter och högre produktion av nitrat redan vid en 
inkommande ammoniumhalt av 108 mg N/l. Den höga aktiviteten av 
nitritoxiderande bakterier (NOB) berodde på den låga halten av fri ammoniak 
(NH3) och den långa aeroba slamåldern. 
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Rening av huvudströmsvatten i en MBBR (endast biofilm utan suspenderat 
slam) testades under 17 månader under olika luftningsstrategier. Denna period 
visade att anammoxbakterier kan bevaras i huvudströmsförhållande under lång 
tid. Reningseffektiviteten var dock förhållandevis låg (30-40 %) vilket berodde 
på hög aktivitet av NOB och oxidering av nitrit till nitrat. 
Genom  att  kombinera  biofilm  med  suspenderad  biomassa  i  ett  IFAS-system  
kunde avskiljningshastigheterna tredubblas på samma gång som 
reningseffektiviteten  ökade  från  36  %  till  70  %.  Detta  berodde  på  att  det  
suspenderade slammet hade en högre kvot av ammoniumoxiderande bakterier 
(AOB) till NOB samt att konkurrensen mellan AOB och NOB för syre kunde 
styras genom tillämpning av rätt syrehalt. Satsvisa försök visade att 
inkommande COD kunde användas för partiell denitrifikation av nitrat till 
nitrit som resulterade i en högre reningseffektivitet. 
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ABSTRACT  
Nitrogen removal from municipal wastewater with the application of 
deammonification process offers an operational cost reduction, especially if it 
is combined with a maximal use of organic content of wastewater for biogas 
production. In this thesis, two approaches for integration of the 
deammonification process into the municipal wastewater treatment scheme 
were studied. 
The first approach is based on ammonium concentration from municipal 
wastewater by ion exchange followed by biological removal of ammonium 
from the concentrated stream by deammonification process. Experiments with 
synthetic and real municipal wastewater showed that strong acid cation resin is 
suitable for ammonium concentration due to its high exchange capacity and 
fast regeneration. Since NaCl was used for regeneration of ion exchange 
materials, spent regenerant had elevated salinity. The deammonification 
biomass was adapted to NaCl content of 10-15 g/L by step-wise salinity 
increase. The technology was tested in batch mode with 99.9 % of ammonium 
removal from wastewater with ion exchange and up to 95 % of nitrogen 
removal from spent regenerant by deammonification process. 
The second studied approach was to apply anammox process to low-
concentrated municipal wastewater in a moving bed biofilm reactor (MBBR) 
and integrated fixed film activated sludge (IFAS) system without a pre-
concentration step. After a 5 months period of transition to mainstream 
wastewater the pilot plant was operated during 22 months and stable 
performance of one-stage deammonification was proven. Clear advantage of 
IFAS system was shown. The highest stable nitrogen removal efficiency of 
70  %  and  a  nitrogen  removal  rate  of  55  g  N/(m3·d)  was  reached.  Moreover,  
the influence of operation conditions on competition between ammonium 
oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) was studied by 
literature review, batch tests and continuous pilot plant operation. 

Key words: Wastewater; Nitrogen removal; Ion exchange; 
Deammonification; Anammox; Mainstream 

1.  INTRODUCTION  
Nitrogen, phosphorus and potassium are the 
chemical  elements  that  are  required  in  the  
biggest amounts (except for carbon, hydro-
gen and oxygen) for growth of a living mat-
ter. However, if concentrations of these 
elements become too high, environmental 
problems arise. The process of exceeding 
the safe concentrations of nutrients in water 
bodies is called eutrophication. It can be caused 
by natural processes, such as inflow of high 
amounts of organic matter and nutrients 
with  storm  waters,  but  more  often  it  is  a  
result of anthropogenic activity. The main 
outcome of higher nutrients availability is 
the growth of phytoplankton. This leads to 

deterioration of water quality and increases 
the health risk,  if  such water would be used 
for recreation purposes or as a drinking 
water source. Moreover, increase in 
phytoplankton abundance increases oxygen 
consumption during nighttime. Higher 
organisms cannot compete with 
phytoplankton for dissolved oxygen, which 
creates the effect of “bottom death”, when 
fish and other oxygen-dependent organisms 
survive only in the top part of a water 
column.  
Among the point sources of nutrients dis-
charge, the biggest contributors are 
wastewater treatment plants (WWTP), which 
treat municipal and industrial wastewaters. 
Therefore, the quality of wastewater treat-
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ment is strictly regulated in all the developed 
countries. In European Union, the main law 
which regulates the quality of municipal 
wastewater treatment is the Urban Waste 
Water Treatment Directive 91/271/EEC 
(EU Commission, 1991) and Water 
Framework Directive 2000/60/EC (EU 
Commission, 2000). According to Directive 
91/271/EEC, big municipal wastewater 
treatment plants (load of more than 100 000 
person equivalents) should remove 70-80 % 
of inflowing nitrogen and decrease 
concentration of total nitrogen (TN) to less 
than  10  mg/L  if  treated  wastewater  is  
discharged  to  a  sensitive  area.  If  a  higher  
level of treatment is required in order to 
reach a “good status” of surface water, more 
stringent requirements can be set. Therefore, 
it is important to develop wastewater 
treatment technologies which allow WWTP 
to reach the required efficiencies and at the 
same time do not bring high treatment cost.  

1.1. Biological nitrogen 
transformation processes 
Nitrogen is removed from municipal 
wastewater mainly by biological processes, 
performed by microorganisms. The main 
biological nitrogen transformation processes 
involved are assimilation, nitrification, deni-
trification and anammox (Fig. 1). 
Nitrogen assimilation is the process of trans-
formation of inorganic nitrogen into organic 
nitrogen-containing compounds during cell 

growth. The optimal ratio of biochemical 
oxygen demand (BOD) : N : P, which allows 
removal of nutrients by only assimilation, is 
100:5:1 (Tandoi et al., 2006). Usually 
municipal wastewater contains more 
nitrogen so other biological processes need 
to be involved to reach high efficiency of 
nitrogen removal. 
Nitrification is a two-step autotrophic 
process of ammonium oxidation to nitrite by 
ammonium oxidizing bacteria (AOB) and 
ammonium oxidizing archaea (AOA) with 
following oxidation further to nitrate by 
nitrite oxidizing bacteria (NOB). The 
complete reactions of these processes, which 
include biomass production, are as follows 
(Wiesmann, 1994): 

+ 1.382	 + 1.982	 → 
0.018	C H NO + 0.982	NO + (1) 
1.04	 + 1.891	  
 

+ 0.0025	 + 0.01	 + 
0.0025	HCO + 0.488	O → (2) 
0.0025	 + 0.0075	 +  
Both steps of nitrification can even be 
performed by a single organism of the newly 
discovered Nitrospira species  (Daims  et  al.,  
2015; van Kessel et al., 2015). 
Denitrification is a process of nitrite and 
nitrate reduction to nitrogen gas (N2), which 
is performed mainly by heterotrophic 

Fig. 1. Simplified nitrogen 
cycle (modified after 
Naqvi (2012)). 
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bacteria at the absence of oxygen (anoxic 
conditions). Organic carbon is required as an 
energy source and if acetic acid is used, the 
metabolism of reaction can be written as: 
3	 	 + 8	 → 
4	 + 10	 + 6	 + 8	  (3) 
Denitrification can even be performed by 
AOB (nitrifier denitrification, conversion of 
nitrite to nitrogen gas using ammonium or 
hydrogen as energy source) and lithotrophic 
bacteria Thiobacillus denitrifican (autotrophic 
denitrification, conversion of nitrate to 
nitrogen gas using reduced sulfur 
compounds as energy source) (Batchelor and 
Lawrence, 1978; Bock et al., 1995). 
Until recently it was believed that oxidation 
of ammonium can proceed only in the pres-
ence of oxygen. In 1977, it was shown by 
thermodynamic calculations that it is 
possible that there could exist lithotrophic 
bacteria, which can oxidize ammonium using 
nitrate or carbon dioxide as an electron 
acceptor (Broda, 1977). In 1992, the first 
experimental proof of anaerobic ammonium 
oxidation (anammox) bacteria existence was 
published (Mulder, 1992). It was believed 
that nitrate is an electron acceptor in the 
reaction. However, later it was proven that 
nitrite  is  the  real  electron  acceptor  (van  de  
Graaf et al., 1995). Strous et al. (1998) 
experimentally obtained the complete 
reaction, which includes biomass 
production: 

+ 1.32	 + 0.066	 + 
0.13	H → 1.02	N + 0.26	NO + (4) 
0.066	 . . + 2.03	  
Anammox bacteria are autotrophs, which 
means that they do not require organic car-
bon for biomass production, but utilize 
inorganic carbon instead. According to eq. 4, 
biomass production of anammox reaction is 
0.049 g/g N. This yield is, therefore, lower 
than  for  AOB  and  NOB  (0.14  g/g  N  and  
0.072 g/g N, respectively, as determined by 
Blackburne and Vidivelu (2007)) and much 
lower than for heterotrophic denitrifiers 
(2.04 g/g N in Koike and Hattori (1975) and 
1.1 g/g N in Strohm et al. (2007)). Strous et 
al. (1998) determined the maximum specific 

growth  rate  to  be  0.0027  h-1. Low specific 
growth rate and low biomass yield of 
anammox bacteria result in a long start-up 
period for anammox reactors and poses a 
challenge for application of the process for 
treatment of low-concentrated wastewater. 
However,  recent  study  indicated  that  a  fast  
start-up of deammonification reactors is 
possible if nitrification biomass is already 
established (Kanders et al., 2016). 
Based on nitritation and anammox pro-
cesses, fully autotrophic nitrogen systems 
were developed, where roughly half of 
ammonium is converted to nitrite by AOB, 
and  the  produced  nitrite  is  used  as  an  elec-
tron acceptor to remove the remaining 
ammonium by anammox process. This 
combination is often referred to as a partial 
nitritation/anammox process or a 
deammonification process, and can be 
performed in separate reactors (2-stage 
process) or in one reactor (1-stage process). 
Biological reaction, obtained after 
combining eq. 1 and eq. 4 can be written as:  

+ 0.793	 + 1.165	 → 
0.435	 + 0.111	 + 0.012	  (5) 

1.2. Application of anammox process 
for reject water treatment 
In many publications it is discussed that 
treatment of reject water from digested 
sludge dewatering process by autotrophic 
nitrogen removal is more sustainable than 
nitrification/denitrification, and allows 
saving of 50-60 % of oxygen, does not need 
chemicals addition, produces little sludge 
and less greenhouse gases (Fux and Siegrist, 
2004; Chen et al., 2009; Park et al., 2010). 
Treatment of such a wastewater stream, 
which is characterized by a high ammonium 
concentration and a low content of easy 
degradable organic matter, by traditional 
nitrification/denitrification process always 
requires addition of external carbon source, 
which compromises the cost efficiency of 
the treatment. 
Since the discovery of anammox process, it 
was mostly studied for wastewater with high 
nitrogen concentration (Cema et al., 2006; 
Szatkowska et al., 2007; Yang et al., 2013) 
and applied already in a number of full-scale 
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plants treating anaerobic digestion reject 
water (Wett, 2006; van der Star et al., 2007; 
Plaza et al., 2011). In this way, nitrogen load 
to mainstream wastewater treatment plant 
could be lowered and nitrogen could be 
removed from the side-stream with much 
higher rates and with a lower treatment cost, 
comparing to the mainstream. 

1.3. Application of anammox to 
mainstream – advantages and 
challenges 
A new challenge is to apply anammox 
process for nitrogen removal in mainstream 
of  WWTP  at  low  temperatures  and  low  
ammonium concentrations.  
The trend for developing future wastewater 
treatment is to treat wastewater as a 
resource, trying to recover as much of 
energy as possible in the form of biogas 
while satisfying requirements for removal of 
nutrients. In such systems, the first 
treatment step can be based on organic 
matter removal by enhanced primary 
sedimentation with coagulants and 
flocculants addition (Watanabe and 
Kanemoto, 1993; Guida et al., 2007), use of 
high-rate activated sludge process (Versprille 
et al., 1985), high rate contact stabilization 
process (Meerburg et al., 2015) or a high rate 
biofilm process (Ødegaard, 2000) for 
maximum removal of organics in the form 
of  sludge  or  a  combination  of  these  
methods. Moreover, the wastewater can be 
treated anaerobically in, for example, an 
upflow anaerobic sludge blanket (UASB) 
reactor (Mahmoud et al., 2004). However, 
effluent from organics removal step has low 
COD/N ratio, which makes impossible to 
remove nitrogen through nitrification-
denitrification without external carbon 
addition. Utilization of anammox process 
for treatment of such wastewater gives the 
best total treatment economy. In anammox-
based systems for nitrogen removal in 
mainstream, more biogas could be produced 
without compromising nitrogen removal 
efficiency and energy neutral wastewater 
treatment can be reached (Ødegaard, 2016). 
However, there are several challenges of 
partial nitritation/anammox process appli-

cation for treatment of mainstream 
wastewater: 
Ø Effective retention of anammox biomass 
in a reactor is needed. This is because 
inflowing nitrogen concentration in 
mainstream wastewater is low (25- 
50 mg NH4-N/L) and together with low 
yield and growth rate of anammox bacteria it 
leads to low anammox biomass production 
per 1 m3 of treated wastewater.  
Ø Low nitrogen transformation rates. 
Change of reaction rate with changing 
temperature is usually described by activa-
tion energy, where higher activation energy 
means that temperature dependence of the 
reaction is higher. Activation energies for 
nitritation and anammox processes are 
similar and are in ranges of 60-72 kJ/mol 
(van Hulle et al., 2010) for nitritation and 63-
85 kJ/mol (Strous et al., 1999; Dosta et al., 
2008) (Fernández et al., 2010) for anammox 
process. Based on activation energies, 
process rates for these two steps change 
similarly with temperature change and 
decrease of temperature from 30 °C 
(temperature in reactor treating reject water) 
to 15 °C (temperature of municipal 
wastewater during winter period) should lead 
to  decrease  of  rate  by  71-83  %.  Similar  
decrease in removal rates were observed 
when the temperature in deammonification 
MBBR was  decreased  from 25  °C to  13  °C 
(Trela  et  al.,  2014).  Moreover,  since  the  
concentrations of ammonium and nitrite 
lower in mainstream conditions even lower 
rate can be expected. 
Ø Suppression of NOB growth. At lower 
temperatures NOB have higher growth rate 
than AOB, which makes selection of AOB 
over NOB not always successful. Moreover, 
NOB suppression by free ammonia inhibi-
tion is not possible because of low ammo-
nium concentration. If NOB are not 
effectively suppressed, they convert nitrite, 
produced by AOB, to nitrate limiting 
substrate for anammox bacteria and 
decreasing the total efficiency of the 
autotrophic nitrogen removal. 
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1.4. Combining physical/chemical 
and biological methods of nitrogen 
removal 
Until now, researchers were concentrated on 
finding a possibility of a direct treatment of 
mainstream wastewater with low ammonium 
content and low temperature by anammox 
process, and several challenges were identi-
fied. Another option is to first concentrate 
ammonium from wastewater and then 
remove it from the concentrated secondary 
stream. In this case, the knowledge about 
controlling the deammonification process 
when treating ammonium-rich wastewaters 
can be applied with slight modifications. 

1.4.1. Possibilities for ammonium 
concentration 
The possible options that allow 
concentrating ammonium from mainstream 
wastewater include: 
Ø Assimilation of nitrogen by bacteria, 
followed by biomass digestion. As discussed 
earlier in section 1.1, when heterotrophic 
biomass grows, the ratio of BOD:N:P 
consumption is 100:5:1 in systems with 
short sludge age. If sludge age is longer, then 
a part of biomass dies-off and the nutrients 
consumption gets lower. When the biomass 
is separated from wastewater and digested, 
nitrogen and phosphorus are released and 
their concentrations in reject water are about 
50 times higher than in municipal 
wastewater. However, only a part of 
nitrogen can be concentrated in this way 
from municipal wastewater, because of 
COD limitation. 
Ø Assimilation of nitrogen by algae. Algae 
are  regarded  to  be  the  future  source  of  a  
renewable fuel production, since they have 
the highest yield per area unit and their 
production does not compete with culturing 
food crops. Since algae are phototrophic 
organisms, the organic carbon is not 
required  and  algae  can  remove  all  the  
remaining nitrogen from wastewater. After 
energy is extracted from algae in the form of 
biogas, nitrogen-rich secondary stream is 
formed,  the  same  as  in  the  case  of  sludge  
digestion (Razzak et al., 2013). 

Ø Precipitation as magnesium ammonium 
phosphate (MAP). It is possible to precipi-
tate both phosphorus and nitrogen in the 
form of MgNH4PO4. Since the molar ratio 
of N:P in wastewater is always higher than 1, 
there is not enough phosphorus to bind all 
the ammonium. It is possible with the help 
of  bacteria  to  dissolute  MAP,  remove  
ammonium and use Mg and P repeatedly 
until all the nitrogen is removed (Kulander 
and Mönegård-Jakobsson, 2010). The disad-
vantage of such a concentration process is 
that MAP precipitation requires a pH 
around 9.5-10,  which  brings  a  high  cost  for  
pH adjustment. 
Ø Reverse osmosis, concentration by 
freezing. It is technically possible to 
concentrate nitrogen by applying advanced 
technologies, like the reverse osmosis and 
concentration by freezing. However, these 
technologies bring very high cost of treat-
ment  and,  therefore,  are  not  feasible  for  
municipal wastewater treatment (Sarker, 
2012; Owusu-Agyeman et al., 2015). 
Ø Ion exchange. Concentration of ammo-
nium with ion exchange is a relatively cheap 
technology. It gives a possibility to 
selectively concentrate ammonium ions 
without concentrating unionized inorganic 
and organic substances and suspended 
material. Therefore, in this study the 
concentration of ammonium only by ion 
exchange technology is investigated. 

1.4.2. Nitrogen removal via pre-
concentration and deammonification 
The first studied approach was based on a 
two-step process with concentration of 
ammonium from municipal wastewater 
followed by removal of ammonium from the 
concentrated solution by partial 
nitritation/anammox process (Fig. 2). In 
such system, the wastewater passes through 
a column filled with ion exchange material, 
where ammonium ion is exchanged for a 
sodium ion. When the capacity of material 
becomes exhausted, ammonium is detected 
in the effluent. Then, the ion exchange 
material can be regenerated by application of 
concentrated NaCl solution. Concentration 
of ammonium in spent regenerant is much 
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higher than in influent mainstream 
wastewater and, therefore, deammo-
nification process is easier to apply. Spent 
regenerant can be treated with the partial 
nitritation/anammox process in, for 
example, moving bed biofilm reactor 
(MBBR). System effectiveness depends on 
two tasks: how to make the ammonium 
concentration with ion exchange as efficient 
as possible; and how to reach high rates 
treating spent regenerant, which has an 
elevated salt content. 

1.4.3. Ammonium removal by ion exchange 
Comparing to other alternatives of ammo-
nium concentration ion exchange has the 
advantage that it is not energy intensive, the 
process needs short contact time and is 
simple to operate. Natural zeolites are often 
used as ion exchange material for ammo-
nium removal. Depending on origin of zeo-
lite, particle size and wastewater type an 
exchange capacity of 0.2-0.68 meq/g or 
0.19-0.65 eq/L can be expected when 
treating municipal wastewater or greywater 
(Cooney et al., 1999; Widiastuti et al., 2011). 

This corresponds to nitrogen content of less 
than 1 % and therefore one-time use of zeo-
lite for large-scale nitrogen removal systems 
cannot be a sustainable option. Zeolites with 
different properties can also be synthesized 
(Breck, 1974; Zhang et al., 2011). Strong 
acid cation (SAC) resin offers high 
(approximately 2 eq/L) exchange capacity 
and is often used for water softening. Even 
higher capacity can be reached using weak 
acid cation (WAC) resin (approximately 
4 eq/L), especially in systems designed for 
divalent metal ions removal. Chen et al. 
(2002) studied combined nitrogen and 
phosphorus removal from industrial 
effluents that have ion content similar to 
that of municipal wastewater by application 
of  a  mixture  of  SAC  resin  and  strong  base  
anion resin and it was shown that the 
capacity  of  SAC  resin  for  ammonium  was  
similar to the capacity of natural zeolite. This 
suggests that it might be possible to use SAC 
resin in systems treating municipal 
wastewater. However, there were no studies 
in which SAC and WAC resins where tested 
for ammonium removal from municipal 

Fig. 2. Proposed system, based on combination of ion exchange and partial 
nitritation/anammox process. 
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wastewater.  Even  though  they  are  not  
selective for ammonium ions they have a 
high exchange capacity, which makes it 
interesting to investigate them for 
ammonium concentration. 
Cation exchange materials are usually 
regenerated by application of regenerant 
with high concentration of salt or acid. If the 
spent regenerant is treated by one of the 
possible methods for nitrogen removal, it 
can be used repeatedly bringing lower costs 
for regenerant recharging. The best 
performance of ammonium concentration 
with ion exchange can be reached if material 
with a high ammonium exchange capacity 
and high rates of ammonium removal and 
material regeneration is used. Moreover, it is 
better if ammonium is removed selectively 
from wastewater, leaving other ion 
concentrations  on  the  same  level.  Spent  
regenerant has a high residual concentration 
of  acid  or  salt  which  should  be  taken  into  
account if nitrogen is to be removed 
biologically. 

1.4.4. Adaptation of partial nitritation/ 
anammox biomass to elevated salinity 
Anammox bacteria are present in nearly all 
water  systems  and  different  genera  of  
bacteria  are  found  in  systems  that  have  dif-
ferent water composition and temperature. 
Anammox bacteria of Candidatus Scalindua 
genus  are  found  in  marine  sediments  
(Dalsgaard and Thamdrup, 2002; Kuypers et 
al., 2003; van de Vossenberg et al., 2008). 
Since sea water has average salt 
concentration of 30 g/L anaerobic 
ammonium oxidation can be performed in 
high salt content environments. In 
freshwater systems, anammox bacteria of 
freshwater genus Candidatus Brocadia, 
Candidatus Kuenenia, Candidatus Anammoxo-
globus and others are found.  
Adaptation of freshwater genera of 
anammox and nitrification bacteria was 
studied  in  a  number  of  studies.  Liu  et  al.  
(2008) showed that without salinity 
adaptation ammonium oxidation to nitrite is 
not inhibited to the level of 10 g NaCl/L, 
but the conversation rate decreases with 
further increase of salinity to 15 g NaCl/L. 

Moreover, it was proven in this work that 
salinity increase is better tolerated by 
ammonium oxidisers than nitrite oxidizers, 
which can be used as a method for 
nitratation inhibition. At 10 g NaCl/L 
salinity no anammox inhibition was 
observed. Based on PCR-DGGE analysis 
anammox bacteria belonged to the 
group  KSU-1. Liu et al. (2009) succeeded to 
adapt anammox bacteria of groups KSU-1, 
AnDHS-2 and KU2 in an anaerobic reactor 
to salinities of up to 30 g NaCl/L. Salinity 
was increased stepwise during 93 days. 
Further  increase  of  salinity  to  33  g/L led  to  
anammox inhibition. 
Dapena-Mora  et  al.  (2010)  also  studied  a  
possibility to run the anammox process in 
saline environments and the results clearly 
show that a small increase of salinity to 
3 g NaCl/L increases a specific anammox 
activity (SAA) of Candidatus Kuenenia 
stuttgartiensis specie, where further increase 
leads to decrease of SAA. After a 53-days 
adaptation, SAA was the highest at 
15 g NaCl/L salinity. Application of 20 g/L 
salinity led to decrease of the activity. 
Windey et al. (2005) also succeeded to adapt 
a culture of nitritation and anammox 
bacteria to efficiently remove ammonium 
from synthetic wastewater with a salinity of 
30 g NaCl/L. The period of adaptation was 
about 160 days during which salinity was 
stepwise increased with some loading rate 
correction. It was shown that a shock 
exposure  to  a  salinity  of  30  g/L  leads  to  a  
loss of 43 % of the specific nitritation 
activity and almost complete inhibition of 
the anammox process. After the adaptation 
of  the  culture  to  30  g/L  salinity  nitrogen  
removal capacity decreased by 31 % 
comparing to a reference period with no salt 
addition. 
In research by Kartal et al. (2006) anammox 
biomass comprising of equal shares of fresh-
water bacteria Candidatus Kuenenia 
stuttgartiensis and marine bacteria Candidatus 
Scalindua wagneri was  used.  Salinity  of  feed  
solution was gradually increased during 
90 days to concentration of 30 g/L and 
maintained at this level during 310 days. At 
the end of this period the share of 
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freshwater anammox specie was 70 %. 
Increase  of  salinity  to  45  g/L  led  to  
complete loss of anammox activity after 
5 days. Short-term salinity increase did not 
have such a strong influence. Adapted 
biomass had a maximum activity at 
30 g NaCl/L and anammox activity was 
observed even at 75 g/L.  
Jin et al. (2011) studied the influence of 
salinity on activity of anammox biomass 
working in an UASB reactor. Results 
showed that the shock increase of salinity to 
30 g/L caused 67.5 % activity drop while 
step-wise adaptation to the same salinity 
level during 77 days caused decrease of 
activity only by 45 %. Yang et al. (2011) 
operated anammox reactor with a step-wise 
increase  of  wastewater  salinity  to  30  g/L  
during 60 days. After the adaptation period, 
the efficiency of nitrogen removal was 
around 85 % at nitrogen removal rate (NRR) 
of 4.5 kg N/(m3×day), which is the highest 
result among the described studies. 
Microbiological analysis showed that the 
anammox bacteria belonging to groups 
AnDHS-2 and KU2 were  dominating  in  the  
culture. 
To  summarize,  in  the  described  studies  it  
was proven that anammox bacteria of 
Candidatus Scalindua and Candidatus Kuenenia 
genera as well as anammox bacteria of 
groups KSU-1, AnDHS-2 and KU2 can  be  
used for treatment of wastewater with 
salinity of 30 g/L. Bacteria of genus 
Candidatus Brocadia was found as a part of 
anammox culture which worked at a salinity 
of  10  g/L  (Zhang  et  al.,  2010).  Anammox  
bacteria of genera Candidatus Anammoxoglobus 
and Candidatus Jettenia were not found in 
biomass working at elevated salinity.  
In most of the cases, the influence of salinity 
only on anammox bacteria was studied using 
synthetic wastewater. Anammox reactor was 
fed with real wastewater (partially nitrified 
reject water after anaerobic digestion of fish 
canning  effluent  with  NaCl  content  8-
10 g/L) only by Dapena-Mora (2006). 
Moreover, the adaptation of both nitrifiers 
and anammox bacteria in rotating biological 
contactor  was  presented  by  Windey  et  al.  
(2005). 

1.5. NOB suppression for successful 
deammonification process operation 
1.5.1. Process kinetics 
In order to give a basis for discussion of the 
effects of different operational conditions 
on competition between different bacterial 
groups performing nitrogen transformation, 
simplified kinetic equations for the key 
processes are described in this chapter. 
These equations are given for a case where 
there are no inflows to and outflows from a 
system  in  the  format  which  is  usual  in  
biological process modeling (Henze et al., 
2000). 
Nitrogen transformation by a biological 
process is closely linked with the 
concentration of the bacterial group which 
perform the transformation and with its 
growth rate. The change of a bacterial group 
concentration is defined as: 

= ∙ − ∙ , (6) 

where Xi – concentration of the i bacterial 
group; 
μi – growth rate at specific conditions; 
bi – decay (endogenous respiration) rate at 
specific conditions. 
Growth rate is usually defined as a 
multiplication of the maximum growth rate 
and a set of coefficients, each of which is 
defined by the Monod kinetics (for 
substrates of the process) or reversed 
Monod kinetics (for inhibition substances): 

= ∏
,
∙ ∏ ,

,
∙ ̂ , (7) 

where ̂  – maximum growth rate, 
Sj - concentration of the j substrate, 
Ki,j – half-saturation (affinity) coefficient for 
the j substrate, 
Sk – concentration of the k inhibitor, 
Ki,k – inhibition coefficient for the k 
inhibitor. 
The  decay  rate  is  regarded  as  constant  in  
some models (e.g. Activated Sludge Model 1, 
ASM1) or change depending on oxygen 
concentration in others (e.g. ASM3). 
Simplified kinetic reaction of the AOB 
concentration change can be given as: 
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=
,
∙

,
∙

̂ + ∙ , (8) 

Simplified kinetic reaction of the NOB 
concentration change can be given as: 

=
,
∙

,
∙

̂ + ∙  (9) 

Simplified kinetic reaction of the AnAOB 
concentration change can be given as: 

=
,

∙

,
∙ ,

,
∙ ̂ +

∙  (10) 

It is important to note that free ammonia 
(FA, NH3), and free nitrous acid (FNA, 
HNO2) and not NH4

+ and NO2
- are the real 

substrates for AOB and NOB, respectively 
(Wiesmann, 1994; Hiatt and Grady, 2008). 
However, affinity coefficients are often 
expressed for ionized nitrogen forms for 
simplicity. 
Kinetic equations 8-10 need to be applied 
with  caution  for  biofilm  systems,  as  the  
concentration in biofilm is different from 
the (measured) concentration in the bulk 
liquid. 
As can be seen from eq. 8-10, NOB 
compete with AOB for oxygen and with 
AnAOB for nitrite. If the concentration of 
AOB  in  a  system  increases  faster  than  the  
concentration of NOB > 1 , the 
NOB will be gradually washed out-from the 
system. Similarly, NOB can be washed-out if 
the concentration of AnAOB increases 
faster than the concentration of NOB 

> 1 . For a case of biological 
reactors, which have an inflow and an 
outflow, NOB can be even wash-out if their 
net growth rate is higher, but their loss with 
outflow is also higher than, for example, the 
loss of AnAOB with outflow. 

1.5.2. Nitrogen form concentrations 
As discussed in the previous chapter, NOB 
and AnAOB compete for nitrite. The 
reported half-saturation coefficients for 
nitrite vary in a wide range – 0.05-3 mg/L 
for AnAOB and 0.05-2 mg/L for NOB (Sin 
et al., 2008). Such a variation is usually due 
to the measurement methodology, and in 
those cases, when the determined coefficient 
is higher, it includes the biomass diffusion 
component. Moreover, the difference in pH 
between the different studies can be the 
source of the discrepancy. 
The competition between NOB and 
AnAOB is not easy to control since the 
NOB  are  present  in  an  aerobic  zone  of  a  
biofilm or a sludge floc, where nitrite is 
produced, while the AnAOB are present in 
anoxic zone. Therefore, even if the nitrite 
concentration is carefully selected and 
controlled in the bulk liquid, the diffusion to 
anoxic zone would be the limiting step for 
its utilization by AnAOB. Moreover, the 
̂  is much higher than the ̂ , 

which makes it nearly impossible for 
AnAOB to out-compete NOB. Therefore, 
control of nitrite concentration on a stable 
level  is  never  used  as  the  only  measure  for  
NOB out-selection. Suppression of NOB 
activity by low nitrite concentration is, 
however, used in intermittent aeration 
strategies, which is discussed more in section 
1.5.3. 
Ammonium is one of substrates for AOB 
and, therefore, its concentration is an 
important parameter to consider for NOB 
out-selection.  As  summarized  by  Sin  et  al  
(2008), the reported ,  affinity 
coefficient values are in the range of 0.14-
5 mg/L. If ammonium concentration in a 
reactor is close to, or below the affinity 
coefficient, the growth rate of AOB drops, 
and so does the  ratio. Moreover, with 
low ammonium concentration there is a risk 
of ammonium limitation for AnAOB. The 
reported ,  values are in the range 
of  0.07-0.3  mg/L  for  most  of  the  studies  
summarized by Sin et al (2008). However, in 
most cases AnAOB are limited by nitrite and 
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not by ammonium (Szatkowska, 2007; 
Laureni et al., 2016; Yang, 2016). 
Very high concentrations of ammonium and 
nitrite in there unionized forms can also 
inhibit all groups of autotrophic nitrogen 
converting bacteria, as discussed more in 
chapter 1.5.4. 

1.5.3. Dissolved oxygen concentration 
Until recently, it was generally accepted that 
AOB have a higher affinity to oxygen than 
NOB and the typical reported values of 
KAOB,O and  KNOB,O are  0.3  mg  O2/L and 
1.1 mg O2/L, respectively (Wiesmann, 
1994). Based on these values, 
deammonification reactors should be 
operated  at  low  DO  concentration  in  order  
to decrease the NOB growth rate and 
increase the  ratio, which is often the 
case for reactors treating reject water (Wett, 
2006;  Joss  et  al.,  2009).  However,  in  one  of  
the first studies on the mainstream 
deammonification, performed in one stage 
(Wett et al., 2013) and in two stages (Regmi 
et  al.,  2014),  it  was  shown  that  NOB  had  a  
higher affinity to oxygen than AOB with 
KAOB,O and  KNOB,O of 0.35-0.4 mg/l and 
0.06-0.16 mg/l, respectively in Wett et al. 
(2013) and 1.16 mg/l and 0.16 mg/l in 
Regmi et al. (2014). The lower KNOB,O value 
was explained by that Nitrospira sp. and not 
Nitrobacter sp. was dominating NOB in the 
biomass (Regmi et al., 2014). Nitrospira sp. 
was previously shown to be a k-strategist 
(higher affinity to substrate and lower 
growth rate), however the KO values of both 
species were shown to be similar 
(Blackburne et al., 2007; Downing and 
Nerenberg, 2008). It was, however, shown 
that Nitrospira-containing biomass can adapt 
to low DO concentrations with selection of 
strains which have high oxygen affinity (Liu 
and Wang, 2013). 
Intermittent aeration is used for NOB 
suppression in deammonification reactors 
that treat reject water (Lackner et al., 2014; 
Yang et al., 2015), mainstream wastewater 
(Wett et al., 2013; Trojanowicz et al., 2016) 
and in nitritation/denitritation systems 
(Kornaros et al., 2010; Ge et al., 2014). In 
these studies, two explanations of the lag-

phase in NOB activity in the beginning of an 
aeration phase are given: 

Ø Kinetic mechanism. In the beginning of 
aerated phase the nitrite concentration is 
close to zero, which limits the NOB growth 
rate, leading to a higher  ratio. 
According to this mechanism, the lag phase 
is the same at different anoxic phase 
durations if the resulting nitrite 
concentration in the end of the anoxic phase 
is the same. 
Ø Metabolic mechanism. During anoxic 
conditions one of NOB’s enzymes get 
inactivated resulting in a temporarily lower 
̂ . A longer anoxic phase leads to a 

longer lag phase in NOB activity. 

1.5.4. Inhibition 
Increase of ammonium and nitrite 
concentration not only increases the growth 
rate of AOB, NOB and AnAOB, but also 
starts to inhibit the processes above some 
critical  levels.  It  is  generally  accepted  that  
AOB and NOB are inhibited by unionized 
forms  of  nitrogen  (FA  and  FNA),  as  first  
demonstrated by Anthonisen et al. (1976). 
There is, however, no consensus of which 
forms inhibit AnAOB. In some studies, 
ammonium and nitrite are shown to be the 
true inhibitors, while in the others FA and 
FNA are shown to be the true inhibitors 
(Fernández et al., 2012; Lotti et al., 2012; 
Puyol  et  al.,  2014).  AnAOB  and  NOB  are  
less tolerant to FA and FNA than AOB, and 
among these two groups AnAOB are more 
tolerant than NOB to FA, but less tolerant 
to  FNA  (Anthonisen  et  al.,  1976;  Strous  et  
al., 1999; Fernández et al., 2012).  
Bacteria inhibition by FNA is reversible in 
lower concentrations, but was shown to 
have an irreversible effect in higher 
concentrations, meaning that the inhibitors 
cause bacteria decay and even after decrease 
below the inhibition threshold the original 
activity is not recovered. It was 
demonstrated that NOB can be inhibited 
irreversibly by an FNA concentration of 
0.24 mg HNO2-N/L while for complete 
irreversible inhibition of AOB a 
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concentration of 1.7 mg HNO2-N/L was 
required (Wang et al., 2014). 
Inhibition of NOB by FA and FNA can be 
applied in reject water treatment via 
nitritation / denitritation or deammo-
nification (Vadivelu et al., 2007; Gustavsson, 
2011). However, these methods are hard to 
use in mainstream wastewater treatment by 
the deammonification process, due to a low 
influent ammonium concentration and due 
to the risk of AnAOB inhibition by FNA. 

1.5.5. Application of deammonification 
process for treatment of low-concentrated 
wastewater 
The  main  challenges  for  application  of  the  
deammonification process in mainstream are 
anammox bacteria retention in biomass and 
suppression of NOB growth. There are 
presented a number of studies which 
demonstrate that the effective nitrogen 
removal in an anammox reactor can be 
maintained  at  low  temperature  and  low  
influent ammonium content (Hendrickx et 
al., 2014; Lotti et al., 2014; Laureni et al., 
2015). 
There have been reported several studies 
where the performance of one-stage 
deammonification at near-to-mainstream 
conditions was reported. Simultaneous 
partial nitritation and anammox in a rotating 
biological contactor (RBC) treating synthetic 
wastewater during 360 days with 
temperature  decreasing  from 30  to  14  °C is  
reported in de Clippeleir et al. (2013). 
Nitrogen removal efficiencies between 54 % 
(at 29 °C) and 34 % (at 17 °C) were 
obtained. Operation of an SBR treating 
synthetic wastewater with the ammonium 
concentration of 70 mg N/L at temperature 
12 °C was demonstrated in Hu et al. (2013). 
The  reactor  was  operated  for  158  days  with  
the efficiency of over 90 % and no nitrate in 
the effluent was detected.  
In a more recent study (Gilbert et al., 2015) 
a different reactor configurations were 
compared when treating synthetic low-
concentrated  wastewater  during  a  period  of  
25 weeks. A DO concentration of 0.3 mg/L 
was applied and the temperature was 
decreased  from  20  to  10  °C  which  led  to  

nitrate  and  nitrite  accumulation  in  all  of  the  
reactors but in different time. MBBR with 
the thickest biofilm (10 mm) demonstrated 
the best performance at low temperatures. 
The performance of deammonification 
MBBRs, operated in sequenced batch mode 
with pre-treated municipal wastewater as 
influent and temperature down to 15 °C was 
reported in Laureni et al. (2016). Due to the 
applied extremely low DO concentration 
(0.15-0.18 mg/L) NOB growth could be 
suppressed, resulting in nitrogen removal 
efficiency of 70 %. 
There are limited studies where a 
combination of biofilm growth and 
suspended growth is combined for the 
mainstream one-stage deammonification. 
Due to a possibility of uncoupling SRT of 
suspended sludge, comprising of nitrifiers, 
and SRT of attached biomass, where most 
of anammox activity is found, such systems 
give more possibilities for the process 
control. Lemaire et al. (2016) demonstrated 
that NOB suppression could be achieved by 
choosing the right aeration pattern and right 
SRT for the suspended sludge in an IFAS 
system. Effluent nitrogen concentration of 
7-15 mg/l was achieved at temperatures of 
14-23 °C. Preliminary investigations of IFAS 
system performed by Trojanowicz et al. 
(2016) also showed an increase of nitrogen 
removal efficiency from 23 % to 44 % after 
conversion from MBBR to IFAS mode of 
operation. 
Two-stage deammonification systems are 
rarely used for reject water treatment 
(Lackner et al., 2014). However, due to more 
possibilities of NOB suppression the partial 
nitritation (the first stage) is extensively 
studied in near to mainstream conditions 
(Regmi et al., 2014; Isanta et al., 2015; Reino 
et  al.,  2016).  The  most  recent  studies  
demonstrate that NOB can be washed out 
almost completely when treating synthetic 
wastewater with an influent ammonium 
concentration of 60-70 mg/L and a 
temperature of 10-12 °C (Isanta et al., 2015; 
Reino et al., 2016). These results, however, 
need  to  be  confirmed  for  real  municipal  
wastewater with lower ammonium 
concentrations. 
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Combination of reject water treatment and 
mainstream wastewater treatment by 
deammonification process was investigated 
in a number of studies. In one-stage 
deammonification systems the goal of the 
combined treatment was to increase the 
AOB/NOB  ratio  in  attached  biomass  by  
exposing the biomass to the conditions 
more preferable for AOB growth (treatment 
of reject water with high TN concentration 
and high temperature). This was achieved by 
periodic moving carriers between reactors 
for mainstream and reject water treatment 
(Gustavsson, 2014) or by periodic shifting of 
the reject water and mainstream wastewater 
flows between several deammonification 
MBBRs (Veuillet et al., 2015). These 
strategies alone were not sufficient to 
suppress NOB and nitrogen removal was 
limited to around 50 % (Gustavsson, 2014; 
Veuillet et al., 2015). In two-stage 
mainstream deammonification the periodic 
inflow  of  reject  water  inflow  is  used  for  
irreversible NOB inhibition by high FA and 
FNA concentrations. Nitrite accumulation 
of around 75-85 % and 75-95 % was 
achieved in lab-scale (Piculell et al., 2016a) 
and pilot-scale studies (Piculell et al., 2016b), 
respectively. Despite the decreasing trend of 
the nitrite accumulation in both studies and 
partial inhibition even of AOB by high FA 
and FNA concentrations, the application of 
NOB inhibition by periodic treatment of 
reject  water  has  a  potential  to  be  a  part  of  
solution for reaching a successful 
mainstream deammonification (Piculell, 
2016). 

2.  THESIS OBJECTIVES 
The  overall  aim  of  the  PhD  project  is  to  
study possible configurations which could 
be used for application of anammox process 
for nitrogen removal from a mainstream 
municipal wastewater.  
Two very different approaches for 
application of anammox process in 
mainstream were studied:  

1. System based on combination of pre-
concentration of ammonium by ion 
exchange and removal of nitrogen by 
deammonification process. 

2. System based on nitrogen removal by 
deammonification process from low-
concentrated municipal wastewater after 
pre-treatment in a UASB reactor.  

The specific objectives of the study were: 
i. Compare the performance of the most 

commonly used cation exchange 
materials in the process of ammonium 
concentration from municipal 
wastewater (Paper I); 

ii. Test the proposed technology of 
ammonium removal in a batch mode 
and investigate the influence of NaCl on 
performance of partial nitrita-
tion/anammox process (Paper II); 

iii. Develop a strategy of partial nitritation 
and anammox bacteria adaptation to 
salinity, and to assess stability of 
biological culture working at elevated 
NaCl content (Paper III). 

iv. Investigate the change of nitrogen 
transformation pathways in the one-
stage deammonification process during 
a period of gradual decrease of influent 
ammonium concentration (Paper IV); 

v. Investigate the long term stability and 
optimization possibilities of the 
deammonification process run in an 
MBBR at a low influent ammonium 
concentration (Paper IV); 

vi. Compare operation of the 
deammonification process in MBBR 
and IFAS mode (Paper V); 

vii. Investigate mechanisms for NOB 
suppression in one-stage 
deammonification reactors (Paper IV 
and V). 

When the work on this PhD project was 
started there were only few studies done on 
anammox process application for low-
concentrated streams. The proposed system 
with combination of ion exchange and 
deammonification was not investigated by 
other researchers. Application of the system 
based  on  a  UASB  reactor  and  IFAS  for  
mainstream wastewater treatment was not 
earlier proposed for mainstream deammo-
nification. 
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3.  MATERIALS AND METHODS 
3.1. Ion exchange materials 
In this study four types of ion exchange 
materials were used: natural and synthetic 
zeolites and strong and weak acid cation 
exchange resins. 
Ø Natural zeolite rock (NZ) originated 
from Sokyrnytsya deposit (Transcarpathian 
region, Ukraine), which is one of the biggest 
zeolite deposits in the world. Mineral 
content of zeolite rock is comprised of zeo-
lite clinoptilolite (70-75 %) with admixtures 
of quartz, calcite, biotite, muscovite, chlorite, 
and montmorillonite (Sprynskyy et al., 2005). 
Ø Synthetic zeolite of NaA type (SZ) has a 
diameter of pores of 4 Å, which explains its 
commercial name of “zeolite 4A”. The 
brutto formula of the zeolite is 
Na12[Al12Si22O48]×27 H2O. This zeolite is 
chemically stable; contact with water and 
weak alkaline solutions does not cause 
structural changes. However, contact with 
strong acids lead to change of zeolite struc-
ture. Synthetic zeolites are produced as small 
crystals  with  particle  size  of  1-6  µm.  In  
wastewater treatment, synthetic zeolites are 
most often applied in a granular form in fix 
packed bed columns (Juan et al., 2009). 
Ø Strong  acid  cation  (SAC)  resin  is  
composed of polystyrene matrix, cross-
linked by divinilbenzene, which contains 
sulphonic groups. Hydrogen ion of 
sulphonic group dissociates easily and can 
change for other ions, depending on cation 
content  of  environment.  In  this  work,  SAC  
resin KU-2-8 was used. It is a gel-type resin 
with a divinilbenzene content of 8 %, a grain 
size of 0.3-1.2 mm and a total static capacity 
of 1.8 eq/L (GOST, 1974). 
Ø Weak acid cation (WAC) resin has the 
carboxylic functional groups, which have 
much lower degree of hydrogen ions 
dissociation, comparing to sulfonic groups 
in  a  SAC  resin.  Such  resin  has  a  very  high  
content  of  mobile  ions,  which  results  in  a  
high exchange capacity. In this work, WAC 
resin Purolite C104 was used. It is a gel-type 
resin  with  a  grain  size  of  0.3-1.2  mm  and  a  

total static capacity of 4.3 eq/L (Purolite, 
1999). 

3.2. Ion exchange experiments 
All the experiments were carried out using 
glass columns with inner diameter of 10 
mm, filled with ion exchange materials 
described in section 3.1. To ensure the same 
conditions for all materials, natural and 
synthetic zeolites were ground and sieved 
and the fraction 0.71-1.00 mm was used for 
experiments, which is close to the resin grain 
size. After filling the columns all materials 
were transferred to Na-form by contacting 
with NaOH or NaCl during 16 h. 
In total, there were 23 runs performed, 
which included phases of saturation and 
regeneration. Three types of synthetic 
wastewater solutions and a real municipal 
wastewater (MW) pretreated in a primary 
settler and a UASB reactor and filtrated 
through 1.6 µm pore size filter were used for 
studying ammonium removal by ion 
exchange. The first type of synthetic 
wastewater solution (SW1) was prepared by 
dissolving NH4Cl  in  deionized  water.  The  
second solution (SW2) had cation content 
typical  to  a  real  municipal  wastewater  in  
concentrations as described by Semmens et 
al. (1981) and had a pH of 9.12. The third 
solution (SW3) had the same cation content 
as  in  SW2  and  a  pH  of  6.2.  The  dynamic  
capacity was determined by an integration of 
the area above a breakthrough curve, using 
the breakthrough concentration of 
2 mg NH4-N/L. Ion exchange materials 
were regenerated counter-currently using 10-
30 g/L (0.17-0.51 M) NaCl solutions or 
0.17 M HCl solution.  

3.3. Batch tests on spent regenerant 
treatment 
Removal of ammonium from spent regen-
erant of ion exchange was studied in Paper 
II using 1 L reactor, equipped with magnetic 
stirrer and air supply. Reactor was filled with 
700 mL of spent regenerant from preceding 
ion exchange experiment and 250 mL of 
biomass carriers with biofilm of partial 
nitritation and anammox biomass. For 
satisfying the alkalinity need of the 
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nitritation reaction (eq. 1) the liquid was 
supplemented with 8.4 mg of NaHCO3 per 
every  mg  of  NH4-N, which corresponds to 
135 % of the theoretical alkalinity, needed 
for ammonium removal through partial 
nitritation/anammox (eq. 5). Addition of 
NaHCO3 was  divided  into  two  equal  
portions, which were added in the beginning 
of  the  batch  test,  and  after  26  h.  DO  
concentration was maintained on the level of 
1.5 mg/L in the first test and on 1.0 mg/L 
in the following two tests in order to avoid 
over-aeration.  

3.4. Deammonification reactors 
3.4.1. Lab-scale MBBRs 
In Paper III two identical moving bed 
biofilm  reactors  (MBBR)  were  used  for  
studying adaptation to elevated salinity. The 
reactors were operated according to 
different strategies of salinity increase. The 
salinity  increase  step  was  5  g/L in  reactor  1  
and 2.5 g/L in reactor 2. In previous studies 
the  salinity  was  increased  after  passing  3  to  
65  days.  Therefore,  in  this  study,  it  was  
chosen to have an adaptation period of 14 
days  at  every  salinity  step,  which  was  
prolonged if required.  
Each  reactor  had  a  volume  of  10  L  with  a  
40 % filling with Kaldnes K1 biocarriers 
with biofilm of AOB and anammox bacteria. 
According to microbiological characteri-
zation of biomass (Winkler et al., 2012) the 

Candidatus Brocadia fulgida was the dominating 
anammox bacteria in the biomass. Air 
supply was regulated using valves together 
with rotameters aiming keeping DO 
concentration in the range 0.4-1 mg/L. The 
reactor was fed with wastewater, prepared by 
dilution of anaerobic digestion reject water 
with tap water to ammonium concentration 
of 300-900 mg N/L and addition of NaCl in 
quantities  0  to  15  g  per  liter  of  wastewater  
depending on the experimental stage. 
The reactors were operated in a way to sus-
tain high nitrogen removal efficiency and 
avoid inhibition of anammox bacteria with 
nitrite and free ammonia (FA). Therefore 
DO concentration and hydraulic retention 
time (HRT) were changed so that nitrogen 
loading rate (NLR) would not be signifi-
cantly higher than nitrogen removal rate 
(NRR). 

3.4.2. Pilot-scale MBBR and IFAS  system 
The pilot-scale reactor used in Paper IV and 
V  had  a  biocarriers  filling  of  40  %  and  a  
volume of 200 L (Fig. 3). The content of the 
reactor was mixed by a mechanical stirrer. 
Sensors for continuous measurement of 
(DO) concentration, pH, oxidation–
reduction potential (ORP) and temperature 
in the reactor bulk liquid were used in both 
studies.  Temperature  in  the  reactor  was  
maintained at 25 °C. Either continuous or 
intermittent aeration was applied in the 
study described in Paper IV, while in Paper 

Fig. 3. Pilot scale treatment system (Paper IV-V). 
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V only intermittent aeration was used. 
Duration of aerated and non-aerated phases 
was  different  in  different  periods  and  is  
explained in detail  in Papers IV and V. The 
DO  signal  was  used  to  control  the  aeration  
intensity in order to keep the DO 
concentration stable at a set level during the 
aerated phase. Additionally, probes for 
continuous mixed liquor suspended solids 
(MLSS), ammonium and nitrate 
concentration measurement were used in 
Paper V. 
Influent to the reactor was prepared by 
mixing reject water with municipal 
wastewater,  after  a step of COD removal  in 
a UASB reactor in period I, described in 
Paper  IV.  In  period  II  of  Paper  IV  and  in  
Paper V, only pre-treated municipal 
wastewater was used as influent. The 
influent was fed continuously to the reactor.  
In  Paper  IV  most  of  the  biological  activity  
was due to attached biomass, since no 
measures for suspended biomass retention 
were  taken.  In  Paper  V,  the  system  was  
supplemented with a sedimentation tank and 
a  return  sludge  pump  and,  therefore,  it  was  
operated as the IFAS system most of the 
described period. 

3.5. Activity tests 
3.5.1. Oxygen uptake rate (OUR) 
Oxygen uptake rate (OUR) tests were done 
using a methodology modified from the one 
described by Surmacz-Gorska et al. (1996) 
and  Gut  et  al.  (2005).  The  methodology  is  
based on the measurement of the DO 
concentration in a liquid medium and 
separation of the DO consumption by AOB, 
NOB and heterotrophic bacteria using 
specific metabolic inhibitors of NOB and 
AOB (sodium chlorate and allylthiourea, 
respectively). As the liquid medium reject 
water  diluted  to  an  ammonium  
concentration of 100 mg N/L and a COD 
of  75  mg/L  was  used  in  Papers  II-III  and  
partly in Paper IV. In Paper IV-V the liquid 
medium was prepared from filtrated effluent 
wastewater by supplementing it with 
NH4HCO3, NaNO2 and NaCH3COO to the 
final concentrations of 50 mg/L, 15 mg/L 

and  100  mg  COD/L,  respectively,  and  
adjusting the pH to 7.6. 
The liquid medium was filled in a bottle and 
aerated to DO concentration above 6 mg/L. 
When the test was started, the aeration was 
turned off, carriers with biomass or 
concentrated suspended sludge were added 
and the DO concentration was continuously 
measured.  The  bottle  was  thermostated  at  
25 °C during the whole test. 
In experiments, explained in paper III the 
inhibitors were not added in order to avoid 
deterioration of the biomass quality. 
The OUR methodology used in this study 
was compared to the one described by 
Moussa  et  al.  (2006)  in  few  tests  and  the  
same activity of the different bacterial 
groups were obtained by the two methods. 

3.5.2. Specific anammox activity (SAA) 
Activity  of  anammox  bacteria  was  deter-
mined  using  the  measurement  of  gas  
pressure (Dapena-Mora et al., 2007). These 
tests were performed in glass bottles partly 
filled with liquid medium and carriers with 
biomass  or  suspended  sludge.  The  liquid  
medium  was  prepared  using  a  5.34  mM  
phosphate buffer that had a pH of 7.8. The 
test was started by addition of concentrated 
NH4Cl and NaNO2 solutions to the final 
concentrations of NH4-N and NO2-N of 
70 mg/L. The tests were performed at 25 °C 
and the measured pressure increase inside 
the bottles was transformed into nitrogen 
removal rates. Detailed description of the 
methodology can be found in Malovanyy et 
al. (2009). 

3.5.3. Heterotrophic denitrification activity 
The activity of heterotrophic denitrifiers was 
determined by nitrate utilization rate (NUR) 
test (Paper IV) or by nitrogen gas pressure 
measurement.  
The NUR test is based on a regular analysis 
of nitrate concentration in a liquid medium 
during the course of denitrification. 
The gas pressure measurement tests were 
done according to the same methodology as 
described in section 3.5.2, except of that 
sodium nitrate and sodium acetate in final 
concentrations of 50 mg N/L and 
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100 mg COD/L, respectively, were used as 
substrates. 

3.5.4. Batch tests 
Several types of batch tests were done within 
the research described in Paper IV and 
Paper V, where conversion rates of one or 
several bacterial groups were determined 
using  a  methodology,  modified  from  the  
ones described in sections 3.5.1-3.5.3. 
The dependence of aerobic process rates of 
different  bacterial  groups  on  the  DO  
concentration was determined separately by 
respirometric tests performed with addition 
of only one or several of substrates.  
The influence of transient anoxia on 
ammonium oxidation rate was studied by 
introducing anoxic periods of different 
duration and comparison of the DO 
consumption rate before and after the 
period of anoxia. 
Nitrogen gas pressure measurement 
methodology was used in for investigating 
routes of nitrogen conversion by running 
tests with suspended and attached biomass 
and with different substrates (NH4

+ and 
NO2

- for determination of anammox 
activity, NO3

- and NaAc for determination 
of denitrification activity and NH4

+, NO3
- 

and NaAc for determination of the 
combined conversion by denitrification and 
anammox biomass). 
Detailed explanation of the methods used is 
described in Paper IV and Paper V. 

3.6. Analytical methods  
Ammonium was analyzed photometrically 
by the Nesslerization method (ASTM 
International, 2008), by flow injection 
analyses using Tecator Aquatec-5400 ana-
lyzer or by Hach-Lange cuvette test. Nitrite, 
nitrate, COD and alkalinity were analyzed by 
Hach-Lange cuvette tests. Total hardness 
(TH)  as  a  sum  of  calcium  and  magnesium  
ion concentrations was determined by 
complexonometric titration method (ASTM 
International, 2009). 

4.  RESULTS  
4.1. Concentration of ammonium by 
ion exchange 
4.1.1. Comparison of ammonium exchange 
capacity 
Ammonium exchange capacities of the four 
ion exchange materials were compared in 
packed bed mode by pumping synthetic 
wastewater solution SW3, which could 
simulate municipal wastewater, through ion 
exchange columns. For SAC resin separate 
runs for Na- or H-form of resin were made. 
Results indicated that the SAC resin had the 
highest capacity for ammonium ion among 
all  studied  materials.  Breakthrough  for  this  
material was reached after pumping 145-183 
bed volumes (BV) of wastewater through 
the column (Fig. 4). Higher capacity was 
reached for the resin in the H-form, which 
agrees with the higher selectivity of the resin 
to Na+ ions (Alchin, 1998). 
Similar capacities were reached for natural 
and synthetic zeolites, which were about 
40 % lower than that of SAC resin in Na-
form (Table 1). Ammonium breakthrough 
for WAC resin was reached after pumping 
only 25 BV of wastewater and, therefore, 
this resin was not extensively investigated in 
this study. 

4.1.2. Regeneration with NaCl 
For ammonium concentration by ion 
exchange fast regeneration of materials with 
low volume of regenerant consumption are 
both important to reach high exchange 
capacity in the saturation phase. Consider-
ably different volume of regenerant was 
required for regeneration of SAC resin, NZ 
and  SZ  (Fig.  5).  SAC  resin  was  regenerated  
completely after supplying only 12.2 BV of 
regenerant, and, therefore, 13-fold increase 
of ammonium concentration was reached 
with an average concentration in regenerant 
of 554 mg NH4-N /L. To the contrary, 
regeneration of natural zeolite proceeded 
very slowly and even after pumping 123 BV 
of regenerant through the column, only 
90 %  
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Fig. 4. Breakthrough 
curves for four ion 
exchange materials. SW3 
used as an inflow (Paper 
I). 

Fig. 5. Regeneration of 
ion exchange materials 
with 30 g/L NaCl 
(Paper I). 

Fig. 6. Regeneration of 
ion exchange materials 
with 30 g/L NaCl 
(Paper I). 

+ 

+ 

+ 
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The rate of synthetic zeolite regeneration 
was higher than for NZ but lower than for 
SAC  resin  and  only  3-fold  increase  of  
ammonium concentration was achieved. 
Except for having a high ammonium 
concentration, the spent regenerant had 
relatively high residual NaCl content. When 
SAC resin was regenerated with 30 g/L 
NaCl solution, ammonium ions constituted 
only to 8 % of the total cation content. 
Salinity negatively influences biological 
processes (Moussa et al., 2006; Dapena-
Mora et al., 2010). Therefore, salinity of 
regenerant should be kept as low as possible 
while sustaining high regeneration rates. 
Since fast regeneration was observed for 
SAC resin in previous experiments, 
regeneration with lower salt concentrations 
was tested. As expected, the decrease in 
regenerant strength increased the volume of 
regenerant required for complete 
regeneration (Fig. 6). 
Ammonium concentration in spent regen-
erant dropped to 382 and 289 mg/L when 
20  and  10  g  NaCl/L  regenerant  was  used,  
respectively. Even the value reached for 
10 g NaCl/L is much higher than ammo-
nium concentration in municipal wastewater 
and many studies showed successful opera-
tion of deammonification reactors at such 
ammonium concentrations. 

4.1.3. Selectivity of ammonium exchange 
Ion exchange materials have different 
affinities for different ions and it is 
important to understand how selective the 
ammonium removal is. During the 
regeneration process virtually all ions taken 
up during the saturation phase are eluted 
and their presence in the spent regenerant 

can have an impact on its treatment and 
consequent use in another regeneration 
cycle. Ca2+ and Mg2+ are  the  ions  which  are  
usually present in relatively high 
concentrations and their removal was 
monitored by analyzing the sum of their 
concentrations as total hardness (TH) in 
several  ion  exchange  runs.  For  all  studied  
materials, except of natural zeolite, removal 
of  TH  was  almost  complete  during  the  
whole  runs  (Fig.  7).  For  natural  zeolite  TH  
concentration increased fast from the first 
portions of wastewater applied and only 
approximately ¼ of exchange sites were 
occupied by hardness ions. These results are 
in agreement with the selectivity rows of 
SAC resin (Alchin, 1998), WAC resin 
(Meyers, 1999) and natural zeolite (Ames, 
1960). 

4.1.4. Predicting ammonium breakthrough 
In order to effectively perform concentra-
tion of ammonium with ion exchange, it is 
important to be able to predict the exchange 
capacity and detect the breakthrough of 
ammonium ions. In this study, it was 
attempted to correlate the ammonium 
concentration in the effluent from the 
column with electric conductivity of the 
respective solution. Using data from both 
experiments with synthetic wastewater and 
real municipal wastewater, it was shown that 
irrespectively of inflowing concentration of 
ammonium, if conductivity of influent is 
known, effluent ammonium concentration 
can be calculated from the conductivity 
value. This gives a possibility for predicting 
breakthrough, even when ammonium in the 
effluent is very close to zero, by placing the 
conductivity probe in the ion exchange 
column close to the exit. 

Table 1. Performance of ion exchange materials in saturation phase (modified after 
Paper I). 
Ion exchange material Flow rate (BV/h) Breakthrough 

volume (BV) 
Breakthrough 
capacity (eq/L) 

Ammonium 
removal 

efficiency (%) 
SAC resin (Na-form) 43.1 145 0.41 96.0 
SAC resin (H-form) 32.7 183 0.52 98.0 
Natural zeolite 31.2 97 0.27 95.5 
Synthetic zeolite 29.9 105 0.27 93.2 
WAC resin (Na-form) 50.6 41 0.12 88.0 



Anammox-based systems for nitrogen removal from mainstream municipal wastewater 
 

19 

Experimental data of ammonium break-
through could be predicted well by Adams-
Bohart (Bohart and Adams, 1920) and 
Thomas (Thomas, 1944) models for all the 
runs. This gave the possibility to not only 
calculate the breakthrough capacity using 
experimental data, but to evaluate 
equilibrium exchange capacities – the 
maximum exchange capacities, which could 
be reached for ion exchange materials at a 
specific wastewater content, independently 
of the used wastewater flow rate. Kinetic 
coefficients and equilibrium concentrations 
can help designing ion exchange columns 
and to predict concentration-time profile for 
the effluent, if the influent content does not 
change significantly with time. Stable 
wastewater content in every run contributed 
to good fitting by the models. However, 
municipal wastewater does not have a stable 
content and modeling breakthrough curve 
requires more complicated models, which 
use concentration of ammonium and other 
ions as well as selectivity for them to explain 
the breakthrough. 

4.1.5. Wastewater content and hydraulic 
loading influence 
Influence of wastewater content on NZ, SZ 
and  SAC  resin  capacity  was  studied  using  
three synthetic wastewater solutions, 
described in section 3.2. It was shown that 

the pH of wastewater plays an important 
role on ammonium removal. Since SW2 had 
high pH, at which around 34 % of nitrogen 
was in non-ionized ammonia form, the 
breakthrough was observed almost 
immediately after starting the saturation 
phase. The total cation content was shown 
to have also a high importance, since the 
capacity of materials for ammonium removal 
decreased by 40-64 % when the wastewater 
with only ammonium ions was changed to a 
solution with cation content, typical to 
municipal wastewater. 
Experiments with different volumetric 
loading showed that SAC resin can be 
loaded much more than NZ without a nega-
tive impact on the exchange capacity. NZ 
was shown to be more dependent on 
contact time and the exchange capacity for 
ammonium could be doubled when the flow 
rate was decreased from 31.2 to 17.1 BV/h, 
while there was almost no increase of the 
exchange capacity when SAC resin loading 
was decreased from 110 to 40 BV/h. 

4.2. Partial nitritation/anammox 
biomass adaptation to elevated 
salinity 
Since the results of Paper II showed that the 
NaCl content have a strong negative impact 
on AOB and anammox bacteria activity and 

Fig. 7. Regeneration of ion exchange materials with 30 g/L NaCl (Paper I). 
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the effectiveness of ammonium 
concentration with ion exchange depends on 
the regenerant strength (Paper I), 
experiments were done on adaptation of 
biomass to elevated salinity. Previous studies 
were mostly focused on anammox bacteria 
adaptation and very different adaptation 
periods  were  reported.  Therefore,  in  Paper  
III, two different strategies of salinity 
increase  were  studied,  aiming  to  get  more  
knowledge about the possibilities of 
adaptation of partial nitritation/anammox 
biomass  in  a  MBBR.  The  first  strategy,  in  
which salinity was increased by 5 g/L every 
two weeks, was not successful. Salt content 
led to inhibition of both AOB and 
anammox bacteria, which led to ammonium 
and nitrite accumulation, and the rise of FA 
and free nitirous acid (FNA) concentrations 
above the anammox bacteria inhibition 
threshold. 
The reactor, which was working with twice 
lower step of salinity increase, showed a 
better stability during the adaptation period. 
From influent and effluent chemical analyzes 
results during the first two phases of reactor 
operation  (Fig.  8a)  it  is  seen  that  a  good  
reactor performance was achieved. 
Excluding the periods of unadequate aera-
tion on day 12 and day 26, a nitrogen 
removal efficiency of 75-92 % was reached. 
Nitrogen removal rate slightly increased in 
the phase of 0 g/L salinity and in the phase 
of 2.5 g/L salinity remained constant (Fig. 
8b). 
In  the  first  two  phases  the  OUR  increased  
from 0.9 to 1.7 g O2/(m2×day)  and  a  rather  
stable anammox activity was observed in the 
range of 1-1.5 g N/(m2×day) (Fig. 8c). When 
the salinity of the inflow was increased to 5 
g/L, the inhibition of anammox bacteria was 
observed. The FNA concentration increased 
to  87.8  μg  HNO2-N/L and an ammonium 
concentration of over 200 mg NH4-N/L 
further inhibited AOB and anammox 
bacteria. In order to stabilize the reactor, the 
nitrogen loading was decreased, which 
caused an increase of nitrogen removal 
efficiency. To the end of the phase with 
salinity of 7.5 g/L the NRR increased 
slightly from 0.65 to 0.9 g N/(m2×day). The 

SAA was lower in these phases, comparing 
to the first two phases. The OUR 
significantly dropped in the beginning of the 
phase with 5 g/L salt content but was 
steadily growing to the end of the phase with 
salinity of 7.5 g/L.  
When  the  salinity  in  the  inflow  was  further  
increased to 10 g/L, accumulation of all 
forms of nitrogen (and corresponding high 
concentrations of FNA) was observed, 
which indicated bacteria inhibition. In order 
to  stabilize  the  reactor  the  NLR  was  
gradually decreased by changing the 
ammonium concentration in the inflow and 
the HRT. During the period when bacteria 
were inhibited a slight decrease of anammox 
and aerobic activity was observed. After day 
92 bacteria were getting adapted to the new 
salinity level and the NRR was steadily 
growing. Activity of both aerobic bacteria 
and anammox bacteria were also growing in 
this period. On day 162 of the reactor 
operation the NRR reached a value of 
0.76 g N/(m2×day,) which is comparable with 
the removal rate of 1 g N/(m2×day) observed 
in the beginning of the operation period. 

4.3. Influence of NaCl concentration on 
non-adapted and adapted biomass 
Influence of NaCl concentration on nitrogen 
removal through partial nitrita-
tion/anammox pathway was evaluated in 
Paper II and III. In Paper II, more tests 
were done and separate influence of salinity 
on different groups of aerobic 
microorganisms was evaluated. However, 
the separate influence on bacteria belonging 
to different groups was studied only for 
non-adapted biomass. Since it was shown in 
Paper II that the AOB activity is close to 
total aerobic activity, in Paper III, total 
aerobic activity of biomass at different NaCl 
levels was determined. Influence of NaCl 
was studied separately for two biological 
steps – nitritation and anammox. OUR and 
SAA batch tests were done at salinities of 
medium  in  the  range  0-30  g/L.  Results  of  
OUR tests showed that the main group of 
aerobic organisms in the biological culture 
was  AOB.  The  second  biggest  group  was  
heterotrophic bacteria and the activity of 
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NOB was always on the limit of detection. It 
is clearly seen that with an increase of 
salinity the activity of both AOB and hetero-
trophs decreases. Since the activity of NOB 
is on a very low level, it is hard to make 
conclusions about the impact of salinity on 
these microorganisms. However, it was 
shown  by  Liu  et  al.  (2008)  that  NOB  are  
more sensitive to increased salinity than 

AOB. Considering the impact of salinity on 
AOB  activity,  it  may  be  concluded  that  the  
increase of NaCl concentration to 10 g/L 
leads to decrease of the activity by 20-40 % 
and a further increase to 30 g/L causes a 
loss of 70-80 % of the activity, comparing to 
the reference tests with no NaCl addition. 
The  results  from  Paper  III  confirm  the  
activity profile at different NaCl levels for 

Fig. 8. Performance of MBBR during adaptation period: (a) influent and effluent 
nitrogen compounds concentrations; (b) NLR and NRR; (c) SAA and OUR of biomass 
(Paper III). 
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aerobic microorganisms, obtained in Paper 
II. Similarly, 30 % of aerobic activity was 
lost at NaCl concentration of 10 g/L and 
85 % at a salinity of 30 g/L (Fig. 9a).  
The results of SAA tests (Fig. 9b, Paper III) 
showed that the anammox bacteria are also 
inhibited by NaCl and the inhibition for 
them is stronger than for AOB. At salinities 
higher than 10 g/L the activity of anammox 
bacteria is on the edge of the detection limit 
of the method. Results of Paper II showed a 
similar trend of SAA decrease, and a high 
variation  of  SAA  at  salinity  of  10  g/L  was  
observed. At NaCl concentration of 10 g/L 
between  25  and  60  %  of  activity  in  
unstressed conditions can be expected. 
Further increase of salinity concentration to 
20  g/L  and  higher  values  leads  to  activity  
decrease to the detection limit of the 
method.  
Influence of salinity on the activity of non-
adapted anammox biomass was also 
investigated by Windey et al. (2005), Kartal 
et al. (2006), Dapena-Mora et al. (2010), Jin 
et al. (2011). In these studies, the decrease of 
anammox activity between 50 % (Kartal et 
al., 2006) and 97 % (Windey et al., 2005) at a 
NaCL  concentration  of  30  g/L  was  
observed, which is also confirmed by this 
work.  However,  for  lower  salinity  levels  the  
reported results are substantially different. 
Kartal et al. (2006) observed 100 % increase 
of activity at salinity of 10 g/L. Dapena-
Mora  et  al.  (2010)  observed  10  %  lower  
activity at a NaCl concentration of 10 g/L. 

In this study, no stimulatory effect of salinity 
was observed; on the contrary salinity of 
10 g/L caused a loss of 20-75 % of 
anammox activity. 
After the reactor operation during 159 days 
the influence of salinity on the biomass 
activity decreased, which indicates 
adaptation of bacteria to salinity. On day 159 
the SAA was the highest at a salinity of 
15 g/L and the OUR was the highest at 
salinities of 5-15 g/L.  

4.4. Testing of combined ion 
exchange/biological system in batch 
mode 
4.4.1. Ammonium concentration from 
municipal wastewater 
In order to confirm the results, obtained 
with synthetic wastewater, five runs of 
exhaustion/regeneration were performed, 
where pretreated municipal wastewater as a 
source  of  ammonium  was  used.  In  the  first  
two runs, a regenerant with a NaCl 
concentration  of  30  g/L  was  used,  whereas  
in the latter 3 runs a less concentrated 
10 g/L NaCl solution was used.  
Breakthrough of ammonium in five runs 
with municipal wastewater was detected 
after passing 4-6.5 L of wastewater (Fig. 10a) 
and  such  a  difference  was  caused  by  a  
different initial ammonium concentration in 
separate runs. Supply of wastewater in batch 
2 was stopped just after reaching the 
breakthrough, whereas the other runs were 
allowed to continue until reaching ¼ of the 

Fig. 9. Activity of biomass at different salinity levels during the adaptation process: 
(a) aerobic bacteria (OUR tests); (b) Anammox bacteria (SAA tests) (Paper III). 
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initial ammonium concentration. 
Ammonium breakthrough was observed 
after removal of 0.27-0.41 meq of ammo-
nium per 1 mL of resin (Table 2). 
Regeneration of the resin required 
approximately the same volume of 
regenerant as in the experiments with 
synthetic  wastewater  (Fig.  10b,  Table  2).  
Complete regeneration was reached after 
supply of 0.33 and 0.7 L of regenerant with  
NaCl  concentrations  of  30  g/L  and  10  g/L  
respectively. In batch 1, the volume of 
ammonium-containing stream decreased by 
25 times from 8.35 L to 0.33 L. The results 
of batch 5 demonstrate that it is possible to 
achive efficiency of ammonium removal 
from municipal wastewater of 99.9 % and 

increase of ammonium concentration by 18 
times. 

4.4.2. Biological nitrogen removal from spent 
regenerant 
Spent regenerant from the first two batches 
had a NaCl concentration of approximately 
28  g/L.  As  was  shown  above,  such  a  high  
NaCl content would totally inhibit 
ammonium removal with partial nitritation/ 
anammox process. However, the regenerant 
with a NaCl concentration of 30 g/L can be 
used if biomass is adapted to elevated 
salinities, since it will result in a higher 
ammonium concentration in spent 
regenerant and a higher nitrogen removal 
rates.  

Fig. 10. Ammonium 
concentration from 
municipal wastewater:  
(a) – exhaustion;  
(b) – regeneration  
(Paper II). 
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Spent regenerant of the three following 
batches had an estimated NaCl content of 
8.5-9.2 g/L. At this salinity level partial 
nitritation/anammox biomass is inhibited 
partially, and, therefore, biological removal 
of nitrogen could be tested. Three separate 
batch tests were performed with biological 
nitrogen removal from spent regenerant, and 
in all of them the efficiencies higher than 
86 % were reached (Table 3).  
Since anammox bacteria are inhibited by 
NaCL more than AOB, accumulation of 
nitrite  was  observed  in  batch  3,  in  which  a  
DO  concentration  of  1.5  mg/L  was  main-
tained. In the following batch tests, the DO 
concentration  was  lowered  to  1.0  mg/L,  
decreasing the rate of aerobic ammonium 
oxidation, and there was no nitrite accumu-
lation observed (Fig. 11). Thus, it was shown 
that spent regenerant of ion exchange can be 
treated with the deammonification process 
even when non-adapted biomass is used. 
However, the batch tests were run only for 2 
days and, as shown in Paper III, the 
inhibition with NaCl is more severe at a 
longer exposure to saline environment. 
Therefore, the biomass needs to be adapted 
before spent regenerant of ion exchange can 
be treated.  

4.5. Pilot-scale study; transition from 
reject water to mainstream  
During the reference period when the pilot-
scale deammonification MBBR was treating 
the reject water, a high efficiency of nitrogen 
removal (in average 86 %) was maintained 
with  a  high  removal  rate  (1.6  g  N/(m2∙d)) 
and a low nitrate production (period Ia on 
Fig. 12a). The volatile suspended solids 
(VSS) concentration in the reactor was in 
average  180  mg  /L  during  that  period.  The  
suspended sludge contained a very high 
proportion  of  active  AOB,  as  indicated  by  
activity tests. 

Table 2. Ammonium concentration from municipal wastewater using SAC resin 
(Paper II). 

Batch 
Concentration 
in wastewater  
(mg NH4-N/L) 

Volume of 
wastewater 
applied (L) 

Break-
through 
capacity  
(eq/L) 

Regene-
rant  

(g NaCl/L) 

Volume of 
regenerant 

required  
(L) 

Average 
concentration in 
spent regenerant  

(mg NH4-N/L) 

Concen-
tration 

increase 
factor 

1 26.6 8.4 0.38 30 0.33 581 21.8 
2 24.8 6.5 0.36 30 0.34 445 17.9 
3 40.4 5.1 0.41 10 0.70 367 9.1 
4 21.8 6.0 0.27 10 0.70 187 8.6 
5 37.9 5.4 0.40 10 0.70 330 8.7 
        
Table 3. Nitrogen removal from spent regenerant by partial nitritation/anammox 
(Paper II). 

Batch 
Starting ammonium 

concentration 
(mg NH4-N /L) 

Final nitrogen concentrations 
NRR 

(g N/(m2×d)) 
Treatment 

efficiency (%) NH4-N 
(mg/L) 

NO2-N 
(mg/L) 

NO3-N 
(mg/L) 

3 367 0 29.05 21.25 0.71 86 
4 187 0.1 1.06 7.93 0.46 95 
5 330 0 3.44 17.02 1.06 94 

Fig. 11. Batch test on nitrogen removal 
from spent regenerant using partial 
nitritation/ Anammox process. 
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Nitritation activity of the sludge was 
80 mg NH4-N/(g  VSS∙h),  which  is  around  
20 times higher than the usual nitrification 
activity of activated sludge in traditional 
WWTPs. AOB activity in suspended sludge 
and biofilm was transformed to a possible 
nitritation flux, which was then transformed 
to  a  nitrogen  removal  capacity  by  using  
coefficients of anammox reaction and 
corrected for the applied dissolved oxygen 
content. In this way, the nitritation capacity 
could be compared with the applied NLR 
(Fig. 12b). The calculated capacities showed 
that around ¾ of all the nitrite was produced 
by AOB in suspended sludge in period Ia.  
During periods Ib-Ie the influent 
ammonium concentration was gradually 
decreased to 146 mg NH4-N/L. The average 
nitrogen removal efficiency was 60-65 % 

during these periods and the observed 
nitrate  production  (relative  to  the  removed  
ammonium) was close to, or even lower 
than the stoichiometric values in 
deammonification process. Starting from 
period  If,  a  high  nitrate  production  was  
observed.  This  is  believed  to  be  due  to  FA  
concentrations lower than the NOB 
inhibition threshold and due to the shift of 
most of the aerobic activity to biofilm, 
where it is harder for AOB to compete with 
NOB for oxygen. High nitrate production 
resulted in a low efficiency (43 % in average 
during periods If-Ig). Activity of anammox 
bacteria  decreased  by  30  %,  while  the  
activity of AOB in attached and suspended 
biomass decreased by 40 % and 60 %, 
respectively, during the period of transition 
to the mainstream conditions. This is 

Fig. 12. Performance of deammonification MBBR during transition to mainstream:  
a – ammonium conversion routes (influent NH4-N concentration in brackets);  
b – comparison of potential capacity and applied nitrogen loading (AOB capacity is 
calculated by multiplication of →  flux by 2.32/1.32). 
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believed to be due to the decrease of 
nitrogen loading, the decrease of suspended 
biomass content and the competition with 
NOB.  

4.6. Mainstream operation in MBBR 
mode 
After transition to mainstream wastewater 
the  system,  which  comprised  of  a  UASB  
reactor  for  COD  removal  step  and  a  
deammonification MBBR for nitrogen 
removal, was operated during 517 days 
(Table 4). The main reason for such long 
reactor operation was to confirm that the 
anammox  culture  can  be  sustained  in  a  
deammonification reactor treating 
wastewater with a low ammonium 
concentration. The results showed that the 
initial decrease of the SAA during the 
transition period was larger than the changes 
during the long-term operation with the 
municipal wastewater. Even though the SAA 
decreased by 2.5 times when the inflow was 
gradually changed to the mainstream 

wastewater, after that the activity remained 
stable at the level of 1.2-1.5 g N/(m2·d) 
during 17 months. 
Activity of heterotrophic bacteria decreased 
by the end of the operation of the 
deammonification reactor in MBBR mode to 
0.11 g N/(m2·d) and, therefore constituted 
only to 8% of the total anoxic activity of the 
biomass. 
The whole operation period was divided into 
7 sub-periods where different aeration 
strategies were tested. The results indicate 
that the intermittent aeration allows reaching 
better  removal  efficiency  due  to  a  lag  phase  
in NOB activity in the beginning of the 
aerated phase. However, the effort to 
completely out-compete NOB from biofilm 
was not successful. The best performance of 
the reactor was observed in period IIf when 
the reactor was operated with an 
intermittent aeration (15 min aerated and 
15 min non-aerated phase), and a DO set-
point of 0.6 mg/L. 

Table 4. Performance of deammonification MBBR during treatment of UASB reactor 
effluent. 
 Paper IV Paper V 
Period IIa IIb IIc IId IIe IIf I 
Days of operation 158-220 221-353 354-451 354-539 540-591 592-640 1-42 

Aeration mode1 Cont. 45+15 Cont. 45+30 30+30 15+15 15+15  
DO set-point 0.5 0.3 0.6 0.6 0.6 0.6 0.7 
Inflow NH4-N (mg/L) 31 29 39 41 39 34 39 

sCOD (mg/L) 37 67 64 60 61 55 67 
Alkalinity (mmol/L) 4.7 4.8 5.8 5.7 5.4 5.4 5.4 

Outflow NH4-N (mg/L) 7.1 9.1 7.4 13.2 19 10 13 
NO2-N (mg/L) 0.13 0.18 0.17 0.06 0.3 0.1 0.12 
NO3-N (mg/L) 13.7 14.1 21.7 13.3 5.8 12.5 13.3 
sCOD (mg/L) 24 44 33.4 34.3 31 28 27 
Alkalinity (mmol/L) 2.1 3.2 2.2 2.4 3.3 2.7 2.2 

DO (mg/L) 0.5 0.35 0.6 0.47 0.36 0.43 0.44 
pH 6.66 6.64 6.89 6.92 7.10 6.88 7.03 
ORP (mV) 134 134 185 85 30 89 151 
NLR (g N/(m2∙d)) 0.20 0.21 0.26 0.36 0.32 0.27 0.26 
Efficiency (%) 35 19 26 35 36 40 36 
NRR (g N/(m2∙d)) 0.06 0.04 0.06 0.13 0.11 0.10 0.09 
HRT (h) 18.5 16.8 17.4 13.8 14.5 17.0 14.8 
1 Cont. stands for continuous aeration; XX+XX stands for duration of aerated and non-aerated phases 
respectively. 
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4.7. Mainstream operation in IFAS 
mode 
Following the conclusions of Paper IV 
about the high AOB/NOB ratio in 
suspended sludge and about the importance 
of suspended biomass for maintaining high 
conversion rates, the deammonification 
MBBR  was  converted  to  IFAS  system  and  
operated in IFAS mode during 140 days. 
There were encountered several operational 
problems and transitions stages within this 
period but two sub-periods, where stable 
operation of the system was observed, can 
be  pointed  out  –  period  IV  and  period  VI.  
During these periods the suspended sludge 
concentration in the reactor was the same at 

750  mg  MLVSS/L  (Fig.  13c).  The  main  
difference between these periods was that 
the  wastewater  supplied  in  period  IV  had  a  
sCOD/NH4-N ratio of 1.8, while in period 
VI it was 1.3. 
Anoxic phases of 30-45 min were applied 
when operating in IFAS mode, while the 
aerobic phase duration was constant at 15 
min with the DO set-point of 1.0-1.5 mg/L.  
During the period when COD availability 
was higher (period IV) a nitrogen removal 
efficiency of 70±4 % and a removal rate of 
55±6 g N/(m3∙d) were reached (Fig. 13a-b). 
Nitrogen  removal  in  period  IV  was  due  to  
both: the activity of anammox bacteria and 
denitrifiers, as indicated by several batch 

Fig. 13. Performance of pilot deammonication reactor in IFAS mode (Paper V). 
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tests. 
In one of the tests the change of nitrogen 
forms was followed during one aeration 
cycle of the pilot-scale deammonification 
reactor  (Fig.  14a).  It  was  shown than  in  the  
beginning of the anoxic phase the 
consumption of nitrite and ammonium 
follows the anammox stoichiometry (eq. 4), 
while in the end of the phase nitrate is 
consumed together with ammonium on near 
equimolar ratios. This indicates that a part of 
nitrite, produced from nitrate reduction, is 
consumed by anammox bacteria for 
ammonium  oxidation.  Based  on  the  test  a  
nitrogen balance was established (Fig. 14b), 
which showed that 42 % of the produced 
nitrate was reduced back to nitrite and 45 % 
of it was used by anammox bacteria.  
Moreover, series of batch activity tests with 
measuring of nitrogen gas production by 
suspended and attached biomass, as well as a 
mixture of both, were done during period 
IV, which also showed that a part of nitrate 
was reduced by suspended biomass to 
nitrite, which was used by anammox bacteria 

(see Paper V for detailed information). 
In period VI a COD content of treated 
wastewater was lower, which resulted in 
lower efficiency. In this period, an operation 
with higher DO concentrations (1.5 mg/L) 
and shorter anoxic phase (30 min) was 
tested. The maximum removal rate was 
reached with these operating conditions, but 
the system could not handle such high 
volumetric load due to the settler 
overloading and loss of suspended biomass. 
The average nitrogen removal in this phase 
was 52±4 %.  
It was shown that higher efficiency in period 
IV than period VI is due to higher COD 
availability. The average ratio of AOB/NOB 
activity in suspended sludge was stable at 
0.83-0.94 during the whole study and 
decreased from 0.38 to 0.3 in biofilm.  

4.8. Competition between AOB and 
NOB for oxygen  
4.8.1. Transient anoxia 
The mechanism of NOB inhibition by 
transient anoxia was studied by batch tests 

Fig. 14. Nitrogen 
transformation in 
the reactor during 
one aeration cycle 
(period IV):  
(a) – development 
of nitrogen forms 
concentrations; 
(b) – nitrogen 
conversion routes, 
calculation based 
on the change of 
nitrogen concen-
trations (values in 
g N/(m3·d); some 
unbalance is due 
to numbers 
rounding). 
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using the attached biomass by comparison 
of OUR before and after anoxic periods 
with the duration of 20 min-15 h. During 
the anoxic period there was either an 
absence of only oxygen (Fig. 15a) or an 
absence of both oxygen and nitrite (Fig. 
15b).  The  start  of  the  aerobic  phase  was  
done as fast as possible by changing a part 
of the liquid medium with oxygen-saturated 
solution containing enough nitrite. The 
stable DO concentration measurement was 
established after 2-3 min from the end of the 
anoxic phase. There could be seen no 
difference in process rates before and after 
anoxic period and between the tests with 
different anoxic phase duration, indicating 
that the maximal period of NOB 
suppression was 2-3 min. To further study 
the influence of anoxic phase and its 
duration pilot scale reactor was operated 
with intermittent aeration and different 
phase durations. Monitoring development of 
nitrogen  forms  concentration  in  several  
aeration cycles it could be seen that during 
the reactor operation with 15 min phase 
duration the nitrite concentration in the end 
of  the  aerated  phase  was  twice  lower  
comparing to the operation with 30 min 
phase duration, which resulted in slightly 
better nitrogen removal performance of the 
pilot plant.  

4.8.2. Influence of DO concentration 
The influence of DO concentration on 
nitrogen transformation rates by AOB and 
NOB  was  investigated  by  separate  OUR  
tests for attached and for suspended 
biomass. For the attached biomass (Fig. 16a) 
the transformation rates by AOB and NOB 
in the studied biofilm system changed 
similarly in response to the DO 
concentration decrease. The tests with both 
ammonium and nitrite addition showed that 
for DO concentrations lower than 2 mg/L 
the process rates were mainly limited by 
oxygen diffusion in biofilm and not by the 
affinities of AOB and NOB to oxygen.  
Oxygen half-saturation coefficients could be 
determined by similar tests performed with 
the suspended biomass. These coefficients 
were only slightly influenced by diffusion 
limitation, since the oxygen gradient in 

bacteria flocs is very low, comparing to that 
in biofilm. The obtained process rates for 
AOB and NOB (Fig. 16b) showed that in 
the studied system AOB had much lower 
affinity to oxygen than NOB. The half-
saturation concentrations KO, determined by 
fitting the experimental results to Monod 
kinetics, were 0.4 and lower than 0.1 for 
AOB and NOB, respectively. The AOB rate 
increased sharply within the DO range 0-
1.5 mg O2/L and remained relatively stable 
at  higher  DO  levels.  To  the  contrary,  the  
NOB activity was almost constant at DO 
levels higher than 0.2 mg/L.  

4.8.3. Influence of ammonium concentration 
Free ammonia (FA) concentration in the 
reactor during the whole operation period 
described in Paper IV (157 days of transition 
to mainstream conditions and 483 days of 
mainstream wastewater treatment) was 
calculated based on ammonium and pH 
values and compared to nitrate production 
by NOB (Fig. 17). The nitrate production 
was expressed as a total nitrate produced 
minus expected nitrate production by 
anammox reaction (11 % of the removed 
nitrogen) and divided by ammonium which 
was removed. 
It is apparent that with higher FA values the 
nitrate production by NOB is lower.  This is  
attributed to both inhibition of NOB by FA 
and  by  decrease  of  AOB activity  at  low FA 
levels due to substrate limitation. High 
spreading of points on Fig. 17 shows that 
the influence of other factors is also 
important. For biomass that have a higher 
ratio of AOB/NOB activity (period Ia-Ic) 
less  nitrate  is  produced  at  FA  levels  of  0.1-
1 mg/L than for biomass with low 
AOB/NOB activity ratio (period II). To 
confirm these results a batch test with an 
operation of the deammonification MBBR 
was done in SBR-mode. The results showed 
that during the last hours of the test the 
nitrate production (NO3-Nprod/NH4-Ncons) 
was almost twice higher than during the first 
hours  of  the  test  (81  %  and  45  %,  
respectively). Experiments with SBR-mode 
are described more detailed in Paper IV. 
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Fig. 16. Influence 
of DO concen-
tration on AOB 
and NOB rates: 
(a) – attached 
biomass;  
(b) – suspended 
biomass. 

Fig. 15. Batch 
tests on transient 
anoxia for NOB 
suppression:  
(a) – only DO 
limitation;  
(b) – NO2-N and 
DO limitation. 
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5.  DISCUSSION 
5.1. Ion exchange and 
deammonification 
5.1.1. Ion exchange; which material and 

which conditions? 
Among the tested ion exchange materials, 
SAC  resin  and  natural  zeolite  showed  the  
best performance. With SAC resin it was 
possible to reach the highest ammonium 
concentrations in the spent regenerant due 
to a high exchange capacity and a high 
regeneration rate. However, as shown in the 
literature and confirmed by experimental 
results, this material is not selective for 
ammonium ion and will concentrate also 
calcium and magnesium ions from 
wastewater.  WAC  resin  and  SZ  are  also  
more  selective  for  calcium  and  magnesium  
but have lower exchange capacity than SAC 
resin and, therefore, not recommended for 
technologies of ammonium concentration.  
To the contrast, zeolite of clinoptilolite type 
has  a  very  high  affinity  for  ammonium ions  
and allows concentrating ammonium from 
wastewater more selectively. Moreover, it 
offers quite a high capacity for ammonium, 
which is only 40 % lower than for SAC 
resin, if calculated per volume of material. 
However, the clinoptilolite regeneration 
process proceeds very slowly and a high 
volume of regenerant needs to be applied to 

remove all the containing ammonium. This 
results in low ammonium content in the 
concentrated stream (36-94 mg N/L). These 
values are lower than the ones obtained in 
other studies (summarized in Table 5), 
where ammonium concentrations in spent 
regenerant of 125-350 mg NH4

+-N/L were 
reported, even though similar breakthrough 
capacity was reached.  
However, in many of the studies regenerant 
of higher strength and with high pH was 
used. Higher concentrations of ammonium 
in the spent regenerant can be reached if the 
regenerant supply is stopped when the rate 
of regeneration becomes low. This, for 
example,  was  used  by  Cooney  et  al.  (1999)  
and Semmens and Porter (1979). Cooney et 
al. (1999) stopped regeneration when a 
concentration of 50 mg NH4-N/L was 
reached in the effluent. Analyzing the data 
of zeolite regeneration (Fig. 18) it may be 
concluded that if the same strategy was 
applied in this work, it would be possible to 
reach an average ammonium concentration 
of  190  mg  NH4-N/L in spent regenerant 
and reach a regeneration efficiency of 86 %. 
To reach higher concentrations of 
ammonium in the spent regenerant, 
comparing with the ones obtained for SAC 
resin, the zeolite can be modified by one of 
the available methods (Jha and Hayashi, 
2009). 

Fig. 17. Influence 
of FA concen-
tration on process 
performance. The 
AOB and NOB 
inhibition thres-
holds are based on 
Anthonisen et al. 
(1976). Negative 
values are due to 
denitrification of 
nitrate produced 
by anammox. 
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In  this  study,  zeolite  with  a  particle  size  of  
0.71-1.00 mm was used. Decrease of particle 
size will also contribute to a higher exchange 
capacity and a faster regeneration (Huang et 
al.,  2010).  However,  even  with  the  used  
particle size of 0.71-1.00 mm it was not 
possible to maintain flow rates higher than 
32 BV/h for the column with the height of 
0.38 m due to high hydraulic resistance. 
Therefore,  the  use  of  finer  zeolite  is  only  
possible  if  the  column  is  substituted  by  a  
series of complete mixed reactors or a 
hydraulic loading is decreased considerably. 
Lower hydraulic loading during the service 
and regeneration phases means that a bigger 
reactor volume is required.  
Moreover, other ion exchange materials can 
be  tested.  Breck  (1974)  showed  that  the  
synthetic zeolite F has even higher exchange 

capacity and selectivity coefficient for 
ammonium. However, this zeolite is not 
available at the market and, therefore, it was 
not tested in this  work.  Moreover,  there are 

Table 5. Natural zeolite regeneration process in selected studies. 
Zeolite 
origin 

Particle 
size 
(mm) 

Ammonium 
feed 
solution. 
Concentra-
tion in [mg 
NH4-N/L] in 
brackets 

Feed 
flow 
rate 
(BV/h) 

Break-
through 
capacity 
(meq/g) 

Concentra-
tion of NaCl  
in regene-
rant in [g/L]. 
pH in bra-
ckets 

Rege-
nerant 
supply 
rate 
(BV/h) 

Average 
concentra-
tion in 
spent  
regenerant  
(mg NH4-
N/L) 

Reference 

Bigadiç, 
Turkey 

-1.00 
+0.125 

DI* (15.6) 
25-50 0.57 

20 (12.3) 16 
350 * 

(Demir et 
al., 2002) -2.00 

+1.00 50 0.38 125 * 

Jinyun, 
China 

-0.90 
+0.45 DI* (19.4) 6-24 0.42-0.55 29.3 (11-12) 5 270 * (Du et al., 

2005) 

Semnan, 
Iran 

-0.84 
+0.589 DI* (31.1) 12 0.53 58.5 (7) 10 240 * 

(Rahmani 
et al., 
2009) 

Mount 
Gipps, 
Australia 

-1.6 
+0.5 

Sedimented 
municipal 
wastewater, 
(25-45) 

8-9.3 0.16-0.2* 35 (10) 0.83-
1.92 255 * 

(Cooney 
et al., 
1999) 

Buck-
horn, 
USA 

-0.84 
+0.3 

Synthetic 
wastewater 
(30) 

7 0.28 17.5 7 200 

(Sem-
mens and 
Porter, 
1979) 

N/A N/A 

Pretreated 
municipal 
wastewater 
(52) 

24 0.3 eq/L 35 20 280 (Liberti et 
al., 1981) 

Sokyrny-
tsya, 
Ukraine 

-1.0 
+0.71 

DI* (40) 31.2 0.64 
30 

7.6 87 
Paper I 

SW3 (40) 
29 0.29 7.6 36 
17.1 0.57 30 7.8 94 

* - synthetic wastewater prepared by dissolution ammonium salt in deionized water. No other ions present. 
** - Calculated from the data present in the reference article 

Fig. 18. Regeneration of zeolite column 
with 30 g/L NaCl solution. 
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many studies on synthesizing zeolites from 
fly ashes and its application to wastewater 
treatment  (Querol  et  al.,  2002).  Use  of  such  
materials could beneficial in recycling of 
waste and improving the wastewater 
treatment.  
Regenerant content is another important 
aspect to consider when designing 
concentration with the ion exchange 
process. In Paper I, regeneration with both 
NaCl  and  HCl  solutions  was  studied.  Acid  
solutions are mostly used in ion exchange 
technologies for water demineralization. If 
SAC and anion exchange resins in H- and 
OH-form are combined, the mineral content 
of  water  can  be  decreased.  Moreover,  since  
WAC resin is extremely selective for H+ 
ions, it can be regenerated very efficiently by 
an acid solution. However, in this study a 
lower ammonium concentration increase 
was obtained when HCl solution was used, 
comparing to NaCl solution of the same 
molar concentration. Moreover, when 
regenerating with the acid solution, spent 
regenerant needs to be neutralized before it 
can be treated with biological processes, 
which increases the costs significantly. 
Regeneration of zeolite was studied only for 
30 g NaCl/L solution. Even for this solution 
quite low concentrations of ammonium in 
spent regenerant were reached. Therefore, 
lower salt concentration will further decrease 
the effectiveness of concentration process 
and are not recommended. For SAC resin 
even at a regenerant strength of 
10 g NaCl/L the sufficient concentration of 
ammonium in spent regenerant was reached. 
Regenerating with more concentrated 
solution will lead to higher ammonium 
concentrations and higher nitrogen removal 
rates. However, the biomass needs to be 
adapted first to tolerate such NaCl 
concentration. 

5.1.2. Adaptation to salinity 
Comparing to other studies on anammox 
bacteria adaptation to elevated salinity, in 
this study a slower adaptation is reported. 
The adaptation period took 160 days and the 
biomass  was  adapted  only  to  salinity  of  10-
15 g NaCl/L. The same time period was 

enough  for  adaptation  to  salinity  of  30  g/L  
in  Windey  et  al.  (2005)  and  in  other  studies  
adaptation to 30 g/L took between 60 and 
93 days (Kartal et al., 2006; Liu et al., 2009; 
Jin  et  al.,  2011;  Yang  et  al.,  2011).  The  
possible explanation could be that anammox 
bacteria of genus Candidatus Brocadia, which 
was identified as the main anammox 
organism in the used biomass, adapt slower 
to saline environment than the bacteria of 
Candidatus Kuenenia genus,  as  well  as  
anammox bacteria of groups KSU-1, 
AnDHS-2 and KU2 used in the other 
studies. Moreover, since it generally took 
less time to adapt the biomass of only 
anammox bacteria comparing to adaptation 
of one-stage partial nitritation/anammox 
biomass (Paper III and Windey et al. (2005)), 
it can be suggested that anammox bacteria 
adapt slower in presence of oxygen (even 
very low concentrations).  

5.1.3. Possibilities of integration in 
wastewater treatment process 

The technology of ammonium concentra-
tion by ion exchange with further removal 
by partial nitritation/anammox process was 
shown to be a possible option for removal 
of nitrogen with the anammox process. This 
technology can be integrated in municipal 
treatment scheme in several ways. In 
Paper II, three different alternatives were 
presented.  The  first  option  is  to  remove  
ammonium by ion exchange after the 
removal of the particulate matter from 
wastewater. Since ion exchange column can 
be clogged with particulate matter, it is 
preferable to have a step of extensive 
suspended solids removal, for example using 
sand filters, before the ion exchange step. 
After ammonium is removed, wastewater is 
supplied to a system of dissolved organics 
removal, which can be either of aerobic type 
(e.g. activated sludge process) or of 
anaerobic type (e.g. UASB reactor). 
Disadvantage of this system is that a careful 
control of nitrogen supply to the following 
step of organics removal is needed. Nitrogen 
is  needed  as  a  nutrient  for  biomass  growth,  
therefore, part of incoming nitrogen needs 
to be left in the wastewater which is supplied 
to the organic matter removal step. 
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The second option is to remove ammonium 
after the high loaded activated sludge step. 
In this case, all ammonium can be removed 
with ion exchange. Solids retention time 
(SRT) for the activated sludge process needs 
to be controlled on low level to maximize 
the sludge volume and limit nitrification 
process. Some nitrite and nitrate will be 
produced in this case and the system still 
requires aeration which is a disadvantage, 
comparing to systems based on anaerobic 
organics removal.  
The third option is to use anaerobic diges-
tion of dissolved organics, applying for 
example UASB reactors before the 
ammonium removal step (Fig. 19). In this 
case, all ammonium content from the 
wastewater can be removed and the highest 
wastewater treatment economy can be 
expected.  

5.2. Deammonification for reject 
water treatment 
In this study the deammonification MBBR 
was operated with reject water as an influent 
during only a short period (period Ia in 
Paper IV). However, several important 
conclusions about AOB/NOB competition 
can be made.  
Firstly, most of the aerobic ammonium 
oxidation (75 %) was performed by AOB in 
the suspended sludge but most of the NOB 
activity was in the biofilm. These findings 
agree  with  Leix  et  al.  (2016)  where  it  was  
demonstrated that NRR in MBBR drops by 
3.5 times if residual suspended sludge 

(90 mg/L) is removed and only biofilm 
activity of the system is used.  
It is apparent that the net growth rate of 
NOB was lower than the sludge waste rate 
(equals to 1/HRT), otherwise NOB would 
accumulate and nitrate production would be 
much higher. Indeed, the net growth rate of 
AOB and NOB, calculated using the model 
for two-stage nitrification with default 
kinetic parameters (Kaelin et al., 2009) and 
the average operational data during period 
Ia, are 0.55 day-1 and 0.15 day-1, while the 
waste rate during that period was 0.41 day-1. 
Moreover, since the FA concentration 
during the whole period was higher than the 
inhibition threshold for NOB (see Fig. 17), 
the real growth rate of NOB in suspended 
sludge was even lower. NOB could still 
grow in biofilm, since the sludge age in 
biofilm is much longer. However, at the 
applied DO level most of aerobic activity 
was in suspended sludge and NOB of the 
biofilm did not have a considerable input to 
the reactor performance. 
The nitrogen removal rate in the system was 
limited by nitrite production, which is 
common for systems treating reject water in 
MBBRs (Cema et al., 2006; Szatkowska, 
2007). Since the ammonium oxidation rates 
in suspended sludge are high, nitrogen 
removal rate could have been increased by 
retaining the suspended sludge in the system. 
Alternatively, the energy consumption could 
be decreased by operation with a higher 
suspended sludge content and a lower DO 
concentration. Veuillet et al. (2014) 

Fig. 19. Application of ion exchange-based nitrogen removal after an anaerobic step of 
organics removal: SCR – screens, GC – grit chamber, PS – primary settler, SF – sand 
filter, IE – ion exchange column, PN/A – partial nitritation/Anammox reactor, UASB – 
UASB reactor (modified after Paper II). 
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demonstrated that the NRR can be increased 
by 3-4 times by converting an MBBR to 
IFAS system. 

5.3. Deammonification in mainstream 
conditions 
5.3.1. Competition between AOB and NOB 
for oxygen 
Affinity to oxygen 
Dissolved oxygen concentration is one of 
the few parameters which can be used for 
suppression of NOB in mainstream 
deammonification systems. It is, therefore, 
important to know how the AOB and NOB 
growth  rates  change  with  a  change  of  the  
bulk liquid DO concentration. As discussed 
previously, KNOB,O is  reported  in  a  wide  
range with lower values for Nitrospira sp. (k-
strategist) than for Nitrobacter sp. (r-strategist) 
(Wiesmann, 1994; Regmi et al., 2014). 
Nitrospira sp. was found to be dominating in 
one-stage deammonification systems (De 
Clippeleir et al., 2013; Gilbert et al., 2015; 
Laureni et al., 2016) while Nitrobacter is  the  
dominating specie in partial nitritation 
reactors, where nitrite concentration is high 
(Isanta et al., 2015; Reino et al., 2016). 
In batch tests performed in this study it was 
demonstrated that in biofilm systems the 
growth rate of AOB and NOB change 
similarly with the change of DO 
concentration.  These  results  agree  well  with  
the results of modeling study investigating 
competition  between  AOB  and  NOB  for  
oxygen in biofilm (Pérez et al., 2014), where 
it was demonstrated that if NOB have a 
higher  affinity  to  oxygen  than  AOB,  it  is  
impossible to out-select NOB at moderate 
and high DO concentrations in biofilm 
systems. It was, however, shown that if the 
DO  concentation  is  kept  below  0.3  mg/L  
out-selection of NOB in one-stage 
deammonification is still possible because 
the anammox bacteria remove the produced 
nitrite, lowering the NOB growth rate. 
Influence of such low DO levels for biofilm 
were not possible to assess with the 
methodology applied in this study. Results 
of Laureni et al. (2016) and Gilbert et al. 
(2015), however, agrees with the modeling 
results (Pérez et al., 2014), since a successful 

one-stage deammonification with the 
Nitrospira sp. as  the  dominating  NOB  
bacteria was demonstrated for reactors 
operated at DO concentrations of 0.15-
0.18 mg/L and below 0.3 mg/L, 
respectively. However, the application of 
very low DO concentrations limits 
ammonium oxidation rate and total removal 
rates of a system. 
Intermittent aeration 
Intermittent aeration can be used to induce a 
lag phase in NOB activity in the beginning 
of aerated phase for NOB suppression. 
Batch tests on investigation of the nature of 
the NOB lag phase showed no influence of 
oxygen or nitrite starvation period duration 
on recovery of NOB activity. These results 
are contradictory to the conclusions of 
Kornaros et al. (2010), where the NOB lag 
phase was explained by an enzyme 
deactivation and longer lag phase after a 
longer anoxic period. The explanation of 
such difference could be the species of 
NOB  in  the  two  studies.  As  shown  by  
Gilbert  et  al.  (2014),  the  lag  phase  duration  
depends to a great extent on a reactor 
operation strategy. The delay in NOB 
activity for biomass originating from 
reactors operated at high and low DO levels 
were up to 13 and 6 min, respectively, where 
part of this delay was due to kinetic 
suppression. In this study, the metabolic 
delay could be maximum of 2-3 min. 
Even if inactivation of NOB during the 
anoxic phase was not detected, the 
intermittent aeration suppressed NOB by 
kinetic mechanism. During the anoxic phase 
residual nitrite was removed by AnAOB to 
the levels significantly lower than the NOB’s 
half-saturation coefficient leading to low 
NOB activity with a start of aeration due to 
substrate limitation. For kinetic mechanism 
to be the most efficient the aerated phase 
should be short and the anoxic phase should 
be as long as needed for nitrite removal to 
below NOB’s half-saturation coefficient. 
Indeed, when the deammonification MBBR 
was operated with intermittent aeration and 
the duration of aerobic and anoxic phase of 
15 min the best nitrogen removal 
performance was observed. However, 
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intermittent aeration itself seems not to be 
enough  for  wash-out  of  NOB  in  one-stage  
deammonification systems. Similarly to this 
study, pilot tests on one-stage 
deammonification in MBBR reactor 
performed in Malmö, Sweden, showed that 
nitrate production was comparable in 
periods with intermittent and continuous 
aeration (Gustavsson, 2015). Conversely, the 
application of intermittent aeration in one-
stage IFAS system improved the system 
performance (Lemaire et al., 2016). 
Ammonium concentration 
In order for NOB suppression to be the 
most efficient, there should be as little 
substrate limitation for AOB as possible. 
Therefore,  operation  at  a  higher  free  
ammonia concentration leads to a higher 
AOB growth rate and improvement of 
NOB out-selection. As it was demonstrated 
in  one  modeling  study  (Pérez  et  al.,  2014),  
irrespective of the applied strategy for NOB 
suppression in a biofilm system some 
residual ammonium concentration is 
required for en effective wash-out of NOB. 
Isanta et al. (2015) also demonstrated that 
the decrease of the bulk liquid ammonium 
concentration from 30 mg/L to 10 mg/L 
would lead to a lower AOB growth rate and 
a considerably higher nitrate accumulation. 
However, keeping a higher ammonium 
concentration in a mainstream one-stage 
deammonification reactor compromises 
nitrogen removal efficiency because of high 
effluent ammonium concentrations. 
Malovanyy et al. (2015) showed that the 
highest efficiency could be reached when 
ammonium concentration in a 
deammonification MBBR was around 
5 mg/L. 
DO influence in IFAS mode 
When the deammonification reactor was 
operated in IFAS mode the choice of DO 
concentration was based on several 
confronting  tasks.  Firstly,  since  the  AOB  
had a higher half-saturation coefficient for 
oxygen, a higher DO concentration benefit 
in higher difference between AOB and 
NOB  growth  rates  in  the  suspended  
biomass. However, with increase of DO 

concentration more of aerobic activity of the 
system is shifted to biofilm, where 
AOB/NOB competition is harder to 
control. The combined effect of the DO 
concentration on AOB/NOB activity ratio 
is demonstrated on Fig. 20. As follows from 
the  calculations,  the  optimum  DO  
concentration was in the range 0.5-
1.5 mg/L. This range is not fixed and 
depends on the activities in biofilm and 
suspended sludge and on MLVSS 
concentration. With a higher MLVSS 
concentration the optimal DO level is 
shifted to the right and it is possible to reach 
a higher total AOB/NOB activity ratio.  

5.3.2. Influence of suspended biomass 
The influence of suspended sludge on 
deammonification process performance 
depends on the process configuration. If 
mainstream deammonification is applied in 
an MBBR without suspended sludge 
retention the influence of the suspended 
sludge on the process performance is 
negligible. Suspended sludge concentration 
in mainstream conditions was less than 
20 mg VSS/L in the present study and 
accounted for only 5-10 % of total aerobic 
activity. 

Fig. 20. Influence of DO concentration 
on activity distribution of AO.B and 
NOB (activities as in period II, 
Paper V, MLVSS concentration = 
750 mg/L). 
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Suspended biomass influences the 
performance of the deammonification 
process, operated in IFAS mode in several 
ways: 
Retention of AOB. Even though the activity of 
AOB in suspended sludge dropped 
significantly after the transition to 
mainstream, the suspended biomass still had 
an AOB/NOB activity ratio (expressed as 
nitrogen flux) of 1.0, which is twice higher 
than for the biofilm on carriers. This uneven 
distribution of AOB and NOB activities in 
the attached and suspended biomass could 
be explained by the location of bacteria 
groups in biofilm. In biofilm of a 
deammonification MBBR, both AOB and 
NOB are located on the biofilm-liquid 
interface (Persson et al., 2014). Since the 
influence of the suspended biomass on 
nitrogen conversion was low, the suspended 
biomass was mostly originating from the 
biofilm detachment. Therefore, it suggests 
that  the  outer  edge  of  biofilm,  which  was  
more prone to detachment, had more AOB 
than  the  somewhat  deeper  level,  where  
NOB were dominating. This agrees with the 
conclusions of Okabe et al. (1999) who also 
concluded that NOB grow somewhat deeper 
in nitrifying biofilms. This suggestion is also 
supported by affinities of AOB and NOB to 
oxygen (see section 4.8.2). Since the affinity 
of NOB to oxygen was higher, they could 
out-compete AOB in deeper, oxygen-
deficient zones. By retention of this AOB-
rich biomass in the system, the total 
AOB/NOB ratio can be improved. 
NOB out-selection by application of the right DO 
level. Out-selection of NOB in suspended 
sludge by the application of the DO level, 
which is more preferable for AOB, is easier 
than in biofilm because the DO gradients in 
suspended sludge are much lower (discussed 
more in section 5.3.1). 
Higher conversion rates possible. The significant 
difference after conversion from MBBR 
mode to IFAS mode was that the nitritation 
capacity of the system increased 
considerably.  The  activity  of  AOB,  
expressed as nitrogen and estimated at the 
applied DO set-point, was only 16 % of the 
SAA when operated in the MBBR mode. 

Therefore, nitrite production was strongly 
limiting the overall removal rate. After 
conversion to IFAS the estimated AOB 
capacity increased by 160 % and the possible 
nitrite production was only 28 % lower from 
what was required for utilizing all the 
available anammox capacity. 
Fast transition between aerobic and anoxic phases. 
Maintaining a high MLSS concentration in 
IFAS system allows DO concentration to 
decrease faster in the end of the aerobic 
phase and, therefore, minimize the time 
when NOB have higher rate than AOB and 
maximize the fully anoxic phase duration. 
Higher denitrification capacity. In Paper V, it was 
shown that some denitrification can be 
advantageous for reaching higher nitrogen 
removal efficiency by reducing nitrate to 
nitrite, which can be used by anammox 
bacteria. Denitrification capacity of the 
reactor increased by 90 % after the transition 
to IFAS configuration. A higher 
denitrification capacity, however, increases a 
competition between heterotrophic 
denitrifiers and anammox bacteria (discussed 
more in section 5.3.3). 
Higher biomass hydrolysis. Longer retention 
time for suspended sludge means that more 
of  the  sludge  is  hydrolyzed,  which  creates  
more organic carbon for denitrification but 
also increases aeration requirement. 
Higher competition for nitrite. Retention of 
suspended sludge not only increases the 
AOB/NOB ratio but also increases 
NOB/anammox bacteria ratio. When nitrite 
production by AOB increases sharply, 
higher nitrite concentration in the bulk 
liquid is obtained. With higher nitrite 
concentration the growth rate of NOB 
becomes higher and the out-selection by 
DO becomes less effective. It is, therefore, 
important to have a long enough anoxic 
phase, so that the produced nitrite could be 
removed by anammox in anoxic conditions. 
The experimental results clearly showed 
advantages of a deammonification reactor 
operation in IFAS system compared with 
the biofilm system in MBBR treating 
mainstream wastewater. In IFAS 
configuration, the advantages of biofilm and 
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activated sludge systems could be utilized. 
Increase of suspended biomass 
concentration to over 800 mg TSS/L led to 
3-fold increase of the NRR from 18±2 to 
55±6 g N/(m3∙d) with simultaneous increase 
of the efficiency from 37 to 70 % in average. 
There have been a limited number of studies 
where suspended sludge and biofilm were 
combined in one-stage deammonification 
treating mainstream wastewater. Laureni 
(2016) showed that uncontrolled amounts of 
suspended sludge played a negative role on 
nitrogen removal. This was probably due to 
a low DO concentation, applied in the study 
(0.15-0.18 mg/L). At this DO concentration 
adapted bacteria of Nitrospira sp. have  a  
higher growth rate than AOB. Veuillet et al. 
(2015) demonstrated the clear advantage of 
IFAS system treating mainstream 
wastewater. In that study, the nitrate 
production could be maintained at below 
20  %  of  the  oxidized  ammonium  in  one  of  
the operated reactors, which was the effect 
of IFAS application and of intermittent 
reject water use. 
The  influence  of  sludge  age  for  suspended  
biomass was not investigated in detail in this 
study. The intention was to keep the 
suspended sludge concentration as high as 
possible in order to shift most of the aerobic 
activity to suspended sludge. The resulting 
suspended sludge age was 19-25 days during 
periods II-VI in Paper V. As discussed in 
section 5.2, NOB could be washed out of 
the suspended sludge when treating reject 
water because its net growth rate was lower 
than the wasting rate. If the same suspended 
sludge age (0.41 d) was applied in period IV, 
keeping the nitrogen loading the same, the 
resulting MLSS concentration would have 
been less than 30 mg/L, leading to low 
influence of suspended sludge on the 
process performance. In order to keep the 
sludge  age  at  0.41  d  and  the  MLSS  
concentration at 850 mg/L, the nitrogen 
loading should have been increased to 
3.1 kg N/(m3 d) with resulting HRT of only 
19 min. Such high loading could not be 
handled by the reactor, both hydraulically 
and  in  terms  of  the  available  activity.  The  
importance of the sludge age is discussed 

also by Lemaire et al. (2016). In that study 
the performance of the mainstream one-
stage IFAS system could be improved by 
decreasing sludge age from 12 d to 3-6 d. 
It  is  worth  mentioning  that  despite  the  
described advantages of the IFAS system, it 
is more complex than the MBBR-based and 
requires more area due to need of traditional 
settlers. The MBBR based system can utilize 
more compact lamella settlers or disc filters 
as a final particle removal step (Wilén et al., 
2016). 

5.3.3. Influence of COD content 
As discussed previously, denitrification 
played an important role in the system 
performance when the COD concentration 
in the influent was higher. High COD 
availability in the incoming water increases a 
competition between anammox bacteria and 
denitrifiers and can, in worst cases, lead to 
out-selection of anammox bacteria by 
heterotrophic denitrifiers (Chamchoi et al., 
2008). At low SRTs heterotrophs can even 
out-compete AOB from biofilm by inducing 
oxygen limitation and decreasing the AOB 
content in the suspended sludge, as 
summarized by Giustinianovich et al. (2016). 
In the present study, such problems were 
not encountered for the wastewater with a 
sCOD/N ratio of 1.8 during 4 month of 
operation. Similarly, no shift from anammox 
bacteria to denitrifiers was observed when a 
COD/N ratio was increased from 0 to 2 (De 
Clippeleir  et  al.,  2013).  In  the  same study,  a  
negligible COD removal was observed. In 
this study, however, a COD removal was 
observed, which was shown to have a 
positive effect on nitrogen removal 
efficiency. 
The COD in influent wastewater was used 
for organotrophic nitrate reduction with a 
production of nitrite. A part of this nitrite 
was denitrified further to nitrogen gas and a 
part was used consumed via the anammox 
reaction, as indicated by batch tests and the 
analysis of operational data. The 
tCODrem/Nrem ratio in phases IV and VI 
of Paper V was 1.8 and 0.8, respectively. For 
an  effective  denitrification  in  a  reactor  with  
alternating aeration condition a COD/N 
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ratio of up to 9 is required (calculated with a 
(COD/N)optimum of 4.5 and an efficiency 
factor  fC/N of 0.5 using the methodology 
described by Henze et al. (1997)). The low 
availability of COD is the probable reason 
why the out-competition of anammox 
bacteria by denitrifiers could be avoided. 
There was not enough COD to denitrify all 
the nitrogen completely to nitrogen gas. At 
low COD availability intermediary products 
of nitrate reduction (NO2

-,  NO,  N2O) start 
to accumulate (Henze et al., 1997; 
Martienssen and Schöps, 1997). This 
accumulation  is  due  to  the  selection  of  
bacteria  strains  that  have  a  higher  nitrate  
reduction rate than nitrite reduction rate 
(Betlach and Tiedje, 1981; Martienssen and 
Schöps, 1997). Except of carbon availability, 
the carbon source type, pH, temperature, 
nitrate and oxygen concentration and toxic 
compounds were found to influence nitrite 
accumulation due to partial denitrification, 
as summarized by Ma et al. (2016). 
Investigation of nitrogen conversion routes 
in IFAS deammonification system was only 
a small part of the study and, therefore, it 
remains unclear which microorganisms 
performed the organotrophic nitrate 
reduction – heterotrophic microorganisms, 
anammox bacteria or a combination of both. 
As previously reported (Winkler et al., 2012) 
anammox bacteria can use volatile fatty acids 
to reduce nitrate during reject water 
treatment. Experiments with different 
organic carbon and nitrogen source addition 
confirmed that anammox bacteria can use 
propionate for reduction of nitrate to nitrite 
with simultaneous ammonium removal 
through anammox reaction (Güven et al., 
2005). 
To summarize, in Paper V it was shown that 
the presence of a low COD concentration 
can  have  a  positive  effect  on  nitrogen  
removal efficiency. It is, however, worth 
mentioning that a higher COD availability 
can lead to out-selection of anammox 
bacteria by denitrifiers. More research is 
needed to investigate which bacteria 
perform organotrophic nitrate reduction in 
mainstream deammonification reactors. 

5.3.4. How to achieve NOB wash-out in 
mainstream conditions? 
Based on the obtained results and the recent 
studies it can be stated that there are several 
mechanisms of NOB suppression which are 
different in one-stage and two-stage systems. 
In one-stage systems Nitrospira will be the 
dominating NOB specie, which implies that 
NOB will have a higher affinity to oxygen 
than AOB. Suppression and wash-out of 
NOB is then assisted either by application of 
an extremely low DO concentration 
(< 0.3 mg/L) or by operation in IFAS mode 
and moderate DO concentrations (1-
1.5 mg/L). 
In two-stage systems Nitrobacter will  be  the  
dominating specie which implies that AOB 
will have a higher affinity to oxygen than 
NOB. In this case lower DO concentrations 
are preferred. Low DO concentrations limit 
the available ammonium conversion rates. 
To increase the ammonium oxidation rates 
the biomass concentration can be increased, 
e.g. by application of IFAS systems or 
membrane bioreactors (MBR). 
NOB suppression in two-stage deammo-
nification can be further enhanced by a 
combined mainstream and a side-stream 
nitrogen removal. Intermittent supply of 
reject water to mainstream partial nitritation 
reactor was demonstrated to cause 
irreversible inhibition of NOB by FNA 
leading to stable partial nitritation (Wang et 
al., 2014; Piculell et al., 2016a). This 
mechanism is, however, hard to apply in a 
one-stage deammonification system due to 
the risk of anammox bacteria inhibition. 
For both systems, application of sequenced 
batch mode of operation is beneficial 
(especially for one-stage system where the 
final ammonium concentrations are low). If 
the mechanism of irreversible inhibition of 
NOB is applied in a partial nitritation 
MBBR, the reactor can be drained almost 
completely before supplying reject water in 
order to maximize the FA concentration just 
after filling and the final FNA concentration 
in the end of the reaction phase. 
Since the effluent ammonium concentration 
is  a  very  important  parameter  for  NOB  
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suppression and since the mechanism of 
NOB inhibition by FNA is hard to apply in 
a one-stage system, the two-stage 
deammonification offers more flexibility for 
NOB growth control. 
Since  the  NOB  is  a  wide  group  of  bacteria  
which comprises of over 500 species 
belonging to seven genera within four phyla 
with very different kinetic parameters and 
even different metabolic processes (Daims 
et al., 2016), most probably a combination of 
methods for NOB suppression will need to 
be applied for maintaining successful 
mainstream deammonification during a long 
period. 

5.3.5. Combination of UASB and 
mainstream deammonification 
In this study a UASB reactor was used for 
organics removal before the nitrogen 
removal step. Anaerobic treatment is rarely 
applied in the full scale treatment plants 
located in temperate and Nordic climate 
areas. This is mainly due to a low anaerobic 
hydrolysis rate at low temperatures and 
because of organic carbon requirement for 
denitrification. The first problem can be 
effectively solved by suspended solids 
removal before the UASB reactor (Fig. 21) 
or by combining psychrophilic UASB 
reactors with mesophilic digesters 
(Mahmoud  et  al.,  2004).  Since  anammox-
based nitrogen removal does not require 
organic carbon it may open the possibility 
for aeration-free BOD removal with a 
maximum biogas production even in Nordic 
countries. 
 
 

5.4. Comparison of studied systems 
5.4.1. Challenges and perspectives of the 
combined ion exchange/deammonification 
scheme 
Several challenges of the proposed 
technology can be summarized here: 
Ø Selectivity of ammonium removal. If 
SAC  resin  is  used,  other  ions  (mainly  
calcium and magnesium) are concentrated as 
well. Depending on source of tap water, 
concentration of hardness ions in 
wastewater can be comparable, or even 
higher than concentration of ammonium. 
Then, ammonium exchange capacity is 
decreased and the regenerant needs to be 
changed more often. Precipitation of 
carbonate salts should not be a problem if 
pH  is  controlled  in  biological  reactor  at  the  
value around 7.  
Ø Fouling of ion exchange materials with 
organics.  This  problem  is  more  severe  for  
anion exchange resins, since many organic 
substances can dissociate and create organic 
anions, which can occupy the exchange sites. 
For cation exchange materials the problem is 
limited to physical adsorption of organic 
molecules in the material structure. Usually 
organic molecules have much larger size 
than  the  small  NH4

+ and Na+ ions,  so  they  
can not completely block the pores of mate-
rials.  However,  the  rate  of  ions  transfer  can  
be negatively affected. Jorgensen and 
Weatherley (2003) studied the effect of 
organic substances presence on ammonium 
removal with clinoptilolite and cation 
exchange resins and the presence of organic 
matter  was  shown  to  have  a  positive  effect  
on ammonium uptake, which was explained 

Fig. 21. Mainstream deammonification combined with anaerobic treatment of 
wastewater (modified after Plaza et al. (2016)). 
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by change of surface tension.  
Ø Long bacteria adaptation period. The 
main challenge of the biological part of the 
technology is adaption of biomass to 
elevated salinities. As shown in this work, 
the adaptation process can be much longer 
than it  is  reported in the literature.  While in 
short term (1 h in SAA test, Paper II and 
III) and medium term (2 days in batch test, 
Paper II) the biomass could remove nitrogen 
without prior adaptation, in long term 
(Paper III) the NaCl presence caused 
instability to the process performance. 
Therefore,  a  gradual  increase  of  salinity  is  
needed before spent regenerant with a NaCl 
concentration of 10 g/L could be treated. 
Ø Regenerant exchange. In the proposed 
technology, the regenerant can be used 
several times for ion exchange material 
regeneration, after biological removal of 
ammonium with partial 
nitritation/anammox process. However a 
part of the regenerant has to be exchanged 
with a fresh solution, since other ions 
accumulation in it (mainly Ca2+, Mg2+, Fe3+, 
NO3

-).  It  may  be  also  possible,  after  
pretreatment,  to  use  sea  water  as  a  regen-
erant, since average salinity of sea water is 
approximately 30 g/L. 
Ø Alkalinity consumption. Based on stoichi-
ometry of nitritation and anammox 
processes  (eq.  5),  1.17  moles  of  alkalinity  is  
needed per 1 mole of ammonium nitrogen 
removed. This corresponds to 7 kg of 
NaHCO3, 3.34 kg of NaOH or 4.43 kg of 
Na2CO3 per  1  kg  of  nitrogen  removed.  If  a  
regenerant  is  prepared  by  NaCl  dissolution  
in  water,  it  has  a  very  low  alkalinity.  Cation  
exchange materials do not bind hydrocar-
bonate ions, so no alkalinity is recovered 
from wastewater, and therefore it needs to 
be  added  from external  sources.  One  possi-
bility of avoiding external alkalinity addition 
is to use microbial fuel cell for alkalinity 
transfer from wastewater stream (Modin et 
al., 2011). Moreover, alkalinity consumption 
will be lower if pretreated sea water is used 
for regeneration, since it has an alkalinity of 
about 2.5 mmol/L. 

Despite the limitations of the technology, it 
offers several advantages: 
Ø High efficiency of nitrogen removal by 
ion exchange. In most experiments with 
nitrogen removal by ion exchange, efficiency 
of 95 % was reached. Efficiency depended 
mainly on the volume of wastewater, which 
was pumped through a column after the first 
traces of ammonium were detected. If 
supply  of  wastewater  was  stopped  just  after  
detection, the efficiency of 99.9 % could be 
reached. The total efficiency of the system 
will be different and mainly depend on the 
nitrogen content in wasted part of treated 
regenerant, but it is easier to control, since 
volume of wastewater is much lower. 
Ø Higher rates of biological nitrogen 
removal. The higher the ammonium 
concentration in inflow, the higher rates it is 
possible to maintain. Higher rates mean 
lower volume of reactor, needed for nitro-
gen removal. 
Ø NOB inhibition by ammonium. In treat-
ment of mainstream wastewater, which has a 
low ammonium content, it is impossible to 
use ammonium inhibition for NOB 
suppression. This mechanism is often used 
in  reject  water  treatment  and  can  be  used  
when treating spent regenerant, since the 
ammonium concentrations in these streams 
are similar. 
Ø NOB inhibition by salinity. It was 
reported by Liu et al. (2008) that NOB are 
more sensitive to salinity than AOB. This 
also can be used as a mechanism for NOB 
suppression. 
Ø Possibility to heat deammonification 
reactor. By heating the concentrated side-
stream the removal rates could be increased 
and NOB could be easier suppressed. If the 
regenerant is recycled after the nitrogen has 
been  removed,  then  the  loss  of  heat  in  the  
system will be attributed only to heating ion 
exchange material and flow of heat with a 
part of regenerant that is being exchanged 
by fresh solution. 
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5.4.2. Challenges and perspectives of direct 
mainstream deammonification  

Several challenges of the proposed 
technology can be summarized here: 
Ø Low  AOB  growth  rate  at  low  
temperature. In this study, deammo-
nification was applied at 25 °C. The lower 
the temperature the bigger is the difference 
between  NOB  and  AOB  growth  rate  and  
the harder it is to suppress the NOB growth. 
More research is needed for developing 
strategies for NOB suppression during 
yearly decrease of temperature of municipal 
wastewater, even if promising results in the 
recent studies have been demonstrated. 
Ø Low AOB growth rate at low ammonium 
concentrations. In the present study and 
other studies on mainstream deammo-
nification, the usual ammonium 
concentration in the effluent is above 3-
5 mg N/L. For the full scale plants the 
ammonium removal down to 0.5 mg/L or 
lower is often required if the treated 
wastewater is discharged into sensitive water 
bodies. The decrease of ammonium 
concentration down to AOB’s affinity 
coefficient  leads  to  their  slower  growth  and  
even more challenging competition with 
NOB. Stringent requirements for 
ammonium removal can motivate two-step 
deammonification systems, where 
ammonium concentrations are much higher 
than AOB affinity coefficient for 
ammonium. Conversely, higher ammonium 
transformation rates can be theoretically 
reached in two-stage deammonification than 
in nitrification-denitrification systems. 
Ø Risk for irreversible anammox bacteria 
inhibition. Anammox bacteria are sensitive 
to nitrite, methanol and a list of other 
substances which cause irreversible 
inhibition at higher concentrations. Even 
loss of nitrification due to inhibition by 
industrial effluents or wash-out at too low 
sludge age leads to a long recovery periods at 
municipal wastewater treatment plants. The 
slow  growth  rate  of  AnAOB  makes  the  
treatment  system  based  on  a  direct  
mainstream deammonification very sensitive 
to disturbances. A risk of a complete loss of 

AnAOB activity calls for a back-up system 
(i.e. post-denitrification) to be in place. 
Ø Polishing step is probably needed. 
Nitrogen removal requirements become 
more stringent with the limiting TN 
concentration in effluent of down to 
6 mg/L or lower. Such removal would be 
hard to reach with only deammonification 
and a polishing step of post-denitrification 
and, in some cases, even nitrification would 
be needed. 
Ø Risk of nitrite discharge to natural water 
systems. Partially nitrified wastewater in the 
two-stage deammonification process should 
have nitrite concentration of 15-25 mg NO2-
N/L, which is one-two magnitude higher 
than lethal concentration (LC50) for fish 
(Lewis and Morris, 1986). Accidental 
discharge of partial-nitrified wastewater can, 
therefore, have detrimental effect to 
sensitive ecosystems. 
Ø Greenhouse gas emissions might be 
higher. Comparing to treatment of high-
concentrated wastewater streams by one-
stage deammonification with continuous 
aeration the mainstream deammonification 
requires operation at conditions that were 
demonstrated to lead to higher N2O 
emissions  (Kampschreur  et  al.,  2009).  For  
one-stage deammonification these are low 
DO concentration, intermittent aeration and 
a low C/N value together with the presence 
of some denitrification, while for two-stage 
deammonification these are high nitrite 
concentration in the partial nitritation 
reactor and rapid change of conditions when 
inhibition by reject water is used. The higher 
emissions, however, needs to be confirmed 
for the set-up which proves to be functional 
in a long run. 
Ø Good COD removal is essential. The 
mainstream deammonification system relies 
on  a  good  pre-treatment  system.  Since  the  
growth rate of heterotrophic bacteria is 3 
times higher than that of AOB and 30 times 
higher than that of AnAOB, heterotrophs 
can outcompete AnAOB from biofilm and 
AOB from suspended sludge if COD 
removal is not efficient. 
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Despite the limitations of the technology, it 
offers several advantages: 
Ø Existing infrastructure can be reused. 
Many of the older WWTPs are built 
according to the A-B principle, where the 
nitrogen  removal  is  separated  from  the  
COD removal step. Nitrification and/or 
denitrification MBBRs are often used in the 
nitrogen removal step and they could be 
rebuilt to run the deammonification process. 
Even plants with conventional low-loaded 
activated sludge process could be retrofitted 
for mainstream deammonification by 
applying an enhanced primary sedimentation 
(with flocculants addition) or high loaded 
MBBRs upstream of primary sedimentation 
for far-reaching BOD removal prior to 
deammonification systems. 
Ø Treatment of reject water and 
mainstream wastewater can be combined. 
Periodic treatment of reject water was 
demonstrated to be beneficial for main-
stream deammonification. Combined 
treatment of the two streams in one system 
simplifies operation and follow-up of the 
plant performance. Conversely, a separate 
system would have been required in the 
system based on pre-concentration of 
ammonium. 
Ø No addition of chemicals is needed. No 
chemicals are needed for directly applied 
deammonification process, which lowers the 
total carbon footprint of the plant. 

6.  CONCLUSIONS  
Conclusions for the combined ion 
exchange/deammonification scheme: 
Ø Performed research proved that it is 
possible to obtain an efficient nitrogen 
removal from mainstream of wastewater 
treatment plant by the application of a 
technology, which is based on concentration 
of ammonium by ion exchange, followed by 
biological nitrogen removal by the 
deammonification process. 
Ø Four ion exchange materials were studied 
and  the  results  showed  that  the  application  
of  SAC  resin  in  Na-form  gives  the  highest  
increase in ammonium concentration. 

Ø After  testing  of  different  regenerants  it  
was found out that the regenerant strength 
of  as  low  as  10  g  NaCl/L  is  enough  for  
reaching ammonium nitrogen concen-
trations over 200 mg/L. 
Ø Selective ammonium removal is possible 
with use of natural zeolite. However, due to 
slow regeneration much lower increase of 
ammonium concentration can be expected. 
Incomplete regeneration should be used to 
increase the average ammonium concentra-
tion in spent regenerant. 
Ø Anammox bacteria are inhibited more by 
NaCl than AOB. Shock exposure to NaCl 
concentrations of 15 g/L and higher leads to 
almost complete loss of activity. 
Ø Adaptation strategy with salinity increase 
by  2.5  g/L  every  two  weeks  should  be  
selected as a starting point for adaptation of 
attached biomass of nitritation and 
anammox bacteria. 
Ø Batch tests with ammonium concentra-
tion from municipal wastewater with further 
removal by partial nitritation/anammox 
culture showed that with ion exchange on 
SAC resin up to 99 % of ammonium from 
wastewater can be removed and transferred 
into a secondary stream. Biological part 
could remove over 85 % of nitrogen from 
the concentrated stream. 
 
The conclusions for the direct 
deammonification process application in 
mainstream: 
Ø A stable performance of the one-stage 
deammonification process with low-
concentrated wastewater was proven during 
22 months of operation. After the initial 
decrease of the specific anammox activity, 
the activity remained stable to the end of the 
operation period. 
Ø Transient anoxia mechanism of NOB 
suppression was shown to be mainly due to 
the low nitrite concentration in the 
beginning of aerated phase and not the 
metabolic deactivation. 
Ø Intermittent aeration with short aerobic 
and anoxic phases duration was shown to be 
beneficial for NOB suppression when 
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operated the one-stage deammonification in 
the MBBR mode. 
Ø AOB/NOB activity ratio in suspended 
sludge of the one-stage deammonification 
MBBR was shown to be 2.2 times higher 
than in biofilm. This is explained by a higher 
detachment of AOB from biofilm. 
Ø Clear advantage of IFAS system 
comparing to system with the only biofilm 
(MBBR) was demonstrated. Nitrogen 
removal  rate  could  be  tripled  after  
conversion  from  MBBR  to  IFAS  mode  of  
operation with the simultaneous increase of 
nitrogen  removal  efficiency  from  36  %  to  
70 %. 
Ø Increase of DO concentration in one-
stage deammonification IFAS system leads 
to shift of competition between AOB and 
NOB  to  the  AOB  side  but  increases  
nitrogen conversion in biofilm, where the 
NOB activity is higher. 
Ø Low concentration of bioavailable COD 
was  shown  to  have  a  positive  effect  on  the  
process performance because of the higher 
nitrite production through partial 
denitrification. 
Ø Roughly half of the produced nitrite 
during partial denitrification was shown to 
be used by anammox bacteria leading to 
higher nitrogen removal efficiencies. 
 
General conclusions: 
Ø The main limitations of the technology, 
based on ammonium pre-concentration with 
following removal through deammo-
nification, are long bacteria adaptation 
towards NaCl concentration and an external 
alkalinity need. The technology seems to be 
motivated only if nitrogen removal 
requirements will become even more 
stringent. 
Ø Direct application of deammonification 
in mainstream is possible only if control of 
NOB suppression at low nitrogen 
concentrations and low temperatures is 
further developed.  

7.  FURTHER RESEARCH 
In order to make possible application of the 
anammox process for nitrogen removal 
from the mainstream wastewater further 
research should be directed on solving the 
limitation of technology, described in 
detailed in section 5.4.1 and include: 
Ø Further testing of natural clinoptilolite 
and other ion exchange materials which 
allow selective ammonium removal; 
Ø Testing fouling of ion exchange materials 
and the performance change with an 
increasing number of satura-
tion/regeneration cycles and techniques of 
capacity recovery after fouling; 
Ø Investigation of alkalinity transfer from 
the mainstream wastewater to the step of 
biological removal of nitrogen from spent 
regenerant using microbial fuel cells; 
Ø Testing of combined ion exchange/ 
deammonification system in continuous 
operation mode. 
Moreover, further studies should be directed 
on solving challenges for the direct 
application of deammonification process in 
mainstream wastewater treatment: 
Ø Deeper investigation of kinetic 
parameters of AOB, NOB and AnAOB for 
application in modeling of the IFAS based 
mainstream deammonification system. 
Ø Further long-term investigation of the 
partial nitritation process performance 
where intermittent inflow of reject water is 
used for NOB suppression by irreversible 
FNA inhibition. 
Ø Studies on partial denitrification process 
and conditions for avoiding anammox out-
selection and maximizing nitrite production. 
Ø Testing of one-stage deammonification 
process  operation  in  IFAS  system  with  the  
continuous aeration, a high DO 
concentration (1.0-1.5 mg/L) and a short 
suspended sludge age. 
Ø Testing of IFAS deammonification 
system at temperatures down to 12 °C. 
Ø Investigation of two-stage deammo-
nification system, where the nitritation stage 
is  performed  in  an  MBBR  or  IFAS  system  
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with low DO level (< 1.0 mg/L) and the 
anammox stage is performed in MBBR or 
granular reactor. 
Ø Risk assessment of the full scale 
deammonification systems with a special 
focus on a possible loss of anammox activity 

due to the inhibition by toxic substances in 
influent or due to operational problems. 
Ø Comparison of greenhouse gas emissions 
from nitrifications/denitrification and 
anammox-based systems for nitrogen 
removal. 
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